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The study of separation dynamics of a missile from a fighter aircraft is a prime requirement to ensure the safety of

the aircraft before flight testing the missile. An integrated store-separation-dynamics suite has been developed and

applied to study the separation of an air-to-air missile from a fighter aircraft. The suite consists of a preprocessor to

generate connectivity using overlapped unstructured grids, a three-dimensional grid-free Euler solver to obtain

aerodynamic forces and moments on the missile and a six-degrees-of-freedom solver to integrate the equations of

motion. A quasi-steady approach has been used to simulate the separation dynamic of rail-launched missile. The

motion of themissile guided by the rail launcher has beenmodeled using constrained-force method and implemented

in the six-degrees-of-freedom code. The surface transpiration boundary condition has been incorporated in the Euler

solver tomimic the aerodynamic damping and the relativemotion of themissilewith respect to the aircraft. The store-

separation-dynamics suite has been applied to obtain the trajectory of themissile at various aircraft launch-envelope

conditions.

I. Introduction

C ONFIRMING the safe separation of an air-to-air missile from a
fighter aircraft is a daunting and obligatory task. The separation

characteristics of a missile can be obtained using flight testing [1],
experimental techniques such as captive trajectory system (CTS) [2],
and computational methods using Cartesian grids [3], chimera grids
[4], or combined moving and remeshing methods [5]. The flight
testing is more accurate but very expensive and risky for a newly
designedweapon system before characterizing using experimental or
computational methods. Recently, due to the advent of powerful
computers and efficient algorithms, the computational fluid
dynamics (CFD) is used as a main tool to obtain separation
characteristics in the design cycle, and finally, the CTS is used to
confirm the design using online method [6] and generating a large
aerodynamic database of separating missiles using grid method [7]
for parametric-variation studies. The chimera-grid method is
powerful in handling multibody simulations, but it has some
limitations such as difficulty in modeling thin gaps and interpolation
in the flow-discontinuity regions. The grid-free methods [8–11] do
not have the above difficulty because there is no interpolation
involved as in chimera-grid methods and further, grid-free methods
are simpler for implementing implicit methods and parallelization of
grid-free code due to uniform treatment at all the points. A grid-free
Euler solver based on entropy (q) variables least-squares kinetic
upwind method (q-LSKUM) has been developed [12]. The grid-free
solver requires a cloud of points around the configuration and a set of
neighbors (connectivity) around each point. Unstructured grids
around fighter aircraft and missiles are generated independently, and
then these grids are overlapped to get the distribution of points around
the full configuration. An efficient preprocessor [13] has been
developed and applied to generate the connectivity. Parallel version
of three-dimensional grid-free Euler solver q-LSKUMhas been used
to obtain the aerodynamic characteristics of the aerospace vehicle
configuration. The solver has been verified and validated for axi-

symmetric and wing-body missile configurations. The solver has
been applied to a large number of aerospace multibody problems
[14]. A six-degrees-of-freedom (6-DOF) solver has been integrated
to the Euler solver along with the preprocessor to form a store-
separation-dynamics suite. The integrated suite has beenvalidated for
a generic store separating from a wing [15]. The suite has been
applied to the aircraft-missile configuration to obtain the captive
loads of the missiles [16]. In the present study, the suite has been
applied to obtain separation characteristics of the missile from the
fighter aircraft.

