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The ballistic separation effect in an aircraft flowfield was predicted via the direct calculation of incremental

coefficients. A highly robust flow solver, including a Chimera grid module, was used to create the trajectory of a

released store and to calculate incremental coefficients. The incremental coefficients were computed according to the

difference between the aerodynamic coefficients in the aircraft flowfield and in the freestream condition. Two

different calculations can be executed simultaneously in a parallel computing environment. The aircraft flowfield

effect was measured using the incremental coefficients. This method of direct calculation of the incremental

coefficients was tested in the case of released stores in two-dimensional subsonic and supersonic flow regions. The

accuracy of the unsteady trajectory calculation was verified through comparisons with the captive trajectory system

data in theEglinwing/pylon/store separation problem.Themethodwas then applied to a generic bombreleased from

a full-body aircraft. The computational results show that the current method is capable of simulating the store

trajectory and investigating aircraft flowfield effects.

Nomenclature

Cl, Cm, Cn = store rolling, pitching, and yawing moment
coefficients

Cmx = moment coefficient in the x direction
Cx = force coefficient in the x direction
dx = displacement in the x direction
Fi = generalized flux vector
H = total enthalpy
M1 = freestream Mach number
n = outward normal vector
Q = conservative flow variables
t = time
U, V,W = contravariant velocities along the generalized

coordinates
Ug = grid velocity
u, v, w = Cartesian velocity components
�Cx = incremental force coefficient in the x direction
�, p, e = density, pressure, and total energy
�, �, � = roll, yaw, and pitch angles

I. Introduction

TARGETpoint estimation is an important objective inflight tests,
as well as safe separation, when weapons are integrated on an

aircraft. The impact point of an unguided bomb without control
surfaces is determined by firing input from the pilot. As a result,
bomb release and impact predictions are important. The bombing
function of the aircraft fire control computes the target point and

presents the data to the position on a heads-up display in real time.
The computational algorithmmust be as simple as possible. The store
in the bombing function is represented as a point–mass particle
located at its center of gravity. Drag force and gravity act upon this
element as the computer runs a simulation during every computa-
tional cycle (0.02–0.25 s) [1,2].

The dynamics of a released bomb aremuchmore complicated than
predicted by an aircraft fire control computer. The actual trajectory is
perturbed by aircraft separation effects, including ejector-induced
forces and moments, and by the aircraft flowfield effects. The latter,
known as the ballistic separation effect (BSE), is one of the largest
miss-distance factors. Moreover, it is difficult to predict correctly.
The operational flight program of an aircraft must account for the
BSE and make appropriate corrections by modifying the initial
conditions to a three-degree-of-freedom (DOF) predictor [2,3].
Therefore, an accurate trajectory to the target point is required to
model the bombing function.

The best approach for generating a trajectory is a flight test under
realistic conditions, including atmospheric situations and wing
deformations, although the safety risks and the expense involved in
gaining dynamic data are considerable. Other approaches, such as
wind-tunnel testing [captive trajectory system (CTS) and free drop]
and different prediction methods generate a trajectory model or help
design a flight-test schedule [4]. Engineering-level methods [5] and
semiempirical methods, such as the gridmethod [6] and the influence
functionmethod [7], have also been applied to generate the trajectory.

The time-accurate computational fluid dynamics (CFD) tech-
nique is often used to predict store separation events [8–11]. The
CHIMERA scheme [12] is ideally suited to perform calculations
with moving bodies. The calculation of the aerodynamic load is fully
coupled with the dynamics of the released bomb. This technique is
commonly applied to short-range predictions after separation due to
its high computing cost [9–11]. Recent advances in computing
environments have increased the reliance of CFD methods to simu-
late store separations. A steady flowfield database with the CFD
method substitutes for wind-tunnel data in the trajectory generation
program (TGP) [13].

The general TGP uses a database that is a superposition of free-
stream aerodynamic loads and incremental coefficients [4]. The
interference database is usually generated by a wind-tunnel test. The
advantage of using a database is the capability to generate numerous
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trajectories with one set. However, this database is mostly static data
with interpolation errors.

