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ABSTRACT

DYNAMIC ANALYSIS AND MODELLING OF A ROCKET LAUNCHER
SYSTEM

¢i -ek, Burak Can
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Haluk Darendeliler
CoSupervisor: Prof . Dr . Ke mal

February 2014128pages

The main objective of this thesis is to evaluate the behavior of a rocket launcher
system under dynamic load condition by using finite element method. For a free
flight rocket accuracy and dispersion values are significant wdleégrmining its
success. Although, the design of a free flight rocket is important, interaction
behavior of the launching system is crucial for accuracy and dispersion. Tipoff fault
which is induced at the launching (before the free flight) phase carbenlyduced

by detailed dynamic analyses of the launching system.

The purpose of this thesis is to figure out dynamic behavior of a rocket launcher

system in order to decrease time, effort and cost consumed on prototype production
and expensive tests. Fdng aim, two different models are created. The first model

is a detailed finite element model that includes necessary kinematic and elastic
connections. By composing this model, the aim is to get closer results to test

results. A commercial software is lited as a finite element program. The second

model is a simple parametric finite element model which is created with a finite



element software's de. This model has lestegree of freedom (DOF) when
compared with the first model. Thus, shell and beanrmefgs are utilized to
compose this model. The aim is to get faster results by changing the parameters
when compared with the first model. After that, tests are implemented with a
prototype for verification of the models. Finally, the individual effectsthe
parameters on a rocket launcher systems dynamic behavior are observed on the
second model. These parameterstheepositions of thelamp attachmeston the
chassisthe cross section daftabilizer casethe cross section afutrigger case and

outrigger deployment.

Keywords: Rocket Launcher System, Finite Element Method, Dynamic Analysis
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Bu tezin ana hedef.i sonlu el emanl ar y°nt

al t nda roket féerl at ma Ssi stemi mketin davr art

e
bakaréséné saptamak i-in dajélém ve do]
dojruluk i -in serbest u-an roket tasar e

si st emi il e etkilekxim davranéké da -ok ©

°nce)Yy teein burun ejme hatasé ancak feéer]

anal i zi il e azalteélabilir.

Bu tezin amaceé, il k °rnek ¢reti mi i -1 n h
testl eri azaltmak i-in roket féerBat ma si
ama-1 a, i ki farkl & model ol ukturul muktur

esnek bajl anteéel ar é bar éndér an detayl é ¢
ol ukturarak test sonu-|l aréna daha yakeén
elemanlargz €l émeé ol arak ticar.i bir yazél ém Kkt

el emanl ar yazél éme kodu il e ol uktur ul mi
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model i dir . B u mo d e | i1k model | e kar kél akt é

i -ermektedir modBael inedlemkteyr ur ken kabuk vV e

kull anél mékter. Ama-|, il k model e g°re param
el de et mektir. Daha sonr a model | er i dojr
uygul anméxkt er . Son ol arélkyrl akmacisi snodmi di
davranéxkeée czerindeki parametrelerin birbir
parametreler; kKase ¢zerindeki kul ak-é&k bajl .
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CHAPTER 1

INTRODUCTION

1.1 Background

A rocket is an air vehicle that acquires thrust from its motor. Rocket term is
expressed to state the unguided air vehicles. Range of the rocket alters by its motor
design. In this thesis artillery rocket systems are examined which are used for
ground to gound tactical usage. Rocket launcher systems are utilized to cover a
specific area by heavy atrtillery fire instead of single accurate fire. Depends on the
need, some of the rocket launcher systems are little some of the rocket launcher
systems are enormsu Independent of its size, a rocket launcher system is
composed of subsystems in order to position, orient and increase the accuracy and
dispersion of the rocket. A typical rocket launcher system is shoviigimre 1

which is called as RAYO Multiple Launch Rocket Launcher System. Multiple
launch refers to more than one rocket storage capacity.



Launching Vehicle |

Azimuth
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Figure 1. Photograph of a multiple launch rocket launcher system

Launcher system consists of a launching vehicle, cradle, firing tubes and munitions.

Launching vehicle is a vehicle that position on the ground with stabilizers and

outriggers.

Stabilizers and ouggers are used for increasing the stability of the rocket launcher

system.

Outriggers are stabilizers that have deployment property in the horizontal direction,
additionally. Some of the launching vehicle has outriggers in order to adjust the

stability of the system by using this horizontal deployment property.

Auxiliary chassisis used in order to increase the stability of the rocket launcher
system which is mounted on the chassis by clamp attachments. Stabilizers,

outriggers and additional chassis are used for heavy firing load munitions.



Cradle is mounted on the launching b and composed of fixed platform,

azimuth platform and elevation platform.
Cradle mounted on the launching vehicle by fixed platform.

Azimuth platform is mounted on the fixed platform in order to rotate the cradle

about its vertical axis to orient the azimuth plane.

Elevation platform is mounted on the azimuth platform in order to provide the

required elevation angle of the firing tubes.

Firing tubes are mounted on the elevation platform and contains the munitions. Due
to the fact that rockets dwt have guidance, initial position and orientation is very

important for accuracy of the rocket.

Before the rocket leaves the firing tube, rocket and firing tube are in an interaction.
This interaction can be separated into four successive phases. ésslstatVicks

[2] these phases can be named as "Detent Phase", "Guidance Phase", "Tipoff
Phase", and "Free Flight Phase". Detent phase starts after ignition and last with the
rocket motion. Guidance phase starts with rockets first motion in the firing mabe a
last just before the first interaction point of the rocket leaves the firing tube. Tipoff
phase starts with the first interaction point of the rocket leaves the firing tube and
last with the whole rocket leaves the firing tube. Free flight phase sidhtshe

whole rocket leaves the firing tube and last when the rocket arrives its target. These

phases are shown kigure2 schematically.
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Figure 2. Four successive phases of the rocket and firing tube interaction [2]

The primary mission of a rocket launcher system is to support the rocket in the
aimed initial direction and maintain the aiming during rocket reaches the sufficient

velocity [24]. After that free flight rocket will be stabilized by moments which are
4



gyrosopic for spin stabilized projectiles [8]. In order to improve dispersion of the
rockets stiffness of the rocket launcher system should be increased as practical.
Errors which are affecting the launching process are called aslaumalh”. Mat

launch errorsire required to be minimized in the engineering point of view [1].

By researching the references [1], [2], [3], [4], [5], [6], [7], [8]. [9], [17], [19] and

[22] most effective parameters on the rocket launcher system are discovered. These
parameters arehassis, auxiliary chassis, clamp attachment of the auxiliary chassis
to chassis, stabilizers, outriggers, cradle, joint between cradle and auxiliary chassis,
flexibility characteristics of the rocket, motor thrust, mass unbalance and thrust
misalignment.Motor thrust, cradle and joint between cradle and auxiliary chassis
parameters are examined. In our model, chassis, auxiliary chassis, clamp attachment
of the auxiliary chassis to chassis, stabilizers, outriggers will be examined.
Flexibility characteristis of the rocket, mass unbalance and thrust misalignment
effects are not included in our model. Involved parameters can be explained briefly
such that:

Chassis: The bottom construction of a rocket launcher system and it is composed of
the truck frames [20]

Auxiliary chassis: It is an alternative way of changing the dynamic behavior and
rigidity of the chassis positively [17]. It is also used for giving extra strength to the

system against heavy concentrated loads [19].

Clamp attachment: It is used for memg auxiliary chassis on the chassis with

brackets. Welding is not preferred due to fatigue problem [19].

Stabilizers: They are used as couples and utilized for increasing the stability of a

rocket launcher system.

Outriggers: They are deployable stalglz and used for adjusting the deployment

positions in the horizontal direction.



