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with Different Forebody Profiles
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Abstract

In this work, the experimental approach was used to study the aerodynamic performance of cylindrical
mid-section with various forebody profiles. The aerodynamic characteristics, such as static pressure,
axial velocity, and coefficient of pressure for cylindrical mid-section with various forebody profiles
were investigated for subsonic speed for the same length-to-diameter ratio. The experimental work was
conducted at a flow velocity of approximately 25 m/s and calculations were done for zero degrees angle
of attack to demonstrate the flow behavior. The experimental data of each test was compared to find
out the deviation between static pressure, and axial velocity. From the study, it is concluded that the
sharp tip forebody profiles have a small stagnation region over the cylindrical mid-section and the
blunted tip of the forebody has a bigger stagnation region over the cylindrical mid-section, therefore
the aerodynamic properties vary over the cylindrical mid-section-due to the shape of various forebody
profiles. Thus, the cylindrical mid-section with power series 1.0 forebody reaches greater velocities
with low static pressure from leading to the trailing edge.
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INTRODUCTION

When rockets and missiles are in flight, many forces act on the surface of the body, such as lift and
drag. During the course, flight vehicles experience two types of drag namely Wave Drag and Skin
Friction Drag which the speed of the vehicle may be vehicle reduced. Maintaining a level flight for a
vehicle requires a greater quantity of fuel, so the weight of the vehicle also increases [1]. Therefore,
during the design of the vehicle, the major goal is minimizing the drag on each part of the vehicle.

The vehicle consists of three parts:
e Forebody.

o Mid-Section.

e Tail-Section.

Forebody
Forebody has a major effect on the performance of the vehicle. The selection of the forebody depends
on the mission requirement and minimum drag
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characteristics, and orientation of the body in fluid. That
is why many different shapes of forebody are utilized in
modern vehicles [2] one of which can be seen in Figure
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y = radius at any point Xx.
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Figure 1. General shape of forebody [2].

Mid-Section

The main purpose of the mid-section is to store the maximum amount of payload in a small area. The
mid-section is mostly used in the circular cylinder body (Figure 2) because the flow separation occurs
from 80 to 90 degrees over the smooth cylinder body on either side of the cylinder from the upstream
stagnation point. The lift-to-drag ratio is maximum at 45 degrees and the minimum condition at 75
degrees on the cylinder body [3-4].

Figure 2. Cylinder body [3].

BACKGROUND STUDY

The flow around the circular cylinder has various regions, such as critical, sub-critical, and super-
critical regions that occur due to stagnation region and higher static pressure over the surface of the
circular body. Many studies have been conducted on the study of flow properties over the circular
cylinder by Karman. Karman studied the vortex street around the circular cylinder body. The researcher
studied flow separation on a cylinder body in the ground using experimental and numerical methods.
In, addition, unsteady flow research is useful in rocket launches, turbo machinery, flutter, dynamic stall,
and vehicles on the ground. Prandtl was the first to research accelerated unsteady flow by visualization
of initial vortex formation over a circular cylinder [5-6]. Summer and Fredsoe [7] observed the flow
around a circular cylinder. The flow filed around the cylinder was symmetric at Re < 2000. This study
also focused on the variation of Reynolds number. As the Reynolds number increases then the flow
begins to separate behind the cylinder. Due to the separation of flow, vortex shedding also takes place.
Park et al. [8] studied the flow properties over the circular cylinder with a low Reynolds number.
Zdravkovich [9] numerically and experimentally studied the flow properties around the bluff bodies
and defined the transition region of flow from laminar to turbulent. Young and Ooi [10] studied the
impact of variation in inlet turbulence length with Re 1.4x10° by using the SST k-w model. Oudheusden
et al. [11] performed an experimental study on the vortex formation and shedding closer to the wake
region around the square cylinder with Re 2 x 10% Benim [12] investigated the numerical study on
turbulence flow over the circular cylinder by using the SST k-w model with Re from 1x10* and 5x10°.
This study focused on the critical flow regions. Holzer and Sommerfeld [13] computed the drag
coefficient by using the SST k-w model. This study found that the drag coefficient is low at a low
Reynolds number. Gao and Tamura [14] compared the experimental and numerical study of
aerodynamic forces and vortex shedding around the circular cylinder with Re from 1 x 10* and 6 x 10°.
Rajani et al. [15] studied the numerical study of laminar flow over circular cylinders for Re 1 x 10° to
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4 x 10°. Ong [16] studied the 2-D unsteady flow properties around the circular cylinder with Re 1 x 10°
and 2 x 10° In this study, Navier-Stokes equation was utilized. Bai and Li [17] studied the
hydrodynamic properties of flow over the circular cylinder in 2-D unsteady flow by using CFD software
within Reynolds number 2 x 108 This study investigated the pressure distribution, drag, and lift
coefficient. Kozlov [18] investigated the 2-D flow past a circular cylinder within range of Reynolds
number from 5 x 10° to 2 x 10°. In this study, A Fourier transformer algorithm was used to solve the
Poisson equation in rectangular meshes with complex geometries. Butt and Egbers [19] studied the
drag characteristics of flow over the circular cylinder. The large drag occurs on the surface of the body
due to a major difference in pressure between the upstream and downstream. From this effect, the flow
separation generates alternatively over the surface of the cylinder.

