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ABSTRACT

Drag reduction of an object is the major concern in many engineering
applications. Experimental studies have been carried out on circular cylinder
with helical grooves in a subsonic wind tunnel. Different cases of helical
grooves with different pitches, helical groove angles and number of starts of
helical groove on circular cylinder are tested. Experimental results show the
drag coefficient is sensitive with Reynolds number and decreases at critical
Reynolds number and at subcritical and supercritical or transcritical Reynolds
number the drag coefficient increases as compared with smooth cylinder. The
longitudinal grooves over the cylinder surface are tested and showed that drag
coefficient much decreases at the subcritical and critical Reynolds number
region. The experimental results are validated with available literature and

obtained good agreement.

1. Introduction

In recent years, many industries including automobile
sectors are giving much importance on fuel economy
of vehicle, stabilization of the object etc. For example,
lower value of drag is the common goal to achieve in
different applications. Efforts are continued for ships,
submarine, aviation and other related industries also.
There are various ways improve the fuel economy of
the vehicle or stabilizing the structures. However,
efforts on aerodynamics or drag reduction are put ahead
to concern the above issues by the researchers around
the world. In fact, reduction of drag coefficient is
comparatively easy way to have fuel economical
vehicle, stabilizing the chimney, tower, building,
hydraulic structure etc. The phenomenon of drag can
be simulated and measured by recreating air flow over
an object. Drag co-efficient (CD) is not constant but
varies as a function of speed, angle of attack, object
position, object size, fluid density and fluid viscosity
etc. Flow around a circular cylinder was intensively
studied in the past and that returns to its simple
geometry as well as the logical structure of the vortices.
The studies were led on the one hand by academic
interest and on the other hand by practical interest
(industrial).There are two types of method to reduce
drag force of a cylinder i.e. active and passive control.
The active control methods order the flow by ensuring
external energy by means such as the acoustic
excitation or the jet blow. The passive control methods
order the flow by modifying the shape of the body or
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by attaching additives devices such as elements of
roughness on the body Sakamoto et al. [1], Fujisawa
and Takeda [2].

Many studies about passive control techniques exist to
reduce the drag forces, for example, lgarashi and
Tsutsui [3, 4], who have installed a tip-wire in the
separate shearing layer of a cylinder for a Reynolds
number Re = 4.2x10* and reduced the mean drag force
acting on the cylinder by 20-30%, where the greatest
reduction of drag is being obtained when a tip-wire was
located under an angle of 120° at the stagnation point.
It is well-known that the drag in a cylinder decreases
when the wake behind it changes laminar flow with
turbulent including a narrow wake width. Raayai-
Ardakani and McKinley [5] includes wrinkled surface
and show that the surface texture can be able to reduce
the skin friction drag. Massumoto et al. [6] proposed
apple shape geometry and compared with sphere and
different hollow shaped geometries like U-shaped, V-
shaped grooves and find that apple shape geometry can
reduce the drag up to 23% as compared with sphere and
13% with circular cylinder. In recent time Yunging et
al. [7] reviewed the different drag reduction mechanism
and importance of drag reduction in different
applications. Among these groove surface plays vital
role on drug reduction along with coating and other
issues.

Zdravkovich [8] suggested a method for reducing drag
by using an obstacle placed upstream or downstream to
alter the flow field around the bluff body. Sakamoto
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and Haniu [9] studied the suppression of the fluid
forces acting on a cylinder when a control rod was
added to the system. They remarked that the time-
averaged mean drag force could be reduced until
approximately to 50%, and that the drag forces could
be reduced up to 85% by using a control rod. Strakes or
grooves on the cylinder surfaces are the also
investigated by many researchers to reduce the drag
coefficient and observe the flow behavior over cylinder
surface and continued to the downstream by analyzing
the vortices, separation etc. Bai et al. [10] carried out
numerical study on four different surface textures like
V-shaped, saw tooth, rectangular, and semi-circular
sections. They observed that the peak of v-shaped
groove causes the secondary vortex which influence
the near wall flow region. Coustols [11] has studied the
effect of the grooved walls on the structure of a
turbulent boundary layer, he has tested a various forms
of grooves as triangular in “V”, in the form of “U” and
also in the form of “L”. In these three kinds of grooves,
he noted that the “L” form had reduced the drag about
10%. The idea to make grooves on the cylinder is also
from a study made by Talley and Mungal [12] they
noticed that the plants of cactus have a strong resistance
against the wind forces and that returns to their
longitudinal grooves.

