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Görkem DEMİR

ABSTRACT

COMPUTATIONAL FLUID DYNAMICS MODELLING OF STORE
SEPARATION USING GRID METHOD

Demir, Görkem
M. Sc., Department of Aerospace Engineering
Supervisor : Prof. Dr. Nafiz Alemdaroğlu
March 2017, 106 pages

In this study, two different wind tunnel techniques, captive trajectory and the grid
surveying method, were implemented to computational fluid dynamics (CFD) and
used to calculate the trajectory of a store. The main purpose of this thesis is to
demonsrate that grid method is an alternative method to those already used as it
provides flexibility to store separation problems and can be used during the design
process. EGLIN test geometry was used to validate the analyses results because it
provided existing wind tunnel results. Simulations were performed using a well-known
flow solver called ANSYS Fluent. The trajectory of the store was estimated using the
captive trajectory approach and the results compared with experimental data.
Secondly, a six degrees of freedom (6DOF) code was developed using MATLAB
Simulink to calculate the trajectory using the grid method. The required CFD analyses
corresponding to different attitudes of the store were performed to generate an
aerodynamic grid database and the trajectory was computed. The results were
compared with both captive trajectory and wind tunnel results to investigate the
reliability of grid method results. Then, two different simulations were also performed
v

to demonsrate the advantage of the grid method in terms of time. The simulation times
were compared between both methods and the required time for the grid method was
observed considerably lower. Therefore, grid method is an alternative solution
techniques for store separation problems.

Keywords: Store Separation, Captive Trajectory, Grid Method, 6DOF, CFD, Fluent
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ÖZ

HARİCİ YÜK AYRILMASININ IZGARA YÖNTEMİ KULLANARAK
HESAPLAMALI AKIŞKANLAR DİNAMİĞİ İLE MODELLENMESİ

Demir, Görkem
Yüksek Lisans, Havacılık ve Uzay Mühendisliği
Tez Yöneticisi : Prof. Dr. Nafiz Alemdaroğlu
Mart 2015, 106 sayfa

Bu çalışmada, bir mühimmatın yörünge yakalama ve ağ yöntemi diye adlandırılan iki
farklı rüzgar tüneli tekniğinin hesaplamalı akışkanlar dinamiği (HAD) modellemesi
gerçekleştirilerek ayrılma esnasındaki davranışı incelenmiştir. Çalışmanın ana amacı,
ağ yönteminin, harici yük ayrılması problemlerinde büyük bir esneklik kazandırdığını
ve özellikle tasarım aşamasında kullanılabilecek alternatif bir yöntem olduğunu
göstermektir. Gerçekleştirilen HAD analizlerini kıyaslayabilmek adına, rüzgar tüneli
sonuçları olan EGLIN test geometrisi simülasyonlarda kullanılmıştır. HAD analizleri
piyasada yaygın olarak bilinen bir akış çözücüsü olan ANSYS Fluent programı
yardımıyla çözülmüştür. ANSYS Fluent’in bu tür problemlerdeki doğruluğunu
kanıtlamak adına ilk aşamada mevcut deneysel datalara sahip iki farklı durumun
analizi gerçekleştirilerek elde edilen basınç katsayıları, rüzgar tüneli sonuçları ile
karşılaştırılmıştır. Daha sonra yörünge yakalama yöntemi yardımıyla mühimmat
yörüngesi hesaplanmış olup deneysel datalarla karşılaştırılmıştır. İkinci aşamada ise,
ağ yöntemi ile yörünge hesaplamalarının gerçekleştirilebilmesi için MATLAB
Simulink kullanılarak bir altı (6) serbestlik dereceli çözüm yapabilen bir yörünge
hesaplama kodu geliştirilmiştir. Ağ yöntemi için gerekli olan aerodinamik ağ
vii

veritabanı oluşturularak yörünge hesaplamaları gerçekleştirilmiştir. Bu aşamadan
sonra ağ yönteminden elde edilen sonuçların doğruluğunu ispatlamak adına yörünge
yakalama analiz sonuçları ve deneysel datalarla karşılaştırılmıştır. Bunun sonucunda
ağ yönteminin hem deneysel datalarla hem de yörünge yakalama analizi sonuçları ile
uyumlu olduğu gözlemlenmiştir. Ağ yönteminin avantajını vurgulamak adına iki farklı
analiz daha gerçekleştirilmiştir. Bunun sonucunda zaman bazındaki kazanımlar
karşılaştırılarak farklı kütle ve fırlatma kuvvetleri için ağ metodunun çok daha hızlı
sonuç verdiği gözlemlenmiştir. Bu sebeple, harici yük ayrılması hesaplamalarında ağ
yönteminin HAD ile uygulanması alternatif bir yöntem olduğu gözlemlenmiştir.

Anahtar Kelimeler: Harici Yük Ayrılması, Yörüngeyi Yakalayan, Ağ Yöntemi, 6
Serbestlik Dereceli, HAD, Fluent
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CHAPTER 1

INTRODUCTION

1.1 .THESIS SCOPE AND OUTLINE
For this thesis, two different wind tunnel techniques were applied to computational
fluid dynamics (CFD); captive trajectory and grid survey methods. The purpose of this
study is to demonsrate how close the numerical results obtained using CFD techniques
can come to matching available wind tunnel results, and to investigate whether grid
survey method using CFD techniques for store separation problem could be used as an
alternative method. The recommended CFD techniques [1, 2, 3] in the literature were
used to determine the time dependent characteristics of the store because there were
no facilities to perform a wind tunnel study. For trajectory computations, one of the
most well-known test case, EGLIN test case, was used for both captive trajectory and
grid survey approaches as it includes previous wind tunnel results [4, 5].
CFD captive trajectory is a traditional method for the verification and validation of
wind tunnel results. Several similar studies [1, 2, 3] that use this method are available
in the literature and the trajectory computations agree with the experimental study.
However, this method is very time consuming and limited for certain conditions [6].
The grid survey method used in CFD techniques is another approach that appears in
this thesis. The motivation for this study was that there was no significant study already
included in the literature and this method provides the flexibility to handle the various
physical properties of the store and ejector forces, and the required time for the
simulations are dramatically reduced. The trajectory is estimated from the
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aerodynamic grid database with an offline 6 degrees of freedom (6DOF) solver
constituted in MATLAB Simulink.
One of the best-known CFD solvers, ANSYS Fluent 16.0 in Windows operating
system, is used for the required simulations. ANSYS Fluent has implicit/explicit
Euler/Navier Stokes solver capabilities with a moving grid approach for store
separation problems. According to [6], the Euler equations are sufficient to calculate
the trajectory of the store accurately, whereas the behaviour of pressure and trajectory
of the store can also be determined using Navier-Stokes equations. Therefore, in this
current study, the flow is assumed to be inviscid.
Two different test cases are solved to validate ANSYS Fluent. The store geometry is
same as the one used in EGLIN test case. Store alone configuration is used for the first
validation test case and two store configuration at the specified distance between them
is used for the second validation test case. The results obtained from ANSYS Fluent
are compared with the available experimental data [8, 9].
The captive trajectory analyses can be performed with two different approaches to
calculate the trajectory of the store: The moving grid and Chimera, or overlapping grid
method. Generally speaking, structured and Cartesian grids are used for the
overlapping grid method and this results in more grid generation time, especially for
complex geometries such as the wing, pylon and store. Numerical results are also
highly affected by non-conservative interpolation issues in overlapping grid method
[10]. Therefore, the moving grid technique with unstructured grids was used for
captive trajectory simulations due to its handling of complex geometries and the ease
of the grid generation process.
Unsteady captive trajectory simulations were performed at a Mach number of 0.95 and
a pressure altitude of 26,000 ft for the wing/pylon/finned store configuration to
calculate the store trajectory. The store uses a sting to match the wind tunnel setup [4].
However, for another case the store is modelled as smooth-ended to investigate the
effect of the sting’s geometry on trajectory calculations.
Analyses for the grid survey method are performed at the same boundary conditions
and geometry as the captive trajectory simulations. A few studies such as [11] and
[12], report the consistency of the grid survey method with wind tunnel or flight test
results, but Cenko et. al [14] have carried out valuable studies on this technique. This
2

thesis uses the same solution procedure as these studies, but a different interpretation
is followed for the grid survey method. First, CFD analyses are performed to generate
the aerodynamic grid database. Then, the store trajectory is estimated using MATLAB
Simulink 2015b in Windows operating system and the results acquired from the grid
survey method are compared with both wind tunnel and captive trajectory results.
Then, two different cases are solved to demonsrate the advantage of this method in
terms of time. In the first case, the store’s geometrical configuration and boundary
conditions are identical with previous cases, however, the mass of the store is 1500 kg.
For the second case, the forward and aft ejector force are 15 and 59.9 kN respectively,
with constant store’s mass of 997 kg. Unfortunately, there were no available wind
tunnel results to match these conditions, so the results are compared with the captive
trajectory analyses results.
Chapter 1 of this study consists of some brief background descriptions of store
separation, the advantages and disadvantages of the solution techniques and some
important events organized for the implementation of CFD techniques to the store
separation problem.
In Chapter 2, the geometry, theoretical background of initial and boundary conditions
and numerical methods, and grid independency studies are detailed. Two validation
test cases are also mentioned to indicate the capability of ANSYS Fluent.
Chapter 3 is about coordinate systems, coordinate transformations, equations of
motion and the 6DOF solver constituted in MATLAB Simulink, which is used in the
grid surveying method.
Chapter 4 compares the results obtained from the captive trajectory simulations with
the available wind tunnel results. To demonsrate the effect of the sting, trajectory
calculation geometry from wind tunnel studies and a smooth-base ended store were
also tested.
In Chapter 5, a brief description of grid survey methodology using CFD techniques as
well as a comparison of linear and angular displacements, linear and angular velocities
with both wind tunnel and captive trajectory results. Additionally, two different
analyses were performed for different store mass and ejector forces acting on the store.
The results were compared with the captive trajectory simulation results due to the
absence of a wind tunnel study for these conditions.
3

Conclusions from this study are explained in Chapter 6.
Future works on further applications are mentioned in Chapter 7.

1.2 STORE SEPARATION OVERVIEW
An aircraft store is any item such as a bomb, rocket, missile, fuel tank, decoy, flare or
similar equipment that is mounted on an aircraft’s suspension and release mechanism
such as a pylon, rack or launcher even if there is no intention to release it from the
aircraft during flight. Stores can be carried externally or internally. The F-18C, for
example, shown in Figure 1, carries several external stores [15].

Figure 1. Several external stores mounted on the F-18C [15]
Stores are classified under two main categories: Expandable and nonexpandable. [5]
An expendable store is temporarily integrated into and aircraft, ready for release during
a flight mission. Some good examples are missiles, rockets, guided and unguided
bombs. A nonexpandable store is integrated into the aircraft permanently and are
usually only released from the aircraft under extreme circumstances. These would
include fuel tanks, gun pods and suspension racks.
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The separation of expendable and nonexpendable stores is either intended or due to an
emergency situation. There are two main parameters that are important when
considering the store separation problem: Whether the separation is ‘safe’ or
‘acceptable’ [6]. Safe separation of a store from an aircraft concerns ensuring that the
store is released without causing irreversible damage to the aircraft or the other stores
until the specified or miss distance is reached. It also seeks to ensure the store does not
disintegrate or explode. Acceptable separation, on the other hand, refers to the final
position and orientation of the store, ensuring that it can satisfy the mission without
any tumbling. Guided weapons are a good example of acceptable separation.
With advancements in aerospace engineering, store separation processes have become
a vital field. The ideal store separation would see the store move from the aircraft’s
flowfield to an undisturbed air flowfield as soon as possible. If the store remains in the
aircraft flowfield, it can collide with major components of the aircraft, such as the
fuselage or wing. It can cause detrimental effects to the aircraft and risk the pilot’s life
and health. Figure 2 shows unacceptable separation of an empty fuel tank from an A37 aircraft [17].

