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Abstract: In this paper, a numerical simulation of a finned store separating from a wing-
pylon configuration has been studied and validated. A dynamic unstructured tetrahedral mesh
approach is accomplished by using three grid sizes to numerically solving the discretized
three dimensional, inviscid and compressible Euler equations. The method used for
computations of separation of an external store assuming quasi-steady flow condition.
Computations of quasi-steady flow have been directly coupled to a six degree-of-freedom
(6DOF) rigid-body motion code to generate store trajectories. The pressure coefficients at
four different angular cuts and time histories of various trajectory parameters and wing
pressure distribution during the store separation are compared for every grid size with
published experimental data.

Keywords: CFD Modelling, Transonic Store Separation, Quasi-steady Flow, Moving-body
Trajectories

1. Introduction

Safe separation of a store from an aircraft is one of the major aerodynamic problems in the
design and integration of a new store to an aircraft. Carriage loads and moments acting on the
store should be correctly predicted in order to have an idea about its behavior after separation.

In addition to the wind tunnel [1, 2] and flight test [3], the computational simulation has been
recently used to reduce cost and time incurred to generate and test a particular model. The
first step in any flow simulation is the discretization of the physical domain. Many techniques
for handling the computational domain with moving boundaries have been devised and are
currently being used such as Cartesian approach [4-7], overset grids [8-16] and dynamic
meshes [17-27].
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The Cartesian approach implies the use of non-body-fitted volume meshes. This method has
one major drawback when conventional finite volume procedures are used, accuracy is
compromised in the cut cells on the boundaries where any error in these regions leads to
inaccurate prediction of performance [28]. In the overset grid, separate grids around the
moving bodies are applied and interpolation between these grids and a global grid are updated
each step. However, a large number of cells are used to enhance the resolution of the solution
which requires extra memory and computational overhead [16]. Dynamic meshes apply
deformation of the volume mesh in response to the surface motion. The most significant
advantage of utilizing unstructured dynamic meshes is the flexibility to handle complex
geometries. Grid generation time is greatly reduced because the user’s input is limited to
mainly generation of a surface mesh. Finally, because there is no overlapping grid regions,
fewer grid points are required [26].

In the present work, quasi-steady approach is used to demonstrate the accuracy and technique
of using an unstructured dynamic mesh approach in a store separation study to assess the
effect of grid size on store trajectories. The implementation of a 6DOF (six degree of
freedom) flight mechanics model for rigid bodies and its coupling to CFD is presented. An
inviscid flow is assumed to simplify the above simulations. The predicted computed
trajectories are compared with a 1/20 scale wind-tunnel experimental data conducted at the
Arnold Engineering Development Center (AEDC) [1] under transonic conditions (Mach
number 95) at an altitude of 11,600 m and 0° angle of attack for a particular weapon
configuration with appropriate ejection forces.

2. Mathematical Model and Governing Equations

2.1. Unstructured Dynamic Mesh
The unstructured dynamic mesh method suitable for larger distance moving boundary is the
iterative method. Unstructured dynamic mesh is updated by combining spring smoothing and
local re-meshing [29].

The object moves as a rigid body, all nodes and boundaries/walls associated with it move as
one, the edges between any two mesh nodes are idealized as a network of interconnected
springs. A displacement at a given boundary node will generate a force proportional to the
displacement along all the springs connected to the node. Using Hook’s Law, the force on a
mesh node can be written as

ng
j

k
kisz

-

|xi —551'|

At equilibrium, the net force on a node due to all the springs connected to the node must be
zero. This condition results in an iterative equation
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When boundary moving, the nodal positions adjust until equilibrium is reestablished

= Converged
EHL = 2P 4 AR

In those equations, x is nodal position, i or j is node number, n is time step and m is the
iteration number.

2.2. 6-DOF Solver Theory

The 6-DOF solver uses the object’s forces and moments in order to compute the translational
and angular motion of the center of gravity of an object. The governing equation for the
translational motion is solved for in the inertial coordinate system

. 1 5
Vg = EZfG

3@ is the translational motion of the center of gravity, m is the mass, and fG is the force
vector due to gravity.

The angular motion of the object, cﬁB is more easily computed using body coordinates
a)_.)B = L_l (Z MB - 53 X L@B)

L is the inertia tensor, wy is the rigid body angular velocity vector, and MB is the moment

vector of the body transformed from inertial to body coordinates using My = RMG , Where R
represents the following transformation matrix

CoCy CoCy —Sg
SeSoCyp — C4Sy  SeSaCy + C4Sy  SyCo
CpSoCy + SpSy  CySaCy—SpSy  CCo

In generic terms, C,, = cos(x) and S, = sin(x). The attitude of the separation from aircraft is
described by Euler angles, yaw angle psi (y), pitch angle theta (0) and roll angle phi ().