Yokoi et al. [13] carried out experiments on grooved
cylinders and they found that the drag effect with lower
number of grooves on circular cylinder is negligible
when the angle of attack varies. However, as long as
the number of grooves increases over the cylinder
surface, the drag coefficient is independent on the angle
of attack. On other hand, Yamagishi and Oki [14]
observed that the separation point has shifted further
downstream position when the cylinder surface is in
grooved pattern and the position of reattachment is
located near the maximum pressure region. However,
they have found the critical Reynolds number is much
less as compared with the smooth cylinder surface and
drag coefficient is decreased for that particular
Reynolds number. Takayama and Aoki [15] showed
that the grooved surface over the circular cylinder and
the groove depth influence the drag coefficient and
critical Reynolds number decreases for higher depth of
the groove. Dey and Das [16] carried out numerical
investigation on extended solid over the circular
cylinder surface and observed that lift and drag can be
reduced and influenced by the length of the extended
surface. However, their investigation was for low
Reynolds number.

Ranjith et al. [17] carried out numerical analysis on
drag coefficient on circular cylinder with helical
strakes. They imposed three starts helical strakes over
the cylinder surface and found that the drag coefficient
increases as compared with the smooth cylinder.
However, they conducted the numerical investigation
only for two Reynolds number like 100 and 28000.
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They claimed that the helical strake regulates the
separation and interact at a farther distance at the
downstream than the bare cylinder. Similarly Quen et
al. [18] also went through the experimental study and
observed that helical strake doesn’t benefit to the drag
coefficient. However, Shaun [19] found that the drag
coefficient can be reduced up to 25% at the sub-critical
Reynolds number region with the three start helical
groove while they were conducting their experiments
in towing tank.

The present study tries to investigate the helical groove
with different starts and pitches over the circular
cylinder surface on drag coefficient over a wide range
of Reynolds numbers.

2. Experimental set up:

The experiments were carried out at 30cm x 30cm x
60cm (wxhxl) open circuit subsonic wind tunnel of
Model AF100 of TecQuipment with a wide range wind
velocity. At first a smooth cylinder was tested. Then the
experiments were carried out for different orientation
of helical grooves and longitudinal grooves on circular
cylinder. All the cylinders have main dimensions as
follows:

e Length L: 24.8 £ 0.5 cm (25cm used for data
calculation)

e Diameter D: 8.38 £ 0.5 cm (8.5cm used for
data calculation)

e In grooved cylinders, the groove has
rectangular cross section with the width 0.4cm
and the depth 0.2cm.

e Groove depth (H) to test cylinder diameter (D)
ratio was H/D = 2.4%. Cylinder length to
diameter ratio was A/R=2.9 (aspect ratio).

The smooth cylinder is a PVC hollow circular cylinder
with PVC carpet (polyvinyl chloride) wrapped on its
surface using glue. The two open end of the cylinder
closed by two circular cock-sheet having equivalent
diameter of cylinder. The experimental setup and the
placement of the object in wind tunnel are shown in
Figure 1.

The drag force on cylinder measured with Three-
Component Balance (AFA3). A supporting rod
adjusted to the three component balance at one side
through side wall. Cylinder fixed with free end of the
supporting rod through longitudinal axis. Cylinders
were tested at the center of the flow and also at the
center of the test section as shown in Figure 1.
Cylinders ends are free from side walls of the test
section. Separate control and instrumentation unit
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Figure 1. Experimental setup and object orientation in the wind tunnel.

controls the speed of the axial fan, hence, air velocity
in the test section of the wind tunnel. The air pressure
was measured by Tube Manometer (AFAL) and the
velocity of air calculated from the pressure difference
with the following equation:

= [P
p

where Ap = pressure difference of the pitot static tube
at the free stream region of the wind tunnel and p =
density.

. . 1
Dynamic pressure is calculated as g, = Esz

Therefore, the drag coefficient, C;, = qLA

where A is the projection area, which is equal to the
multiplication of length and diameter of the tested
cylinder.

