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1. Introduction

RT-400 is the short-range rocket target used for
live fire exercises. RT-400 uses one RM-12K motor for pro-
pulsion. RT-400 denotes a rocket target with a 400 mm di-
ameter body and RM 12K stands for rocket motor with
12 kN thrust. This motor was designed and developed by a
group of researchers at the Kaunas University of Technol-
ogy and can boost the rocket to travel up to 5 km in range.
It is used as an ariel target for the short-range air defence
system. This rocket is used to practice in a simulated battle-
field environment to imitate real rockets or aircraft and act
as a target to improve personnel skills. The demand for up-
grading this rocket to increase the range for medium-range
air defence systems with a maximum of 20 km leads to the
research on a new variant of rocket target with extended
thrust. The total thrust of the rocket can be increased by
adding a new motor with improved propellant or adding
more propellant. But this will lead to a requirement for re-
search and development on the new motor and add addi-
tional overall product cost. The proposal of adding four mo-
tors in a parallel configuration and firing all four motors to-
gether or using two motors in the first stage and another two
motors in the second stage is being considered. As part of
the research, it is essential to numerically analyse the two
possibilities before the experimental test. This method elim-
inates the need for a single rocket motor with increased
thrust. This method of stacking four motors will satisfy the
demand for cost-effective rocket targets. In this research
only the first variant with two motors will be analysed and
based on the results four and two-stage rockets will be con-
sidered for analysis. RT-400 was tested only with one mo-
tor. So, it is essential to do research with multiple motors to
study their performance.

Aerodynamics and stability are important aspects
of the rocket's external ballistics. In this research, only the
aerodynamics of the rocket in subsonic speed and its influ-
ence on the external ballistics is studied. The shape of the
frontal nose of the rocket is essential for aerodynamic per-
formance at various speed regimes [1]. The geometry of the
rocket target and external ballistics needs to be analysed and
optimised for efficient design [2]. The study of aerodynam-
ics is essential to predict the drag force based on the external
shape [3]. The range and maximum altitude to be reached at
different launch angles are based on the velocity of the
rocket. The velocity and acceleration variation of the rocket
for various stages of the flight also need to be calculated.

Theoretical, computational, and experimental ana-
lyzes are all possible methodologies used to study the aero-
dynamics of the rocket body [4]. Compared to experimental
investigations, computational design and analysis provide
economic benefits. The computational model will be used
for the preliminary analysis [5]. The design can be changed
computationally according to the findings. The numerical
results will be used to create the prototype.

The objective of this research is to perform an aer-
odynamic analysis of various nose geometry shapes to select
a lower-drag model for a rocket target and to use the final
model to perform a ballistic analysis of the two-motor vari-
ant of the rocket target RT-400M.

2. Nose cone design

The shape of the nose cone contributes to the vari-
ation in drag and flow characteristics. The reduction of drag
that leads to the decrement of the drag coefficient is essen-
tial for the improvement of a rocket or any aerodynamic
body [6]. For a different flow regime and fluid domain, the
shape of the nose produces different drag values. This value
must be calculated and analysed for the aerodynamic body
at the subsonic speed [7]. Pressure drag, skin friction drags,
and wave drag are faced by the nose cone at this speed re-
gime. The shape of the geometry contributes to the pressure
drag as the high-concentration fluid stagnates at the tip of
the nose and low pressure at the rear end of the body. The
flow of fluid over the rigid body causes friction between the
fluid layer and the body, causing skin friction drag[8]. Wave
drag occurs mainly in the supersonic regime due to the for-
mation of the shock wave [9]. The body tube is subjected to
mostly skin friction drag and less pressure drag. As this re-
search is mostly focused on the nose shape of the rocket,
drag on the body tube is not researched in detail. Separation
of the boundary layer should be delayed, and the flow must
be attached to the body is preferred.

The design of the rocket body is done using the
SolidWorks Student Premium with geometry correction and
watertight closed geometry preferred for computational
fluid analysis. The rocket body of RT-400M has a length of
5.4 meters with a diameter of 0.41 m and an overall diameter
including fins of 1.3 m. The overall mass was 198.05 kg.
The rocket's cross-sectional area of 0.132 m?. The fin is
placed at the rear end of the rocket with a trapezoidal shape
in a clipped delta configuration. The nose cone of various
shapes is designed for analysis. Most used nose shapes are
elliptical, parabolic, ogive, conical, and blunted nose shapes
[10].
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The following formulas and equations are used to
design the nose cone shape.

A conic section is common and easy to manufac-
ture. It has an edge-tipped conic shape mostly preferred for
supersonic speed regimes.
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where: y is the radius at any point x; R is the radius of the
base; L is the overall length: x is the longitudinal axis; ¢ is
the half angle.

The tangent ogive is a simple conical shape that
forms from the segment of the circle and the curve is tangent
to the body tube.