2.3.  Unsteady Inviscid Flow
Governing equation of unsteady inviscid flow-field is Euler equation. Euler’s equation for
inviscid fluid flow is a special/limiting case of the more general non-linear Navier-Stokes
equation — which expresses Newton’s 2nd law of motion for compressible fluid flow. The
nondimensional conservation law form is

9:Q + 0,E +3,F + 9,6 = 0

]

Q is the conserved variable, Q = [pv}

Where,

)%
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pu pv pw
pu’+p pvu pwu
E, F and G are the flux vectors, E = puv | F=|pv®+p|and E = pwv
puw pow pw? +p
lu(et + p)J lv(et + p)J lw(et +p)

The total energy per unit mass in the above equations is composed of static and dynamic parts
1
e, = e+z(u2 + v?% + w?)

Static energy and pressure can be expressed as a function of local speed of sound, temperature
of the fluid and the ratio of specific heats.

L
yo-1 14
Where, a’?=yRT , y= Cp/C
v

Euler equations are three-dimensional, unsteady, nonlinear and compressible. The finite
volume method is adopted to discretize flow-field domain and governing equations.

2.4. Coupling Process
Flow chart of the coupling process is laid out as follows:

Initial State
Initial linear and angular
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Initially, steady flow field is computed at t = 0 sec. A first time step is initialized by the steady
flow field result. The flow field is integrated to give the aerodynamic forces and moments of
the separating store. The aerodynamic forces and moments are passed to six-degree-of-
freedom (6DOF) rigid-body motion code to generate store trajectories. The new positions and
attitudes are computed for the next time step. According to new position and orientation, the
unstructured dynamic mesh model updates the grid to the next time step.

2.5. Model Description

The model geometry is similar to the experimental test specimen in literature [1], consists of a
clipped delta wing with a 45° leading edge sweep, a pylon located at the mid span of the
wing, and a store having four tail fins positioned in a cruciform style. Wing profile is
NACA64A010 airfoil section and is constant throughout the span. Trailing edge has no sweep
angle and the taper ratio is 0.133. The store diameter is 0.5081 meters. The fins are identical
and they have a constant profile NACAO0008 throughout the fin span. Leading and trailing
edge sweep angles of the fins are 60 and O degrees, respectively. Finally, for the sake of the
physical coherence, the store is modeled with the sting mounted to the end of the store as it
was used in the captive trajectory system experiments. Detailed drawings of the wing and the
coordinate system are given in Fig. 1.

Fig. 1. General Views of the Wing-Pylon-Store Configuration

2.6. Computational grid generation

Computational grid generation of the geometry is carried out in Gambit. A dynamic
unstructured tetrahedral mesh approach is accomplished by using three grid sizes [coarse grid
(1047529), medium grid (2695159) and fine grid (3529136 elements)] to numerically solving
and comparing the results of the discretized three dimensional, inviscid and compressible
Euler equations with the wind tunnel test of reference [1]. The mesh quality was iteratively
improved by varying the grading type, ratio and interval count for the edge meshing with the
aim of having a low skewness. Also sizing function was used on faces with small dimensions.
It was ensured that no degenerative elements were formed in the mesh and the skewness range
was also within limits. Fig. 2 shows a surface meshing of the wing-store configuration. In the
figure it can be seen that the mesh is fine close to the wing-store configuration and gets
coarser as the distance from the configuration increases.
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Fig. 2. Wing-store configuration surface meshed with tri elements

3. Results and Discussions

CFD analyses were performed for three mesh sizes of a wing-pylon-finned store configuration
at 0.95 Mach number and 0° angle of attack during 0.32 seconds using ANSYS FLUENT
solver. The predicted store release trajectory and the pressure coefficient distributions on the
wing upper and lower surfaces at six chord-wise sections and on the store surface at the
angular locations 5°, 185°, 95° and 275° are compared with the experimental data.

The computations are started from t=0s for obtaining the aerodynamic forces and moments
then the solver is coupled with a 6-DOF code for the complete store trajectory prediction
using quasi-steady approach. There are both forward and aft ejector forces acting on the store,
which will be turned off after the ejector stroke lengths are exceeded. The store inertial
characteristics and the constant ejector forces applied on the store are tabulated in Table 1.