3. Results and Discussions

Before, conducting the experiments on grooved surface
of the test cylinder, a smooth test cylinder is taken into
account to verify the drag coefficient over a range of
Reynolds number especially at the critical Reynolds
number region. Figure 2 shows the drag coefficient for
different Reynolds number for the test cylinder. The
results show the similar trend of drag co-efficient as a
function of Reynolds number as found in literature.
There is some deviation of the present study with the
smooth surface of the cylinder. This may be due to the
wrapping of the PVC floor plastic carpet when the two
edges may not aligned and match at the same line along
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Figure 2. Validation of the drag co-efficient against Reynolds number with available literature.
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the longitudinal axis. In addition, the test cylinder’s
surface was not rigid; in fact, the surface was smooth
enough as it was wrapped by Polyvinyl chloride (PVC)
floor plastic carpet. However, there are much
deviations of drag coefficient for different effective
roughness in the literature. For example, ¢/D = 0.009,
the drag co-efficient profile much varied for Fage and
Warsap [20] and Achenbach [21]. Little variation of
effective roughness (from 0.009 to 0.007) also makes
significant variation of the drag co-efficient profile.
Adachi [22] explained that the critical Reynolds
number decreases with the increase of the roughness.
Hojo [23] also found similar findings on drag
coefficient. Moreover, the aspect ratio of reference
curves are infinite where aspect ratio for the cylinders
of present study are very small (L/D=2.9). However,
present study shows reasonable trend for the drag co-
efficient profile.

Experiments with helical grooves:

The helical grooves are created on circular cylinder by
cutting PV C carpet with appropriate size and shape and
placing it on the surface of the cylinder using glue. Two
open ends of the cylinder are closed by circular cock-
sheet as before. Experiments are conducted on the
cylinders by varying different design parameter and
detail of the case studies are shown in Table 1.

Table 1. Different case studies

Case T_est No. of start Helical Pitch

study  cylinder groove angle
Cylinder 1 Single 15°

Case 1 Cylinder 2 S?ngle 30° Di_fferent
Cylinder 3 Single 450 pitches
Cylinder 4 Single 60°
Cylinder 1 Single 15°

Case 2 Cylinder 2 Double 28.18° Same pitch
Cylinder 3 Triple 38.80° (7cm)
Cylinder 4 Hex (six) 58.12°
Cylinder 1 Single 30°

Case 3 Cylinder 2 Two 30° Different
Cylinder 3 Single 60° pitches
Cylinder 4 Hex (six) 60°

Variation of helix-angle for single start helical
groove:

With the validation of drag co-efficient of the bare
cylinder, studies have been continued for numbers of
experiment with four different helical groove angles
with single start. The helical groove angles like 15°,
30°, 45° and 60° are constructed over the PVC floor
plastic carpet. The designed grooves over the cylinder
for different groove angles and the constructed cylinder
with helical grooves are shown in Figure 3 and 4
respectively.
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(a) 15° groove
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(d) 60° groove
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(b) 30° groove

(c) 45° groove

Figure 3. single start helical groove cylinder with (a) 15°, (b)
30°, (c) 45° and (d) 60° helix angle is measured with the
transverse direction of the cylinder.

Figure 4. Smooth cylinder and groove cylinder of helix angle
15°, 30°, 45° and 60° respectively from left.

Experiments are carried with the same procedure as
explained before. The calculated drag co-efficient for
different groove angles over a range of Reynolds
number are shown in Figure 5. The results show that
groove angle influences the drag co-efficient,
especially, for low Reynolds number lower groove
angle (e.g. 15° groove angle) has lower drag co-
efficient value, however, for higher groove angle
exhibits lower drag co-efficient for higher Reynolds
number. 150 helical groove angle means also the same
angle with the free stream velocity. Therefore,
increasing the groove angle results in moving grooved
from the transverse direction to longitudinal direction
or becoming the across the flow of the fluid direction.
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Figure 5- Variation of drag-coefficient as a function of
Reynolds number for different helix-angle of single start
helical groove.
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Comparing the drag co-efficient with smooth surface of
the test cylinder, smooth surface poses the low drag co-
efficient except the critical Reynolds number region.
However, to get the insight of the influence of the
groove angles, the drag force variation over the
Reynolds number is shown in Figure 6. The results
show the drag forces are gradually decreases for higher
groove angles.
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Figure 6. Variation of drag force as a function of Reynolds
number for different helix-angle of single start helical groove.