1.2 Scope of the Thesis

Main subject of this thesis is dynamics of the rocket launcher systems during the
launch of the rocket due to fact that decrease the required time of the development
phase in order to produce and market a new rocket launcher system as fast as
possible. Theefore, reduced degree of freedom finite element model is composed to

implement the modifications and get the results quickly.

In the scope of this thesis, a FORTRAN based ANYS Parametric Design Language
(APDL) code is composed in order to build the pataia simplified FE MODEL,

define the boundary conditions and material properties, perform analysis and get the
results. This scripting language code allows automating the aforementioned tasks
and performsthese tasks just by running the code in the figiéenent software.

The rocket launcher system dynamic is included duringafled detent and tipoff
phases. The motion of the rocket after the tipoff phase is not taken into account

since it is already well described and documented [8].

Chassis, auxiliagr chassis, cross members of both chassis and auxiliary chassis,
clamp attachments of chassis and auxiliary chassis, stabilizers, outriggers, cradle
and firing tubes are included in order to figure out the dynamics of the rocket
launcher system. Rocket anthdle interactions are not taken into account. Rocket
thrust is taken into account as plume force. Flexibility characteristics of the rocket,

mass unbalance and thrust misalignment effects are not included in our model.

Regarding the methods used in thigesis, numerical methods via commercial
software and experimental ones are utilized. Two different finite element models
are composed in the scope of the thesis. In the first model, detailed finite element
mode is created. In the second model, code kEggofcommercialsoftware is

used in order to parameterize the clamp attachment positions on the chassis,
stabilizer case cross section, outrigger case cross section and outrigger deployment.

Experimental studies are performed in order to verify the afentioned two



models. Optimization is not convenient and not included in the scope of this thesis

since rocket launcher system models have contact nonlinearities and complexity.
The flowcharts of the detailed and simple models of this thesis work areigive

Figure3 andFigure4 respectively.

Figure 3. Flowchart of the detailed modeling approach

Figure 4. Flowchart of the simplified modeling approach

7



1.3 Purpose of the Thesis

Defense industry is one of the significant industries in a country since it provides
power to compte other countries in defense systems. Our country Turkey has an
important position both politically and geographically. Thus, our national target is
to develop our own defense systems. Defense industry is a challenging industry.
Therefore, spent time fdhe development phase should be minimized. Moreover,
spent money for development should also be reduced. To achieve the
aforementioned goals, the dynamic deviations of the rocket launcher systems during
launch phase must be kept at the lowest level asilpesdue to the fact that
accuracy and dispersion values are significant for artillery rocket systems.

Furthermore, artillery rocket systems are crucial in the defense industry.

The main objective of this thesis is to creatmaplified model in order talecrease

the required time for the development phase of the rocket launcher system since
preparing thesimplified model is 10 times faster than the detailed model and
solution time of thesimplified model is 100 times faster than the detailed model. A
FORTRAN based ANYS Parametric Design Language (APDL) code is create in
order to compose the parametsonpliied FE MODEL, define the boundary
conditions and material properties, perform analysis and get the results. This code
automates the aforementiontasks and performthese tasks just by running the

code in the finite element software.

Simplified model and detailed model is aimed to be verified by comparing with the
experimental studies. Moreover, modifications are done osithglified model to

figure out the change in the behavior of a rocket launcher system under the dynamic
load condition.

In other words, spent time, effort and cost aimed to be decreased by creating the
simplified finite element model since creating this model, performing dynamic
analysis and making modifications on the model and performing dynamic analysis
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after modifications can be done faster. For this purposanplified finite element
model, detailed finite element modeare composed and experimental studies are

performed.

It is considered that this study will increase the analysis capabilities of the System
Design Department of ROKETSAN Rocket Industries Inc.

1.4 Outline of the Thesis

The chapters are organized as follows. In Chapter 2, literature survey on rocket
launcher models for dynamic analysis and reduction methods used for modeling a
rocket launcher system are introduced. In Chapter 3, modeling method, meshing,
material properés, boundary conditions and analyses of the det&iied1ODEL

are given. In Chapter 4, modeling method, meshing, material properties, boundary
conditions and analyses of thenplified FE MODEL are given. In Chapter 5, test
study and verifications of thEE MODEL's are given. In Chapter 6, dynamic
analyses that are performed on $imaplified FE MODEL in order to figure out the
individual effects of theparameters and results of the analyses are provided. In

Chapter 7, summary and conclusions of this tretsidy are given.
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CHAPTER 2

LITERATURE SURVEY

The main objectives of this thesis are to figure out the dynamic behavior of a rocket

launcher system and individual effects of the most significant parameters on it.

The rocket launcher dynamics problem is a very complicated issue. Thus, detailed
investigation in the available literature is required in order to comprehend the every
detail. On the other hand, there are limited open source about the rocket launcher
systems de to the fact that studies on this subject are specific concepts and mostly
not published or published as secret. Even though, most of the companies in defense
industry have their own techniques and held as confidential, there are limited
numbes of artides in this subject. Models used in these articles are mostly
mathematical models with a fedegreesof freedom. In addition to this, several
software programs are utilized on chassis design. Hence, abilitiee ebttware's

on this subject iarelso inwestigated.

l kek [ 1] i's one of the engineers who wo
launcher systems in ROKETSAN. In his work, he investigated upper part of the
launcher systems such that only cradle and firing tubes are included. He created,
simple mathematical model, finite element model and flexible radiily model.

After that, he evaluated the results under same dynamic load conditions.
Furthermore, he compared his approaches with the experimental results. Finite

el ement model onfFigures.é k [ 1] i s shown
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Figure5.Fi ni te el ement model by |

Cochran [3] created a model composed of rigid bodies which are connected with
flexible elements such as springs and dampers in order to insight irdaumeh
parameters of the rocket. In his study, both interaction between rocket with the

launcher systerand launcher system with ground is taken into account. The rocket

launcher system has three rotational degrees of freedom in yaw, pitch and roll axes.

Rocket is free to move in the firing direction. The model of the launcher system of
Cochran [3] is showm Figure6.
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Figure 6. Rocket launcher system model by Cochran [3]

Dziopa et al [4] developed a fodegrees of freedom mathematical model of the
rocket launcher system. The launcher system has rotational degrees of freedom in
the yaw and pitch axes. Moreover, the launcher has a degree of freedom in the
vertical axis. Rocket has only degree of freedorthanfiring direction. Bodies are
considered as rigid, connections are modeled as flexible such that springs and
dampers are utilized. In order to estimate the dynamic response of the system,
Lagrange's energy method is used. The model of the launchemsysDziopa [4]

is shown inFigure?.
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Figure 7. Rocket launcher system model by Dziopa [4]

Lee and Wilms [5] proposetbur degrees of freedom rocket launcher model.
Rocket launcher system is modeled as rigid body and its elastic behavior is
provided by using torsion springs and dampers. Plume gtiadhe firing tubes are

also included in the model. The model proposed &y a&nd Wilms [5] is shown in

Figure8.
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Figure 8. The model proposed by Lee and Wilms [5]

Zhang and Xiao [6] introduced a rocket launcher model which includes the vehicle
part also. Their model is coraped of launching vehicle, yaw body, pitch body and
rocket. Vehicle is connected to the ground with elastic parts such as springs and
dampers. Yaw body is also connected to the vehicle by torsion spring and dampers.
Pitch body is connected with the yaw jodith rigid and flexible connections.
Interactions between the bodies are evaludibd. model introduced by Zhang and

Xiao [6] is shown inFigure9.
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Figure 9. The model introduced by Zhang and Xiao [6]

Selmic et al. [7] provided a rocket launcher model including launcher system
chassis, supports such as stabilizers and pneumatics.i<Cisassodeled as rigid

body whid has degrees of freedom in the vertical axis and rotational axis in the
yaw axis. Stabilizers and pneumatics are modeled as rigid. On the other hand,
ground is modeled as elastic by using spring and damper. Firing tube is modeled as
flexible body. Cradleand launching vehicle connection is modeled as rigid.
Lagrange's equation is used in order to obtain the dynamic response of the rocket
launcher systenThe model provided by Selmic [7] is shownFigure10.
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C°mer t . [fh&dynamitswinteeaction between rocket and its launcher. He
investigated the dominant flexibility effects in a rocket launcher system. Then
modeled the lancher system as rigid parts fiexible supports. Rotational equation

of motion is used for evahting the yaw, pitch and roll angles, angular velocities

and angular accelerations with respect to time.

