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ABSTRACT

The simulation of the store separation using the automatic coupling of dynamic equations with flow
aerodynamics is addressed. The precision and cost (calculation time) were considered as comparators.
The method used in the present research decreased the calculation cost while limiting the solution error
within a specific and tolerable interval. The methods applied to model the aerodynamic forces are time-
dependent dynamic meshes and quasi-static methods. In the time-dependent method, a dynamic
unstructured tetrahedral mesh approach using combination of spring-based smoothing and local
remeshing is employed in respect of bodies motion with an implicit, second-order upwind accurate 3-D
Euler solver. In this method, a 6dof dynamic code is coupled with the flow solver to update the store
trajectory information. In the quasi-static method, a 3-D implicit, steady state Euler solver is
automatically integrated with a grid generation software and a 6dof dynamic code. Although the time-
dependent method is more precise and reliable, it is not proper and appropriate for the initial design of
the separation system due to its high cost. The quasi-static solution is very fast, but unable to simulate
realistically because of not satisfying the problem conditions due to solution divergence as the store
speed increases. The method used in the present research decreased the calculation cost while limiting
the solution error within a specific and tolerable interval. In this way, the time step can be enlarged, the
solution can be carried out with a few calculation points, and the solution can have considerably more
speed with a limited error magnitude. Simulation of the store separation using the automatic coupling
of dynamic equations with flow aerodynamics with the new Low-Cost method is the innovative aspect
of this paper. To validate the solution method, the transonic store separation was simulated that agreed
well with the wind tunnel test outcomes.

doi: 10.5829/idosi.ije.2014.27.05b.14

1. INTRODUCTION

softwares. Recent analyses have also been executed
based on the Cartesian method [6]. Approximate quasi-

Gaining knowledge about how to release a store from an
airplane, with sufficient immunity and precision in
striking the target has significant importance. In
addition to the wind tunnel and flight test, the
computerized simulation has been recently used to
reduce simulating costs [1]. Several analyses have been
carried out to properly simulate separation from the
airplane body. A separation analysis was performed by
Parikh et al. [2] and Meakin [3] on a wing-pylon-store.
The Euler’s and Navier-Stokes solutions for the thin
layer were in good accordance with the wind tunnel
outcomes. Additional analyses were also performed for
the same problem using Overflow [4] and Fastran [5]
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static methods have also been applied in addition to the
exact time dependent procedure [6-8]. Due to fine
meshing and small time steps to reach the needing
precision, the solution cost, i.e. time, is rather high in
numerical methods [9]. The viscosity of the flow has
minor effect on the cold separation analysis, specifically
with the absence of gas dynamic effects. Therefore, the
calculation time can be considerably reduced by
neglecting viscosity [9].

The present research aims at approximating the
trajectory of a separated store from the airplane and
confidence about the precision sufficiency using the
proposed method. The proposed method intends to
reduce the calculation time while taking a specific
solution error magnitude for granted. Several design
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parameters including the separating force, the safe
separation altitude and velocity, etc. are unknown in
newly designed separating systems, so scanning through
the designing tables increases the solution time. In the
present method, the so-called parameters can be
estimated and exactly obtained after the solution
procedure.

2. PROBLEM DESCRIPTION

As stated above, the present research aims at approxi-
mating the trajectory of a separated store from the
airplane in the wing- pylon-store model, as shown in
Figure 1. The indicated model is similar to the
experimental test specimen in literature. [10].

The coordinate origin before separation is located in
the mass center. The wing in the present model is a clip-
ped delta, and it has an NACA64A010 airfoil section.
The store has four NACAO008 bulks (with constant
widths) in its tail, with a total length of 9.9 £&. In order to
assimilate the model with the experimental specimen, a
0.12 ftis provided between the store body and the pylon
before separation. Finally, like the experimental
specimen, a 1.17 fi sting is added to the end of the store

[1].

3. SOLUTION METHOD

The solution method consisted of three stages: the flow
solution, the trajectory calculation, and the meshing
algorithm. The flow solver is used to solve the
governing fluid dynamic equations in each and every
time step. The aerodynamic forces and moments on the
adjoining store are calculated by integrating the surface
pressure. By knowing the aerodynamic and other exter-
nal forces, the displacement of the store will be obtained
with six degrees of freedom. Ultimately, the mesh will
be modified according to the store displacement using
the meshing algorithm.