Interestingly, the drag coefficient for grooved surface
gradually decreases to its minimum value and then
increases i.e. at super critical region. In fact, at the sub-
critical Reynolds number region the drag coefficient
with a grooved surface on cylinder is disappeared (as
compare with smooth cylinder). The explanation can be
made in the following ways. A separation point is
usually found over the circular cylinder during the fluid
flow even with the low Reynolds number. However,
this separation point moves downstream of the cylinder
surface with the increase of the Reynolds number.
Rodriguez et al. [24] mentioned that the separation
angle measuring from the front stagnation point varies
from 91.5° to 148° during the critical to supercritical
Reynolds number when the fluid flows over circular
cylinder. However, for subcritical region the separation
point may start from as below as 82° [25]. Separation
occurs at the leading edge and reattachment of fluid
usually happens at trailing edge or some other point
inside the groove [26] when the fluid passes over the
groove. Helical grooves over the periphery of the
cylinder covers all 360° over a pitch length. Table 2
shows little glimpse of the pitch and predicted length
of separation zone along the cylinder for critical
Reynolds number region. Increasing the helical groove
angle means the increase of the pitch and on other hand,
lower helical groove angles leads to have smaller pitch
but the number of pitch over the cylinder length
increases. Figure 7 shows the different geometrical
features of grooved surface on a circular cylinder. For
example, ‘a, denotes the longitudinal distance for the
fluid to pass over the groove for different groove angle.
Groove angle with zero degree should have the value
of “a’ is zero. Increasing the groove angle increases the
value of ‘a’. The notation ‘b’ denotes the distance for
the fluid to flow across the valley of the groove and for
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longitudinal groove the value of ‘b’ should be the width
of the groove. Therefore, the value of b will decrease
with the increase of ‘a’. This particular value of ‘a’ and
‘b’ reflects that the increase of the groove angle leads
the fluid to flow to a far distance to cross the groove.
Moreover, lower groove angle causes the increase of
number of pitches over the cylinder length and ensures
that much portion of the grooved surface at the frontal
area of the cylinder surface (i.e. to the separation point).
The grooved portion on the cylinder surface reduces at
the upstream side (say upto the separation point)
decreases with the increase of the groove angle.
Considering the subcritical Reynolds number when the
Reynolds number is low and the fluid boundary layer
is laminar and the separation of the fluid occurs much
earlier [27]. For low helical groove angle the grooves
are more inclined to the flow direction therefore, the
separation which is enforced at the leading edge of the
groove and continued to the far distance i.e. upto the
tailing edge of the grooves. The gap between the
leading and trailing edge (i.e. the point of separation
and reattachment) is lower for higher helical groove
angle. Therefore, the secondary separation point is bit
earlier for higher groove angle than that of the lower
helical groove angle and makes significant contribution
on drag coefficient. In fact, with the presence of helical
groove, fluid separation and attachment on the groove
surface much earlier than the usual separation angle
(say 82°). This leads to have higher drag coefficient of
the grooved surface than the smooth cylinder. Similar
findings are also observed by Garcia et al. [28] and
reported that valley and tip of a groove make
contribution to shift the separation angle. It is also
evident from the Figure 5 is that the increases the
groove angle increases the drag coefficient.

Table 2. Geometrical feature with the change of helical groove

Groove _ _ Separation Z0Ne | ber
Angle, Pitch  Pitch/Length along the pitch of starts
(deg) (91.5° to 148°)
15 7.170551 0.28682 1.125378 1 start
30 15.42838 0.61714 2.421398 1 start
45 26.71126 1.06845 4.192184 1 start
60 46.25679 1.85027 7.259746 1 start
28.18 14.31785 0.28636 2.247108 2 starts
38.8 21.47923 0.28639 3.371045 3 starts
58.12  42.93966 0.28626 6.739142 6 starts
[« L >
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Figure 7. different geometrical features of grooved surface on
acircular cylinder
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The other issue which is related here that for certain
helical groove angle the air/fluid is guided to flow in
the groove channel. For example, with the longitudinal
groove along the cylinder surface, the air crosses the
valley where the separation and reattachment occurs
with minimum distance. However, with a certain
helical groove angle a portion of fluid is enforced to
move along the groove channel. This movement of air
along the groove channel makes a disturbance for air at
downstream position of the cylinder surface. This
disturbance of the fluid over the surface causes to have
vortices at the downstream position of the groove and
leads to create a wake; therefore, it is believed that the
drag coefficient of the grooved surface is higher than
the smooth surface. Notable finding from the figure is
that the drag coefficient with helical groove at the sub-
critical Reynolds number region gradually decreases
rather than being straight (steady) for smooth cylinder.