Raducanu et al. [9] studied the dynamics of the rocket launcher systems and
evaluated rocket trajectories by changing the launcher parameters aat init
conditions. They modeled the rocket launcher system as rigid bodies such as vehicle
chassis, tilting platform and rodse Moreover, these rigid bodyonnections are
modeled with elastic elements. They studied the launching oscillations in order to
evduate the accuracy of the firing preciselihe model provided by Raducanu [9]

is shown inFigurell.
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Figure 11. The modelutilized by Raducanu [9]

Rixen [10] illustrated the dual Craigampton approach efficiency for decreasing

the solution time of the dynamic analysis. He used aforementioned method for very
large linear systems such as in the order of millions of degfeleeedlom due to

the fact that inverse iteration of a dynamic analysis such large finite element models
requires too much power, storage and time. Furthermore, he composed reduced
subparts such as super elements in order to get fast and effective tashiss.
paper, a numerical solutions of the reduced models andegmced models of a
beam frame are compared in order to show the efficiency of the reduction method

applied.

Fransen [11] studied sukstructuring techniques and overview of these
methodologies usage in launcher dynamic analysis. In his paper, fixed interface
CraigBampton method is outlined between component mode synthesis methods in
order to reduce the costs of tramsianalysis computation. The total motion of the
structure is modeled with rigid body motion of the structure and elastic motion of
the system relative to the rigid body motion. In his model;spress and fluid

effects are also taken into account.
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Zhao ¢ al. [12] in their work proposed the theory of ADAMS flexible body
fundamentals and stated some methods of building flexible bodies in ADAMS
software. They stated the importance of the modeling the elastic deformations as
well as the rigid body motions dfie macro model for understanding the dynamic
behavior of the systems. Moreover, they mentioned the usage of the modal neutral
file which includes the small and linear elastic deformation information of the
system generated by a finite element programm@exity of the geometry of the
model is not effective when the deformations are small and model is linear. Systems
dynamic behavior is transferred to ADAMS by converting the finite element models
system matrices in modal domain. At the end of the pagewer crane's dynamic

analysis is performed in order to show the validity of the approach.

Zhang et al. [13] created chassis/suspension models with beam elements in order to
evaluate the vehicle chassis/suspension dynamic analysis. They used bothdrigid an
flexible beam models. These two models results are compared in this paper. They
also stated that rigid body approach is commonly usechnique; small
deformations are required to be taken into account for further analyses such as
durability of the vehile body.

Tiso et al [14] introduced a reduction method for the geometrical nonlinear finite
element analysis of the shell structures. Linear modal superposition and
perturbation approaches are utilized in order to decrease the computation cost for
complexand detailed finite element analyses. In their studies, the systems have
geometrical nonlinearities under dynamic loads are handled by using second order

modes and displacement fields.

Liu [15] studied frequency response function based substructure ggnthethod
in order to evaluate the reaction force and velocities of the vehicle body. In his
study, vehicle body is derived from frequency response function by coupling with

finite element analysis model in order to predict the total system dynamic behavio

Hadipour et al. [17] developed a finite element model in order to investigate the

increase in rigidity of the chassis by adding auxiliary chassis. Modal analysis is
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performed by using NSYS software in order to show how the auxiliashiassis
changes thevibration characteristics of the chassis. They also stated that adding
auxiliary chassis on the main chassis is an alternative and popular way of permitting
overload and increasing rigidity of the system and applied by truck producers.
Finite element modereated by Hadipour [17] is shownkingure12.

Figure 12. Finite element model created by Hadipour [17]

Roslanet al [18] studied the key characteristics of a truck chassis. They stated that
modal analysis is performed via finite element method then modal updating of the
truck chassis model is done by performing experimental modal analysis in order to
predict thedynamic behavior of the vehicle system. Cross members, connection
brackets and other major parts are taken into account in their finite element model.

Chassis development flow chart created by Roslan [18] is shokigune13.
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Figure 13. Chassis development flow chart created by Roslan [18]

Sane et al [22] studied on robustness of the chassis under different load cases by

using finite element model. Chassis components are meshed with thin shell

elements. They also used finite
development process.

element method for shortening the design and
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After reviewing literature, it can be concluded that there are different kind of
appoaches for decreay the degree of freedom af rocket launcher system in

order to prepare the model and get the results as fast as possible. Some approaches
can be grouped that rigid bodies and elastic elements are utilized in order to reduce
the degreeof freedom and evaluate the dynamic behavior of the system. Other
approaches can be grouped that modal reduction techniques are utilized in order to

reduce the degree of freedom of the system.

In this thesis, lumped mass, shell and beam elements azediiit order to reduce
the degree of freedom of the system. Modal reduction techniques are not used due

to the fact that system has contact-hoparity.

Some of the studies included the chassis, auxiliary chassis, connections of them and
chassis crossiembers by creating their finite element models in order to investigate
the further dynamic analysis although most of the studies try to comprehend the
major parameters of the dynamics of the system and focus on improving their

design by performing quick adifications.

In this thesis, some parts of thienplified model are modeled as parametric in order
to make modifications of the rocket launcher system's major parameters just by
changing a value in the finite element code since the main objective & theg

dynamic behavior of the system.
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CHAPTER 3

DETAILED FINITE ELEMENT MODEL

Finite element method (FEM) is a computational method and finite element analysis
(FEA) consists of a computer model of a design which is analyzed for specific
outputs. This method is utilized for both new product design and refinement of an
existing prodat. FEA utilize a complicated system of points called nodes which
produce a grid called mesh. This grid composed of structural and material
properties of the system in order to figure out how the system behaves under certain
loading conditions.

In our stwly, two different finite element modelare composed and FEA are
performed on these models. The first finite element model is detailed model which
contains most of the details in the real rocket launcher model. The second model is
simplified FE MODEL whichis parametric model and includes necessary kinematic
and elastic connections. Modal, static and dynamic analyses are performed with
these two modeldVioreover, they are verified by a prototype in the experimental
studies. DetailedFE MODEL, simplified FE MODEL and a representative
prototype are shown in thégure14.
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Figure 14. Detailed FE model, simplified FE modeland a representative

prototype

3.1 Detailed Finite Element Model of the Rocket Launcher System

DetailedFE modelof the rocket launcher system is composed of firing tubes, cradle
(elevation platform, azimuth platform and fixed platform), auxiliary slsas
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chassis, clamp attachments, stabilizers and outriggers. Truck and other less
important parts are modeled as lumped mass with inertia. Rocket is not included in
the model. On the other hand, effects of the rocket on the launcher system is

included by aplying the plume force.

3.2 Modeling Method And Meshingof the Detailed Finite Element Model

Detailed FE modelis composed of approximately 3.5 million DOF and includes
solid, shell and beam elemenss.group of people worked in order to create the

detiled FE model since it is a huge model.