II. Grid-Free Euler Solver

The least-squares kinetic upwind method (LSKUM) [17] is based
on the kinetic-flux-vector-splitting [18] scheme, which exploits the
connection between the Boltzmann equation of kinetic theory of
gases and the governing equations of fluid dynamics using amoment-
method strategy. More specifically, Euler equations are obtained by
taking Ψ-moments of the Boltzmann equation with Maxwellian
velocity distribution function. In LSKUM, the spatial derivatives of
the Boltzmann equation are discretised using a weighted least-
squares method. The connectivity is split into substencils based on
the sign of molecular velocity to evaluate the spatial derivatives that
satisfies the upwind property, and finally, takingΨ-moments leads to
the LSKUM numerical scheme. The higher-order accuracy in space
is achieved using a defect-correctionmethod [19] in which the lower-
order spatial errors are removed using an iterative strategy to get the
desired spatial accuracy. An improved version of LSKUM is q-
LSKUM [20] in which the entropy variables, also called q-variables,
are used in the defect-correction step to achieve the higher-order
accuracy in space at all points including boundary points. The wall
boundary point is treated using kinetic characteristic boundary
condition [21] to impose the slip wall boundary condition. The far-
field boundaries are treated using kinetic outer boundary condition
(KOBC) [21] without reflecting any outgoing waves. This boundary
condition is applicable for both inflow and outflow boundaries in
subsonic and supersonic flows. The aircraft intake is also treated using
KOBC to simulate the flow through intake. This treatment avoids
modeling the complex flow through the aircraft engine or presence of
normal shock ahead of closed air intake. The convergence acceleration
device lower-upper symmetric gauss seidel has been developed in the
grid-free LSKUMframework [22] and implemented in theq-LSKUM
Euler solver. Further, the solver has been parallelized using message
passing interface to work on the distributed-memory computing
systems [23]. The only geometric entity is point in the grid-free
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method and therefore, implementing implicit methods and
parallelization of the q-LSKUM solver are straightforward even for
very complex and relatively moving multibodies. The simulations
involve subsonic, transonic and supersonic flows past flight vehicles.
The aerodynamic forces consist of pressure and skin-friction
components. The Euler solver predicts the pressure forces accurately.
However, the skin-friction force is obtained using van Driest method
assuming that the surface values as boundary-layer edge conditions
[24]. The skin friction along with the surface pressure is integrated to
get the aerodynamic forces and moments.

III. Generation of Data Structure

The grid-free solver requires just a distribution of points and a set
of neighbors, called connectivity, around each point. The distribution
of points can be obtained by two methods, namely simple-cloud
method and chimera-cloud method. In simple-cloud method, the
point distribution is obtained using the grid around the body and
leaving the grid lines. In chimera-cloud method, the complex
geometry is subdivided into geometrically simpler shapes and clouds
of points are generated around the individual components. The
simple clouds are then overlapped to get the distribution of points
over the entire computational domain. The chimera-cloud method
basically uses grids to get the distribution of points and connectivity,
but the present method is efficient compared to the chimera-grid
method. An efficient preprocessor [12] has been developed to
generate the connectivity using overlapped structured grids and
recently the preprocessor has been extended to generate the
connectivity using overlapped unstructured grids [14]. The
preprocessor accepts multiple unstructured grids and overlaps
the unstructured grids as per the geometry position. The neighbors of
the nodes are obtained using the edge connectivity information of the
grid. Due to overlapping of multiple grids, certain nodes of one grid
may fall inside other components, and these nodes should be
removed or blanked. There are some cells of one grid may be cut by
the surface of other grid. The nodes of such cells which lie inside the
geometry are blanked and the outside nodes are retained for the
computations. But the connectivity of such outside nodes should
contain nodes from the same side of the cutting surface. Therefore,
the nodes that are either inside the component or on the opposite side
of the surfaces are removed from the connectivity. Further, the
connectivity of such nodes is updated by adding more supporting
nodes from the overlapping grids. The supporting nodes from
overlapping grids are obtained using a gradient-search algo-
rithm [25].
In the present study, the geometry consists of fighter aircraft with

four missiles, which are placed at two different locations on either
side of the wing as shown in Fig. 1. The missile is initially guided by
the rail launcher and three launch shoes as shown in Fig. 2. The
unstructured grids are generated around aircraft and missile
geometries. The grids are then overlapped to get chimera clouds of
points and the preprocessor is applied on these clouds of points to
blank the solid points and to generate the connectivity for each point.
The sectional grids in pitch plane of aircraft andmissiles are shown in
Fig. 3. The details of the geometry, grid generation, and connectivity
generation are given in [16].