Incremental aerodynamic coefficients in an aircraft flowfield are
calculated directly with the CFD approach. The elimination of these
coefficients is checked simultaneously for the indicator of aircraft
flowfield effect in the current process. A subprogram is executedwith
another grid system in the freestream condition with the same
dynamics, while an unsteady calculation is done to generate the
trajectory of the released store. Time-accurate grid velocities are
applied to the subcalculation,whereas only the rotation is updated for
the Euler angles of the store, because altitude effects are neglected in
this simulation. The store is considered out of the aircraft flowfield if
the incremental coefficients converge to zero. A simple TGP algo-
rithm with a freestream database is executed to trace target points
using the dynamics in that time as an initial condition. The TGP
algorithm has two steps: the first for the BSE region and the second
for the free-flight region. The former case is described and applied in
this paper to calculate the BSE in aircraft flowfields.

A flow solver, including a parallelized grid assembly, was devel-
oped and used for the unsteady calculation [14]. Two-dimensional
supersonic and subsonic store separation cases were simulated, and
incremental coefficients were computed to assess the suitability of
the developed algorithms. An ejected bomb case from an Eglin wing
and a pylon configuration in a transonic flowfield were tested to
validate the generated trajectory. Unsteady trajectory generation in
an aircraft flowfield and direct calculation of the incremental
coefficients were applied to the released generic bomb cases from a
Korean basic training aircraft, the KT-1, and the aircraft flowfields
were estimated for a number of separation scenarios.

II. Numerical Methods

A. Flow Solver

The three-dimensional compressible Euler equations were written
in integral form over the control volume V�t�:

d

dt

Z
V�t�
Q dV �

Z
@V�t�

F dS� 0 (1)

where the conservative flow variable Q� ��; �u; �v; �w; �e�T .
Frepresents the inviscid fluxes:

F�

�U
�uU� nxp
�vU� nyp
�wU� nzp
�HU� pUg

2
66664

3
77775 (2)

Here, � and p are the density and the pressure. The total energy is e,
and H � e� p=� is the total enthalpy.
U is the relative flowvelocity on the cell face in each direction, and

Ug is the moving velocity of the control volume:

U� nxu� nyv� nzw � Ug (3)

This system was discretized using a finite volume method.
Numericalfluxfunctionswereconstructedusing theRoeschemewith
Harten’sfix function [15] for entropycorrection.MUSCLreconstruc-
tion of primitive variables [16] was applied to obtain higher-order
spatial accuracy, whereas the minmod or van Albada’s limiter was
used to maintain a total-variation-diminishing property near the
shocks. The diagonalized alternating-direction-implicit method [17]
was used for time integration, and the second-order dual-time-
stepping algorithm [18]was used to advance the solution in time. The
number of dual-time iterations was approximately 20, which is
sufficient for accurate simulations through numerical experiments.
The Riemann invariants were used for the boundary condition at the
far-fieldboundaryandtheflowtangencyconditionat thebodysurface.
The equations of motion of a moving body were integrated with the
four-stage Runge–Kutta method.

B. Parallelized Grid Assembly

The CHIMERA method offers not only efficient grid generation
but the capability of handling the relative movement of multiple
bodies. However, the information to connect overlapped grids must
be reestablished whenever a grid is moved. This process of estab-
lishing communication is referred to as a grid assembly [19]. In this
paper, the grid assembly was parallelized with static load balancing
based on the decomposed grid system of a flow solver. Coarse-
grained communication was optimized with minimized memory
allocation and a communication load, as the parallel grid assembly

Fig. 1 Schematic of the grid delta-coefficient trajectory method [4].
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accesses the decomposed geometry data within other processors
only by passing messages in a distributed memory system, such as
a PC cluster. A parallel performance assessment of a moving body
overset grid application on a PC cluster was achieved [14].

The overset grid method is composed of two major steps: hole
cutting and donor cell identification. Zones of an interference scheme
and a hole-map algorithm are used for the hole-cutting procedure. A
stencil walk and gradient-searching methods are adapted for the
second step [20]. Solid walls are initially used for hole-cutting
surfaces, and an automatic cut–paste algorithm [20] is used to
construct an optimalmesh interface. Thegathering of surface patches
in each body is executed by group communication after the
regeneration of a new communicator among the processors related to
the same body, as only a closed surface is used to make the hole map.
Interpolation and donor data in the take and send processors, respec-
tively, are connected by sorting with a tag index. Thus, minimized
information of the interpolation points is communicated between the
take and send processors during parallel donor searches. A detailed
description of the parallelization and performance of the grid
assembly is shown in [14].