The trend of decreasing of the drag coefficient of the
circular cylinder with helical grooves is continued as
long as Reynolds number increases till the critical
Reynolds number. Increasing the value of Reynolds
number (immediate after the subcritical Reynolds
number) drags the boundary layer to further
downstream position on the cylinder surface and causes
to reduce the size of the wake and hence decreases the
drag coefficient. It is reported that the range of the
separation angle for critical Reynolds number region
varies from 91.5° to 148° [24] which makes 1/7th of the
longitudinal length of the pitch (see Table 2) of the
present cylinder dimension. The separation at the
leading edge of the groove and the reattachment at the
trailing edge cause the separation at the late stage for
higher Reynolds number. However, with the higher
Reynolds number the turbulent boundary layer
transition happens which extend the separation point
further downstream position and causes to lower drag
coefficient as compared with the smooth cylinder.

It can easily be observed that there is an early transition
of critical Reynolds number region to supercritical
number region for the grooved cylinder. These findings
are consistent with Nakamura and Tomonari [29] and
they explained that the rough strips/patterns at certain
angular position near the separation region causes an
early transition of critical Reynolds number region to
supercritical Reynolds number. Ko et al. [30] also make
similar agreement and extended their opinion also on
transition from subcritical to critical Reynolds number
region for the presence of groove on cylinder surface.
Actually, at low Reynolds number region for the
smooth cylinder, the form drag which is contributed by
the pressure dominates over the skin friction drag
(contributed by shear stress). However, with the
increase of the roughness both drag contributes
significantly for the total drag. Considering the critical
Reynolds number region, the grooved cylinder surface
poses lower drag coefficient which implies that the
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pressure drag reduced significantly. In addition, at the
groove the pressure becomes higher as compared with
the cylinder surface. In fact, at the front edge of the
groove there is a flow separation and it reattach
somewhere at the end edge of the groove. With this
consequence, wall shear stress reduces at the front edge
of the groove leads to separate the boundary layer and
leads to have lower pressure drag. However, for
turbulent flow, separation of the turbulent boundary
layer becomes difficult.

Same pitch with different number of starts:

Experiments are continued for the different
arrangement of grooves. In this particular case, the
pitch of the helical groove over the cylinder surface is
kept same as 7 cm. Helical groove angle and number of
the starts are varied over the cylinder surface to
maintain the same pitch. Therefore, the helical groove
angle changes to 15°, 28°, 45° and 58° with the number
of starts as 1, 2, 3 and 6 respectively. The schematic
diagrams for the helical grooves over the cylinder
surface with same pitch are shown in Figure 8. The
calculated drag co-efficient results show (see Figure 9)
that the smooth surface cylinder exhibits lower drag co-
efficient than the grooved surface for the same pitch at
low Reynolds number region.

(a) 1 start

(c) 3 starts (d) 6 starts

Figure 8- Increasing the angle keeping same pitch ratio and
adding required groove start such as (a) single start, 15°, pitch
length 7 cm (b) 2 starts, 28°, pitch length 7cm (c) 3 starts, 45°,

pitch length 7cm (d) 6 starts, 58°, pitch length 7cm
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Figure 9. Comparison of these different grooved cylinders
with smooth cylinder in drag co-efficient vs Reynolds number
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However, among the grooved surfaces, the higher
number of starts at low Reynolds number region
exhibits lower drag co-efficient but at higher Reynolds
number region lower starts number exhibits low drag
co-efficient. If it is consider the grooved over the
cylinder surface as rough surface, then the roughness
increases with the increase of the number of starts. The
increase of the groove surface ultimately changes the
surface topology which can be resembles to have
higher surface roughness. Therefore, one observation
from the Figure 9 is that the critical Reynolds number
decreases for the increases of the roughness. For
example the critical Reynolds number for single start is
around 1.4x10° and gradually decreases for higher
number of starts and for 6 starts the critical Reynolds
number is found around 4x10% Similar findings are
also obtained by Adachi [22] and Hojo [23]. On other
hand, comparing the drag forces for different number
of starts don’t make any significant variation among
themselves (see Figure 10). However, upto certain
Reynolds number, the values of the drag forces for all
the number starts of the grooves and smooth cylinder is
almost same. This indicates that the number of starts of
the grooves over the cylinder surface play minimum
role on drag force when the pitch is remain constant.