IV. Trajectory Simulation

The store relative motion with respect to the launching aircraft is
obtained using a 6-DOF solver. The equations ofmotion are solved in
the missile-body frame, whereas the aerodynamic simulation is
carried out in the inertial frame that is attached to the nonmanuvering
aircraft. The integrated simulation involves the repeated trans-
formation of various vectors such as force, moment, velocity, and
displacement from one frame to another. These transformations of
vectors are carried out using quaternion. The simulations are carried
out for powered, rail-guided air-to-air missiles. The first phase of the
separation is along the rail constrained by three launch shoes present
in themissile. The second phase is tip-offmotion; that is the condition
when the first two shoes leave the launcher but the third shoe alone is
in contact with the rail of the launcher. After the third shoe also comes
out of the launcher, the missile has all the six degrees-of-freedom
motion in the third phase. The constraint-force method is used to
obtain the reaction forces during the first two phases. These reaction
forces are used to constrain the motion of the missile and to verify the
structural integrity of the launch shoes with missile and rail launcher
with aircraft. The thrust history is considered alongwith aerodynamic
and launch-shoe reaction forces to simulate themotion of themissile.
The changes in mass, moment of inertia, and centre of gravity (cg) of
the missile are also considered in the simulation. The instantaneous
missile attitude is used to rotate the missile grid about the missile cg.
Therefore, three equations for the translation of missile cg are also
solved along with other equations in the 6-DOF solver.

V. Modeling of Aerodynamic Damping

The store-separation study has been carried out using a quasi-
steady approach. The grid-free Euler solver is applied on the chimera
cloud of points to get the aerodynamic loads on the missile

Fig. 1 Isometric view of fighter aircraft with missiles.

Fig. 2 Missiles integrated to the wing of fighter aircraft.

Fig. 3 Grids on symmetry planes of fighter aircraft and missiles.
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configuration. The loads are integrated using a 6-DOF solver to
obtain the velocity and position of the missile. The unstructured grid
around the missile is moved to a new location and the preprocessor is
applied to get a new set of cloud of points. This procedure is
continued until the store reaches the safe distance. The overlapped
grids at various time instants are shown in Fig. 4. Should there be any
interference, the preprocessor during blanking of solid points,
indicate the interference and terminates the computation with error
message. In the quasi-steady approach, a steady-state flow solution is
obtained with flow-tangency boundary condition applied on the
surface of the store and aircraft at each time step. This approach does
not consider themotion of the store relative to the parent aircraft. This
model fails to address the induced incidence experienced by the store
due to the body motion and the aerodynamic damping due to the
angular motion of the store. Unsteady flow simulation is required to
model these dynamic effects, but at the cost of increased computer
run times. Therefore, an intermediate approach is followed in the
present work to model the dynamics. This approach models the
motion of the store relative to the parent aircraft via transpiration
boundary condition [26] applied on the surface of the store. The
transpiration boundary condition models the relative movement by
imposing a flow in or out at each boundary node on the surface of the
store tomatch the linear and angular velocity of that point on the store
relative to the parent aircraft. Because the motion of the store relative
to its parent aircraft is modeled by this technique, the effects of the
induced incidence and damping due to rotary motion are also
modeled. This boundary condition is implemented in the CFD solver
to account for the aerodynamic damping of the air-launched missile.

VI. Results and Discussion

The overlapped cloud of points is generated around the aircraft and
missiles. Then, the grid-free q-LSKUMEuler solver is applied on the
cloud of points to estimate aerodynamic loads on aircraft and
missiles. The diameter and base area of the missile are considered as
the reference length and the reference area for the missile loads.
Similarly, the mean aerodynamic chord and surface area of the wing
are considered as the reference length and the reference area for the
aircraft force andmoments. The simulations have been carried out on
a Linux cluster using 100 nodes of Intel dual Xeon at 3.8 GHz with
4 GB RAM processor. Various numerical experiments have been
carried out to select the parameters to get the trajectory with
reasonable accuracy and minimum possible time. The grid-
dependence study and the intercode comparison have been made for
the aircraft and missile configuration during estimation of captive
flight loads [16]. The same grids have been used for the present store-
separation studies. The initial cloud around the aircraft consists of
2 million points and 1 million points around each missile.