Table 1. Store inertial/mass and ejector parameters

Characteristic Magnitudes Values Unit
Mass m 907 kg
Center of gravity Xcg 1417 (aft of store nose) mm
Roll Inertia Ixx 27 kg-m*
Pitch Inertia lyy 488 kg-m?
Yaw Inertia Iz 488 kg-m*
Forward Ejector Location Lge 1237.5 (aft of store nose) mm
Forward Ejector Force Fee 10.7 kN
Aft Ejector Location Lag 1746.5 (aft of store nose) mm
Aft Ejector Force Fae 42.7 kN
Ejector Stroke Length Lgs 100 mm

The obtained results are presented as follows
3.1. Surface pressure distributions

3.1.1. Store Surface Pressure
Fig. 3 show a comparison between the predicted pressure coefficient distributions and the
experimental data along the non-dimensional axis of symmetry length x/L at the angular
locations of 5, 95, 185, and 275 deg for the fine, medium and coarse grid. There are some
discrepancies between the fine grid solutions and the available data due to inviscid nature of
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the solver. However, for all angular section cuts, the fine and mid grid results are in better
agreement with the data than the coarse mesh solutions.
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Fig. 3. Store angular pressure coefficient —— Fine grid
---- Medium grid
-------- Coarse grid

3.1.2. Wing Surface Pressure
The pressure data on the wing upper and lower surfaces are extracted at six chord-wise
sections, three inboard and three outboard locations as shown in Fig. 4 for comparing the
wing pressure distribution before store release and after 0.32 seconds after release.

Section 6
Section 5
Section 4

Section 3
Section 2
Section 1

Fig. 4. Pressure measurement sections on the wing

Fig. 5 shows the Cp computational results at six chord-wise sections before store release and
after 0.32 seconds after release. Strong variations are noticed in the lower wing surface from
X/L = 0.2 to 0.7 where the presence of the store influences the air flow field environment
around the wing during separation.



Paper: ASAT-16-019-MO

08 08 08

06 Section 3

06 Section 1 06

Cp Cp 02 Cp
-0.4
-0.6
-0.8
1 1
1.2 -1.2 2+
0 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X/L X/L X/L
08 0.8 0.8
ek Section 4 06 Section 5 0s Section 6
Cp

12+ 5
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X/L X/IL X/L

A2 1.2+

0 010203 04 05 06 07 08 09 1

= \\ing upper surface (t = 0.00 sec)

Fig.5. Wing sectional pressure coefficient ... Wing upper surface (t = 0.32 sec)
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Wing lower surface (t = 0.00 sec)

------------ Wing lower surface (t = 0.32 sec)

3.2. Trajectory Results

Wing-pylon-finned store test case [1] is solved using the ANSYS FLUENT code with
unstructured dynamic grid methodology. The results given in this section represent the linear
and angular displacements as well as the velocities, store angle of attack and Sideslip Angle.
The trajectory results are presented as follows

3.2.1. Linear and Angular Displacements
Linear displacements graph are drawn with respect to the store’s center of gravity location at
the carriage position and given in Fig.6 store moves backward due to drag force and
downward with the effect of gravity and the ejector forces. The store is initially slightly
moved towards wing inboard, but soon begins to move slowly outboard with the wing
outwash effect. Fine, medium and coarse grids are matches very closely with the experimental
data for all displacements in three directions.

Angular displacements graph are drawn with respect to the coordinate system originated at the
store’s center of gravity location and given in Fig.6 total forces acting on the store result in a
pitch up, yaw and roll are towards to the outboard of the wing.

The store initially pitches up due to the ejector forces acting on the store for a real time of t =
0.06 seconds. After the effect of the ejector forces vanishes, aerodynamic forces acting on the
store take the control and result in a pitch down moment on the store. The maximum pitch up

8
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angle calculated using fine, medium and coarse grid are (3.9, 3.9 and 3.8 degrees respectively)
whereas experimental data shows a maximum of 5.3 degrees. Store rolls towards the outboard
side of the wing after its release. The trend of the curve is almost the same with a shift in
values from the experimental data. The maximum discrepancy between fine, medium and
coarse grid and the test data are (1.78, 1.94 and 2.69 degrees at time t = 0.24, 0.29 and 0.33
seconds respectively). The store yawing motion is towards to the outboard of the wing. The
curve of Fine, medium and coarse grids are matches very closely with the experimental data.
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Fig. 6. Comparison of predicted linear and angular displacements with the test data

From the previous results the fine and medium grid gives approximately the same results and
in good agreement with the experimental data for yaw and roll angles when compared with
the pitch angle. The separation trajectory of the experimental and numerical (fine grid) study
is compared and shown in Fig. 7.

n Predicted ii

0.00 sec
0.08 sec
0.16 sec
0.24 sec
0.32 sec

Experiment

— -+
o n

(a) Front view
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(b) side view

Fig. 7. Comparison of predicted separation trajectory with the test data

3.2.2.Linear and Angular Velocities of the Store
Linear and angular velocities of the store along its trajectory are given in Fig. 8. The linear
velocity results are in better agreement with the experimental data except for backward
velocity there is maximum discrepancy of 0.49, 0.5 and 0.48 m/s between the experimental
data and the fine, medium and coarse grid respectively, where the velocity is linearly
increasing in the negative x direction, but the trend is almost the same.