EXPERIMENTAL SETUP
Wind Tunnel Calibration

The main objective of wind tunnel calibration is to find out the point of least fluctuation in velocity
during different trials. Velocity calibration is required to compute the actual velocity of airflow in the
test section. The rpm of the motor was varied from 30-50 variances. The least amount of fluctuation
was found at 50 variances of the motor. Tables 1 and 2 show the two trials for the calibration of the
wind tunnel.

Table 1. Inlet velocity calibration (experimental).

Hi(cm) H2 (cm) A H (m) V (m/s)
111 245 0.039858 24.46691
11.3 24.4 0.039858 24.80209
11.2 24.6 0.39858 25.378
11.3 24.4 .040117 25.29653
11.3 245 0.039858 25.05053

Note: The average velocity of this trial = 24.998812 m/s.

Table 2. Inlet velocity calibration (experimental).

Hi (cm) H2 (cm) A H (m) V (m/s)
10.5 25.1 0.037788 2455113
10.6 25 0.03727 24.38239
104 254 0.038823 24.88517
10.3 25.6 0.039599 25.13279
10.2 25.8 0.040376 25.378

Note: The average speed of this trial = 24.9.

Validation for Experimental Setup

Before performing experimental analysis on wind tunnel, validation is required to find the actual
percentage error in experimental and theoretical data. For the validation of the experimental setup, the
cylindrical profile has been taken as the test object. The dimension of the cylindrical profile was (300
x50mm). The data of this profile has been taken at different angles at the same velocity.

The velocity calculation has been done by expression as shown in Equation 1.
Cp=1—(V/V.)?2 1)

Rearranging the above equation,
V=V.(1—Cp)oS (2)

The theoretical value of the coefficient of pressure for the cylinder profile has been calculated from
Equation 3.
Cr=1—4sin’a (3)
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Table 3 shows the calculated Cp experimental values while Table 4 shows the difference between
the theoretical and experimental values of Cp.

Table 3. Cp Experimental.

hl (cm) h2 (cm) (h2-h1) (m) A Cp Experimental
0.0 4 0.040 0 1

0.3 4 0.037 10 0.925

1.7 4 0.023 20 0.575

3.4 4 0.006 30 0.150

6.3 4 -0.023 40 -0.575

9.0 4 -0.050 50 -1.250

11.3 4 -0.073 60 -1.825

Table 4. Difference between Cp (theoretical) and Cp (experimental).

Cp Experimental Cp theoretical Error
1.000 1.000 0.0
0.925 0.879 45
0.575 0.532 4.2
0.060 0.000 6.0
-0.575 —-0.652 7.7
-1.250 -1.347 9.7
-1.925 —2.000 7.5

Figure 3 shows the comparative plot of experimental and theoretical values of Cy.

1.5

o g5 0 10 20 30Ng0 50 60

Angle of Attack

Cp Experimental Cp Theoretical
Figure 3. Comparison of Cp (theoretical) and Cp (experimental).

Model Setup in Wind Tunnel

The length of the nosecone is 117 mm, and the diameter is 79 mm. The length of the body section
(cylindrical body as mid-section) is 200 mm, and the diameter is 79 mm. A total of 10 holes are punched
on the surface of the mid-section along the length, where the properties of flow have been determined.

Many tests have been done for different types of nosecone with cylindrical mid-section at a velocity of
25 mf/s.

Figure 4 shows the cylindrical mid-section with 10 holes. Figures 5, 6, and 7 show the different
configurations of power series nose cones selected for the experimental tests.
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Table 5. Distance of static ports over cylinder mid-section.

S.N. Static Port No. Distance (mm)
1. P1 11
2. P2 31
3. P3 51
4, P4 91
5. P5 71
6. P6 111
7. P7 131
8. P8 151
9. P9 171
10. P10 191

Figure 4. Cylindrical mid-section body with 10 holes.

Figure 5. Experimental setup of cylindrical mid-section with power series1 forebody.
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Figure 6. Experimental setup of cylindrical mid-section with power series 0.25 forebody.