Figure 2. Unacceptable separation of an empty fuel tank from A-37 aircraft (ordered
from left to right) [17]

5

Figure 2 is proof that the behaviour of a store during its separation from an aircraft
should be carefully investigated, eliminating potentially hazardous risks before the
store is integrated into the aircraft.
Store separation testing allows for the evaluation of how a weapon, fuel tank or other
object will separate from an aircraft while in flight at different air speeds and angles
of flight. Since the early 1980s when separation testing began, solution procedures
have evolved to assess the compatibility of aircraft to store and estimate the trajectory
of the store will take [18]. Three main methods are used to analyse a store’s behaviour
during the releasing process: Flight testing, wind tunnel testing and computational
fluid dynamics (CFD).
The main role of flight testing is to authenticate results from CFD analysis and wind
tunnel testing. Wind tunnel testing is used to plan and reduce flight tests, and to
corroberate CFD analysis. CFD analysis is used to develop a wind tunnel test plan,
find the test accuracy, and determine critical conditions and to reduce the flight test
matrix. Therefore, wind tunnel, flight testing and CFD analysis can not be examined
alone as they intimately depend on each other. Figure 3 shows one of the most well
known the relationship between each solution technique [6].

Figure 3. Relationship between store separation solution techniques [6]
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1.3 STORE SEPARATION SOLUTION TECHNIQUES OVERVIEW
During the early years of store separation investigations, flight tests were performed
in a “hit or miss fashion” [18]. Although flight test results reflected the exact behaviour
of a store, if the calculations were wrong there was a risk of losing the aircraft or
threatening the pilot’s safety. In addition to these drawbacks, installing telemetry
packages and aircraft flight time monitors demanded the investment of time and
money. Figure 4 shows an example of a flight test for an F-16 fuel tank [11].

Figure 4. Flight Testing of an F-16 fuel tank (ordered from left to right) [11]
The store separation certification process can also be validated through wind tunnel
testing. Initially, drop testing, which is not very practical, was accomplished in wind
tunnels. However, this caused damage to the wind tunnel circuit. Subsequently two
different, novel and experimental approaches called “captive trajectory” and “grid
survey” were developed [6]. In a captive trajectory technique, a small-scale aircraft
model is placed in a wind tunnel with a sting holding the store in place. A sting is a
test fixture, usually consisting of a long shaft with a conical fairing blending the rear
7

end into a wind tunnel, on which models are mounted for testing. The aerodynamic
forces and moments acting on the store are monitored by a computer using a balance
in the sting. The store’s trajectory is determined through the aerodynamic forces and
moments, and the six degrees of freedom (6DOF) equations of motion. The position
and attitude of the store are repeatedly updated and the store is moved to new locations,
until the store is predicted to reach the specified distance or miss distance. This method
is a time consuming and expensive approach because it can only be used for specific
flight conditions and geometric configurations [19]. Figure 5 shows the mechanism of
the captive trajectory system [20].
Grid survey testing provides offline trajectory calculations. As with captive trajectory
technique, the aircraft is placed in a wind tunnel with a sting holding the store [6]. A
computer captures information on the aerodynamic forces and moments at predefined
grid points and attitudes. This generates either an aerodynamic grid database or a
matrix of aerodynamic forces and moments. The time dependent linear and angular
displacements of the store are estimated using an offline 6DOF computer program.
This means the grid survey technique is flexible to different store configurations as
well as to the physical properties of the store [21].

Figure 5. Wind tunnel testing of a guided bomb unit-31 joint direct attack munition
from the F-35 Lightning II at Arnold Engineering Development Center [22]
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The techniques above allow for the behaviour of a store during the release proces to
be estimated before flight tests begin, so no harm is caused to the aircraft or the store.
Wind tunnel testing plays a key role in the planning and verification of flight tests.
However, they are very time consuming and do not always match flight test results
because of restrictions to the installation of aircraft/store configurations and the
calculations accomplished for small-scale geometries [21].
CFD is an approach to fluid mechanics that uses numerical analysis and algorithms to
solve and analyse problems that involve fluid flows. It is a field that matures with the
advancement of high performance computers and powerful computer algorithms [7].
As mentioned above, the use of wind tunnels and flight testing at the final stage of
design can be time consuming and expensive. Therefore, CFD methods are currently
preferred for the separation certification process [19]. The advantages of CFD are;


Trajectory calculations come at a relatively low cost compared to other
techniques.



Less time is necessary to complete calculations.



Time-dependent problems associated with projectile aerodynamics can be
investigated using the accurate dimensions of the aircraft and store.



Simulations pose no risk to people, aircraft or store.



Numerical data can be obtained anywhere in the computational domain.

The evolution of CFD with regards to the store separation problem began with three
main challenges [24]. The first challenge in 1992 was related to estimating the
behaviour of a typical wing/pylon/finned store configuration. Numerical results
obtained from both the Euler and ‘thin-layer’ Navier-Stokes which describes the
motion of viscous fluid substances equations were compared with wind tunnel results
performed at the Arnold Engineering Development Center. Results acquired from
potential flow methods were equivalent to the Euler code [19].
The second challenge in 1996, the applied computational fluid dynamics (ACFD)
challenge I, concerned the F-16/generic finned store. Several Euler and Navier-Stokes
codes exhibited the performance of their solutions and they are consistent with the
wind tunnel results [24].
ACFD challenge II was a meeting held in Reno Nevada in 1999 concerned with the
separation of the Joint Direct Attack Munitions(JDAM) store from an F/A-18C [25].
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Participants exhibited good results in agreement with both wind tunnel and flight test
results because the best pressure results are obtained from the ANSYS Fluent
computational fluid dynamics code [24]. The most important drawback from the
ACFD challenge II was that the Euler equations were sufficient to calculate the
trajectory of the store accurately, whereas the pressure and trajectory of the store could
also be determined using Navier-Stokes equations [7].
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CHAPTER 2

NUMERICAL SOLUTION BACKGROUND

In this chapter, the geometry, computational grid, boundary conditions and numerical
techniques used in CFD simulations are explained. Two different test cases will also
be looked at to assess the reliability of the flow solver called ANSYS Fluent. The
pressure coefficient on a store will be compared to an available experimental study.

2.1 GEOMETRY DEFINITION
The geometry used in the numerical simulations produces results identical to the
experimental wind tunnel tests conducted at the Arnold Engineering Development
Center [4]. The calculations involve four main parts: Wing, pylon, finned store and
sting body. The geometry used in computations matches the experimental setup shown
in Figure 6, however, it is at a scale of %5 of the physical model. Test condition
includes Mach number of 0.95 at a Reynolds number of 2.4x106 [5]. ANSYS
SpaceClaim, which is a pre-processing tool, was used to prepare the analysis model
and unnecessary parts, such as bolts, fillets, of the geometry are excluded.
The example dimensions of a wing and coordinate system are depicted below in
Figure 7-9. The wing geometry has a clipped, swept wing with a triangular planform
45o leading edge sweep and a NACA 64A010 airfoil profile section. The root chord
length, semi-span of the wing is 7.62 and 6.604 meters. There is no sweep angle at the
trailing edge and the taper ratio is 0.133. The coordinate system is placed at the center
of gravity of the store.
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Figure 6. Experimental wind tunnel setup conducted at Arnold Research
Development Center [5]

Figure 7. Bottom view of the coordinate system and the wing-pylon-store geometry

Figure 8. Front view of the coordinate system and the wing-pylon-store geometry
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Figure 9. Side view of the coordinate system and the wing-pylon-store geometry

The pylon, detailed in Figure 10 and 11, has an ogive cross section at the forebody and
aftbody, and a flat plate cross-section at the centerbody located at 3.302 meters from
the root of the wing. The radius of the ogive section is 0.635 meters. The flat plate
length is 1.692 meters. The distance between the leading edge of the pylon and the
wing is 0.3891 meters. The pylon is attached to the wing at which the distance between
the pylon centerline and the root of the wing is 3.302 meters. The maximum length
between the bottom face of the pylon and the wing is 0.442 meters. The width and total
length of the pylon are 0.149 and 2.286 meters.

Figure 10. Side view of the wing-pylon configuration

Figure 11. Bottom view of the pylon
The cross section of an example store, depicted in Figure 12 below, has a tangent ogive
form at the forebody and is cylindrical at the centerbody, with a measurement of
0.5081 meters. The total length of the store from the nose to aft is almost three meters.
13

Four identical clipped delta wing fins with a 45o sweep are located at the tail of the
store. Their airfoil profile section is constant NACA 0008 airfoil section through the
span direction. The vertical length of the fins is 0.223 meters.

Figure 12. The detailed dimensional representation of the store

2.2 BOUNDARY AND INITIAL CONDITIONS
Boundary conditions have a significant effect on numerical results, therefore, the
defining the boundary conditions is essential [26]. If the boundary conditions are
wrong or unspecified, it can lead to incorrect numerical results. In this study, the
recommended boundary conditions from the literature are used [1, 2, 3]. The wall
condition of the store, pylon and wing geometry are defined as no-slip and adiabatic.
The boundary conditions of the side, bottom and top faces of the rectangular
computational domain are considered as symmetry or free-slip.
When using the symmetry boundary condition, there are two primary assumptions:
there is no convective flux and diffusion flux across the region. As a result, the normal
velocity and gradients of all variables are considered as zero in these region [28]. The
back or downstream face of the rectangular domain is considered to have the pressure
outlet boundary condition. The front or upstream is defined as pressure far field, which
is appropriate boundary condition when density is calculated from the ideal gas law
[28]. A rectangular computational domain is modelled for calculations. The pressure
far field is located five store lengths away from the forebody of the store, whereas the
pressure outlet is located 20 store lengths away from the aftbody of the store. The
symmetry boundary condition is located fifteen store lengths away from the center of
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gravity of the store. The dimensions of the computational domain, reflecting the
boundary conditions of the simulations, are shown in Figure 13 and 14.

Figure 13. Boundary conditions of the computational domain

Figure 14. Boundary conditions of the wing-pylon-store configuration
Before starting the simulation, it is required that initial estimates are assigned to each
solution variable [27]. These initial conditions are required for both steady and
unsteady simulations. To speed up the process of reaching the desired solution and
improve its stability without changing the simulation results, the appropriate initial
conditions should be used. It is of vital importance that the initial estimate for
numerical simulations is reasonable. In this current study, the initial conditions are
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taken from the pressure far field boundary condition for steady-state simulations, the
results acquired from the steady-state simulation are then used as initial conditions for
the unsteady simulations [1].

2.3 UNSTEADY SOLUTION AND TRAJECTORY CALCULATIONS
The time dependent trajectory of the store is determined by performing unsteady
calculations. Time step is a crucial parameter to the quality and convergence of the
solution so it must be defined correctly. The typical mesh size of the computational grid,
characteristic flow velocity of the air and Courant number are used to estimate the time
step [28]. In this study, the time step is selected as 0.0002 seconds for which the
maximum Courant number is 50.
Ejector forces act on the store at 0.06 seconds, at which point the store moves away from
the aircraft flow field as soon as possible. The location of the ejector forces on the store
are depicted in Figure 15. The ejector forces and moments are applied as a constant [5].
The store properties and the location and magnitude of the ejector forces are identical
with the EGLIN test case, given in Table 1 [9].
Table 1. Physical properties of the store and ejector forces
Mass

907 kg

Center of gravity(aft of store nose)

1417 mm

Roll Moment of Inertia

27 kg.m2

Pitch Moment of Inertia

488 kg.m2

Yaw Moment of Inertia

488 kg.m2

Forward Ejector Location(aft of store nose)

1237.5 mm

Aft Ejector Location(aft of store nose)

1746.5 mm

Forward Ejector Force

10.7 kN

Aft Ejector Force

42.7 kN
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Figure 15. Location of the ejector forces acting on the store

2.4 GOVERNING EQUATIONS
ANSYS Fluent can solve both viscous and inviscid flows [29]. As it has mentioned
before, an inviscid flow assumption is enough to calculate the trajectory of the store.
Air should be considered compressible due to the presence of high speed flow.
Therefore, in this thesis, the flow is treated as inviscid and compressible. If the flow is
inviscid and compressible, Euler equations that include the conservation of mass,
momentum and energy are solved in ANSYS Fluent [28]. The energy equation is used
to integrate the relationship between flow velocity and static temperature when solving
the compressible flow. The continuity equation for inviscid flows is exactly the same
as the laminar continuity equation, but due to the absence of molecular diffusion the
conservation of momentum and energy are slightly different. The continuity equation
is written as:
𝜕𝜌
+ 𝛻 . (𝜌𝑣⃗) = 0
𝜕𝑡

(1)

The momentum equation is expressed as:
𝜕(𝜌𝑣⃗)
+ 𝛻 . (𝜌𝑣⃗𝑣⃗) = −𝛻𝑃 + 𝜌𝑔⃗
𝜕𝑡
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(2)