When determining the type of the elements, the satidhe length over thickness

of the parts are examined. If the ratio is greater than 20 then 2D shell elements can
be utilized as a rule of thumb. Otherwise, solid elements should be used for a better
approach. Moreover, in the nantical zones some sipfifications are performed

such as filling little holes and deleting chamfers. Meshed detailed rocket launcher

finite element model can be seerFigure15.
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Figure 15. Meshed detailed rocket launcher finite element model

Stabilizers and outriggers are modeled as deployed when the firing is performed.
Hydraulic system in the stabilizers and the outriggers are modeledsa®lements

by giving stiffness in the axial direction. Figure 16, positioning of the stabilizers

and the outriggers is given. Figure 17, hydraulicsystem in the stabilizers and the

outriggers is given.
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Figure 16. Positioning of the stabilizers and the outriggers

Figure 17. Hydraulic system in the stabilizers and the outriggers

Telescopic structure of the stabilizers and outriggers is givEigure18.
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Figure 18. Telescopic structure of the stallizers and outriggers

Glue contacts in the stabilizers and outriggers are givEigure19.

Figure 19. Glue contacts in the stabilizers and outriggers
28



The connection between auxiliary chassis and stabilizers is shdviguire 20.

Figure 20. Contact betweerauxiliary chassis and stabilizers

Clamp attachments between the chassis andatixdiary chassis are modeled.
Beam elements are used in order to represent the bolts between upper and the lower
parts of the clamp attachments. Contact is defined between auxiliary chassis and the
lower part of the clamp attachment. This type of conoaagtirovides flexibility to

the launcher vehicle for road trip. There are 6 clamp attachments in the rocket
launcher system. The nilmer of the clamp attachments wetermined by
considering the launcher vehicles road trips. If the memof the clamp attaaments

is increased, rigidity of the connection between the chassis and the auxiliary chassis
will be increased. As a result, damage will be occurred during road trips. If the
nunmber of the clamp attachmentsdecreased, rigidity of the connection between

the chassis and the auxiliary chassis will be decreased. As a result, stiffness of the
rocket launcher system will be decreased and advantage of using auxiliary chassis
will be lost. Clamp attachments between the chassis and the auxiliary chassis are

shownin Figure21.
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Figure 21. Clamp attachments between the chassis and the auxiliary chassis

Details of the clamp attachments are showRigure22.
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Figure 22. Details of the clamp attachments

Furthermore, contact is defined between the chassis and the auxiliary chassis in
order to take the stiffness of the both chassis and the auxiliary chassis into account.
Friction coefficient is set as 0.1 for both static and dynamic solutiGnsss
membersof the chassis are modeled with shell elements and glue contact are
defined between chassis and the cross members in order to represent the connection.

The connection between cross members and chassis iSmgivigure 23.
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Figure 23. The connection between cross members and chassis

Full cradle model is created. Cradle is mounted on the auxiliary chassis with fixed
platform. Cradle's spot welding are modeled with fasteners, and other welding
connections are modeled with glue contact. Cradle's welding connections are shown

in Figure24.
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Figure 24. Cradle's welding connections

Azimuth platform is located on the fixed platform with slewing ring mechanism.

Slewing ring finite element model is shownRigure25.
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Figure 25. Slewing ring's finite element model

Spring elements are utilized in order to represent the slewing ring's ball parts.
Spring elements are shownhigure26. Slewing ring modeling is verified in Isik's
studies [1].
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Figure 26. Spring elements for representing slewing ring's ball parts

Lumped masses with inertial effects are defined in order to represent the non
structural parts' mass and inertia effects. Only for truck head's lumped mass
connection is modeled as rigid consitasince it provides the rigidity. The other
lump mass connections are modeled with force distributed connections. Lumped
masses are shown kigure27.
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Figure 27. Lumped masses of the rocket launcher system

3.3 Material Properties and Boundary Conditionsfor the Detailed Finite

Element Model

In the raket launcher model, every part psoduced from SB87 steel material.

Properties of S87 steel can be seenTablel.

Table 1. Material properties of St-37

Elastic Modulus

Poi

SsSOon

Density

O

205 GPa

0.3

7800 kg/m

0.1

Zero displacement in three axes as the boundary condition is applied to the
stabilizers' and outriggers' bottom positions. Spherical joint approximation is used
for modeling the connection between stabilizers, outriggers and the ground.
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3.4 Modal Analysis of the Detailed Finite Element Model

In order to figure out the rocket launcher system's dynamic behavior, modal
analysis is performed. Moreover, modal effective masses are calculated to
determine the each mode's contribution to the rigid body motianlesthat have
relatively high modal effective masses, can be easily excited by base excitation. For
modal analysis, zero displacement in three axes as the boundary condition is applied
to the stabilizers' and outriggers' bottom positions. Sphericalgpprioximation is

used for modeling the connection between stabilizers, outriggers and the ground.
Furthermore, glue contact is applied between chassis and the auxiliary chassis and
other contact areas in order to get a linkaite element model. To gdietter
results, modal masses should be at least 80% of the actual model. Therefore, 20
modes extracted from the modal analysis and 9 mode are examined due to the fact
that minimum %80 of the modal effective mass criteria is satisfied in the X and Y
directions which are defined iRigure27. Modal analysis results are given such as

natural frequencies and modal effective mass valuéalie2.
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Table 2. Modal analysis results of the detailed model

Mode No | Natural X-Comp. | Y-Comp. | Z-Comp.
Frequencie$Hz)

1 3.0 0.0001 0.0000 3.0166
2 3.7 0.0047 0.0140 8.6458
7 6.4 6.7030 7.3392 0.0003
9 8.8 0.0203 0.0037 5.9737
10 10.5 2.7783 12.6130 | 0.0021
11 12.5 2.5380 0.1564 0.0346
13 16.2 12.0570 | 0.0438 0.0066
19 234 0.3204 1.6061 0.3212
20 24.5 0.0002 1.6535 0.5455

Modal Effective Mass

(MEFMASS) 24.4220 | 23.4297 | 18.5463

MEFMASS/Actual Mass 0.8972 0.8608 | 0.6813

The second, seventh, ninth, tenth and thirteenth modes are more significant when

compared with the other modesTiable2.

The firstmodeis a combination of torsiomode of the cradle and bending mode of

the front part of the chassis. Mode shepgiven inFigure28.
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Figure 28. The First mode shape of the detailed model

The £condmodeis torsion mode of the front part of the chassid mode shaps

given inFigure?29.

Figure 29. The s2cond mode shapef the detailed model

The £venthmodeis bending modand mode shape given inFigure30.
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Figure 30. The 7th mode shape of the detailed model

The rninth modeis bending mode in the transverse directiord mode shapis

given inFigure31.

Figure 31. The 9th mode shape of the detailed model
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The enthmodeis bending modef the backward part of the chassisd mode

shapes given inFigure32.

Figure 32. The 10th mode shape of the detailethodel

The deventh mode is combination of the longitudinal mode and a local mode.

Mode shapés given inFigure33.
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Figure 33. The 11th mode shape of the detailed model

The hirteenthmode is the longitudinal mode and mode shapgven inFigure34.

Figure 34. The 13th mode shape of the detailed model
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The nneteenthmodeis a combination of torsion mode of the cradle aedding

mode of the front part of the chassis. Mati@pds given inFigure35.

Figure 35. The 19th mode shape of the detailed model

The tventiethmodeis a combination of bending mode of the cradle and bending

mode of the front part of the chassis. Mati@pdas given inFigure36.
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Figure 36. The 20th mode shape of the detailed model

3.5 Dynamic Analysisof the Detailed Finite Element Model

In order to perform the dynamic analysis of the rocket launcher system, static
analysis is performed under the rocket launcher system's own weight. Gravitational
acceleration is applied in order to take into account the weight of the rocket
launcher systenrDynamic rocket plume force is applied over the system when it is

in the static equilibrium position. The area on the rocket launcher system where the

plume force applied is shown Figure37.
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Dynamic plume load is given fRigure38 as normalized by itself.
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Figure 38. Dynamic plume load
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As a result of the yhamic analysis, reaction force in the Y axigathered from the
stabilizers and the outriggers due to the fact thabffiis directly affected from the
behavior of the rocket launcher system in Y axis. Moreover, displacement in the Y
axis of the center of the firing tube which the rocket plume efoapplied is

measured. Numbering system for the stabilizers and outriggers are given in the
Figure39.