Figure 7. Experimental setup of cylindrical mid-section with secant ogive forebody.

RESULT AND DISCUSSION
Comparison of Static Pressure for Cylindrical Mid-Section with Various Forebody

Figure 8 shows that the cylindrical mid-section with power series 1.0 forebody has the least static
pressure over the surface. This is because the power series 1.0 configuration makes a small, wet area
with airflow leading to a small stagnation region and the suction of flow decreases over the length of
the mid-section. The cylindrical mid-section with power series 0.25 has maximum static pressure
because this configuration makes a higher wet area in the flow filed and hence the stagnation region is
bigger over the surface of the cylindrical body as compared to configurations.

Comparison of Velocity for Cylindrical Mid-Section with Various Forebody

The velocity is inversely proportional to the pressure so, the power series 1.0 forebody with
cylindrical mid-section reaches higher velocities when compared to other profiles because this forebody
has a sharp tip which produces a smaller stagnation region and low static pressure leading to the trailing
edge of cylindrical mid-section (Figure 9). This is the reason for the higher velocity of flow over the
surface. But the configuration of power series 0.25 forebody profile with cylindrical mid-section
reaches lower velocities because this forebody has a blunted shape at the tip and the stagnation region
is bigger, therefore the static pressure is also higher, and the dynamic pressure is low.

Comparison of Coefficient of Pressure for Cylindrical Mid-Section with Various Forebody
Profiles

Every point has a unique value of Cp in the flow field. From Figure 10, it can be seen that the
magnitude of Cp decreases with increases in the distance of the static port over the surface of the cylinder
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because the suction of flow decreases and the potential energy of flow converts into Kinetic energy
which the velocity of flow increases and the ratio of local pressure to dynamic pressure over the length

of cylindrical mid-section decreases. Cr is inversely proportional to the square of velocity at any point
in each time.
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Figure 8. Comparison of static pressure for cylindrical mid-section with various forebody.
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Figure 9. Comparison of velocity for cylindrical mid-section with various forebody.

Comparison of Velocity Deviation for Cylindrical Mid-Section with Various Forebody

The velocity deviation represents the flow pattern over the surface of the body. If the deviation is
zero, then flow moves over the body with the same velocity and pattern. If the deviation is higher then
flow moves over the body with a less uniform pattern and when the deviation is small, then the flow
moves with a more uniform pattern. From Figure 11, it is evident that the cylindrical mid-section with
power series 1.0 has a low deviation in velocity from the average velocity. The flow may move over
the surface of the body with a uniform pattern. The cylindrical mid-section with an ellipse forebody has
a higher deviation, so the flow pattern changes rapidly.
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Figure 10. Comparison of coefficient of pressure for cylindrical mid-section with various forebody.
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Figure 11. Comparison of velocity deviation for cylindrical mid-section with various forebody.

Comparison of Static Pressure Deviation for Cylindrical Mid-Section with Various Forebody

The static pressure deviation represents the flow pattern over the surface of the body. If the deviation
is zero, then the flow moves over the body with the same pressure magnitude and pattern. If the
deviation is higher then flow moves over the body with a less uniform pattern and when the deviation
is small, then the flow moves with a more uniform pattern. From Figure 12, the cylindrical mid-section
with power series 1 has a small deviation because this profile has a small stagnation region leading to
the trailing edge of the cylindrical mid-section body due to the sharp edge of the forebody with small
curvature which the variation in static pressure is very low.

CONCLUSIONS

In this work, the experimental approach was used to study the aerodynamic performance of
cylindrical mid-sections with various forebody profiles, such as static pressure, coefficient of pressure,
axial velocity, etc. of cylindrical mid-section with the various forebody profiles.

The experimental analysis was obtained for subsonic conditions for profiles of the same length-to-
diameter ratio. The study involves a velocity of 25 m/s and the other parameters were measured and
calculated for zero angle of attack and then compared to each other.
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Figure 12. Comparison of static pressure for cylindrical mid-section with various forebody.

From this study, it this found that the cylindrical mid-section with power series 1.0 reaches higher
velocity with low static pressure and small deviation in velocity and static pressure.
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Nomenclature

Awet | Wetted area

Cp Coefficient of pressure

Ci | Skin-friction drag coefficient for laminar flow

Csr | The skin-friction drag coefficient for turbulent flow
Ct Skin —friction drag for the whole body

Co | Coefficient of drag

Coi | Induced drag

CL Lift coefficient

D Diameter of nose cone at body joint

E Bulk modulus elasticity

g Acceleration due to gravity
h Length of mid-section

AH | Pressure head
P

p

Power of nose cone
Density of fluid

Pw Density of water

Da Density of air

P Free stream Pressure

R The radius of nose cone
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