4. FLOW SOLVER

The solution of the flow field is carried out using Euler
equations based on the finite volume method [11, 12].

T

Figure 1. The outline of the wing- pylon- adjunct model

As stated earlier, the flow viscosity has been
neglected for the sake of having less calculation time.
The outline of the solution algorithm is shown in Figure
2. This figure indicates that the calculation program
yields the aerodynamic forces and moments in each and
every time step by having the store locality. Using the
obtained forces and moments, together with other
external forces, the linear and angular velocities are
updated and the mesh will be modified accordingly.

5. CALCULATION OF THE TRAJECTORY

The aerodynamic forces and moments are calculated by
integrating into the surface pressure while the flow
viscosity, and thus the corresponding stresses, are
neglected in Euler’s solution. These data will be
obtained from the flow solver in the inertial system and
are used for simulation with 6 degrees of freedom. The
governing equation system for the translation of the
mass center is [1]:

Y=y 1 (1)

The moments can be transferred into the body system
from the inertial system using the translation matrix R:

M, = RM, ()

In order to get rid of time, the angular motion must be
solved in the body system:

é):El(ZMB_E)BXM)B) (3)

However, in order to be used in the dynamic meshing
algorithm, wp must be retransferred into the inertial
system to obtain wg:

=R, @

6. FIELD MESHING

In the time-dependent method, a local remeshing
algorithm is used to verify the motion in a discontinuous
computational field. In case the motion is infinitesimal,
a local smoothing method known as spring-based
smoothing is applied to determine the new location of
nodes. Namely, the nodes are moved for better cell
quality while their interconnection still remains. The
cell ridges are modelled as interconnected spring eleme-
nts between nodes. The displacement of boundary nodes
is transferred into the mesh because of the spring force
induced by the increasing or decreasing of the adjacent
ridge lengths. In a state of equilibrium, the sum of all
spring forces at each node must equal zero.
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Figure 2. Solution algorithm

S

Figure 3. Surface meshing of the store

TABLE 1. Free flow properties at a 38000 fi altitude.

T
P

p
A

Oy

21.65k
20649 Pa
Idael gas
345 m/s
0 deg

M 907.185 kg Aft Ejector Location 1.748 m aft of
store nose
1.418 m from .
X8 e store tip Forward Ejector Force 10676 N
| o 27.116 N.m>  Aft Ejector Force 42703 N
iyy’ 488.094 N.m*  Ejector Stroke Length 0.100584 m
Forward Ejector : 1.238 m aft of store
M 907.185 kg Aft Ejector Location 1.748 m aft of
store nose
1.418 m from .
X8 e store tip Forward Ejector Force 10676 N
| B 27.116 N.m* Aft Ejector Location 42703 N
Lo 488.094 Nu? Ejector Stroke Length 0.100584 m

Forward Ejector: 1.238 m aft of store

After moving of boundary nodes as defined by the
6DOF trajectory, the secondary location of nodes will
be obtained. In case the motion of the store is large, i.e.
larger than that of adjacent cells, the smoothing method
will be no longer valid. Therefore, the low-quality cells
will be combined and locally remeshed based on the
allowable skewness of the cells.

Due to the fact that an implicit algorithm has been
used in the flow analysis, stability of the flow solver
does not limit the duration of the time step At. However,
At in the time-dependent method is determined on the
basis of precision and stability of the dynamic meshing
algorithm, and thus it is limited to a certain value.
Owing to complete adapting of the volume mesh, the
so-called limit does not exist in the quasi-static method.
Hence, the quasi-static method is preferable in this
aspect. In this method, the program automatically uses
the Gambit software for mesh generation in every time
step, and modifies the volume mesh around the store
after placing it in the new location.

7. VALIDATION AND CONTRAST

The separation simulation according to the wind tunnel
test was performed in a Mach number of 1.2 in a 38000
ft altitude and a zero invasion angle. All other initial
conditions are included in Table 1. Also, Table 2
includes the mass data as well as the separation force
magnitudes and exertion points.