Figure 39. Numbering system for the stabilizers and outriggers

The reaction forces of the stabilizers and outriggers in the Y axis as normalized by
itself are given in th&igure40.
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Figure 40. Reaction forces of the stabilizers and outriggers in the Y axis

The dsplacement in the Y axis of the center of the firing tube which the rocket

plume force applied is given in tikégure4l.
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Figure 41. The displacement in the Y axis of the center of the firing tube (Tip

off)
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CHAPTER 4

SIMPLIFIED FINITE ELEMENT MODEL

In this part of the study, simplifiedinite element model is discussed. Reduced
degree of freedom, simple parametric model that includes necessary kinematic and
elastic connections is generated in order to get faster results. Detailed finite element
model takes too much time to generate @&n hard to modify and make the
analysis again and again. Therefore, parametric model has a huge advantage on
detailed model on preparation time and making modifications. There are various
types of finite element software. On the other hand ANSYS APDpre$erred

since the language is easy to generate a code. ANSYS code is generated in ANSYS
Parametric Design Language of the rocket launcher system. Clamp attachment
positions on the chassis, stabilizer case cross section, outrigger case cross section
andoutrigger deployment are modeled as parametric in the code so they can easily

be changed.

4.1 Simplified Rocket Launcher Model

Simplified FE modelof the rocket launcher system is composed of fixed platform,
auxiliary chassis, chassis, clamp attachmestiabilizers and outriggers. Rocket,
auxiliary chassis' unimportant parts, elevation platform and azimuth platforms are
not included in the model. On the other hand, excluded parts are modeled as lumped

mass and effects of the rocket on the launcher systentluded by applying the

49



plume force on the fixed platform. Plume force is directly carried on the fixed
platform by considering the elevation and azimuth platforms are rigid since
measuring the rocket launcher system's behavior in a faster way isaime

concern.

4.2 Modeling Method and Meshingof the Simplified Finite Element Model

Simplified FE modelis composed of 55,000 DOF. Shell and beam elements are
utilized in order to generate this model in order to minimize the DOF. Moreover, in
the noncritical zones some simplifications are performed such as filling little holes
and deleting chamfers. Stabilizers and outriggers are modeled with beam elements.
Hydraulic system in the stabilizers and the outriggers are modeled as truss elements

by giving stffness in the axial direction.

Clamp attachments between the chassis and the auxiliary chassis are modeled.
Beam elements are used in order to represent the bolts between upper and the lower

parts of the clamp attachments. Clamp attachments are sh&igune42.

Figure 42. Clamp attachments of thesimplified rocket launcher system
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Both chassis' and auxiliary chassis' cross members are modeled with beam
elements. Rigid constraints are utilized to represent the connection between chassis

and cross members. Some of the rigid connections of the cross members are shown

in theFigure43.

Figure 43. Rigid connections of the cross members

For modeling both truck head and cradle, lumped mass with ineetiased and

rigid constraints are used for connections. For other lumped masses, force
distributed connections are utilized. Contact is defined between the chassis and the
auxiliary chassis in order to take the stiffness of the both chassis and the yauxiliar
chassis into account. Friction coefficient is set as 0.1 for both static and dynamic

solutions. Another contact is defined between auxiliary chassis and the lower part of
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the clamp attachment. Meshsiinplified rocket launcher finite element model can

be seen irrigure44.

Figure 44. Simplified rocket launcher system

The nmeshedsimplified rocket launcher finite element model can be seen without

lumped masses and by showing the beam elements' sh&pgsreds.
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Figure 45. Simplified rocket launcher system without lumped masses

Meshed simplified rocket launcher finite element model can be seen without
lumped masses and by showing the beam elements' sh&pgared6.
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Figure 46. Simplified rocket launcher system with beam elements' shapes

4.3 Material Properties and Boundary Conditionsfor the Simplified Finite
Element Model

In the rocketlauncher model, every part roduced from S87 steel material.

Properties of S87 steel can be seenTablel.

Zero displacement in three axes as the boundary condition is applied to the
stabilizers' and outriggers' bottom positions. Spherical joint approximation is used

for modeling the connection between stabilizers, outriggers and the ground.

In Figure 47, boundary condition of theimplified rocket launchelFE modelis

shown.
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Figure 47. Boundary condition of the rocket launcher gstemFE model

4.4 Modal Analysisof the Simplified Finite Element Model

In order to understand the dynamic behavior of the rocket launcher system, modal
analysis is done. For modal analysis, zero displacement in three axes as the
boundary condition is applied to the stabilizers' and outriggers' bottom positions.
Spherical join approximation is used for modeling the connection between
stabilizers, outriggers and the ground. Furthermore, glue contact is applied between
chassis and the auxiliary chassis and other contact areas in order to get a linear

finite element model.

Whenthe most significant modes are compared with the detailed model, it is seen
thatMode shape are so similarOn the other hand, natural frequencaes higher
due to the fact thasimplified model includes more rigid connections. Modal

analysis results agven in theTable3.
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Table 3. Modal analysis results of thesimplified model

DetailedFE model

Simplified FE model

Mode No Natural Natural
Frequencie$Hz) Mode No FrequenciegHz)
1 3.0 1 3.6
2 3.7 2 4.2
7 6.4 4 7.1
9 8.8 5 9.4
10 10.5 7 11.0
11 12.5 9 12.9
13 16.2 12 17.8
19 23.4 15 24.8
20 24.5 16 26.5

When the natural frequencies of the detaf&dmodelandsimplified FE modelare

compared, it can be seen that the difference is less than 20%.

The node shape of thesimplified model (given in the right side) witlhode shape

of the detailed model (given in the left side) are given below.

Comparison of the fst mode shape of detail€®E modeland the first mode shape
of simplified FE modelis given inFigure48. The mode shapes are similar since the

torsion mode of the cradle is significant in both modes.
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Figure 48. Comparison of the first mode shape of detaileBE modeland the

first mode shape ofsimplified FE model

Comparison of the second mode shape of det&lkeanodeland the second mode
shape ofsimplified FE modelis given inFigure 49. The mode shapes are similar
since the torsion mode of the front part of the chassis is significant in both modes.

Figure 49. Comparison of the second mode shaé detailed FE modeland the
second mode shape aimplified FE model
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Comparison of the seventh mode shape of det&ieanodeland the forth mode
shape ofsimplified FE modelis given inFigure 50. The mode shapes are similar

since the bending mode of the chassis is significant in both modes.

Figure 50. Comparison of the seventh mode shape of detail€dE modeland

the forth mode shape okimplified FE model

Comparison of the ninth mode shape of detaiEdnodeland the fifth mode shape
of simplified FE modelis given inFigure51. The mode shapes are similar since the

bending mode of the chassis in the transverse direction is significant in both modes.

58



Figure 51. Comparison of the ninth mode shape of detaileBE modeland the
fifth mode shape ofsimplified FE model

Comparison of the tenth mode shape of detadlEdmodeland the seventh mode
shape ofsimplified FE modelis given inFigure 52. The mode shapes are similar
since the bending mode of the backward part of the chassis is significant in both

modes.

Figure 52. Comparison of the tenth mode shape of detailddE modeland the

seventh mode shape afimplified FE model
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Comparison of the eleventh mode shape of det&lednodeland the ninth mode
shape ofsimplified FE modelis given inFigure 53. The mode shapes are similar

since the longitudinal mode of the chassis is significant in both modes.