16
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g v 4
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g /
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a 6 4
4 ."%
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—— Smooth cylinder = = lstart —h—2 starts ——3starts —®— 6 starts

Figure 10. Comparison of drag forces for different Reynolds
number for having the same pitch

Variation of Drag by for increasing number of
starts:

Experiments are carried out further to investigate the
variation of drag coefficient on helical groove over the
cylinder surface with increase of the number of start
while the groove angle is kept constant which reflects
the different pitches with same helical groove. Figure
11 shows the geometrical view of the cylinder with the
helical groove for different pitches for the groove angle
of 30° for two different numbers of starts like 1 and 2.
Figure 12 shows the drag coefficient for the 30° groove
angle for two different starts and pitches. The graph
shows that the critical Reynolds number for the
grooved surface is shifted to a bit lower value as
compared with the smooth cylinder and the drag
coefficient is much decreased. However, too low
Reynolds number exhibits higher drag coefficient
which is also for the higher Reynolds number.
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Comparing the Figure 12 with the Figure 5 and Figure
9, it is evident that number of starts has less
contribution on drag coefficient as compared with the
pitch of the grooved surface. In fact, Figure 10 reflects
that the same pitch with the increase of number of starts
don’t make any significant influence on drag force.
However, comparing the drag forces for different
groove angles with different pitches are shown in
Figure 13 and indicate that number of starts (also
pitches) influences the drag forces. For example, 60°
helical angle with six starts resembles to rough surface
as compared with 60° helical angle with single start.
With this nature of surface exhibits higher drag force
as compared with the smooth surface. There is some
variation of 30° helical angle with single start which
may due to the fault of the wrapped plastic floor and
alignment of the edges.
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-

Figure 11. Different pitches with same groove angle of 30°
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Figure 12. Drag coefficient variation for Reynolds number
with 30° groove angle with 1 and 2 starts
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Figure 13. Drag force variation for different Reynolds number

Longitudinal Groove over circular cylinder:

Experimental studies have also been carried out to
investigate the drag coefficient for longitudinal groove
over the circular cylinder surface. The width and depth
of the grooves are maintained same as before.
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However, 2 and 4 longitudinal grooves are selected
with different orientation across the flow. The
calculated drag coefficient from the experimental
results are shown in Figure 14 and found that for the
higher Reynolds number i.e. super critical Reynolds
number the drag coefficient increases and eventually,
longitudinally grooves don’t make any benefit to drag
coefficient. However, for lower Reynolds number i.e.
lower than the critical Reynolds number show
significant reduction of drag coefficient for the
longitudinal grooves as compared with the smooth
cylinder. The notation G stands for the number of
grooves in longitudinal direction and C stands as Case.
Therefore, G4-C1 indicates 4 grooves in longitudinal
direction for Case 1. Four different cases with 2 and 4
grooves are considered for drag calculation. For
example, drag coefficient for Case G4-C1 has been
reduced around 20% of that of smooth cylinder at
Reynolds number 8.3x10* Huang [19] and Zhou et al.
[31] observed the similar amount of reductions on drag
coefficient for the cylinder with the longitudinal
grooves for the subcritical Reynolds number regions.
The Figure 14 also indicates that the position of the
groove in the frontal side of the cylinder make
differences on the drag coefficient. For the case of
helical groove over the circular cylinder and the
position of the groove start make significant
contribution on flow separation and turbulent wake at
the rear end of the cylinder and hence the drag
coefficient.

4. Conclusions

Experimental studies on the circular cylinder with
helical groove are conducted with different helical
groove angle and pitches in subsonic wind tunnel over
a wide range of Reynolds number. Results show that
the presence of helical groove over the circular cylinder
does not improve the drag coefficient for higher

considerable drag coefficient can be reduced at the
critical Reynolds number region. In fact, subcritical
Reynolds number region is disappeared and drag
coefficient gradually decreases with the increase of
Reynolds till the critical Reynolds number rather than
being straight for the smooth cylinder. Results also
show that increasing the number of helical groove starts
with the same pitch exhibits higher drag coefficient.
However, reducing the pitch over the cylinder surface
shows beneficial over the increasing the number of
starts. Similar to the helical groove, longitudinal
groove also make significant impact on drag coefficient
at the critical Reynolds number region and low
Reynolds number region.
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