C. Direct Calculation of Incremental Coefficients

The general trajectory generating process, with superposition of
freestream aerodynamic loads and delta coefficients, is shown in
Fig. 1 [4]. The interference database was generated from the differ-
ences between aerodynamic coefficients in the aircraft flowfield and
in the freestream condition. However, these are only static data,Fig. 3 Initial overset grids: dispensed submunition case.

Fig. 4 Aerodynamic forces and incremental coefficients: dispensed submunition, M1 � 1:8.

Fig. 2 Direct calculation of incremental coefficients and the BSE region check.
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without considering dynamics of store, and must be interpolated to
make force coefficients at the exact store position.

In this study, the incremental aerodynamic coefficients in the BSE
regime were computed directly by considering time-accurate
dynamics, contrary to the classical procedure (Fig. 1). The elimina-
tion of the flowfield effect was simultaneously observed by mea-
suring the magnitude of the incremental coefficients. A flowchart of
the algorithm, developed for a direct calculation of the incremental
coefficients and to verify the BSE, is shown in Fig. 2. A subprogram
was simultaneously executed with another grid system in the
freestream condition, while the unsteady computation was achieved
to generate the trajectory of the released store. Themultiple-program/
multiple-data paradigm was applied to this coupled analysis. Time-
accurate grid velocities were calculated with 6-DOF motion equa-
tions and were applied to the unsteady calculation. These were also
applied to the subcalculation in the freestream condition. The

aerodynamic forces and the moments of the subcalculation were
subtracted from those of the unsteady calculation. The differences are
the incremental coefficients in this situation and the aerodynamic
forces disturbed by the aircraft flowfield effects.

III. Verification of the Direct Calculation

Two cases of two-dimensional problems were simulated: store
separations in supersonic and subsonic flowfields. Incremental
coefficients, calculated to investigate the aircraft field effects, were
estimated by the present approach. The first case involves a submu-
nition dispensed from a mother missile dropping with a speed of
Mach 1.8. The initial overset grids were constructed (Fig. 3) with an
O-type grid about the submunition (161 � 25), an H-type grid for the
mother missile, and the entire computational domain (184�
210). The internal bay of the mother missile was disregarded in this
case, owing to the use of an inviscid calculation. The aerodynamic
force coefficients and the incremental coefficients are shown in
Fig. 4. BSE in the legend indicates that the result considered the
mother missile flowfields, whereas the submunition results in the
freestream flowfield are shown in the legend without BSE. Two side-
ejecting forces act on the moving body in the short range, and the
ejector stroke length is 36% of the diameter of the submunition. The
positions are forward and aft of the center of gravity, which creates an
initial nose-downmoment. Two temporalMach number contours are
shown in Fig. 5. The normal shock wave on the submunition
interacted with the shock wave from the mother missile (Fig. 5a).
This shockmoved suddenly to the aft of the body, and the angle of the
oblique shock became large, causing the incremental coefficients to
fade out suddenly (Fig. 5b). It is difficult to predict the interaction
between the mother missile and the submunition correctly with a

Fig. 7 Aerodynamic forces and incremental coefficients: released store, M1 � 0:6.

Fig. 5 Temporal Mach number contours: dispensed submunition, M1 � 1:8.

Fig. 6 Grid systems for the case of a store drop from an airfoil.
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transonic nonlinear characteristic in transonic regimes, as the flow-
field is dominated considerably by shock waves. Furthermore, the
flowfield becomes more complicated as the number of submunitions
is increased.

Results from wind-tunnel tests or quasi-steady CFD methods
cannot capture the transonic nonlinearity of aerodynamic forces and
moments. Therefore, costly and time-consuming flight tests continue
to be necessary to obtain the trajectory data, especially in the
transonic speed range. The unsteady CFD approach, however,
provides reliable data with less time and cost in the transonic regime
and captures nonlinear phenomena, such as the sudden changes of
aerodynamic forces and moment at 0.25 s, shown as Fig. 5.

