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INVESTIGATION OF THE EFFECT OF RADIAL BOLT CONNECTIONS
ON STRUCTURAL BEHAVIOR IN CYLINDRICAL CFRP BODIES BY
FINITE ELEMENT ANALYSIS

SUMMARY

Rockets are generally designed with cylindrical bodies to have more aerodynamically
efficient performance. For this reason, more than one method is used to join bodies.
Among these methods, the butt lap joint method is often preferred for rocket bodies to
transfer load in material strength and shape connection. In this context, radial bolt
connections are mostly preferred to limit 6 DOF. Bolt heads are hidden with special
cut-outs to reduce aerodynamic drag in rocket bodies made of metals. However, this
method causes deterioration of fiber integrity and reduction in structural stiffness in
carbon fiber reinforced polymer (CFRP) material bodies.

Before the analyses on the cylindirical body, a tensile test model was performed on a
simple plate model in order to verify the modeling on the ACP module. In line with
this preliminary analysis, a tensile test study examining the bolt loading on a flat CFRP
plate was taken as the basis. There are many studies on the subject mentioned in the
literature. The selected study was preferred because it has the closest alignment to the
stacking up model to be used in the main analyses.

The CFRP material plate was first modeled in the ACP module and the effect of the
loading declared in the study was examined with static structural analysis. In the study,
the accuracy rate of the analysis was increased by performing analysis on 2 models
whose test results were shared. The error rate was obtained as 6.7% and 8.3%. The
reason of this error is material characterization differences, mesh distribution and
analyze modeling errors. Thus, it was shown that the analysis model worked correctly.

Under rocket maneuver, the effect of bending force acts as tensile and compressive
force on the radial bolts. In this study, the effects of radial bolt connections and bolt
head clearance depth on structural stiffness of two-cylinder structures made of CFRP
under bending load were investigated. Analyses were performed in Ansys ACP
module using the finite element method. The effects of different depth configurations
on stiffness were compared in terms of stiffness. It was observed that the displacement
and maximum stress were higher than the 1 mm bolt head discharge when there was
no planar contact surface for the bolt head. It was observed that the bolt head deformed
the bodies until it transferred the load to a flat surface. It is evaluated that this situation
poses a danger to the flight of the rocket. On the other hand, it was determined that
structural stiffness decreased with the deepening of bolt head cuts.

In the literature, CFRP and mechanical connection modeling have generally been
examined with plates. In this study, it is aimed to provide a different perspective to the
literature by through the analysis of cylindrical structures. In future studies, it is
expected that the study will be detailed by adding flight conditions such as vibration
and temperature to this connection area.
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SILINDIRIK CFRP GOVDELERDE RADYAL CIVATA
BAGLANTILARININ YAPISAL DAVRANISA ETKIiSiNiN SONLU
ELEMANLAR ANALIZI iLE INCELENMESI

OZET

Roket ve fiize sistemleri, kullanci tarafindan talep edilen ana gérev dogrultusunda
tasarlanmaktadir. Bu ana gorev gereksinimine gore, alt sistem gereksinimleri ortaya
cikmaktadir. Alt sistemler, hem elektroniksel hem de mekanik islevlere sahip
olabilmektedir. Bu islevlere bagl olarak alt sistemler, boyutlarina gore roket tizerinde
bir bolge veya bir bolge igerisindeki kiiciik bir modiil olarak paketlenebilmektedir.

Alt sistemler, islevlerinin dogru yerine getirebilmeleri i¢in iist sistem olan roketten
baz1 gereksinim taleplerinde bulunabilmektedir. Ornegin, roketlerde ivlenme hakkinda
veri {ireten ataletsel 6l¢iim birimi (AOB) giidiim icerisinde yer alan bir alt sistemdir.
Ancak AOB, dogru &lgiim verileri sunabilmek igin roket sisteminden eksenelligin
bozulmamasini talep etmektedir. Bu sebeple, manevra altinda gdvdeler arasinda
olusacak deplasmanin kalic1 olmasi eksenelligi bozarak AOB’nin yanlis hesaplama
yapmasina sebep olabilmektedir. Bu sebeple, govdelerin katiligi dogrudan ugusu
etkileyen 6nemli bir parametredir.

Roketler, aerodinamik olarak daha verimli bir performansa sahip olmalart igin
genellikle silindir govdelerden tasarlanmaktadir. Bu govdelerin birlestirilmesi i¢in
literatiirde birden fazla yontem bulunmaktadir. Bu ¢alisma kapsaminda, i¢ ice gecme
baglant1 tipi lizerine ¢aligilmaktadir. Bu baglant1 tipinde, 6 serbestlik derecesinden 4
tanesi olusturulan sekil bagi ile kisitlanmaktadir. Geri kalan 2 serbestlik derecesi olan
ucus yoniinde ayrilma ve rotasyon serbestlikleri de radial pin veya civatalar ile
engellenmektedir. Bu ¢alisma kapsaminda, roket govdelerinin yapisal baglantilarinda
radyal civata baglantilar1 kullanilmaktadir.

Roketlerin ugus sathasinda maruz kalacaklar ytliksek sicaklik ve yiiklerden kaynakli,
cogunlukla metal govdeli tasarimlar tercih edilmektedir. Ancak, bu durum yapisal
olarak agirligi arttirmaktadir. Ayrica, agik langerlerden yapilan roket atiglarinda
roketler dogrudan iklim kosullarina maruz kalmaktadir. Bu durumda metal govdeli
roketlerde paslanma durumu meydana gelebilmektedir.