A. Effect of Time Step in Trajectory Simulation

The flow computation and the trajectory simulation are decoupled
over a small time steps. At each time step, the flow computation is
carried out until convergence of the flowfield to reach the steady-state
solution for specified missile position from the aircraft. Then, the 6-
DOF solver is applied to obtain the new location of the missile from
the aircraft. The selection of time step is very important because the
larger time steps lead to error that accumulates over time, whereas the
smaller time steps take considerably longer simulation time for
various trajectory-simulation cases. The time steps of 10, 50, and
100 ms are considered in the simulation of missiles separating from
the aircraft at Mach number 0.6 and angle of attack (α) 0 deg. The
relative linear (x, y, z along three coordinate directions), angular
displacements (Euler angles ϕ, θ, ψ) and body angular rates (p, q, r
about roll, pitch, and yaw axis) of the missile with time are shown in
Figs. 5–7. The history of linear displacements in all three coordinate
directions has no influence on the time step. The Euler angles and the
body angular rates are nearly the same for both time steps of 10 and
50 ms, but deviation is very high with 100 ms time step. Therefore,
further simulations have been carried out using a time step of 50 ms.

B. Effect of Skin Friction

The simulations have been carried out at Mach number 0.8 and
angle of attack 10 deg with and without considering the skin-friction
forces. The surface properties obtained with inviscid simula-
tions are used as boundary-layer-edge conditions in calculating the

Fig. 4 Grids on symmetry planes of fighter aircraft and missile during separation.

Fig. 5 Linear displacement of missile from aircraft with different time
steps (M∞ � 0.6, α � 0 deg).
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skin-friction forces using van Driest method. The skin friction is
expected to contribute significantly to the axial force, and in turn,
axial displacement. The linear displacement of the missile with time
is shown in Fig. 8. As expected, the axial displacement of a missile

with skin-friction force is reduced slightly compared to that of amissile
without skin force. There is not much change in other trajectory
variables due to skin friction. But the increase in computation time to
include the skin-friction force computation is only marginal, and
therefore, all the simulations are carried out with skin-friction forces.

C. Evaluation of Aerodynamic Forces in the Trajectory-Simulation
Steps

The missile linear and angular accelerations due to aerodynamic,
gravity, launcher and thrust forces are integrated to get the trajectory
of the missile using fourth-order Runge-Kutta (RK4) method. The
above forces have to be evaluated at every step of RK4. It implies that
all the forces have to be evaluated four times for every time step of
trajectory simulation. Among the various forces, the aerodynamic-
force evaluation is computationally expensive due to connectivity
regeneration and flow simulation. Instead of updating aerodynamic
force at every step of RK4, the aerodynamic force in the body-axis
system can be assumed to be constant during a time step. Therefore,
the aerodynamic forces have to be evaluated only once at every time
step, but other forces are computed at every step of RK4. The missile
separation has been carried out at Mach number 1.1 and angle of
attack 10 deg using both approaches of updating aerodynamic force
at every step of RK4 (RK4-UP) and updating only at the beginning
of RK4 (RK4-NUP). The relative linear and angular displacements
of the missile with respect to aircraft are shown in Figs. 9 and 10.
The results indicate that there is not much difference between the

Fig. 6 Angular displacement ofmissile from aircraft with different time
steps (M∞ � 0.6, α � 0 deg).

Fig. 7 Angular velocity of missile with different time steps (M∞ � 0.6,
α � 0 deg).

Fig. 8 Linear displacement of missile from aircraft with and without
skin friction (M∞ � 0.8, α � 10 deg).

Fig. 9 Linear displacement of missile from aircraft with and without
aerodynamic update (M∞ � 1.1, α � 10 deg).

Fig. 10 Angular displacement of missile from aircraft with and without
aerodynamic update (M∞ � 1.1, α � 10 deg).
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trajectories obtained using both approaches. Therefore, further
simulations have been carried out using the RK4-NUP method, and
this procedure reduces the computational time by one-fourth.

D. Effect of Aerodynamic Damping

The effect of relative motion of the missile and aerodynamic
damping are modeled using the transpiration boundary condition.
The modeling of aerodynamic damping is felt necessary because the
missile is high-lift and large-tail configuration. The trajectory has
been simulated at Mach number 1.1 and angle of attack 10 deg with
and without aerodynamic damping. The angular displacement and
angular body rates are shown in Figs. 11 and 12. The body rates, in
turn angular displacements are considerably reduced by the aero-
dynamic damping. The effect of aerodynamic damping is significant,
and the results substantiate the implementation of the aerodynamic
damping in the solver.