)

R+ 12
2R )
y=yp"=(L-%*+R-p, (4)

where: p is the ogive radius.

The spherically blunted conic is shaped with a nose
blunted from the ogive shape. The blunted nose is of a sem-
icircle shape.
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where: ry is the radius of the shape; Xo is the centre of the
semicircle to the tip of the cone.

Bi-conic is shaped by placing a cone on the conical
transition section.
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where: L, is the length of the cone; L, is the length of the
frustum; ¢ is the angle of the cone; ¢ is the angle of the
frustum.

The parabolic shape obtained from the rotation of
the parabola with the k’ value varies from 0 to 1.
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The elliptical shape is obtained from the rotation of
half of the ellipse about its major axis. This is mostly pre-
ferred for subsonic-speed projectiles.

el
y =Ryl (12)

Fig. 1 shows the six selected nose cone geometries
for the rocket target RT-400M.
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Fig. 1 Rocket target with different nose cone
3. Rocket target aerodynamic modelling

A numerical simulation of the fluid flow around
the rocket body is generated using the ANSY'S Fluent soft-
ware package. The CFD code is used to analyse the effect
of the fluid on the rigid body and the production of drag
[11]. The SolidWorks model is imported to the fluent work-
bench for the CFD analysis. The cylindrical fluid domain is
created around the rocket body with a front upstream dis-
tance of three times the length of the rocket and downstream
of seven times the length of the rocket and a far-field dis-
tance of three times the diameter of the rocket. As the rocket
body is axially symmetric, the domain is cut symmetrically.
Then the face is computed as a symmetry boundary condi-
tion to reduce the computational time.

A hybrid mesh type of both hexahedral and tetra-
hedral mesh is chosen. Near the boundary with the inflation
layer, the hexahedral mesh is used in the fluid region [12].
A high concentration of unstructured tetrahedral mesh is ap-
plied near the rocket body to study the flow behaviour accu-
rately. Fairfield is made with lesser dense mesh. The maxi-
mum size of the mesh with 10 cm with 10 inflation layers
with a maximum thickness of 10 cm and with a growth rate



of 1.2 is applied. A total of 13 million elements were cre-
ated, as shown in Fig. 2 with high smoothing and curvature
adaptation. Maximum skewness of 0.97 and minimum as-
pect ratio of 1.15 are obtained. The frontal face of the do-
main is named an inlet and the rear end face is named an
outlet. And the cylinder curve named as wall and symmetry
boundary is selected. The half section of the rocket body is
selected and named a rocket.

In the pre-processor, a pressure-based solver with
steady time is considered. For this analysis, the viscous
model with a two-equation K-o SST model is selected. This
shear stress transport turbulence model is preferred for aer-
onautical applications where adverse pressure changes oc-
cur [13]. This solver uses the Reynolds-averaged Navier
Stokes (RANS) equation [14] in conservation form [15]. Air
is selected as the fluid domain. The magnitude of the inlet
velocity varies from Mach number 0.3 to 0.85 with zero-
gauge pressure. Zero static pressure is applied to the outlet.
Temperature, air density, and viscosity are set to the mean
sea level condition. The reference values are taken from the
inlet. The rocket boundary is selected with the no-slip con-
dition and the outer wall with the free-slip condition. In the
solution methods, coupled scheme and Rhie-chow: dis-
tance-based flux type is chosen for the pressure velocity
coupling. For the spatial discretization, the least squares
cell-based gradient is adapted, and for the pressure, momen-
tum, turbulent kinetic energy, and specific dissipation rate
are selected as second-order upwind. The governing equa-
tion for the numerical simulation is discussed below [13].

Fig. 2 Rocket body in the meshed fluid domain

The continuity equation:

a—’0+V.(pU)=0, (13)
ot
where: p is fluid density; U is flow velocity; t is time.
The momentum equations:
%+V.(pu ®U)=-Vp+Vzr+S,, (14)

where: p is pressure; Sw is the source of the momentum; 7 is
the stress tensor.
The total energy equation:
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where: 1 is thermal conductivity; Sg is energy source; hi is
total enthalpy velocity vector; T is temperature.

Turbulent kinetic energy k:
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where: p is the mass density; k is turbulence kinetic energy;
t is the time; P is mean static pressure; ¢*, " is the closure
coefficients; « is molecular viscosity; 7 is specific Reynolds
stress tensor; uj, u;j is velocity vectors; x; is the position vec-
tor.

Specific rate dissipation w:
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where: o is the specific dissipation rate; a, 8, o, o4 are the
closure coefficients; u is molecular viscosity; z is the spe-
cific Reynolds stress tensor; ui, u;j is velocity vectors; x; is
the position vector.

4. Comparison and analysis of different nose-shape
models

The post-processing result shows the velocity and
pressure distribution around the rocket.