7. 1. Time-dependent Method  The position and
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state of the store, using the time-dependent method, are
shown in Figures 4 and 5. It can be observed that the
graphs are in very good agreement with the wind tunnel
test outcomes. Minor differences can be caused by
neglecting viscosity or approximation in the separation
mechanism modeling method. Figures 6 and 7 indicate
the aerodynamic forces and moments exerted on the
store’s mass center. Amid all, the moment around the
longitudinal axis is more complicated due to its small
magnitude and, at the same time, its large fluctuations
with time, as more obviously observed in Figure 8. The
mesh adapting method and pressure distribution in the
symmetry plane before separation and after the 0.8 sec
separation duration are shown in Figures 9 and 10,
respectively. This reveals that the simulation works
correctly. The alteration induced in the mesh around the
store can also be noticed.
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Figure 4. Center of gravity location (in the time-dependent
method)
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Figure 5. Angular orientation (in the time-dependent method)
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Figure 7. Aerodynamic moment in the store vs. time
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Figure 9. Flow field meshing before separation and after the
0.8 sec duration in the symmetry plane (using the dynamic
mesh method)
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Figure 10. Center of gravity location, in the quasi-static
method compared to the time-dependent method.
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Figure 11. Angular orientation in the quasi-static method
compared to the time-dependent method.

7. 2. The Quasi-static Method The quasi-static
assumption is valid only in the first few instants of the
separation procedure, i.e. until when the velocity of the
store is not much larger than that of the flow velocity
and the store is still close to the separation wing [4]. The
variation in the position and state of the store using the
quasi-static method are shown in Figures 10 and 11,
respectively as compared to those obtained from the
time-dependent method. It can be observed that the
quasi-static solution diverges after 0.25 sec. Figure 9
demonstrates that the displacement has fewer errors,
lying in the fact that other external forces, including
gravity and separation mechanism, are more prevalent
than aerodynamic forces.

7. 3. Reduction of the Solution Cost (Time) Two
determinative factors, precision and cost (solution time)
have been regarded in the present separation method.
While the time-dependent method is more precise and
reliable, it entails much calculation time, i.e. cost.
Hence, it is not appropriate and proper for the separation
system initial design. Although the quasi-static solution
is very fast, it is unable to simulate realistically for not
satisfying the problem conditions due to solution
divergence as the store speed increases. Thus, the
present research mainly aims at presenting a method to
decrease the calculation cost while limiting the solution
error within a specific range. The time step in this way
can be enlarged, the solution can be carried out with
fewer intermediate points, and the solution can be
significantly faster with a limited error magnitude.

The traditional way to exert the aerodynamic forces
is establishing a table of aerodynamic parameters based
on the main factors of influence including the Mach
number, invasion angle, relative positions or angles,
etc., and using these parameters in the dynamic solution
in the proper time intervals. Actually, due to the large
number of data and parameters, it takes rather a long
time to provide and update these tables, espcially for
systems without a specified final geometry. Therefore,
both time-dependent and quasi-static methods have been
used automatically in the present research in the way
that the mesh is refined in each time step based on the
position change, and new aerodynamic forces will be
obtained accordingly.

For the sake of higher speed aerodynamic forces are
not calculated in all time increments, but in a sub-
division of all. For instance, if the total duration is 0.5
sec, aerodynamic forces are calculated every 0.1 sec,
and they are taken constant in intermediate increments.
This can be observed schematically in Figure 12, where
the aerodynamic forces are determined in 8 points and
are considered as constant within 0.1 sec intervals while
the calculation time step is 0.002 sec. Thus, the 0.1 sec
interval has been named the flow analysis time step.
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On the other hand, by enlarging the time step interval to
the extent that the solution error remains in the
prescribed limit, e.g. smaller than 30%, the solution
speed will significantly increase. Owing to the fact that
the implicit algorithm is used in the time-dependent
method, stability of the solver does not constrain the
time stepat. Rather, At is determined based on the
precision and stability of the dynamic meshing
algorithm, and thus it is limited to a specified value [1].
However, the quasi-static method is independent of time
step, and enlarging the time step will increase the error
because of refining the volumetric mesh.