The energy equation is:
𝜕(𝜌𝐸)
+ 𝛻 . (𝑣⃗(𝜌𝐸 + 𝑃)) = 0
𝜕𝑡

(3)

𝑃 = 𝜌𝑅𝑇

(4)

And the ideal gas law:

2.5 NUMERICAL SOLVER METHODS AND DISCRETIZATION SCHEMES
ANSYS Fluent numerical methods can be classified into two main categories: the
pressure-based solver and the density-based solver [29]. The velocity field can be
obtained from all three momentum equations and has to satisfy the conservation of
mass equation in both methods. In the pressure-based solver method, there is no direct
equation for pressure, but pressure is included in all three momentum equations.
Consequently, pressure fields are obtained using the pressure correction equation,
which is derived from the momentum and continuity equations, and density is obtained
by using the ideal gas law. In the density-based solver method, density fields are
obtained by using the continuity equation and pressure fields are obtained using the
ideal gas law. It can easily be used for capturing interacting shock or high Mach
numbers [28]. This thesis assumes the density-based solver method is appropriate [2].
The density-based solver solves the governing equations of continuity, momentum and
energy simultaneously. There are two types of density-based solver approaches in
ANSYS Fluent: AUSM and Roe-DS [28]. A steady-state simulation is performed and
the pressure coefficient results are compared in Appendix A to observe that there is
considerable difference between two methods. In the literature, Roe-DS was generally
used for store separation problems [1, 2] and therefore this method is preferred in this
study.
In ANSYS Fluent, the finite volume method (FVM) is used to convert partial
differential equations to algebraic equation. The discrete values of the scalar are stored
at the cell centers of grid elements [27]. Upwind schemes are used for stability. The
first-order upwind scheme, which is the simplest numerical scheme, uses the constant
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and neglects the first derivative and consecutive terms of Taylor series expansion. The
second-order upwind scheme includes the first derivative, however it neglects the
second-order derivative. The second-order upwind scheme is more accurate than the
first order upwind scheme and minimizes the false diffusion [26]. Hence, the second
order upwind scheme was used for pressure, density, momentum and energy in this
thesis.

2.6 MOVING GRID ALGORITHM
As aerodynamic forces move a store, moments and gravity cause the position of
computational grids to change. Using the dynamic or moving mesh algorithm in
ANSYS Fluent solves this. The moving mesh algorithm is a method that involves the
ANSYS Fluent solver commanding the boundary or cell zones to move to adjust the
deformed mesh elements, depending on the movement of the store. If the displacement
of the store is small, the motion of the store moves the grid element’s interior and
boundary nodes, without changing the number of nodes or their connectivity.
Smoothing methods control deformation caused by the motion of the interior and
boundary nodes. In ANSYS Fluent, there are two types of smoothing algorithm:
Spring-based and diffusion-based smoothing. Diffusion-based smoothing, which is
suitable for large deforming boundaries such as tumbling motion, has more
computational costs [28] that the spring-based smoothing method. In this study, the
spring-based smoothing algorithm is considered as the smoothing method. In this
study, the spring-based smoothing algorithm is considered as the smoothing method.
In the spring-based method, all mesh elements in the computational domain are
considered as a network of interconnected spring elements, and initially it is assumed
that these springs are at a state of equilibrium.
The mesh element’s nodes begin to move due to the motion of the store. As a result, a
force proportional to the motion of the mesh nodes is generated. The new location of
the mesh elements is calculated using the relationship between the node displacement
and the force. In other words, Hooke’s Law is applied to the computational grid
elements where ∆𝑥⃗𝑖 and ∆𝑥⃗𝑗 represent the linear displacements in all three directions
of node i and its adjacent node j. ni represents the number of adjacent nodes connected
to node i [26]
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𝑛𝑖

𝐹⃗𝑖 = ∑ 𝑘𝑖𝑗 (∆𝑥⃗𝑗 + ∆𝑥⃗𝑖 )

(5)

𝑗

The stiffness of the mesh elements (kij) is controlled by the spring constant factor
denoted by kfac. The spring stiffness can be expressed as;
𝑘𝑓𝑎𝑐

𝑘𝑖𝑗 =

√|𝑥⃗𝑖 − 𝑥⃗𝑗 |

(6)

It is worth mentioning that the net force acting on a node must be zero due to
equilibrium condition, so an iterative equation is used where m is the predefined
iteration number from user.
∆𝑥⃗𝑖𝑚+1

=

∑𝑛𝑗 𝑖 𝑘𝑖𝑗 ∆𝑥⃗𝑗𝑚
∑𝑛𝑗 𝑖 𝑘𝑖𝑗

(7)

The node position is updated when the previous equation above converges, where
𝑥⃗𝑖𝑛+1 and 𝑥⃗𝑖𝑛 respectively represent the node positions at the next time step and the
present time step. This process is repeated until the analysis is performed.
𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑑

𝑥⃗𝑖𝑛+1 = 𝑥⃗𝑖𝑛 + ∆𝑥⃗𝑖

(8)

When the grid deformation is large, invalid grid elements such as negative volume
occur as the displacement of the store increases and, as a result, this situation leads to
convergence diffuculties. It is necessary for these bad quality elements to be replaced
with the new mesh elements generated by the remeshing methods when the quality of
the grid elements exceed the specified quality criteria, such as maximum skewness,
minimum and maximum length scales.
The flow chart of the moving grid algorithm is depicted in Figure 16.
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Figure 16. The flow chart of the moving grid algorithm
First, the aerodynamic forces and moments are calculated for the current position of
the store. Then, the equations of motion are calculated to update the new position of
the store. At the same time, the computational grids are deformed in correspondence
with the motion of the store. If the deformation is small, the smoothing algorithm is
applied and the grid positions are updated. If the deformation is large or the mesh
quality exceeds the predefined limits, the remeshing algorithm is applied to generate
new cells. This process is repeated until the simulation time is finished.
The adaptive mesh approach can be used to solve shock waves more accurately
because tetrahedral elements are preferred in the application of the moving grid
algorithm. The adaptive mesh approach allows for the refinement or coarsening of
computational grids based on numerical solution data, such as pressure, velocity and
temperature. Numerical results are becoming more accurate, especially for shock
waves. However, this solution procedure comes with more computational cost [30].
The adaptive mesh approach is not used in this study.

2.7 SOLVER VALIDATION AND VERIFICATION TEST CASES
Two different preliminary test cases are performed to observe and validate the
capability of ANSYS Fluent in the solution of shock waves occuring at high speed
flows. The computational domain and boundary conditions are modelled as explained
in Section 2.2. The flow is considered as inviscid and compressible, and the analyses
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are performed at a Mach number of 0.95 and pressure altitude of 26,000 ft. The
numerical results are compared with the available wind tunnel results from the Arnold
Engineering Development Center [4].
The generic finned store configuration, excluding the wing and pylon geometries, is
used for the first verification test case to observe the consistency of the pressure
coefficient acquired from ANSYS Fluent with the available wind tunnel data [4]. The
computational grid near the store is shown in Figure 17.

Figure 17. Volumetric grid elements around the store-only configuration used in the
first validation test case
The pressure coefficient distribution on the store at a roll angle of 265o computed by
ANSYS Fluent is compared with the wind tunnel results [4]. The region where
pressure coefficient distribution is acquired from is shown in Figure 18, and Figure 19
shows a comparison of the numerical results and wind tunnel results.
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Figure 18. Pressure coefficient is taken from the red line

Figure 19. Comparison of pressure coefficients for the first validation test case with
the wind tunnel results
The figure shown above clearly shows that the numerical results are in suitable
agreement with the wind tunnel results. There are some discrepancies observed in the
figure because shock waves can not be effectively captured due to the ignoring of
viscous effects. Pressure and Mach number variation around the store obtained from a
plane which intersects with the roll angle of 265o are given in Figure 20 and 21.

23

Figure 20. Pressure variation is taken from the angular cut of 265o around the store

Figure 21. Mach number variation is taken from the angular cut of 265o around the
store
Referring to Figure 20 and 21, it can be apparently seen how pressure and Mach
number distribution around the store are changing at the shock regions.
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The purpose of the second verification test case is to observe whether ANSYS Fluent
can determine the strong shock interaction between two wall boundary conditions.
Two stores identical to the one used in the first verification test case are placed into
the computational domain at a distance of 1.8 times the diameter of the store [9]. Figure
22 shows the computational grid for the second validation test case.

Figure 22. Volumetric grid elements around the two store side-by-side configuration
used in the second validation test case
As in the previous verification test case, the pressure coefficient distribution on the
store at a roll angle of 265o is compared with the wind tunnel results. The region where
pressure coefficient distribution is acquired from is shown in Figure 23, and Figure 24
shows a comparison of the numerical results and wind tunnel results.

Figure 23 Pressure coefficient is obtained from the angular cut of 265o depicted as
the red line
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Figure 24. Comparison of pressure coefficients for the second validation test case
with the wind tunnel results
It is apparent that the numerical results are compatible with the wind tunnel results.
Difference between the results is observed because the viscous effects are emitted and
the shock regions are predicted as overcompress and overexpansion. Figure 25 and 26
demonstrate pressure and Mach number variation obtained from a plane which
intersects with the angular cut of 265o.

Figure 25. Pressure variation between two stores at the angular cut of 265o
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Figure 26. Mach number variation between two stores at the angular cut of 265o
Strong shock interaction between two stores is clearly seen in Figure 25 and 26.
Both solver validation test cases are compared with each other to observe the effect of
strong wall interaction between two wall boundary conditions and are shown in
Figure 27.

Figure 27. Pressure coefficient comparison of two validation test cases
Referring to Figure 27, abrupt change in pressure coefficient at aftbody of the store for
two stores configuration is much higher than store only configuration due to shock
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interaction between two stores. Moreover, the shock region occurred near the forebody
of store is much larger than store only configuration.
The figures shown above distinctly show that the ANSYS Fluent flow solver is a
thrustworthy computational fluid dynamics tool to observe for such problems.

2.8 COMPUTATIONAL MESH AND GRID INDEPENDENCY STUDY
Two different meshing tools called ANSYS Meshing and Fluent Meshing are used to
generate the computational grid. ANSYS Meshing is a meshing tool that uses both
structured and unstructured meshes, wheras Fluent Meshing can only generate
unstructured grids [29]. In this study, the volumetric hexahedral elements are
generated using ANSYS Meshing to reduce the number of elements and increase the
solution quality. The surface and volumetric unstructured grids for complex regions
such as near the store are generated by Fluent Meshing to reduce grid generation time.
In the numerical simulations, computational grid independency should be checked to
assure the accuracy of the numerical results. In other words, the grid independent
solution should not vary significantly, no matter how computational mesh is refined.
Coarser grids are not able to capture all of the necessary flow features and the results
are considerably different from those taken from finer grids. However, increasing the
number of grid elements requires more computational effort, so the number of grids
used needs to be optimum [31]. In this study, five different grids with different grid
sizes are solved using the simulation conditions for evaluating grid independency for
the wing/store configurations discussed in Section 2.1. The simulations are performed
at a steady state: Mach 0.95 and a 26,000 ft pressure altitude. The number of mesh
elements used in the grid independency study are listed in Table 2.
Table 2. Number of grids for grid independency study for wing-pylon-store
Grid-1

550 312

Grid-2

1 109 792

Grid-3

1 601 630

Grid-4

2 111 921

Grid-5

2 601 985
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Force and moment coefficients for all three directions are obtained from the
simulations and compared with each other. Figure 28 and 29 demonstrate the
numerical results from the simulations.

Figure 28. Change of force coefficients obtained from wing-store-pylon
configuration for five different grid sizes

Figure 29. Change of moment coefficients obtained from wing-pylon-store
configuration for five different grid sizes
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In these figures, it is clear that the discrepancy between Grid-4 and Grid-5 is notably
small and can be eliminated from the numerical simulations. The maximum
discrepancy between both grids is approximately 3% occuring at the Cfx coefficient.
The maximum error does not exceed the 1 % for the other aerodynamic coefficients.
Therefore, Grid-4 is used for analyses to reduce the computational cost while
increasing the quality of the numerical results. Pressure and Mach number variation
acquired from both Grid-4 and Grid-5 are given and compared in between Figure 30
and Figure 33 to demonstrate that the results do not change with the number of grids.