The second case involves a released store from an airfoil in the
subsonic flow regime. The freestream Mach number was 0.6. The
store was dropped freely into the stream. The computational domain
is decomposed into three different grids: a C-type grid about the
airfoil (193 � 33), an O-type grid (129 � 25), and an H-type grid
(137 � 419) for the entire computational domain. The background
grid was constructed to maintain a fine-grid resolution in the store
path. The far-field boundary was extended to eight times the chord
length of the store for calculation in the freestream condition
(Fig. 6b). The aerodynamic forces and the delta coefficients are

shown in Fig. 7. A small lifting force remains longer in time than in
the case of the supersonic flow calculation. The extended grid used
for the computation in the freestream conditionmakes a difference in
the convergence; the minor difference in the incremental lift coeffi-
cient was found to be prominent, owing to the relatively small
aerodynamic forces and moment when compared with these factors
in the supersonic case. However, there is no sudden change of the
aerodynamic forces andmoments after 0.5 swhen comparedwith the
supersonic flow condition. The drag force and pitching moment
incremental coefficients converged more rapidly than the lifting
force, because there were lower moving grid velocities when
compared with those of the released direction.

Fig. 8 Displacement and angular trajectory of the ejected store.

Fig. 9 Aerodynamic force and moment coefficients (Eglin wing/pylon/store case).

Fig. 10 Incremental coefficients (Eglin wing/pylon/store case).

Table 1 Grid system for the Eglin wing/pylon/store case

Body No. of blocks Grid type No. of nodes

Wing 1 C–H 129 � 44 � 49
Pylon 1 C–O 121 � 27 � 26
Store 4 O–H 130 � 32 � 25
Background block 1 H–H 105 � 51 � 85
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IV. Validation

The validity of the direct calculation of incremental coefficients
and the solution accuracy were tested against CTS data [9]. The grid
system is listed in Table 1. The total number of each grid was
approximately onemillion. TheH–H-type background gridwas used
around the store trajectory, which was sufficient to maintain the
interpolation accuracy of overlapped subgrids. The nondimension-
alized unsteady time stepwas set to 2.0, and the dynamics of the store
were calculated up to 1.95 s, with 500 time steps marching. The total
computing time was nearly 3 h, using 24 processors in a Linux PC
cluster consisting of a Pentium 4 2.6 GHz CPU in each node and
linked into a 100 Mbps Ethernet network. The linear and angular
trajectory results of the ejected store were compared with the CTS
data (Fig. 8) and were closely matched to the wind-tunnel data.
Similar results were obtained in two earlier studies (see [9,20]).

The elimination of the flowfield effect was observed in measure-
ments of two dominant aerodynamic force coefficients, the lift and
the pitching moment, as different grid systems may cause discrep-
ancies in the results and convergence of the force coefficients.
Convergence of the incremental coefficients was checked with crite-
ria that indicated whether these coefficients were reduced by an order
of 10�2 of each peak value. Furthermore, the BSE was considered to
be diminished when five successive convergence checks satisfied
that criteria, as therewas pitch oscillation caused by ejecting systems.

The computed aerodynamic forces of the store, with and without
thewing, and are shown in Fig. 9. Incremental force coefficients from
the differences in the aerodynamic forces in the two systems were
calculated (Fig. 10). Those at initial condition were reduced after
1.5 s and converged to an order of 10�2 of each peak value. The

computed BSE diminishing time was 1.89 s, whereas the store
departed 77 ft below (about three times the root chord length) at that
time from the initial position.