Fig. 3 Velocity contour of rocket with conic nose cone

Fig. 4 Pressure distribution of rocket with conic nose shape



The conic geometry shape produces higher drag
due to its sharp-edged nose. The lower velocity distribution
can be visible near the rear end of the nose cone in Fig. 3.
The high concentration of pressure at the tip of the sharp
edge as shown in Fig. 4 contributes to the pressure drag and
this type of sharp-edged nose cannot be preferred for a sub-
sonic rocket.

The tangent ogive has a lesser drag compared to
the conic section as the blunt shape tends to produce lesser
drag in the subsonic flow as shown in Fig. 5. As the pressure
distribution is lesser compared to the conic. The smooth cur-
vature contributes to the decrement in pressure concentra-
tion shown in Fig. 6.

Fig. 6 Pressure contour of rocket with ogive nose

The spherically blunted conic geometry drag vari-
ation is like the conic section as the shape has a similarity
with the conic except for blunted edge. The velocity distri-
bution is shown in Fig. 7 lesser stagnation pressure near the
blunted shape of the cone is visible in Fig. 8.

Fig. 7 Velocity contour of rocket with spherically blunted
conic nose cone

150

Fig. 8 Pressure contour of rocket with spherically blunted
conic nose cone

The bi-conic shape is a segmented cone which with
a leading-edge cone is considered smaller compared to the
supporting frustum. Therefore, the drag and the coefficient
of drag vary considerably lesser than the other profiles. The
velocity distribution is shown in Fig. 9 and the pressure dis-
tribution is shown in Fig. 10.

Fig. 9 Velocity distribution of rocket with bi-conic nose

Fig. 10 Pressure distribution of rocket with bi-conic nose

Elliptical geometry produces low drag due to its
shape of the blunted nose in the form of an ellipse and fluid
flow is smoother and less turbulent compared to the other
geometry discussed above as shown in Fig. 7. The stagna-
tion pressure caused the pressure drag is lesser in compari-
son with other shape discussed before. The pressure contour
is shown in Fig. 12.

The parabolic nose geometry gives lesser drag
compared to the other geometry selected in this research.
Pressure stagnation as shown in Fig. 14 near the tip of the
nose contributes to a major part of the pressure drag. The
parabolic shape reduces this condition due to its shape and
gives a smoother flow and produces lesser turbulence as
shown in Fig. 13.



Fig. 11 Velocity contour of rocket with elliptical nose cone

Fig. 12 Pressure contour of rocket with elliptical nose cone

Fig. 13 Velocity contour of rocket with parabolic nose cone

Fig. 14 Pressure contour of rocket with parabolic nose cone
4.1. Drag values plotted for Mach numbers

Drag values of six nose cone shape for Mach num-
ber from 0.3 to 0.85 is analysed using computational fluid
dynamics analysis. Fig. 15. shows the increase in drag value
as the Mach number increases. Similar behaviour is ob-
served for all six nose cones considered. This graph com-
parison helps to select the less drag shape for the final

model. The drag value depends on the area of the cross-sec-
tion and the velocity of the object.

D= %thZSCd , (18)

where: D is the total drag produced; p is fluid density; V: is
terminal velocity; S is the cross-sectional area of the
rocket; Cd is the coefficient of drag.
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Fig. 15 Drag forces obtained for various Mach number

4.2. Coefficient of drag for six nose cone shapes

Fig. 16 gives a comparison of the coefficient of
drag of selected nose cone geometry for various Mach num-
bers. The Cd vs Mach number graph suggests that the para-
bolic nose shape has a lesser coefficient of drag. So, this
shape is adopted for the computational model.
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Fig. 16 Six nose cone drag coefficients for various Mach
numbers

Fig. 17 gives a computer-aided design model of RT
400M (a) with a parabolic nose cone shape with two RM
12K motors arranged in parallel configuration (b).

5. Results of the ballistic analysis

A total thrust of 24 kN is obtained from the burning
of two RM-12K motors simultaneously for 6.2 seconds.
Based on the ballistic calculation, the velocity, acceleration
versus time graph is obtained. The range and altitude are
calculated for various launch angles.

The neutral thrust from the star-shaped solid pro-
pellant grain provides the constant thrust for 6.2 seconds.
Star-shaped grain is considered for uniform decrement of
mass which is helpful for the stability of the rocket. Table 1
gives the basic specification of the rocket target RT-400M.
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Fig. 17 a) Side; b) Back view of the rocket with two motors

Table 1
Specification of RT-400M

Length 54m

Diameter of the body tube 0.41m

Total motor weight 72.5 kg

Frame mass 126.05 kg

Total mass 198.05 kg

Thrust 24 kKN

Burn time 3.25s

5.1. Thrust values of two RM-12K motors plotted against
time in seconds

Fig. 18 represents the total thrust force produced
by the two solid-fuelled rocket motors. These values are ob-
tained from the experimental static fire test [16].
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Fig. 18 Thrust vs. Time graph of two RM-12K motors

5.2. Velocity reached by a rocket for various launch angles

v, = 2mg '

pACd
where: m is the mass of the rocket: and g is the acceleration
due to gravity.