Figure 30. Pressure variation obtained from Grid-4 for wing, pylon and store
configuration

Figure 31. Pressure variation obtained from Grid-5 for wing, pylon and store
configuration
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Figure 32. Mach number variation obtained from Grid-4 for wing, pylon and store
configuration

Figure 33. Mach number variation obtained from Grid-5 for wing, pylon and store
configuration
As it has been clearly seen from the figures in above, pressure and Mach number
variation acquired from both grids are almost same and there is no significant
discrepancy observed. Therefore, Grid-4 can be considered as appropriate
computational grid for these simulations.
Figure 34-36 show the mesh resolution of the Grid-4. The grid resolution near the store
region is increased and controlled by the “Body of Influence” method in order to obtain
accurate results during the release. The mesh resolution gradually decreases while
moving away from the body of influence region. At least four grid elements are
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generated at the region of gap to gather details on the interaction between the pylon
and store more accurately.

Figure 34. Section view of volumetric grid elements in the computational grid for
wing-store-pylon configuration (Grid-4)

Figure 35. Detailed section view of volumetric grid elements around wing-pylonstore configuration (Grid-4)

Figure 36. Detailed section view of volumetric grid elements in the gap between the
store and pylon (Grid-4)
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The same procedure is applied when store-only configurations are simulated to
generate the freestream aerodynamic grid database. Calculating aerodynamic forces
and moments for higher yaw and pitch angles is harder [32]. In this case, a mesh
independency study is performed to find the optimum computational grid. For higher
yaw and pitch angles of the store to find the optimum computational grid. In the same
way, five different grids with different grid sizes are solved with same simulation
conditions discussed in Section 2.2 to evaluate the grid independency of wing/store
configurations. The number of mesh elements used in these studies is listed in
Table 3.
Table 3. The number of grid elements for store-only alone mesh independency study
Grid-1

342 968

Grid-2

796 015

Grid-3

1 269 366

Grid-4

1 869 318

Grid-5

2 498 137

Figure 37-42 demonsrate how the aerodynamic coefficients change with the different
grid sizes.

Figure 37. Comparison of CFX force coefficients with yaw, pitch and five different
grid sizes
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Figure 38. Comparison of CFy force coefficients with yaw, pitch angles and five
different grid sizes

Figure 39. Comparison of CFZ force coefficients with yaw, pitch angles and five
different grids
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Figure 40. Comparison of CMX moment coefficients with yaw, pitch angles and five
different grids

Figure 41. Comparison of CMY moment coefficients with yaw, pitch angles and five
different grids
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Figure 42. Comparison of CMZ moment coefficients with yaw, pitch angles and five
different grids
The figures above show that a grid independency study is crucial for higher yaw and
pitch angles. The numerical results change considerably with the mesh resolution. As
with the grid independency study for the wing/store configuration, the discrepancy
between Grid-4 and Grid-5 can be ignored for the numerical simulations. The
maximum discrepancy between the grids is approximately 4%, 1.74%, 3.33%, 5.52%,
4.64%, 3.03% respectively. The maximum errors occur at higher yaw and pitch angles.
However, they can be neglected for CFD analyses. Therefore, Grid-4 is used for the
freestream calculations to acquire the optimum accurate solution in terms of
computational time and solution quality.
Pressure and Mach number variation obtained from both Grid-4 and Grid-5 are given
in between Figure 43 and Figure 50 to assure the accuracy of grid independency study.
Numerical results are compared from the cases listed in Table 4 which have the most
numerical errors.
Table 4.The scenarios which pressure and Mach number variation are obtained from
Case Name

Pitch Angle (deg)

Yaw Angle (deg)

Case-1

-5

8

Case-2

5

8

Case-3

-5

15

Case-4

5

15
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Grid-4

Grid-5

Figure 43. Pressure variation of Case-1 from different planes

Grid-4

Grid-5

Figure 44. Mach variation of Case-1 from different planes
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Grid-4

Grid-5

Figure 45. Pressure variation of Case-2 from different planes

Grid-4

Grid-5

Figure 46. Mach variation of Case-2 from different planes
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Grid-4

Grid-5

Figure 47. Pressure variation of Case-3 from different planes

Grid-4

Grid-5

Figure 48. Mach variation of Case-3 from different planes
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Grid-4

Grid-5

Figure 49. Pressure variation of Case-4 from different planes

Grid-4

Grid-5

Figure 50. Mach variation of Case-1 from different planes
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The results in above absolutely state that there is no significant differences between
both grids and Grid-4 can be considered as appropriate grid for these simulations.
The Figure 51-53 show the mesh resolution of the Grid-4. The computational mesh is
refined near the store region in order to more accurately investigate the shock and wake
regions behind the store, especially for higher yaw and pitch angles by the two
different body of influence region. Then, mesh refinement is gradually decreased while
closing the freestream flow region. The surface mesh of the store has sufficient mesh
resolution for the further CFD simulations.

Figure 51. Section view of volumetric grid elements for the store-only configuration
(Grid-4)

Figure 52. Detailed section view of volumetric grid elements around the store
geometry (Grid-4)
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Figure 53. The surface grid elements around the store (Grid-4)
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CHAPTER 3

STORE RELEASE CODE

In this chapter, the theoretical background, workflow and components of the
standalone 6DOF store release code that are required for grid survey method
computations are discussed. Detailed descriptions of necessary axis systems,
coordinate transformations and equations of motion are also included in this chapter.

3.1 STORE RELEASE CODE BACKGROUND

Figure 54. The flow chart of store release code
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The time dependent store trajectories and attitudes are calculated using the four
different types of dynamic model constituted in MATLAB Simulink [33]. These are
the 6DOF, weight, ejector and aerodynamic models [34]. Aerodynamic forces and
moments at different attitudes, gravitional and ejector forces are stored in this code
and the trajectory of the store is calculated using equations of motion. The required
coordinate transformations for the computations are also calculated by this 6DOF store
release code. The computation process is illustrated in Figure 54. The calculation
procedure of each model is explained in more detail in the following sections.

3.2 6DOF DYNAMIC MODEL OF STORE RELEASE CODE
In the 6DOF dynamic model of the store, equations of motion are solved using the
forces and moments from the aerodynamics, weight and the ejector modules. Then,
the time dependent displacements, Euler angles, linear and angular velocities are
calculated. To calculate the output parameters, one of the best-known numerical
methods, the Runge-Kutta time integration numerical method, is used. The RungeKutta method [35] is commonly used to solve ordinary differential equations. There
are several ways to solve the differential equations using Runge-Kutta method,
however, the most popular version of this method is the 4th order Runge-Kutta method
used in this current study. The theoretical background of this method is given in
Appendix B because there are several informations about Runge Kutta method in the
literature.
To better understand the computations in the 6DOF dynamic model, the required
coordinate system definitions and equations of motion are explained more detailed in
the following sections.

3.2.1 Inertial Coordinate System
The inertial coordinate system is related to the motion of the store. This coordinate
system is a nonaccelerating system, which means the set of all frames does not
accelerate, relative to one another. Newton’s second law of motion [36] is applicable
when the store moves in this coordinate system. Generally, the vehicle carried
coordinate system is a sufficient approximation for an inertial coordinate system. The
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origin of this coordinate system is placed at the center of gravity of the store. The
coordinate vectors of the inertial coordinate system are commonly indicated by the
subscript “i”. The Xi – axis parallel to the North, the Yi – axis parallel to the East and
the Zi – axis parallel to the gravity direction [32, 34]. The inertial coordinate system is
given in Figure 55.

3.2.2 Body Fixed Coordinate System
As the name implies, the body fixed or noninertial coordinate system is a coordinate
system that is fixed to the store and moves with the motion of the store. This coordinate
system is vitally important for the equations of motion. The origin of this coordinate
system is placed at the center of gravity of the store. The coordinate vectors of the
body fixed coordinate system are commonly indicated by the subscript “b”. The Xb –
axis through the nose of the store is lying in the symmetric plane of the store, the Yb –
axis is starboard or to the right of the Xb – axis and the Zb – axis is down through the
bottom of the store or perpendicular to the XbYb plane according to the right hand
rule[32, 34]. The body-fixed coordinate system is given in Figure 55.

Figure 55. Inertial and body coordinate system convention on the store
In this study, it is also worthy mentioned that the inertial and body-fixed frame of
reference are coincident initially.
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3.2.3 Translational Motion Relation
The following assumptions are made for the equations, the translational and rotational
equations for Newton’s laws of motion [38]:


When dealing with real flight rather than simulations, additional freedom
motion should be considered due to the aeroelastic effect caused by the
flexibility of the store. However, they are neglected in this study. A store is
assumed as a rigid body.



Mass is considered as a constant, therefore, the time rate of change of mass is
zero.

The equations of motion are explained under two different sections: translation and
rotational motion relation respectively.
The translational motion is governed by Newton’s Second Law of motion [37];
∑ 𝐹⃗ = 𝑚 . 𝑎⃗ = 𝑚

⃗⃗⃗⃗𝑖̇
𝑑𝑉
𝑑𝑉𝑏
= 𝑚(
+ 𝜔
⃗⃗⃗⃗⃗⃗𝑏 𝑥 ⃗⃗⃗⃗⃗
𝑉𝑏 )
𝑑𝑡
𝑑𝑡

(9)

Total force is composed of the aerodynamic forces, thrust, ejector forces and weight.
In this study, there is no thrust force on the store. Thus, the total force can be broken
down into three main components in the body-fixed coordinate system;
∑ 𝐹⃗ = ⃗⃗⃗⃗⃗
𝐹𝑏 + ⃗⃗⃗⃗⃗⃗
𝑊𝑏 + ⃗⃗⃗⃗
𝐹𝑒

(10)

The aerodynamic forces have three components in the body frame of reference;
⃗⃗
⃗⃗⃗⃗⃗
𝐹𝑏 = 𝐹𝑥 𝑖̇⃗ + 𝐹𝑦 𝑗̇⃗ + 𝐹𝑧 𝑘

(11)

The gravitional forces have three components in the body frame of reference;
⃗⃗
⃗⃗⃗⃗⃗⃗
𝑊𝑏 = 𝑊𝑥 𝑖̇⃗ + 𝑊𝑦 𝑗̇⃗ + 𝑊𝑧 𝑘

The ejector forces have three components in the body frame of reference;
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(12)

⃗⃗
⃗⃗⃗⃗⃗⃗
𝐹𝑒𝑏 = 𝐹𝑒𝑥 𝑖̇⃗ + 𝐹𝑒𝑦 𝑗̇⃗ + 𝐹𝑒𝑧 𝑘

(13)

The linear and angular velocity vectors in the body frame of reference have also three
components;
⃗⃗
⃗⃗𝑏 = 𝑢𝑖̇⃗ + 𝑣𝑗̇⃗ + 𝑤𝑘
𝑉

(14)

⃗⃗
𝜔
⃗⃗𝑏 = 𝑝𝑖̇⃗ + 𝑞𝑗̇⃗ + 𝑟𝑘

(15)

The linear acceleration vector in body frame of reference is a three dimensional vector
and can be expressed by;
⃗⃗⃗⃗⃗𝑏
𝑑𝑉
⃗⃗
= 𝑢̇ 𝑖̇⃗ + 𝑣̇ 𝑗⃗̇ + 𝑤̇ 𝑘
𝑑𝑡

(16)

The total force vector can be expressed by;
𝐹𝑥 = 𝑚 . (𝑢̇ + 𝑞𝑤 − 𝑟𝑣) − 𝑊𝑥 − 𝐹𝑒𝑥

(17)

𝐹𝑦 = 𝑚 . (𝑣̇ + 𝑟𝑢 − 𝑝𝑤) − 𝑊𝑦 − 𝐹𝑒𝑦

(18)

𝐹𝑧 = 𝑚 . (𝑤̇ + 𝑝𝑣 − 𝑞𝑢) − 𝑊𝑧 − 𝐹𝑒𝑧

(19)

3.2.4 Rotational Motion Relation
Rotational motion is also governed by Newton’s Second Law of Motion [37];
⃗⃗⃗ =
∑𝑀

⃗⃗⃗⃗⃗𝑖̇
⃗⃗⃗⃗⃗⃗𝑏
𝑑𝐻
𝑑𝐻
⃗⃗𝑏
=
+ 𝜔
⃗⃗𝑏 𝑥 𝐻
𝑑𝑡
𝑑𝑡

(20)