A computed angular velocity shows some discrepancy from the experimental data in the
angular roll and pitch rate. The angular pitch rate starts to decrease after t = 0.06 s,
corresponding to the end of the stroke. The discrepancies between the angular roll and pitch
rate and the available experimental data can be seen after t = 0.06 s, but the trend of the curve
is almost the same with a shift in values from the experimental data.
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Fig. 8. Comparison of predicted linear and angular velocity with the test data
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3.2.3.Store Model Angle of Attack and Sideslip Angle
The relative position of the system Oxyz attached to the bomb (the Oxz plane coinciding with
the symmetry plane of the wing) and the system Oxayaza attached to the air flow (the Oxa
axis is directed along the flight velocity vector Vo, and the Oza axis lies in the symmetry
plane of the aircraft and is directed downwards) is described by the angle of attack o and

sideslip angle  as shown in Fig. 9.
£

P

Fig. 9. Coordinate system attached to the store body and airflow

In Fig. 10 the angle of attack increases due to store pitching up motion until t = 0.22 seconds,
then starts decreasing. The maximum angle of attack calculated is 5 degrees whereas
experimental data shows a maximum of 6.5 degrees. The discrepancy from the data starts at
time t = 0.13 seconds. But the trends of the curves are very similar. A sideslip angle shows a
very good agreement with the experimental data. In which, store has a negative sideslip angle
after its release due to store outboard yawing motion.

10 5
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Fig. 10. Comparison of predicted angle of attack a and sideslip angle  with the test data

4. Conclusion

In this paper, finned store separation trajectory from wing-pylon-finned store configuration is
studied using a dynamic unstructured tetrahedral mesh approach to numerically solving the
discretized three dimensional, inviscid and compressible Euler equations. The method used
for computations of separation of an external store assuming quasi-steady flow condition.
Computations of quasi-steady flow have been directly coupled to a 6DOF rigid-body motion
code to generate store trajectories. The computational results are validated against the
available experimental data of a generic wing-pylon-store configuration at Mach 0.95.

The pressure coefficient distribution on the store is compared with the available experimental
data. Both fine and medium grid show a very good agreement with the experimental data.
This shows that, the dynamic unstructured tetrahedral mesh approach works fine with the
Euler solver and the pressure distribution on the store is highly affected with this grid node
number.

The pressure data on the wing upper and lower surfaces are studied before store release and
after 0.32 seconds after release. The results shows strong variations in the lower wing surface

11
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from X/L = 0.2 to 0.7 where the presence of the store influences the air flow field
environment around the wing during separation.

The trajectory results show that, store moves backward due to drag force and downward with
the effect of gravity and the ejector forces. The store is initially slightly moved towards wing
inboard, but soon begins to move slowly outboard with the wing outwash effect. The store
initially pitches up due to the ejector forces acting on the store after the effect of the ejector
forces vanishes, aerodynamic forces acting on the store take the control and result in a pitch
down moment on the store, also the store rolls and yaws towards the outboard side of the
wing.

Store angle of attack and sideslip angle results show that, the angle of attack increases due to
store pitching up motion until t = 0.22 seconds, then starts decreasing. Also, store has a
negative sideslip angle after its release due to store outboard yawing motion.

No doubt that error is introduced to the results since the solution is obtained without the
effects of viscosity. Ejector force approximation could also affect the Euler angles and rates
since the correct ejector force modeling used in the experiment is not known exactly.
Generally speaking, unstructured dynamic meshing and quasi-steady Euler calculations can be
an effective and successful tool for modelling transonic store separation.

Although the time-accurate approach is universally considered to be the most accurate method
for simulating the store separation study, it still computationally intensive and does not offer
the opportunity to quickly perform parametric studies such as variations in the ejector model
and the store inertial properties. These parametric studies are easily done with the quasi-
steady engineering methods. Previous investigations have shown that quasi-steady
engineering methods give accurate results and work equally well to time accurate for a wide
class of separation problems and particularly for release of a single, external store from a
pylon [30, 31].
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