(19)
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Fig. 19velocities for different phases of flight

During the active phase of powered flight and the
passive phase of unpowered flight profile, the rocket under-
goes various velocity values as shown in Fig. 15 from the
initial velocity of 0 to the maximum velocity of 330 m/s. for
6.2 seconds on the powered flight, velocity reaches a maxi-
mum and begins to drop to in passive flight and the during
the descent the vertical velocity vector increases until the
touch-down as shown in Fig. 19.

5.3. Acceleration of the rocket for various angles of launch

ot
V, -V, tan
0Vt vV

a= t
V, +V, tan gt
V

t

(20)

where: Vy is the initial vertical velocity: and t is the time of
the flight.

As the velocity varies throughout the flight, the ac-
celeration also varies during the active phase of the flight
from 0 to 140 m/s?,

There is a slight variation in acceleration for differ-
ent launch angles. During the active flight phase, the rocket
reaches maximum acceleration and during the unpowered
phase, the rocket moves only due to acceleration due to
gravity as seen in the graph after 6.2 seconds the value in-
creases and then reaches the lowest acceleration as shown
in Fig. 20.
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Fig. 20 Acceleration for different flight phases
5.4. Distance of the rocket reached for different angles of
launch

x=-—"1In —(Vt2+zgvit) ,
Vt
(21)



where V; is the initial horizontal velocity.

Based on the amount of thrust obtained from the
burning of two motors and the CFD analysis for drag and cd
the distance in kilometres to be obtained is calculated and
shown in Fig. 21. Distance of the rocket is determined by
the horizontal component of the velocity vector. A steeper
angle has lesser values to the horizontal component and
reaches a lesser distance. And at 45 to 60 degrees of launch
vertical and horizontal component is equal and makes the
rocket reach the furthest distance.
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Fig. 21 Distance reached for different angles of launch

5.5. Altitudes reached for various launch angles
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Fig. 22 represents the various altitudes reached by
the rocket for different launch angles. At the steeper launch
angle, the vertical velocity component helps the rocket reach
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Fig. 22 altitudes reached for different launch angles
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Fig. 23 Maximum rocket range

maximum altitude. At 80 degrees the rocket reaches an alti-
tude of 3750 m. As this rocket is not designed for upper at-
mospheric study missions, a 90-degree launch is not consid-
ered. Fig. 23 shows the maximum range of 7800 m reached
at 55 degrees of launch angle.

6. Conclusions

Various nose cone shapes were designed computa-
tionally to analyse the fluid behaviour over the body to com-
pare the designs for optimum aerodynamic performance.

Finite volume method-based computational fluid
dynamic analysis is carried out to analyse the fluid flow
around the rocket body.

Based on the numerical simulation results, the par-
abolic shape provides the least drag and preferred perfor-
mance for the rocket model. The parabolic nose shape is
adopted for the analysis with a coefficient of drag value of
0.29.

The ballistic analysis is performed to calculate the
maximum range and altitude of the rocket. The rocket
reaches the maximum range of 7800 m launched at an angle
of 55 degrees, and the highest altitude of 3750 m is reached
at an angle of 80 degrees’ launch. The maximum accelera-
tion of 140 m/s?is reached. These obtained results will use
for the design of the prototype and live fire exercises.
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H. P. Manimaran, A. Fedaravigius

COMPARISON OF NOSE CONE SHAPES AND
EXTERNAL BALLISTIC ANALYSIS OF A ROCKET
TARGET WITH TWO MOTORS IN A PARALLEL
CONFIGURATION

Summary

In this research, the numerical analysis is con-
ducted to study the aerodynamic characteristics of the rocket
target RT-400M with two motors arranged in parallel con-
figuration with different nose cone shapes and performed
ballistics analysis on drag values obtained from the finalised
nose shape. Two RM 12K motors are used to increase range.
This method reduces the R&D cost required to develop the
new rocket motor with extended thrust. Reynolds averaged
Navier-Strokes equation with k-« SST model is adapted for
the analysis. A parabolic nose shape produces the least val-
ues of drag, drag coefficient, and required velocities. A
rocket target with a parabolic nose produces a maximum cd
value of 0.29 and is used for the external ballistic calcula-
tion. Thrust values of the two motors are obtained from the
experimental study. This rocket configuration reaches a
maximum of 7800 m distance and a maximum of 3750 m in
altitude.

Keywords: Rocket target, ballistics, CFD, nose cone, solid
propellant, RANS modelling, finite-volume method.
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