Angular momentum can be expressed by the relationship between the angular velocity
and moment of inertia:
⃗⃗⃗⃗⃗⃗
𝐻𝑏 = [𝐼𝑏 ] ⃗⃗⃗⃗⃗⃗
𝜔𝑏

(21)

The moment of inertia is a tensor to define the resistance to angular acceleration, and
can be written as;
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𝐼𝑥𝑥
𝐼𝑏 = [𝐼𝑦𝑥
𝐼𝑧𝑥

𝐼𝑥𝑦
𝐼𝑦𝑦
𝐼𝑧𝑦

𝐼𝑥𝑧
𝐼𝑦𝑧 ]
𝐼𝑧𝑧

(22)

𝐼𝑥𝑥 = ∫(𝑦 2 + 𝑥 2 )𝑑𝑚

(23)

𝐼𝑦𝑦 = ∫(𝑥 2 + 𝑧 2 )𝑑𝑚

(24)

𝐼𝑧𝑧 = ∫(𝑥 2 + 𝑦 2 )𝑑𝑚

(25)

𝐼𝑥𝑦 = 𝐼𝑦𝑥 = ∫(𝑥𝑦)𝑑𝑚

(26)

𝐼𝑥𝑧 = 𝐼𝑧𝑥 = ∫(𝑥𝑧)𝑑𝑚

(27)

𝐼𝑦𝑧 = 𝐼𝑧𝑦 = ∫(𝑦𝑧)𝑑𝑚

(28)

Substituting the moment of inertia into the rotational motion equation;
⃗⃗⃗ =
∑𝑀

𝑑𝐼𝑏
𝑑𝜔
⃗⃗𝑏
𝜔
⃗⃗𝑏 + 𝐼𝑏
+ 𝜔
⃗⃗𝑏 𝑥 (𝐼𝑏 𝜔
⃗⃗𝑏 )
𝑑𝑡
𝑑𝑡

(29)

In this present study, the moment of inertia is assumed as a constant and does not
change with time;
⃗⃗⃗ = 𝐼𝑏
∑𝑀

𝑑𝜔
⃗⃗𝑏
+ 𝜔
⃗⃗𝑏 𝑥 (𝐼𝑏 𝜔
⃗⃗𝑏 )
𝑑𝑡

(30)

Where the angular acceleration can be defined as;
𝑑𝜔
⃗⃗𝑏
⃗⃗
= 𝑝̇ 𝑖⃗̇ + 𝑞̇ 𝑗̇⃗ + 𝑟̇ 𝑘
𝑑𝑡

(31)

𝐿 = 𝑝̇ 𝐼𝑥𝑥 − 𝑞𝑟(𝐼𝑦𝑦 − 𝐼𝑧𝑧 )

(32)

𝑀 = 𝑞̇ 𝐼𝑦𝑦 − 𝑝𝑟(𝐼𝑧𝑧 − 𝐼𝑥𝑥 )

(33)

𝑁 = 𝑟̇ 𝐼𝑧𝑧 − 𝑝𝑞(𝐼𝑥𝑥 − 𝐼𝑦𝑦 )

(34)
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3.3 WEIGHT DYNAMIC MODEL OF THE STORE RELEASE CODE
In the weight model, the forces of gravity are provided for the equations of the motion.
The weight acting on the store can be measured simply from the inertial coordinate
systems so the weight vector should be converted from inertial body of reference to
body frame of reference in order to be used for equations of motion [38]. In the
following sections, the required coordinate transformation will be expressed.

3.3.1 Coordinate Transformation from Inertial to Body Axis
The coordinate transformation of a vector from inertial frame of reference to body
frame of reference is essential for solving the equations of motion. The transformation
is often accomplished using a 3-2-1 Euler coordinate transformation matrix, also
known as the direct cosine matrix (DCM). The direct cosine matrix is obtained using
Euler angles, the rotation angles on each axis [37]. The transformation of the inertial
axis with respect to the Zi axis into the body axis is depicted in Figure 56.

Figure 56. The coordinate transformation about North direction

The 𝑅(𝜓) denotes the transformation matrix for yaw angle [31, 36];
𝐶𝑜𝑠𝜓
𝑅(𝜓) = [−𝑆𝑖𝑛𝜓
0

𝑆𝑖𝑛𝜓
𝐶𝑜𝑠𝜓
0
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0
0]
1

(35)

As with the Zi axis rotation, when the inertial frame of reference rotates with respect
to the Yi axis illustrated in Figure 57, and the following equation can be written as;

Figure 57. The coordinate transformation about East direction
The 𝑅(𝜃) indicates the transformation matrix for pitch angle;
𝐶𝑜𝑠𝜃
𝑅(𝜃) = [ 0
𝑆𝑖𝑛𝜃

0 −𝑆𝑖𝑛𝜃
1
0 ]
0 𝐶𝑜𝑠𝜃

(36)

As the other two axis transformation, when the inertial frame of reference rotates with
respect to the Xi axis illustrated in Figure 58, and the following equation can be written
as;

Figure 58. The coordinate transformation about gravity direction
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In the results of the equations in above, the transformation matrix can be written for
roll angle as;
1
𝑅(𝜑) = [0
0

0
𝐶𝑜𝑠𝜑
−𝑆𝑖𝑛𝜑

0
𝑆𝑖𝑛𝜑 ]
𝐶𝑜𝑠𝜑

(37)

Rearranging the transformation matrix in the form of;
𝑋𝑏
𝑋𝑖
[ 𝑌𝑏 ] = 𝑅(𝜓)𝑅(𝜃)𝑅(𝜑) [ 𝑌𝑖 ]
𝑍𝑏
𝑍𝑖

(38)

Substituting the
𝐶𝜃 𝐶𝜓
𝑋𝑏
[ 𝑌𝑏 ] = [−𝐶𝜃 𝑆𝜓
𝑍𝑏
𝑆𝜃

𝑆𝜑 𝑆𝜃 𝐶𝜓 + 𝐶𝜑 𝑆𝜓
𝐶𝜑 𝐶𝜓 − 𝑆𝜑 𝑆𝜃 𝑆𝜓
−𝑆𝜑 𝐶𝜃

𝑆𝜑 𝑆𝜓 − 𝐶𝜑 𝑆𝜃 𝐶𝜓 𝑋𝑖
𝐶𝜑 𝑆𝜃 𝑆𝜓 + 𝑆𝜑 𝐶𝜓 ] [ 𝑌𝑖 ]
𝑍𝑖
𝐶𝜑 𝐶𝜃

(39)

Where Ck and Sk denote Cos(k) and Sin(k) functions and k represents each Euler
angles(roll, yaw and pitch angle).
In this thesis, there is no rotation about Xi-axis, therefore, the transformation matrix
for roll angle becomes an identity matrix.
Substituting;
𝑋𝑏
𝐶𝑜𝑠𝜃𝐶𝑜𝑠𝜓
[ 𝑌𝑏 ] = [−𝐶𝑜𝑠𝜃𝑆𝑖𝑛𝜓
𝑍𝑏
𝑆𝑖𝑛𝜃

𝑆𝑖𝑛𝜓
𝐶𝑜𝑠𝜓
0

−𝑆𝑖𝑛𝜃𝐶𝑜𝑠𝜓 𝑋𝑖
𝑆𝑖𝑛𝜃𝑆𝑖𝑛𝜓 ] [ 𝑌𝑖 ]
𝑍𝑖
𝐶𝑜𝑠𝜃

(40)

Or
𝑋𝑏
𝑋𝑖
[ 𝑌𝑏 ] = 𝐷𝐶𝑀 [ 𝑌𝑖 ]
𝑍𝑏
𝑍𝑖

(41)

The DCM denotes the Direct Cosine Matrix or 3-2-1 Euler Coordinate Transform
Matrix. The DCM is an orthogonal matrix [36], which is when the inverse matrix form
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is identical with the transpose of itself. If the transformation is desired from the body
frame of reference to inertial frame of reference;
𝑋𝑖
𝑋𝑏
−1
[ 𝑌𝑖 ] = 𝐷𝐶𝑀 [ 𝑌𝑏 ]
𝑍𝑖
𝑍𝑏

(42)

This relationship can be used for forces, linear and angular velocities and accelerations
in the equations of motion.
Gravitional forces can be transformed from the inertial coordinate systems to the body
coordinate systems by using DCM.
0
⃗⃗⃗⃗⃗⃗
𝑊𝑏 = 𝐷𝐶𝑀 [ 0 ]
𝑚𝑔 𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙

(43)

𝑊𝑏𝑥 = −𝑚𝑔𝑆𝑖𝑛𝜃𝐶𝑜𝑠𝜓

(44)

𝑊𝑏𝑦 = 𝑚𝑔𝑆𝑖𝑛𝜃𝑆𝑖𝑛𝜓

(45)

𝑊𝑏𝑧 = 𝑚𝑔𝐶𝑜𝑠𝜃

(46)

3.4 EJECTOR DYNAMIC MODEL OF STORE RELEASE CODE
In the ejector model, the ejector forces acting on the store during the time of 0.06 s are
included with the equations of the motion. The ejector forces are constant and applied
on the two different location shown in Chapter 2. The same procedure as the weight
model applies the forces and moments are multiplied using the DCM for the
necesseary coordinate transformation.
0
⃗⃗⃗⃗
𝐹𝑒 = 𝐷𝐶𝑀 [ 0 ]
𝐹𝑒𝑖

(47)

3.5 AERODYNAMIC MODEL OF STORE RELEASE CODE
In the aerodynamic model, aerodynamic forces and moments estimated with CFD
analyses are tabulated and stored in a matrix depending on the yaw angle, pitch angle
and vertical grid location. When the store begins to move, the aerodynamic forces and
moments acting on the store are updated in the aerodynamic model. If conditions
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resulting from computations are required to fall between these conditions, the linear
interpolation method [34] is used to calculate the desired values at the indicated
position. To understand the interpolation process for three variables clearly, the
horizontal force coefficient is calculated in the equations below when the store has a
yaw angle (ψ) and pitch angle (θ) at the current vertical location. The schematic
representation of the variables is depicted in Figure 59.
Considering the pitch angle (θ), yaw angle (ψ) and the current z-location fall between
the predetermined conditions;

Figure 59. The schematic representation of linear interpolation method
𝜃1 < 𝜃 < 𝜃2

(48)

𝜓1 < 𝜓 < 𝜓2

(49)

𝑧1 < 𝑧 < 𝑧2

(50)

If the rectangular prism shown in Figure 39 is divided according to the store’s current
attitude and location, the eight normalized volumes can be determined as [38];
𝑁1 =

(𝜃 − 𝜃1 ) . (𝜓2 − 𝜓) . (𝑧2 − 𝑧)
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(51)

𝑁2 =

(𝜃 − 𝜃1 ) . (𝜓 − 𝜓1 ) . (𝑧2 − 𝑧)
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(52)
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𝑁3 =

(𝜃 − 𝜃1 ) . (𝜓2 − 𝜓) . (𝑧 − 𝑧1 )
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(53)

𝑁4 =

(𝜃 − 𝜃1 ) . (𝜓 − 𝜓1 ) . (𝑧 − 𝑧1 )
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(54)

𝑁5 =

(𝜃2 − 𝜃) . (𝜓2 − 𝜓) . (𝑧2 − 𝑧)
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(55)

𝑁6 =

(𝜃2 − 𝜃) . (𝜓 − 𝜓1 ) . (𝑧2 − 𝑧)
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(56)

𝑁7 =

(𝜃2 − 𝜃) . (𝜓2 − 𝜓) . (𝑧 − 𝑧1 )
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(57)

𝑁8 =

(𝜃2 − 𝜃) . (𝜓 − 𝜓1 ) . (𝑧 − 𝑧1 )
(𝜃2 − 𝜃1 ) . (𝜓2 − 𝜓1 ) . (𝑧2 − 𝑧1 )

(58)

Then, the force coefficient in x-direction of the store can be calculated with using these
normalized volumes;
𝐶𝑥 (𝜃 , 𝜓, 𝑧) = 𝐶𝑥 (𝜃2 , 𝜓1 , 𝑧1 ) . 𝑁1 + 𝐶𝑥 (𝜃2 , 𝜓2 , 𝑧1 ) . 𝑁2 + 𝐶𝑥 (𝜃2 , 𝜓1 , 𝑧2 ) . 𝑁3
+ 𝐶𝑥 (𝜃2 , 𝜓2 , 𝑧2 ) . 𝑁4 + 𝐶𝑥 (𝜃1 , 𝜓1 , 𝑧1 ) . 𝑁5
+ 𝐶𝑥 (𝜃1 , 𝜓2 , 𝑧1 ) . 𝑁6 + 𝐶𝑥 (𝜃1 , 𝜓1 , 𝑧2 ) . 𝑁7

(59)

+ 𝐶𝑥 (𝜃1 , 𝜓2 , 𝑧2 ) . 𝑁8

The same procedure is valid for other aerodynamic coefficients when such a situation
is encountered.
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CHAPTER 4

CAPTIVE TRAJECTORY SIMULATION RESULTS

In this chapter, the captive trajectory technique used in wind tunnel testing is
implemented to CFD methods and the estimated trajectory of the store is compared
with the available wind tunnel data. The captive trajectory approach is shown in
Figure 60. [36].