Figure 53. Comparison of the eleventh mode shape of detailédE modeland

the ninth mode shape osimplified FE model

Comparison of the thirteenth mode shape of detddEdmodeland the twelfth
mode shape a$implified FE modelis given inFigure 54. The mode shapes are
similar since the longitudinal mode of the chassis is significant in both modes.
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Figure 54. Comparison of the thirteenth mode shape of detld FE modeland
the twelfth mode shape oimplified FE model

Comparison of the nineteenth mode shape of det&lednodeland the fifteenth
mode shape o$implified FE modelis given inFigure 55. The mode shapes are
similar since the bending mode of the front part of the chassis is significant in both

modes.

Figure 55. Comparison of the nineteenth mode shape of detaildeE modeland

the fifteenth mode shape osimplified FE model
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Comparison of the twentieth mode shape of detdEdmodeland the sixteenth
mode shape o$implified FE modelis given inFigure 56. The mode shapes are
similar since the bending mode of the front part of the chassis is significant in both

modes.

Figure 56. Comparison of the twentieth mode shape of detaileBE modeland

the sixteenth mode shape dimplified FE model

4.4 Dynamic Analysisof the Simplified Finite Element Model

In order to perform the dynamic analysis of the rocket launcher system, static
analysis is performed under the rocket launcher system's own weight. Gravitational
acceleration is applied in order to take into account the weight of the rocket
launcher system. Dynamic rocket plume force is applied over the system when it is
in the staticequilibrium position. Plume force is directly carried on the fixed

platform by considering the elevation and azimuth platforms are rigid since
measuring the rocket launcher system's behavior in a faster way is the main
concern. The area on the rocket leler system where the dynamic load applied is

shown inFigure57.
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Figure 57. Fixed platform areas where dynamic load applied

As a result of the yhamic analysis, reaction force in the Y axigahered from the
stabilizers and the outriggers due to the fact thabffis directly affected from the
behavior of the rocket lauher system in Y axis. Moreover, displacement in the Y
axis of the mass center of the cradle is measured since cradle is modeled as a
lumped mass. In this model, the displacement of the center of the firing tube and the
mass center of the cradle are almgate in the Y axes. Same numbering system

for the stabilizers and outriggers is used for #@plified model. Numbering
system for the stabilizers and outriggers are shoviAgare58.
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Figure 58. Numbering system for the stabilizers and outriggers

In order to figure out the damping characteristic of the system, different damping
values are used and dynamic analysedtseate collected. Proportiondamping is
utilized in the FEA [26].

[€] = a[M] + BIKI]

(4.1)

The simplified FE modelis stiffer when it is compared with the detailé& model

since most of the connections are modeled with rigid elements. Therefore, damping

value of this system should be assigned in order to make a better approach.

Reaction force in the Y axis comparison can be seen related to constant mass matrix

multiahdecoblstant stiffness matrix multiplie
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Total reaction force in the Y axis comparison is giveRigure59.
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Figure 59. Total reaction force comparison in the Y axis

The eaction force of L1 in the Y axis comparison is givefigure60.
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Reaction Force Comparison of L 1
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Figure 60. Reaction force comparison of L1 in the Y axis

The reaction force of L2 in the Y axis comparison is givefigure61.
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Reaction Force Comparison of .2
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Figure 61. Reaction force comparison of L2 in the Y axis

The eaction force of L3 in the Y axis comparison is giveRigure62.
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Figure 62. Reaction force comparison of L3 in the Y axis

The eaction force of L4 in the Y axis comparissrgiven inFigure63.
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Reaction Force Comparison of L4
1 N
5 09
= = BETA=0.000005
ER A~/ \
g 0,7 // \ , ——ALPHA=0.001&
S 06 BETA=0.000005
=N J
= =
g 0.5 J I BETA=0.01
= 0,4 \ V  —seTA-01
Z 0,3 \/
e A PHA=0.05 &
0,2 TTTTTTTTTTITT I T T I T T I T I I T I I T I T T I T I I T I I T I T T T T I T T I T T I T T I T T TIT I ITITTITTITITTITITT T
O O W MNODOMOIWMOIMN~I MM O W o~ BETA=0.08
D_h D_h L e I I A "?.T'_h o l.D_h l.D_h I“‘-_h CO_E CO_E o
O OO0 000 o000 o000 o0 o0 o oo oo o
Time

Figure 63. The reaction force comparison of L4 in the Y axis

When the analyses results awaluated, it is concluded that constant mass matrix

multiplier U is negligible effect on the
hand theconst ant stiffness matri x mul tiplie
damping characteristic of the systeroMeover , b should be def

value since the main material of the system is steel. FurthertherdetailedFE

modelr esul t s ar e

FE model results are examined in ordedétermine the damping valudherefore,
b i

U i
baseline model.

s selected as zero and s sel

e X ami n e din additemto teesel, detailed n g t

ect ed

Reaction forces of the stabilizers and outriggers in the Y axis are shown in the

Figure 64. The outrigger's reaction forces are higher than the stabilizer's reaction

forces as expected.
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Reaction Force Comparison of Stabilizers and Outriggers
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Figure 64. The reaction forces of the stabilizers and outriggers ohe baseline

model

The simplified model's cradle mass center is showfigure65. Tip-off values are

calculated from the cradle's mass center.
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Figure 65. The simplified model's cradle mass center

The dsplacement in the Y axis of the mass center of the cradle is giveigune
66.
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Displacement in Y axis
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Figure 66. The displacement in the Y axis of the mass center of the cradle (Fip
off)
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CHAPTER 5

TEST STUDY AND VERIFICATION OF FINITE ELEMENT
MODELS

Finite element method provides designers to evaluate their design. Although
calculations and analyses are done during the design period, they are not direct
proof that system works as desired. In the scope of this thesis work, the defailed
model and simplified model will be verified via experimental studies. Moreover,
any kind of measurements tried to be taken during test studies in order to provide
significant and valuable information about the system's real behavior. According to
the test results, degi can be modified or totally changed.

For a rocket launcher system static firing tests are crucial since rockets thrust force
can only be obtained via this method. After that, firing tests are performed in order
to verify the finite element models. At dir, firing tests are performed on the cradle
which includes fixed platform, azimuth platform, elevation platform and firing
tubes. After firing test results gathered from cradle model, firing tests of the whole
rocket launcher system are performed.

The raket launcher system prototype is manufactured and equipped with all
necessary electronic and mechanical elements. The real system is then tested under
actual operational conditions. Real firing tests are conducted on the rocket launcher
and certain measeiments are taken during tests. Some of these measurements are
reaction force measurements at stabilizers, outriggersthe hydraulic systemmand

displacement measurements from the elevation platfornorder to perform the

73



firing test, over 20 people @aworked as a group. Moreover, in order to gather the

aforementioned data, 3 person worked as a group.

5.1 Static Firing Tests

A static firing test is a kind of method to measure the rocket motor thrust force. The
details of the static firing tests areot in the scope of this work since brief
information is provided. On the other hand, static firing test results are used in order

to be an input for the finite element models.

There are different configurations for measuring the rocket motor's thrust fanc
example of widely used "Horizontal Thrust Measurement System" is given in
Figure67.

Figure 67. Horizontal thrust measurement system [1]
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Main purpose of measuring the rocket motor's thrust force is to maintain the motor
stable position during static firing tests. Load cells are utilized in order to measure
the thrust force. Load cell position the axial direction is crucial due to the fact

that thrust force occurs in the axial direction. Force measurements are collected in al

axis but forces other than axial direction are negligible small.

5.2 Firing Tests

Firing tests are hard to repeat sipceparation takes too much time, cost, effort and
military permissions. Therefore, taking as many data as possible is crucial.