Thus, the quasi-static method is only useful for
initial design calculations and will diverge soon after the
beginning of separation. For instance, according to
Figures 13-15, the rolling moment, and thus the angular
velocity and the rate of the angular velocity are diverged
after 0.2 seconds, and are hence no longer valid.
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Figure 12. Aerodynamic roll moment exerted on the store
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Figure 15. Variation of the roll angle of the store

8. RESULTS AND DISCUSSION

8. 1. Presentation of the Cost Reduction Scheme
Using Dynamic Meshing in the Time-dependent
Method As previously pointed out, the time step, in
both the time-dependent and the quasi-static methods,
cannot be enlarged due to divergence, even in the case
of allowing the simulation error. Following is the
presented method, intending to reduce the calculation
time while allowing a specific solution error magnitude.
In this way, the solution will be performed with far
more rapidity. As stated earlier, the simulation
procedure in each time increment consists of the flow
solving, the 6-DOF trajectory, and meshing the field.
Therefore, the total solution time needed for solution
can be determined as:

Total Cost=Cost_flow solving + Cost mesh update 5)
+ Cost_ 6dof dynamic trajectory

Since the dynamic part of solution is very fast, the third
term can be neglected in relation to the preceding terms:
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Total Cost= Cost_flow solving + Cost mesh update (6)

As the only constraining factor limiting the time step in
the time-dependent method is the remeshing algorithm
rather than the flow solver, and since these two factors
act independently, it will be convenient to refine the
mesh in a time step without solving the flow. Namely,
the program can freeze an intermediate time step and
skip one solution round.

For instance, assuming that the total simulation
duration is 0.8 sec and the time step is considered
0.0125 sec (the maximum allowable), then 64 solution
steps (rounds) will be needed. If, in this case, the
calculation of the flow is skipped in every other round,
then 32 time steps will be skipped without divergence in
the solution.

Therefore, if, the time for every solution round is
supposedly 3.5 minutes, the 320-minute total time will
be reduced by 112 minutes. Moreover, the total time can
be further reduced by, for example, freezing every two
other steps. Obviously, this will increase the error
magnitude.

Figure 17, similar to Figure 15, indicates the
variation in the rolling angle in both time-dependent and
quasi-static methods. It can be easily observed that the
solution will no more diverge, whereas the quasi-static
method diverges after 0.3 seconds. Figure 18 shows the
variation in the rolling angle vs. time, solved by
skipping steps.

The same diagram for the moments 0.1, 0.2, and 0.3
sec, is shown in Figure 19. Figure 19 shows the total
time reduction against the error magnitude. For
instance, in the case that the time step is 0.0125 sec, this
method reduces the total time by 38% and produces
only 7.9% error. Finally, Figure 20 depicts the total
solution time vs. the error magnitude for each method.
In this figure, 0.0125 sec and 0.025 sec time steps have
been basically used and the solution has been performed
in every other step.

This figure reveals that the 0.025 sec time step with
every other step solution skip, with a total solution time
of 130 minutes, can prove efficacious to calculate the
aerodynamic forces and moments since it entails only
17% error. Larger time steps can lead to greater errors
(as 80% for a 0.05 sec time step) or unstable solutions.
The variation of the aerodynamic moment around the x
axis for the three methods including the direct time-
dependent, the lower-cost time-dependent, and the
quasi-static method is shown in Figure 21. It
demonstrates that the low-cost time-dependent diagram
satisfactorily agrees with the direct time-dependent
diagram while the quasi-static diagram diverges
quickly.
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Figure 16. The cost reduction method proposed in the present
research.
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Figure 22. Pressure distribution before and after the 0.8 sec
separation duration

The reason behind convergence in the low-cost
method is using dynamic meshing. Stated another way,
when the flow solver calculates the values of
compressive and shear stresses existing in mesh cells in
each time step and skips solution in some following
time steps, the dynamic meshing updates these stresses
(by interpolating) simultaneously with mesh refinement.
In this way, the properties of the present mesh are
properly in accordance with the motion physical status,
transferred into the following updated mesh.
Meanwhile, effects due to velocity increase and disorder
in the quasi-static state are resolved.

9. CONCLUSION

The present research investigate the dynamic simulation
of a store from an airplane body using time-dependent
and quasi-static methods. Precision and cost (solution
time) were evaluated as factors of comparison.
Although the time-dependent method proved more
exact, it was inappropriate for the initial design of the
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separation system due to its high cost. Because of not
satisfying the problem conditions due to solution
divergence with velocity, the quasi-static solution was,
however, unable to simulate correctly even though it is
very fast. The method presented in this work was able to
reduce the calculation time while limiting the solution
error within a specific allowable interval. Thus, the time
step can be enlarged, the solution can be carried out
with fewer points, and carried out far more rapidity
within a limited error magnitude. As declared in the
paper (Figure 20), the present method, can reduces the
simulation time (cost) about 60% (210 min of 340 min),
with acceptance of a 16% calculation error.
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