Figure 60. Captive trajectory wind tunnel testing of a store from KAI T-50 Golden
Eagle at Aircraft Research Association [36]
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4.1 CAPTIVE TRAJECTORY SIMULATION RESULTS
Before starting the CTS using the CFD, the steady state solution is obtained for use as
the initial conditions for the unsteady solution. The pressure coefficient distribution
along the store at different roll angles obtained from the steady state solution are
compared with the available experimental data [4] to ensure the reliability of the
solution, shown in Figure 61 and 62.

Figure 61. Comparison of pressure coefficients at the Roll angles of 5o and 185o
calculated by steady-state analysis with experimental study

Figure 62. Comparison of pressure coefficients at the Roll angles of 95o and 275o
calculated by steady-state analysis with experimental study
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The results appear to reflect the numerical results, the 95o and 275o angular cuts are
especially consistent with the experimental data. However, discrepancies between the
results do appear because the Euler equation can not capture shock accurately.
The unsteady simulation is performed after the steady state solution, then the linear
displacements, Euler angles, linear and angular velocities for all three directions are
calculated with respect to the time. The transient analysis visualizing the separation
process is simulated at a time of 0.45 seconds. The time dependent location of the
center of gravity of the store for all three directions are shown in Figure 63.

Figure 63. Comparison of linear displacements of the store with experimental study
It can be clearly seen that the store moves in rearward direction, as it is expected
following release. The lateral motion of the store is towards the root of the wing. After
0.29 seconds, the store moves outward and a negligible discrepancy between the
results is now seen due to the absence of data on the viscous effects. At this time, the
store’s center of gravity is 1.1 meters vertically and 0.25 meters horizontally away
from the pylon. The store continously moves vertically during separation because the
gravitional effects and ejector forces are more dominant than the aerodynamic forces.

57

As a result, the numerical results for all three directions are consistent with the
experimental data.
The other important parameter is the Euler angleS behaviour with respect to time. The
time dependent orientations of the store’s center of gravity for three Euler angles are
shown in Figure 64.

Figure 64. Comparison of Euler angles of the store with experimental study
Referring to Figure 64, it is clear that the roll angle prediction using CFD has shifted
from those found in the experimental study, since the roll moment of inertia is much
smaller compared than the pitch and yaw moment of inertia. This shows that a store’s
roll angles can not be determined easily in such cases. Throughout the simulation, the
store always rolls towards the wing outboard. The maximum discrepancy in roll angles
between the numerical results and the experimental data is 2.54o.
The store’s yaw noses continously towards the tip of the wing during the first 0.45
seconds, meaning the yaw angle is well captured using Euler equations. The behaviour
of the yaw angle adequately agrees with the experimental study.
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Pitching motion is highly affected by the presence of ejector forces and moments
during the first 0.06 seconds. The store pitches up after the ejector forces and moments
disappear until almost 0.18 seconds after release. The maximum pitching nose up angle
is 4.5o, however, the experimental pitching up angle is 5.3o. The store then pitches nose
down for the rest of the release time and the aerodynamic pitching moment shows the
reverse trend. The maximum pitch nose down angle is 6.57o, but 6.23o in the
experimental data. The maximum discrepancy between the approaches in pitch angle
is 1.376o at 0.33 seconds.
The time dependent linear velocities derived from the linear displacements of the store
for three directions are shown in Figure 65.

Figure 65. Comparison of linear velocities of the store with experimental study
The horizontal velocity increased linearly backwards until 0.35 seconds. After this
time, the horizontal velocity does not increase linearly. The absolute maximum
velocity in x-direction is 2.25 m/s at 0.45 seconds.
The lateral velocity increased towards the wing inboard side until 0.1 seconds. Then
the store moves towards the wing outboard side. The sign of the lateral velocity
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changes at 0.156 seconds. The maximum lateral velocity is 2.535 m/s and the
maximum discrepancy between the numerical results and the experimental data is
0.795 m/s.
The vertical velocity increased during the time of 0.06 seconds due to the domination
of the ejector forces. After this time, the acceleration in z-direction decreased and the
store’s vertical velocity increased with less acceleration.
The behaviour of the angular velocities with respect to time is shown in Figure 66.

Figure 66. Comparison of angular velocities of the store with experimental study
The time dependent roll rates of the store agree with the experimental results. There
are small discrepancies, but they can be neglected.
The pitch rates are highly affected by ejector moments during the time of 0.06 seconds.
The sign of the pitch rate changes at 0.175 seconds and after that time the pitch rates
increased negatively. The absolute maximum pitch rate is 64 deg/s.
The store’s yaw rates are compatible with the experimental data during the time of
0.35 seconds, but after that time the yaw rates acquired from the numerical results
diverge and the maximum discrepancy is 13.022 deg/s.
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Pressure and Mach number variation at different time steps are shown in Figure 67 and
68.

Time = 0 s
Time = 0.15 s
Time = 0.3 s
Time = 0.45 s

Figure 67. Pressure distribution on wing, pylon and store at different time steps

Time = 0 s
Time = 0.15 s
Time = 0.3 s
Time = 0.45 s

Figure 68. Mach number distribution on wing, pylon and store at different time steps
According to these results, the linear displacements, Euler angles, linear and angular
velocities are consistent with the wind tunnel testing data. There are two primary
consequences from the results. Firstly, the ejector forces acting on the store during the
time of 0.06 seconds are more dominant than the aerodynamic forces and moments.
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Lastly, the gravity is the second parameter to affect the trajectory, especially in the
results acquired from a vertical direction.

3.2 TRAJECTORY CALCULATIONS FOR STING EFFECT
Simulations are performed to examine how the sting geometry attached to a store
affects the behaviour of the linear displacements, Euler angles, linear and angular
velocities of the store during store release. The store with a smoothed end is modelled
without a sting shown in Figrue 69 and 70. The boundary conditions and physical
properties of the store are identical with the previous analysis explained in previous
chapters. As with the previous simulation, the steady state is used for the initial
conditions of the transient simulation. The non-dimensional pressure coefficient is
compared with the wind tunnel data [4], as shown in Figure 71 and 72.

Figure 69. Isometric view of wing-pylon-smooth ended store configuration

Figure 70. Side view of smooth ended store configuration
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Figure 71. Comparison of estimated pressure coefficients at the Roll angles of 5o and
185o for two store geometric configuration with experimental study

Figure 72. Comparison of estimated pressure coefficients at the Roll angles of 95o
and 275o for two store geometric configuration with experimental study
The steady state analyses show that there is no considerably difference between two
results. The initial conditions are appropriate for the unsteady calculations.
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Also like the previous simulation in Section 4.1 , the unsteady simulation is performed
to calculate the linear displacements, Euler angles, linear and angular velocities for all
three directions with respect to time. Figure 73 shows the linear displacements for all
three directions at 0.45 seconds.

Figure 73. Comparison of estimated linear displacements for two store geometric
configuration with experimental study
The displacements in the y and z-directions almost match the wind tunnel and sting
results, with the main discrepancy occuring in the x-direction due to the effect of the
sting.
Another crucial parameter for store separation applications is time dependent Euler
angles, shown in Figure 74.
The profile of the roll angles shows a similar trend for both cases with only a small
discrepancy. The maximum difference between roll angles acquired from both cases
is approximately 0.39o at 0.32 seconds.
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Figure 74. Comparison of estimated Euler angles for two store geometric
configuration with experimental study
The computed pitching moments are similar for both cases and the pitch angles are
close enough to the wind tunnel data for both cases. The linear velocities for all three
directions are illustrated in Figure 74.
According to the yaw angle computations, there is a shift between results, but it is
negligible for the small yaw angles. However, the discrepancy increases as the yaw
angles increase. The maximum discrepancy between the results is -1.14o at 0.45
seconds.
The linear velocity comparison for all three directions is shown in Figure 75.
It is evident that the linear velocities acquired from the smooth-ended base store are
worse for all three directions than from the store with a sting case.
With respect to the magnitude, the x-velocity results from the smooth ended base store
case are much lower than the store with a sting case. The maximum difference between
the numerical results is 1.996 m/s.
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Figure 75. Comparison of estimated linear velocities for two store geometric
configuration with experimental study
The y-velocity results during release are close enough to the sting results, wheras the
lateral velocity for the smooth ended base store shifts considerably from the wind
tunnel results. It can also be said that the increase in y-velocity for the smooth ended
base store is much lower than the the store with a sting case. The maximum
discrepancy between both cases is 1.81 m/s.
During 0.06 seconds, z-direction dependent velocity is the same as the sting store and
the wind tunnel data due to the dominance of the ejector force and the gravitional
effects. After this time, the results are diverging from the wind tunnel study. The
maximum discrepancy between the numerical results is 0.56 m/s.
The angular velocity comparison for all three directions is shown in Figure 76.
There is a small shift for the roll and pitch rates between the numerical results,
however, the major behaviour trend is captured. As above, the yaw rates are
compatible with both the sting store and the wind tunnel study during the time of 0.06
seconds due to the gravitional and ejector moments effect. After that time, the
discrepancy seen in Figure 76 occurs.
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Figure 76. Comparison of estimated angular velocities for two store geometric
configuration with experimental study
Pressure and Mach number variation at different time steps are shown in Figure 77 and
78.

Time = 0 s
Time = 0.15 s
Time = 0.3 s
Time = 0.45 s

Figure 77. Pressure variation on wing, pylon and store at different time steps
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Time = 0 s
Time = 0.15 s
Time = 0.3 s
Time = 0.45 s

Figure 78. Mach number variation on wing, pylon and store at different time steps
In this section, the affect of the sting on store trajectories, attitudes and velocities are
investigated. It is apparent from the figures that the results from the store with a sting
case are closer to the wind tunnel data than the smooth-ended store. Hence, the sting
geometry is included in the grid survey method simulations to generate the
aerodynamic database.
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CHAPTER 5

APPROXIMATE METHOD: GRID SURVEY METHOD

5.1 GRID METHOD OVERVIEW
In this chapter, the trajectory of the store is determined with an alternative approach
called grid survey method. The grid surveying technique is commonly used for wind
tunnel testing, however, as it has mentioned in Chapter 1, the wind tunnel testing is
very time consuming and expensive procedure. Therefore, the grid survey method is
used in the CFD techniques. Finley et. al [10] and Cenko et. al [13] are the best
examples of the grid survey method using CFD approach. The EGLIN test geometry
is used for calculations with the same boundary conditions and physical properties of
the store, as discussed in Chapter 2. The purpose is to compare the linear
displacements, Euler angles, linear and angular velocities obtained from the grid
survey method via CFD with the experimental study and captive trajectory results
acquired by CFD.

5.2 GRID SURVEY METHOD PROCEDURE
The grid survey method is an off-line trajectory calculative approximation of the
flexibility of the store separation process. The computation procedure used in Alex
Cenko [13] is applied. Firstly, several store-only simulations are performed with
respect to the various attitudes (yaw and pitch angles) to generate a freestream grid
database. The freestream grid database, which is a matrix, includes aerodynamic forces
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and moments in all directions with respect to the prescribed attitudes. Then, the
wing/store configuration for attitudes compliant with the store-only simulation’s
attitudes is performed to evaluate the interference flow field due to the presence of the
wing at prescribed grid locations. After the interference grid database is generated, the
delta coefficients are determined and the freestream grid database results are
substracted from the interference grid database results at the same attitudes. To supply
more delta coefficients for other attitudes, the linear interpolation algorithm is
employed. Then, the delta coefficients are assembled into the freestream database to
compute the aerodynamic forces and moments for the interference grid database at the
whole attitudes. In this study, simulations to generate the freestream aerodynamic
database are performed with respect to various yaw and pitch angles, whereas, the
desired simulations at the prescribed grid locations in the vertical direction are
additionally performed for the interference grid database. It should be stated that the
necessary simulations for wing/store configuration at different yaw and pitch angles
are considerably less than the store alone simulations. For instance, Cenko et. al [13]
mentioned that two store attitudes (θ, ψ) are enough at various grid locations to
determine the aircraft induced aerodynamics. The main advantage of this technique is
that once the aerodynamic grid database is generated, numerous trajectories can be
calculated to examine the effects of store’s physical properties and ejector force
characteristics. The grid method procedure is depicted in Figure 79.