At first firing tests performed over cradle which includes fixed platform, azimuth
platform, elevation platform and firing tube In order to verify the cradle,
launching vehicle is not included in this firing test. Instead of launching vehicle
concrete platform is used. On the concrete platform, a steel plate is positioned. Four
leg parts are positioned on the steel plate inrotaeyather the strain gauge data.

Positions of the legs are shownFigure68.
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Figure 68. Positions of the cradle legs [1]

Moreover, potentiometer data is gathered from the specified parts of the cradle.
Positions of the potentioaters on the azimuth platform aieown inFigure69.

Figure 69. Potentiometer locations on the cradle
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Comparison of the test results and finite element model is studied and finite element

model of the cradle is verified.

Second firing test is performed over the rocket launcher system that launching
vehicle is included. In order to understand the dynamic behavior of the rocket
launcher system, elevation platform's displacement and reaction force measured
from the stabilizes and outriggers are measured during the firing tests. Actual
rocket launcher system is showrFigure70.

Figure 70. A representative rocket launcher system

Stabilizers and outriggers have driven by hydraulic system. Moreover, hydraulic
pressure is measured at any time from the hydraulic control system. Reaction force

data is measured from the hydraulic pressureeétabilizers and outriggers.
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Tip-off is measured from the displacement of the elevation platform's tip point due
to the fact that displacement of the firing tube's center point is tabtbaneasure.
Plume gases covéhe front part of the firing tube. Therefore, taking measurement

is not possible. Laser distance sensors are utilized to measure the elevation
platform's tip point. Laser distance sensor set up is shoWwigume71.

Figure 71. Laser distance sensor set up on a representative system

Laser distance sensor is optoelectronic sensor forcaptact distance. There is a
sensorand a reflector in this system. Both sensor and reflector works according to

the phase comparison principle.
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Reaction forces of the stabilizers and outriggers in the Y (@gposite direction

with the gravity)as normalized by itself are givenkigure72.
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Figure 72. Reaction forces of the stabilizers and outriggers in the Y axis

The dsplacement in the Y axi®pposite direction with the gravitgf the elevation
platform's tip point is given ifrigure73. The tipoff values are calculated from the

tip point of the elevation platform.
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Figure 73. Displacement in the Y axis of the tip point of the elevation platform

5.2 Verification of the Finite Element Models

Finite element modelarecreated by using some approximations. In order to figure
out the success of these approximations, comparison should be performed with the
actual system. Therefore, detailed finite element modelsanglified model are
compared wh the prototype rocket launcher system by comparing the reaction
forces and displacements. Same numbering method is used for the actual system.

At first, total reaction forces are compared in order to understand the
transmissibility of the models. Totakaction forces are calculated by adding all
stabilizers and outriggers with respect to timeorder to examine the behavior of

the systemTotal reaction force comparison is showrrigure74.

80



Total Reaction Force Comparison
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Figure 74. Total reaction force comparison

Total reaction forces are seems so close by magnitude. This shows that
transmissibilityof the finite element models similar with the actual model. On the
other handsimplified model get response more quickly. This is a sign for rigidity of

thesimplified model is higher.

The reaction forces for the stabilizers and the outriggers are examined individually.

Reaction foce of the left and front stabilizer is shownrFigure75.

Reaction Force Comparison of L1

\ A=\ a
0,9 \\“M&.y

Normalized Reaction Forces

0,8 ———PROTOTYPE
0,7 - ——— DETAILED FE MODEL
SIMPLIFIED FE MODEL

0,6
0,5 TrTTTTTTTTTTTTTTTTTTTT T TTTTTITTTTITI T ITITITITT

o v M~ W st M o~ 00 M D s Mmoo D

D__ D__ — ™~ 'Qf__ oo L.O__ L.O__ I“'-__ CO__ =3} D__

o O O O o o0 o0 o0 o o oo oo o o

Time

81



Figure 75. Reaction force of L1

The reaction force of theght and front stabilizer is shown Figure76.
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Figure 76. Reaction force of L2

The eaction force of the left and backward outrigger is shovwigare77.

82




Reaction Force Comparison of L3
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Figure 77. Reaction force of L3

The eaction force of the right and backward outrigger is shoviigare78.
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Figure 78. Reaction force of L4
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the dsplacement®f the cradles in the Y axese shown inFigure79. For actual
system, displacement of the tip point of the cradle in Y axes is measured and used
for tip-off calculation. For the detailellE mode] displacement of the firing tube's
center inY axes is calculated and used for-aiff calculation. Forsimplified FE

mode| displacement of the cradle's mass center in Y axes is calculated and used for

tip-off calculation.

Displacement in Y axis
0,7 /"
b
(=]
=T 0,2
= = PROTOTYPE
= T1
k) ~ o
g Q| S e=——DETAILED FE MODEL
g 0,3 of-
= SIMPLIFIED FE MODEL
=]
Z
_0(8 -
-1,3 _
Time

Figure 79. Displacement in Y axis (Tipoff)

Magnitude of thesimplified FE modeltotal, L1 and L2 reaction forces are similar
with the detailed model. The difference betwesmplified FEM and detailed
model is 10% and prototype is 15% duringaip phase.
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Magnitude of thesimplified FE modeltotd, L3 and L4 reaction forces are nearly
the same with the detailed model. The difference betwreplified FE modeland

detailed model is 2% and prototype is 10% duringpfipphase.

The difference betweesimplified FE modeland detailed~E modelin magnitude of
the displacement in Y axis is 10%daprototype is 8%. SimplifiedFE modelis
among the detaileBE modeland prototype during tiff phase.

On the other hand, there is a phase difference betgiegplified FE modeland
detailedFE modeldue tothe fact that dynamic load is applied to firing tube in the
detailedFE modeland fixed platform in theimplified FE model

When the results are examined, it can be concluded thasimogtified FE model

and detailedrE modelare verified.
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CHAPTER 6

INDIVIDUAL EFFECTS OF THE PARAMETERS

Simplified model that includes necessary kinematic and elastic connections is
created in order to decrease preparatio tieffort,computation cost and get faster
results. Detailed finite element model takes rtmach time to generate and it is hard

to modify and make the analysis again and again. Therefore, parametric model has a
huge advantage on detailed model on preparation time and making modifications. In
this chapter, individal effects of theparameters arexamined. Parameters are
clamp attachment positions on the chassis, outrigger deployment, stabilizer case
cross section and outrigger case cross section. These parameters are defined in the
APDL code. Therefore, they can easily be changed, analysis gaerfoemed for

each case and results can be gathered.

6.1 Clamp Attachment Positions

The rocket launcher system has 3 couple of clamp attachments. First and second
couples are so close to the front part of the chassis. Moreover their positions are
restricted by the cross members. Therefore third couple's positions will be changed

in thesimplified model. In the preseiE modelthe third clamp attachment couple

is so close to the fixed platform's position. The distance between the third clamp
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attachment rad the fixed platform is increased. Clamp attachments are shown in

Figure80 and clamp attachment couples are showkigire81.

Figure 80. Clamp attachments' positions on the chassis

Figure 81. Clamp attachment ®uples on the chassis

The distance of the third clamp attachment couple is measured from the front part of

the chassis. The distance values for the different cases are shoalriad.
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Table 4. The distance values of the third clamp attachment (Normalized to

baseline)
Model Name Distance From the Tip Poir
Baseline 1
CAP1 0.9
CAP2 0.8

Measuring method for the distance of the third clamp attachment is shéwgune
82

Figure 82. Third clamp attachment's position measurement method

Third clamp attachment position of the CAP1 model is shovwigare83.

88



Figure 83. Third clamp attachment's position of CAP1 model

Third clamp attachment position of the CAP2 modshiswn inFigure84.