V. Application

Ageneric store separation case from theKT-1 aircraft was tested to
estimate the aircraft field effects. The surface mesh and the initial
position of the store are shown in Fig. 11. Test cases of store
separation from inboard and outboard pylons were simulated. The
total grid system consisted of 33 blocks (21 blocks for the H–H-type
aircraft grid and the C–O-type pylon grids and four blocks for the O–
H-type store grids). The number of node points, including the H-type
block to improve the domain connection between sub grids, was
approximately 2.3 million. The sectional grid system, including the
H-type block grid, is shown in Fig. 12. The bomb consisted of four
blocks, due to its four tail fins. Three sets of bomb grids were
constructed (Table 2), and Fig. 12 shows the medium-grid set. The
far-field boundary was extended to 50 times the maximum diameter
of the bomb. The steady-state solutions were obtained with 4,000
iterations, with local time stepping for fast convergence. Drag forces
and pitching-moment coefficients at various angles of attack were
compared with each other; the convergence of the force coefficients
is shown in Fig. 13. Based on the grid convergence test, the
simulations were carried out with the medium-grid set. Grids for the
pylon, the aircraft, and the background flowfield for the overset grids
were constructedwith a grid resolution based on amediumgrid of the
bomb in Table 2 for optimal overset regions and computational cost.

The store was released at an altitude of 5,000 ft, with no ejecting
force. The freestreamMach number was 0.4, and the aircraft angle of
attack was zero. The total computing time for one releasing scenario
(from the beginning to approximately 1.1 s) was nearly 8 h, with an
unsteady time step of 4.8mswhen using 31 processors of a Linux PC
cluster consisting of a Pentium 4 2.6 GHz CPU in each node and
linked by a 100 Mbps Ethernet network. The force and moment
coefficients are presented in Fig. 14. Relatively small roll moments
were generated from the cant angle of the tailfin. The time histories of
the incremental coefficients in each scenario are shown in Fig. 15. An
incremental coefficient calculation by computation of the aero-
dynamic forces in the freestream condition was done once for every
five unsteady calculations. A total of 49 computations were carried
out. The side force and pitching and yawing moments of the inboard
case were larger than those of the outboard case, owing to the larger
disturbances of the wing and the fuselage. Estimations of the aircraft
flowfield effects are tabulated in Table 3. The incremental lift and
pitching moment coefficients were initially large. Moreover, differ-
ent dynamics between the aircraft field and the freestream condition

Fig. 11 Surface mesh and initial bomb positions.

Fig. 12 Grid system: medium set (front view).

Table 2 Grid system for generic bomb

Body No. of blocks Grid size Total node points

Coarse 4 97 � 13 � 33 166,452
Medium 4 121 � 17 � 41 337,348
Fine 4 153 � 25 � 51 780,300
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Fig. 13 Drag and pitching moment coefficients of a generic bomb (steady-state solutions).

Fig. 14 Aerodynamic force and moment coefficients (store from aircraft).

Fig. 15 Incremental coefficients (store from aircraft).
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were found in those directions. These large incremental coefficients
mostly decayed (below 2% of the maximum values) after 1.1 s. The
store departed from the aircraft about 1.52 times the half-span length
at this time. Unsteady trajectory calculations up to this time do not
require a heavy computing time.

VI. Conclusions

A two-step simulation process can be used for target point
estimations and to generate bomb trajectories. In the first step, the
released bomb trajectory in the aircraft flowfield was computed. and
the BSE was simultaneously checked using the proposed algorithm.
Aircraft flowfield effects were calculated directly, without additional
computing time, using the parallel computing algorithm. Incremental
coefficients were used as an indicator to switch from an unsteady
CFD computation in the aircraft flowfield to an offline simulation in
the free-flight condition in the second step. The disappearance of the
BSE was estimated by means of a direct calculation of the incre-
mental coefficients. Aircraft flowfield effects were counted using this
approach.

The accuracy of the flow solver and the grid module, including 6-
DOF motion equations, were presented through an application of an
Eglin wing/pylon/store case and were subsequently compared with
the CTS data. A generic bomb released from a KT-1 aircraft was
tested, and the influences of the aircraft flowfield effects were
computed. The unsteady time-accurate computation had no inter-
polation errors, in contrast to a classical method using a database.
This makes this method especially suitable for a supersonic or
transonic flow with strong nonlinear effects.

The final velocities and the trajectory of the released store
presented in this paper were used for the initial conditions of the
second step, specifically, the offline simulation of the TGP. The full
trajectory to the target points can be predicted accurately with
enhanced initial positioning from the present method.
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