Figure 79. Solution procedure of grid survey method
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After estimating the aerodynamic forces and moments for the interference grid
database, the linear displacements, Euler angles, linear and angular velocities are
calculated using the standalone 6DOF store release code from the MATLAB Simulink
platform, explained in Chapter 3.

5.3 GRID SURVEY METHOD RESULTS
In the following sections, the results obtained from grid survey method are compared
with captive trajectory simulation results and wind tunnel data.
5.3.1 Aerodynamic Grid Database Comparison
Many simulations are performed to generate aerodynamic grid database with respect
to various prescribed yaw angles, pitch angles and the store’s vertical location. The
upper and lower limits of these parameters are listed in Table 5.
Table 5. Upper and lower limits of yaw and pitch angles and vertical location of
simulations

Lower Limit

Upper Limit

Pitch Angles(deg)

-5

5

Yaw Angles(deg)

0

15

Predefined Z Grid Location(m)

0

2

It has mentioned before in Section 5.2, linear interpolation algorithm is employed if
conditions resulting from computations are required to fall between these conditions.
CFD analyses results are compared with the results obtained from linear interpolation
to assure that the linear interpolation is a suitable approximation for such problems.
Figure 80-85 demonstrate that the force and moment coefficients in all three directions
obtained from both CFD analyses and linear interpolation are compared for different
pitch angles.
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Figure 80. Force in x-direction comparison for different pitch angles

Figure 81. Force in y-direction comparison for different pitch angles
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Figure 82. Force in z-direction comparison for different pitch angles

Figure 83. Moment in x-direction comparison for different pitch angles
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Figure 84. Moment in y-direction comparison for different pitch angles

Figure 85. Moment in z-direction comparison for different pitch angles
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It can be clearly seen from the figures in above that linear interpolation algorithm is a
good approximation for such problem.
Moreover, force and moment coefficients obtained from both CFD analyses and linear
interpolation are compared for different yaw angles shown in between Figure 86 and
91 to assure the accuracy of linear interpolation.

Figure 86. Force in x-direction comparison for different yaw angles
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Figure 87. Force in y-direction comparison for different yaw angles

Figure 88. Force in z-direction comparison for different yaw angles
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Figure 89. Moment in x-direction comparison for different yaw angles

Figure 90. Moment in y-direction comparison for different yaw angles
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Figure 91. Moment in x-direction comparison for different yaw angles
Similarly, the results are consistent with each other, therefore linear interpolation can
be considered as a good approximation for such problems.
To estimate how many simulations will be required to obtain sufficient accuracy for
the release process, the most important parameters, linear displacements and Euler
angles of four different aerodynamic grid databases are compared. The number of
analyses needed to generate the aerodynamic grid databases is listed in Table 6.
Database-1 represents the aerodynamic grid database that has the least number of
analyses, whereas the aerodynamic grid in Database-2 is generated using more yaw
and pitch angles for the freestream grid database. To generate the interference grid
database in Database-3, the number of simulations performed with respect to the
prescribed z-location is increased. Similarly, with the aerodynamic grid database in
Database-3, increased analyses are performed using more yaw angles, pitch angles and
prescribed z-locations to obtain more sensitive results in Database-4.
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Table 6. The number of simulations for different aerodynamic grid databases
Freestream Database

Interference Database

Database-1

13

12

Database-2

37

12

Database-3

37

30

Database-4

51

42

The linear displacements acquired from the grid survey method are compared with
each other and are given in Figure 92.

Figure 92. Comparison of linear displacements determined using different
aerodynamic grid databases with experimental study
As clearly seen in Figure 92, the linear displacements for all directions are almost the
same for all aerodynamic grid databases and the major trend is well captured.
Generally speaking, the results converges towards the experimental data when the
number of simulations required to generate the aerodynamic grid database is increased.
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There is no significant discrepancy observed between Database-3 and Database-4 for
the linear displacements.
As the linear displacements, Euler angles for all three directions are compared to each
other and the results are shown in Figure 93.

Figure 93. Comparison of Euler angles determined using different aerodynamic grid
databases with experimental study
It can be easily said that the grid survey method’s required analysis are of vital
importance to calculating the Euler angles. As is expected, the store continously rolls
up in all aerodynamic grid databases during the release process. The roll angles in
Database-1 are far from those in the available experimental study. When the number
of grid points is increased, the results converge, even though there is no observable
difference between Database-3 and Database-4.
Yaw angles obtained via the grid survey method have the same trends in all
aerodynamic grid databases. Using Database-1, small yaw angles can be estimated
very accurately, whereas higher yaw angles show less agreement with wind tunnel data
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because not enough data for higher yaw angles is accounted for in the computations.
More reliable results are observed in Database-2 and 3, compared to Database-1, and
they are in better agreement with the experimental data. The results acquired from
Database-4 are closer to the wind tunnel results, especially for lower yaw angles,
compared to Database-3. The largest difference in the yaw angle between Database-4
and wind tunnel results is 1.01 degrees at 0.25 seconds.
The pitch angles can not be well estimated from Database-1. They show the same trend
as the wind tunnel data, however, there is a small shift between them. The results
become close to each other and the wind tunnel study when the number of required
simulations increases. There is no significant difference between Database-2,
Database-3 and Database-4. The largest discrepancy between Database-4 and the wind
tunnel results is 0.588 degrees at 0.45 seconds.
It is evident that an increase in the number of required simulations with respect to
various yaw angles, pitch angles and the prescribed store’s z-location increases the
solution quality. Therefore, the best results, compared to the experimental study, are
obtained from Database-4. The following trajectory calculations are accomplished
using Database-4.

5.3.2 Comparison of Results between Captive Trajectory Simulation and Grid
Survey Method
To indicate the reliability of the linear displacements, Euler angles, linear and angular
velocities acquired from the grid survey method, the results are compared to the time
accurate results obtained from the captive trajectory simulation via CFD, which is
shown in Chapter 4. Figure 94 shows the linear displacements of the store with respect
to the time.
The grid survey method mirrors the trend of the CTS method, however, there is a major
difference between the results obtained from both methods for the x-direction
displacements. The largest discrepancy between the methods is 0.08 meters.
The linear displacements in the y-direction acquired from the grid survey method are
in greater agreement with the experimental data than the CTS method. The observable
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differences occur only at higher y-displacements and the major difference is 0.047
meters at 0.45 seconds.
The behaviour of vertical linear displacements show the same trend as the CTS method
and this is due to the effect of ejector forces and gravity. The maximum determined zlocation of the store from the grid survey method is 2 meters, while from the CTS
Method it is 1.95 meters.

Figure 94. Comparison of linear displacements computed by two approaches with
experimental study
The other crucial parameter, the Euler angle is compared between both methods and
is given in Figure 95.
In Figure 95, it is evident that the roll angle prediction for the grid survey method is
underestimated from the wind tunnel study, whereas with the CTS method, the roll
angle is overestimated. However, the store rolls continously towards the wing outboard
for both methods. Using the grid survey method, higher roll angles are computed more
accurately, while lower roll angles are determined more reliably using the CTS
method. As previously mentioned, the roll moment of inertia is much lower than the
other moments of inertia making roll angle computations tough.
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The store’s yaw movement is well predicted by both methods. The only significant
difference occurs for smaller yaw angles. As also mentioned previously, there is a lack
of required simulations performed in the grid survey method for smaller yaw angles to
generate the aerodynamic grid database. Therefore, smaller yaw angles can not be
predicted accurately. The largest discrepancy is 0.7 degrees at 0.09 seconds.
The pitching motion of the store is again well predicted by both methods. The most
crucial discrepancy occurs at the time interval between 0.15 and 0.35 seconds in the
CTS method, whereas the pitch angles are captured effectively at this time interval
with the grid survey method. The CTS results are closer than the grid survey method
results after 0.35 seconds.

Figure 95. Comparison of Euler angles computed by two approaches with
experimental study.
A linear velocities comparison with respect to the release time is given in Figure 96.
The horizontal velocity linearly increases with time for the grid survey method results,
whereas acceleration in the x-direction decreases with the CTS method after 0.36
seconds. The maximum discrepancy between both methods is 1.14 m/s.
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The figure shown above clearly shows that the lateral velocity obtained from both
approaches matches with the wind tunnel results. The CTS results are slightly
overestimated, but the grid survey method results are in agreement with the
experimental data. The maximum discrepancy between both approaches occurs at 0.45
seconds and a magnitude is 0.52 m/s.
Time dependent vertical velocity under the grid survey method is almost the same as
with the CTS method during 0.06 seconds. After that time, the vertical velocity
increasing with higher acceleration. The maximum shift between the results is 0.31
m/s.

Figure 96. Comparison of linear velocities computed by two approaches with
experimental study.
The time dependent angular velocities comparison is shown in Figure 97.
The roll rates for especially grid survey method are incompatible with the experimental
study until 0.13 seconds. The largest shift between the experimental study and
numerical result is 14 deg/s.

84

The pitch rates are almost the same during 0.06 seconds due to the domination of
ejector forces and gravitional effects. Primary behaviour is well captured with both
approaches, however, more reliable results are obtained from the grid survey method
especially after 0.38 seconds.
The yaw rates obtained from the grid survey method give better results for higher yaw
rates than the CTS method. The largest discrepancy occuring at the end of the release
process is 4.28 degrees.

Figure 97. Comparison of angular velocities computed by two approaches with
experimental study.
The results clearly state that the time dependent characteristics of the store during the
release process can be accurately predicted by the grid survey method with using
computational fluid dynamics techniques as the captive trajectory simulations.
The computation times for both solution techniques are listed in Table 7 to compare
the required time for trajectory calculations. Simulations to generate an aerodynamic
grid database and CTS were performed using 2x Intel Xeon E5-2683, and the speed of
CFD analyses were increased by parallel processing. Parallel execution allows the
computation of a solution by using multiple processors on the same computer.
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Compute-node processers can be executed on a parallel computer. For this study, CFD
analyses were performed using 14 compute-node processors with 4 GB of RAM
assigned for each processor to accomplish an effective simulation run time. The offline
trajectory calculation using the store release code by grid survey method was
performed using a single processor.

Table 7. Comparison of simulation time with CTS and grid survey method
Solution Methods

Captive Trajectory Simulation

Grid Method

Simulation Time

95.2 hours

110.8 hours

Referring to Table 7, there is little difference in time between both methods. However,
two simulations are performed in the following section to demonsrate the advantage
of the grid survey method in terms of time gained.

5.3.3 Weight Effect on Trajectory Calculations
As mentioned previously, once the aerodynamic grid database is generated for a store,
numerous trajectory calculations can be accomplished for various physical properties
of the store and ejector force characteristics in a short time interval. Two different
simulations were performed to observe whether this statement is valid or not. The same
geometry and boundary condition are used as the previous simulations, however the
mass of the store is increased to 1500 kg for the first simulation. The linear
displacements shown in Figure 98 and Euler angles shown in Figure 99.
Referring to Figure 98, the main linear displacement trend for all three directions for
both methods is considerably similar, there is only a small discrepancy. The maximum
discrepancies that occured in the horizontal, lateral and vertical direction are 0.04,
0.05, 0.04 meters respectively.
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Figure 98. Comparison of linear displacements for different store mass with both
methods
Similarly, estimates of the time dependent behaviour of the store in both methods agree
with each other. The major difference occured in the roll angle, as it did in previous
simulations as stated in Section 5.3.2. The grid survey method’s roll angle prediction
is an underestimate compared to the wind tunnel study, whereas the CTS method
overestimated. The major discrepancy between these two methods is 3.41 degrees at
0.24 seconds.
There is almost no difference for higher yaw angles, but the discrepancy increased
when computing lower yaw angles. The main discrepancy is 0.98 degrees at 0.108
seconds.
The pitching motion of the store during release time is similar in both methods,
however, there is a shift between the two results. The maximum pitch up angle is
calculated as 6.62 degrees at 0.187 seconds using CTS method, and 7.35 degrees at
0.186 seconds using grid survey method. The maximum pitch down from both
methods is -6.88 and -5.94 degrees respectively.
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Figure 99. Comparison of Euler angles for different store mass with both methods

5.3.4 Ejector Forces Effect on Trajectory Calculations

Figure 100. Comparison of linear displacements under different ejector forces for
both methods
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In the second simulation, the ejector forces are taken as 15 kN at the forward location
and 59.9 kN at the aft location of the store with a constant store’s mass of 907 kg. The
linear displacements are shown in Figure 100 and Euler angles shown in Figure 101.
The lateral motion of the store is almost the same in both methods, but there are small
discrepancies in the horizontal and vertical direction. The differences are 0.06 and
0.105 meters respectively.