Figure 84. Third clamp attachment's position of CAP2 model
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Reaction forces and displacement of the mass center of the cradle results are
compared in order to figure out the effect of the third clamp attachment position
change. At first total reaction forces of all the stabilizers and the outriggers are

compared. is comparison is shown Figure85.
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Figure 85. Comparison of the total reaction forces

The reaction force comparison for the left front stabilizer is showfignre86.
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Figure 86. Comparison of the reaction forceof L1

Reaction force comparison for the right front stabilizer is showtigare87.

1,00
0,95
0,90
0,85
0,80
0,75
0,70
0,65
0,60

Normalized Reaction Forces

Reaction Force Comparison of L2

\ I = Baseline
\ I e C AP 1
\ I —CAP2
TTTTTTTITTIT I T T I T I T I T I T I T I T I T I T I T T T I T I T I T IT ITIT ITTITTTITTITTIT TTTTTTTTTITTTl
O = O W ™0 Mo O M~MO s O W o
D__ D__ i B B B ar B e} 'Q'__ o L.D__ L.D__ I""-__ CO__ OO__ o
OO oo oo oo oo oo oocoooo

Figure 87. Comparison of the reaction forces of L2
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Reaction force comparison for the left backward outrigger is showigure88.
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Figure 88. Comparison of the reaction forces of L3

Reaction force comparison for the right backward outrigger is showigume 89.
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Figure 89. Comparison of the reaction forces of L4
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Displacement of the mass center of the cradle comparison is shéigure90.

Displacement in Y axis
0,8
0,6 A
o 04 —
= - _
Z 0 T T T T T T T T T T T T T T 1 T I\I TTTTTTTTIRT T TTRIT T TT I..'1_| Basel”’]e
. O @ ™~ W st M M Mmoo Mmoo
2 '0;2 OO — ™M sy w9 N | oo
;g 5 o O O © O oW © g o © o 4 =—CAPl
= -0,4 \ ] —
- | f
g 06 | N CAP2
-0,8 \VI
-1
-1,2 -
Time

Figure 90. Comparison of the mass center of the cradle in Y axis

Changing the position of the third clamp attachment coupleoisa significant
parameter for the dynamic behavior of the rocket launcher system since both
reaction forces and the tgff values are alters beggarly. On the other hand, keeping
third clamp attachment couple far from the fixed platform reslube stifiness
advantage of the chassis. Therefore;ofifpvalue increases 1% for CAP1 and 3%

for CAP2 models due to decrease in stiffness.

6.2 Outrigger's Deployment

The rocket launcher system has a stabilizer couple and outrigger couple. Stabilizers
cannot be deployed in the horizontal direction. On the other hand outriggers can be

deployed in the horizontal direction via a hydraulic system. Outrigger's deployment
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rato has an effect on the dynamic characteristics of the rocket launcher system.
Deployment in the vertical axis is remained the same when the deployment in the
horizontal axis is changing. Deployment ratio in the horizontal axis is restricted by
the strokeof the hydraulic system. Stabilizers and outriggers are showv#ngure

9L

...-—X %—IO —--i.

Figure 91. Stabilizers and outriggers of the ocket launcher system

The deployment is measured from the beginning of the outrigger. The deployment

ratio values for the different cases are shownhahleb.

Table 5. Deployment ratio values of the outriggers (Normalized to baseline)

Model Name Deployment Ratio
Baseline 1

DR1 0.8

DR2 0.6
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Measuring method for the distance of the third clamp attachment is shéugune
92

X %—1-’)

Figure 92. Outrigger's deployment ratio measurement method

Outrigger deployment of the DR1 model is showigure93.
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Figure 93. Outrigger's deployment of DR1 model
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Outrigger deployment of the DR2 model is showigure94.

Figure 94. Outrigger's deployment of DR2 model

Reaction forces and displacement of the mass center of the cradle results are
compared in order to figure out the effect of the deployment ratio. At first total
reaction forces of all the stabilizers and the outriggers are compared. This

comparison is showin Figure95.
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Total Reaction Force Comparison
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Figure 95. Comparison of the total reaction forces

Reaction force comparison for the left front stabiliseshown inFigure96.
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Figure 96. Comparison of the reaction forces of L1

Reaction force comparison for the right front stabilizer is showgare97.
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Figure 97. Comparison of the reaction fores of L2
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Reaction force comparison for the left backward outrigger is showigure98.

1,10

1,00

0,90

0,80

0,70

0,60

Normalized Reaction Forces

0,50

Reaction Force ComparisonofL3

= Baseline

DR1

——=DR2

Figure 98. Comparison of the reaction forces of L3

Reaction force comparison for the right backward outrigger is showigume 99.
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Reaction Force Comparizon of L4
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Figure 99. Comparison of the reaction forces of L4

Displacement of the mass center of the cradle comparison is shé&gure100.
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Figure 100. Comparison of the mass center of the cradle in Y axis
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Decreasing the deployment ratio of the outriggers is significant for the dynamic
behavior of the rocket launcher system since both reaction forces and-te tip
values ag affected. On the other hand, system behavior is similar durirgjftip

phase and difference is less than 2%.

After rocket leaves the firing tube reaction forces and displacement in Y axis are
changed and phase shift occurs due to rigidity increaselabgpent in Y axis is

reduced 7% for DR1 and 10% for DR2. Moreover, the rocket is not affected from
the rocket launcher system's behavior during the free flight phase. Therefore,

deployment ratio change can be taken into account for successive firings.

6.3 Stabilizer's Cross Section Modification

The rocket launcher system has a stabilizer couple. Stabilizer's cross section has an
effect on the dynamic behavior of the rocket launcher system since the stiffness of
the system alters dependently. Stabilzerbss section can be changed by changing
the thickness of the stabilizer profiles easily due to the fact that stabilizers are

modeled with beam elements. Stabilizers are showgime101

____X %-I 0

Figure 101 Stabilizers of the rocket launcher system
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The thickness values of the stabilizer couple are showWwahie6.

Table 6. Thickness values of the stabilizers (Normalized to baseline)

Model Name Thickness
Actual Design 1

ST1 0.75

ST2 0.5

Changing method for the thickness of the stabilizers is shoWwigure102
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Figure 102 Stabilizer's thickness changing method

Displacements of stabilizers and outriggers in the transverse direction (in Z axis)
and displacement of the mass center of the cradle results are compared in order to

figure out the effect of the stabilizer's thig@ss change. Mid points of stabilizers
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and outriggers where displacement values are collected shown is shégurea
103

Figure 103 Mid points of the stabilizers and outriggers

Displacement comparison in Z axis for the left front stabilizer is showfiguare
104
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Displacement of L1 Comparisonin Z axis
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Figure 104. Comparison of the displacement of L1 in Z axis

Displacement comparison in Z axis for the right front stabilizer is shovagire
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Figure 105 Comparison of the displacement of L2 in Z axis
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Displacement comparison in Z axis for the left backward outrigger is shown in
Figurel06.

Digplacement of L3 Comparisonin Z axis
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Figure 106. Comparison of the displacement of L3 in Z axis

Displacement comparison in Z axis for the right backward outrigger is shown in
Figurel07.
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Figure 107. Comparison of the dsplacement of L4 in Z axis

Displacement of the mass center of the cradle comparison is sh&guie 108

106




Figure 108 Comparison of the mass center of the cradle in Y axis

Decreasing the thickness of the stabilizer's cewahanges in the behavior of the
stabilizers. It can be concluded that stress values are increased as a result of
thickness reduction due to the fact that displacement in the Z axis are increased up
to 10%.

On the other hand, outriggers are affected leass 1%.

Moreover, tipoff values are increased 2.3% in ST1 and 3.8% in ST2 since the
stiffness of the stabilizers decreased.

Stress calculations are significant when compared to thefftivalues for
stabilizers' thickness reduction.
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