E. Effect of Tip-Off During Launch

The tip-off is an important phenomenon that should be considered
in the modeling of powered missile launch. The trajectory simulation
has been carried out including the motion in the rail and tip-off of
missile when only the third launch shoe is in the rail. The missile
trajectory is also simulated without rail motion, i.e., the motion of the
missile until the third launch shoe leaves the rail has been simulated
using a single degree of freedom with only thrust force, and from
there, the coupled 6-DOF simulation has been carried out. Both

trajectory simulations have been carried out at Mach number 1.1 and
angle of attack 10 deg, linear and angular displacements are shown in
Figs. 13 and 14. The missile takes considerably more time to leave
the rail due to frictional force between the rail and the launch

Fig. 11 Angular displacement of missile from aircraft with and without
aerodynamic damping (M∞ � 1.1, α � 10 deg).

Fig. 12 Angular rates of missile with and without aerodynamic
damping (M∞ � 1.1, α � 10 deg).

Fig. 13 Linear displacement of missile from aircraft with and without

tip off (M∞ � 1.1, α � 10 deg).

Fig. 14 Angular displacement of missile from aircraft with and without
tip off (M∞ � 1.1, α � 10 deg).

Fig. 15 Axial displacement of missile from aircraft at various
freestream Mach number (α � 10 deg).
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shoes compared to the simulation without considering the reaction
forces. Except this initial difference, the linear displacement is the
same in both the simulations, but there are considerable initial
displacements in Euler angles due to tip-off effects that continuously
increase further with time.

F. Applications

The separation dynamics ofmissiles have been carried out atMach
numbers 0.6, 0.8, 0.9, 1.1 and angle of attack 10 deg. The results of
separation of inboard missile from the aircraft are presented. The
linear displacements of the missile are given in Figs. 15–17. The

Fig. 16 Lateral displacement of missile from aircraft at various
freestream Mach number (α � 10 deg).

Fig. 17 Vertical displacement of missile from aircraft at various
freestream Mach number (α � 10 deg).

Fig. 18 Pitch angle of missile at various freestream Mach number
(α � 10 deg).

Fig. 19 Yaw angle of missile at various freestream Mach number
(α � 10 deg).

Fig. 20 Surface Mach contours and the trajectory of missile (M∞ � 0.6, α � 10 deg).
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forces increase with the freestream Mach number due to higher
dynamic pressure. The axial displacement decreases due to an
increase in drag force, whereas lateral and vertical displacements
increase with Mach number due to increase in lateral and normal
forces. The missile traverses nearly 15 m in 600 ms in the axial
direction, maximum of 2.5 and 4.5 m in the lateral and vertical
directions, respectively. The missile moves away from the aircraft in
the lateral direction andmoves up in the vertical direction at all Mach
numbers indicating the safe separation of missile for all the cases
considered. The angular displacements are shown in Figs. 18 and 19.
Similar to the linear displacements, the pitch and yaw angles are also
increasing with Mach number. Because the missile is inherently
unstable and the autopilot is notmodeled in the simulation, the angles
are increasing with time. At higher Mach numbers, after 450 ms, the
lateral linear and angular displacement decreases. But by that time,
the missile has traveled about 10 m in the axial direction. The surface
Mach contours and missile trajectory are shown in Fig. 20. The
trajectory clearly indicates the safe separation of the missile even
without the missile control.

VII. Conclusions

The separation-dynamics study has been carried out for an air-to-
air missile from a fighter aircraft using a grid-free Euler solver.
The chimera cloud of points is used to get the distribution of points
and connectivity. The various parameters have been considered for
the simulation. The time step of 50 ms has been considered for
the simulation. The importance of modeling of tip-off motion and
aerodynamic damping has been brought out for the rail-launched
missile application. It is also observed that updating of aerodynamic
force at the beginning of time step is sufficient for such applications.
The simulations at variousMach numbers indicate the safe separation
of the missile, which is expected to perform better with autopilot
model.
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