Figure 101. Comparison of Euler angles under different ejector forces for both
methods
As with previous simulations, the Euler angles are similar for both methods. However,
there is a difference in roll angles, smaller yaw angles and pitch angles. The maximum
discrepancies are 1.88, 1.18 and 0.73 degrees respectively.
In Section 5.3.3 and 5.3.4, the trajectory of the store is estimated using the CTS and
grid survey method solution techniques for different weight and ejector forces.
Unsteady simulations for the CTS method are repeated also using 14 compute-node
processors, whereas standalone trajectory calculations are performed with the grid
survey method using a single processor. The simulation times are listed in Table 8.
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Table 8. Comparison of simulation times for both methods
Solution Techniques

Captive Trajectory Simulation

Grid Survey Method

Simulation Time

184.1 hours

2 minutes

As mentioned previously, once the aerodynamic grid database is generated, numerous
trajectories can be calculated to examine the effects of store’s physical properties and
ejector force characteristics in a short time. This statement is clearly verified in Table
8, the required time for the CTS method is 184.1 hours, but the simulation time from
the grid survey method is only 2 minutes. The reason for the grid survey method’s
reduced trajectory computation time is that the simulations that generate the
aerodynamic grid database were performed beforehand. Therefore, it can be said that
the grid survey method is an alternative approach to investigating the effects of a
store’s physical properties and ejector forces during the design process due to this
reduction in simulation time.
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CHAPTER 6

CONCLUSION

This thesis states that the store separation problem is observed by two different
method: Captive trajectory and grid survey method using CFD techniques. The
numerical simulations were checked with previous wind tunnel tests. Therefore, the
EGLIN test geometry which has available wind tunnel study is used to validate the
CFD analyses. The simulations were performed using a reliable CFD tool called
ANSYS Fluent at a Mach number of 0.95 and pressure altitude of 26,000 ft. Linear
and angular displacements, the linear and angular velocities obtained from the captive
trajectory, grid survey methods and wind tunnel testing were compared with each
other.
At the first stage, the literature study was done to decide whether the flow should be
viscous or inviscid. It was clearly stated at ACFD challenge II that an inviscid flow
approximation is adequate enough to compute the trajectory of a store. Therefore, in
this study, the flow was considered as inviscid flow.
Secondly, two different test cases are performed to observe and validate the capability
of ANSYS Fluent at Mach 0.95. The store-only configuration was used in the first and
two store-only configuration was used in the second validation test case. The pressure
coefficient obtained from ANSYS Fluent was compared with the wind tunnel data.
The results demonsrate that they were consistent with the wind tunnel results. There
were some discrepancies introduced in front and behind of the shock due to the absence
of viscous effects, however, they could be ignored. In the light of these results, it was
decided that ANSYS Fluent is a useful CFD tool for such complex cases.
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Before starting trajectory calculations, the computational grid independency study was
performed to investigate whether numerical results change depending on how the
computational grid is refined. Mesh independency simulations were performed using
five different number of grids for wing-store-pylon and a store-only configuration.
Simulations for store-only cases were performed using higher yaw and pitch angles
meaning it is harder to achieve accurate results for higher yaw and pitch angles. At the
end of the study, the appropriate grid size was selected and used for simulations.
Unsteady simulations were performed using the captive trajectory technique to
calculate the trajectory of the store during the release process at the specified time of
0.45 seconds. The store’s physical properties and ejector forces were selected as being
compatible with the wind tunnel study. The linear and angular displacements and
velocities were estimated and compared with the wind tunnel results. There is no
observable error between the results, except for those for roll angles. The main reason
for this is that the roll angles can not be computed accurately because the roll moment
of inertia is very small compared to other moments of inertia. Another reason comes
from the assumption of inviscid flow. The shock and wake regions can not be predicted
well, especially for higher pitch and yaw angles.
The captive trajectory simulation is repeated to investigate the effect of the sting
mounted behind the store on the trajectory calculations. The aft of the store is modeled
as the nose of the store. Then, the results are compared with both wind tunnel results
and the results from the store with a sting. The major trends for all variables can be
captured effectively, but there are differences in the horizontal displacements and the
yaw angles of the store. Therefore, the store with a sting’s geometric configuration
was used for subsequent simulations.
The second solution technique, that is, the grid survey method, which is an
approximate method described in [13], is used for trajectory calculations with the same
boundary conditions. First, an offline trajectory calculation code was created in
MATLAB Simulink platform. It has four different main dynamic models: 6DOF,
weight, ejector forces and the aerodynamic dynamic model. Then, four different
aerodynamic grid databases were used to estimate how many analyses were required
to obtain sufficient accuracy. This means aerodynamic grid database generation is an
essential process in the calculation of a store’s trajectory accurately. The linear and
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angular displacements calculated by the store release code using this aerodynamic grid
database were compared with wind tunnel results. At the end of the simulations, the
results showed that there was an increase in the number of simulations required to
improve the accuracy of the results. Therefore, in this study, Database-4 was
considered the appropriate aerodynamic grid database.
The linear and angular displacements and velocities obtained by Database-4
were compared to the results acquired from CTS to better understand the accuracy of
the results. The results obtained with the grid survey method were consistent with both
CTS and wind tunnel results, although there was some discrepancy. The grid survey
method is an alternative approach for such problems because it captured the general
trend of the results.
Analyses results were crucial, as well as the simulation time. Therefore, the
required time for CTS and the grid survey method were compared while making
trajectory computations. There is no significant difference observed between the two
methods. However, as mentioned before, the grid survey method provided a faster
solution for the store’s various physical properties and ejector forces, once the
aerodynamic grid database was generated. Two different simulations were performed
to validate this statement: For the first test case, the trajectory calculations were done
by CTS and the grid survey method with the store’s mass increased to 1,500 kg. In the
second, the store’s mass was considered a constant at 997 kg and the forward and aft
ejector forces were taken as 15 kN and 59.9 kN respectively. Then, the linear
displacements and Euler angles were compared because there was no available
experimental data for these conditions. The results were compatible with each other.
The run times of the analyses were again compared for both solution techniques. The
required simulation time corresponding to the grid survey method is considerably less
than the CTS method. The main reason is that generating the aerodynamic grid
database requires the most time for trajectory calculations by grid survey method.
Once the aerodynamic grid database is performed, the computations take less time.
Therefore, the grid survey method should be considered an alternative approach for
integrating the store to the aircraft or aircraft/store compatibility issues.
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CHAPTER 7

FUTURE WORKS

Three different future studies can be applied to enhance the grid survey method.
Firstly, the number of required simulations can be reduced using various response
surface methods, such as the genetic algorithm or neural network. In real world
applications, there are numerous configurations, depending on different Mach
numbers, ejector forces and the location of the store under the wing. Therefore, this
work could considerably reduce simulation time, but there is no considerable study in
the literature. Secondly, the best improvement method assumes that aerodynamics
induced by the aircraft flowfield have a secondary effect compared to the store’s
freestream aerodynamics. Therefore, delta coefficients obtained for a store could be
used for other geometrically similar stores to estimate the trajectories. This method
reduces the number of required simulations to generate the interference flow field grid
database. Lastly, the grid adaptation method can be used to increase the accuracy of
numerical calculations. This method is vitally important for high speed flows to
determine strong shock interactions or shock waves. The grid adaptation is suitable for
tetrahedral elements, therefore, grid generation time is not considered.
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APPENDIX A

SELECTION OF DISCRETIZATION SCHEMES

To observe the effect of the selection of discretization schemes, a steady-state analysis
is performed at Mach number of 0.95 and pressure altitude of 26 000 ft for wing/store
configuration shown in Figure 102. The pressure coefficients at different angular cuts
acquired from the numerical simulations are compared with the wind tunnel results.
Figure 103 and 104 show the comparison of AUSM and Roe-DS discretization
scheme.

Figure 102. Isometric view of wing-pylon-store geometry
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Figure 103. Comparison of estimated pressure coefficients at the Roll angles of 5o
and 185o for two different discretization schemes with experimental study

Figure 104. Comparison of estimated pressure coefficients at the Roll angles of 95o
and 275o for two different discretization schemes with experimental study
It can be clearly seen from the figures shown in above that there is no significant
differences between these two methods. Therefore, these two approaches can be used
for such problems. However, Roe-DS discretization scheme was used for the
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simulations because of which this method is the most preffered method in the
literature.
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APPENDIX B

RUNGE KUTTA METHOD

One of the most well known numerical method, Runge-Kutta Method, is used to solve
the ordinary differential equations. There are several ways to solve the differential
equations with using Runge-Kutta method, however, the most popular version of this
method is 4th Order Runge Kutta method used in this current study. The generalized
form of the 4th order Runge-Kutta equation can be written as;
𝑌𝑖+1 = 𝑌𝑖 +

1
(𝑎 + 2𝑎2 + 2𝑎3 + 𝑎4 )∆𝑡
6 1

(69)

Where 𝑎1 , 𝑎2 and 𝑎3 are slopes of the estimation of the variables.
From the equations of motion, six second order ordinary differential equations with
respect to time should be solved to compute the time dependent trajectory and attitude
of the store. The linear and angular acceleration are;
𝐹𝑥
− 𝑞𝑤 + 𝑟𝑣 − 𝑔𝑆𝑖𝑛𝜃
𝑚
𝐹𝑦
𝑣̇ = + 𝑝𝑤 − 𝑟𝑢 − 𝑔𝑆𝑖𝑛𝜃
𝑚
𝐹𝑧
𝑤̇ = + 𝑝𝑣 − 𝑞𝑢 − 𝑔𝑆𝑖𝑛𝜃
𝑚
𝐼𝑦𝑦 − 𝐼𝑧𝑧
𝐿
𝑝̇ = 𝑞𝑟 [
]+( )
𝐼𝑥𝑥
𝐼𝑥𝑥
𝑢̇ =

𝐼𝑧𝑧 − 𝐼𝑥𝑥
𝑀
𝑞̇ = 𝑝𝑟 [
]+( )
𝐼𝑦𝑦
𝐼𝑦𝑦
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(69)
(70)
(71)
(72)
(73)

𝑟̇ = 𝑝𝑞 [

𝐼𝑥𝑥 − 𝐼𝑦𝑦
𝑁
]+( )
𝐼𝑧𝑧
𝐼𝑧𝑧

(74)

For better understanding, the slopes are considered as the function of position in the
horizontal direction x(t,u);
𝑎1,𝑥 = 𝑥(𝑡, 𝑢)
∆𝑡
𝑎1 ∆𝑡
, 𝑢𝑖 +
)
2
2
∆𝑡
𝑎2 ∆𝑡
= 𝑥(𝑡𝑖 + , 𝑢𝑖 +
)
2
2

(75)

𝑎2,𝑥 = 𝑥(𝑡𝑖 +

(76)

𝑎3,𝑥

(77)

𝑎4,𝑥 = 𝑥(𝑡𝑖 + ∆𝑡, 𝑢𝑖 + 𝑎3 ∆𝑡)

(78)

Substituting the slopes into the Equation xx.
𝑋𝑖+1 = 𝑋𝑖 +

1
(𝑎 + 2𝑎2,𝑥 + 2𝑎3,𝑥 + 𝑎4,𝑥 )∆𝑡
6 1,𝑥

(69)

This process is repeated for all variables stated in Equation 69 for all time steps until
the end of the simulation time. Then, the linear displacements, Euler angles, linear and
angular velocities can be taken as output parameters at the end of the simulation time.
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