Agilik hafifletme ve agik atis gibi kosullar g6z 6ntinde bulunduruldugunda kompozit
govdelerin kullanimi 6nem arz etmektedir. Ancak, yukarida bahsedildigi iizere yiiksek
yapisal dayaniklilik ve termal gereksinimlere gore tasarimin optimize edilmesi
gerekmektedir. Bu ¢alisma kapsaminda, yiiksek katilik istenildigi i¢in cam fiber ve
yiiksek maliyeti sebebiyle ise kevlar fiber malzemlerin sec¢imi tercih edilmemistir. Bu
dogrultuda, karbon fiber takviyeli polimer (CFRP) malzemesi se¢ilmistir.

Metal govdeli roketlerde, aerodinamik siiriiklenmeyi azaltmak igin radial civatalarin
baslar1 6zel bosaltmalar ile govdeye gOmiilmektedir. Ancak bu yontem, CFRP
malzemeli govdelerde fiber biitlinliigliniin bozulmasina ve yapisal katiligin diismesine
sebep olmaktadir.
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Boylelikle ¢alisma kapsaminda, CFRP’den iiretilen i¢ ice gecen ikKi silindir yapinin
radyal civata baglantilar1 ve civata basi bosaltma derinliginin yapisal katiliga
tizerindeki etkisi sonlu elemanlar yontemi ile analiz edilmistir. Analizler, civata basi
gomiilme derinligi 1 mm, 2 mm, 3 mm ve hi¢ boslatma olmayacak sekilde 4
konfiligrasyon olarak gergeklestirilmistir.

Bu analizlerin sonucu olarak, miihendislik tasarim pratigine gore civata kafasi
bosaltmasi olmayan konfigiirasyonun fiber yonelimini en az deforme etmesi sebebiyle
en yiiksek katiliga sahip olacagi beklenmektedir. Ancak bu analizler ¢er¢evesinde, diiz
civata kafasina silindirik govde temasi olacagi sebebiyle, yiiksek gerilme yigilmalar
goriilmesi  beklenmektedir. Bu duruma baglh olarak, boslatma olmayan
konfigiirasyonun beklenenin aksine en yliksek dayanim igeren konfigiirasyon olmadigi
iddia edilmektedir.

Analizler i¢in oncelikle tanimlanan kati model mesh atilarak Ansys ACP modiiliine
aktarilimistir. ACP igerisinde katmanlandirma ¢alismasi yapilarak statik yapisal analiz
modiiliinde yiikleme bilgileri, temas bolgeleri ve sinir kosullart tanimlanmigtir. Ayrica
civatalar da kiris eleman1 olarak bagka bir geomeri modiiliinde modellenmis ve ayni
statik yapisal modiile gomiilmiistiir. Civata kafasinin govdeye etkisi, kiris elemanin
nodlari ile temas alanindaki nodlar arasindaki temas tanimlamasi ile yapilmistir.

Analizler 6ncesinde, ACP modiilii tizerindeki modellemeyi dogrulamak amaciyla basit
bir model {iizerinde c¢ekme deneyi modellemesi yapilmistir. Bu On analiz
dogrultusunda, diiz bir CFRP plaka iizerindeki civata yiiklemesini inceleyen ¢ekme
testi ¢alismasi temel alinmistir. Literatiirde belirtilen konu {izerine bir¢ok ¢alisma
mevcuttur. Segilen ¢alisma ise, asil analizlerde kullanilacak katmanladirma modeline
en yakin dizlime sahip olmasi sebebiyle tercih edilmistir.

CFRP malzemeli plaka, oncelikle ACP modiilinde modellenmis ve statik yapisal
analiz ile c¢alismada beyan edilen yiiklemenin etkisi incelenmistir. EK olarak,
calismada beyan edilen 2 farkli numune iizerinde analiz ¢calismas1 gergeklestirilerek
analizin dogruluk orani arttilmak amaclanmistir. Temel alinan ¢alismada, 0.254 mm
deformasyon goriildiigii beyan edilmektedir. Analizler kapsaminda ise 0.271 ve 0.233
deformasyon miktarlar1 tespit edilmistir. Hata orani ise %6.7 ve %8.3 olarak elde
edilmistir. Bu hatanin kok nedeni olarak ise, malzeme karakterizasyon farklari, ag
yapist ve modelleme yanlislar1 olusturmaktadir.

Asil analizlerin sonucu olarak, maksimum gerilme, toplam deformasyon miktari ve en
yiiksek kompozit elemanin geri donililemez hasara ugradigi iist civatanin etki
alanindaki hasara ugrayan eleman miktar1 elde edilmistir. Elde edilen sonuglar
tizerinden su ¢ikarimlart yapmak miimkiindiir,

Civatalar ve silindir gdvde arasindaki temas yiizeyi sebebiyle, hi¢ bosaltma olmayan
konfigrasyonda elde edilen gerilme (903.79 MPa), Imm bosaltma olan konfigiirasyona
(792.01 MPa) gore yliksek cikmaktadir. Bu durum, gevrek bir yapida olan matris
elemani yani polimer malzeme i¢in ¢atlak olusumuna sebep olma ihtimaline sahiptir.
Ozellikle yiiksek ugus siiresine sahip gérevlerde, bu gerilme yigilmasia baglh catlak
olusumu ve ilerlemesi goriilmesi ihtimali bulunmaktadir.

Maksimum gerilme keza 1 mm’lik konfigiirsayondan 2 mm’lik konfigiirasyona
gecerken de azalmaktadir. Ancak, 2 mm’lik durumda civatalarin temas ettigi alandaki
gerilme yogunlugu artmaktadir. Bu duruma bagli olarak, daha fazla elemanin yapisal
biitlinliigii bozulmakta ve katilik diigmektedir.
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Civata gomiilme derinligi artis1 na bagh olarak, deliksiz konfigiirasyon ile 1 mm
arasinda % 6,2 katilik kazanci s6z konusu iken, 1 mm’den 2 mm’ye gecerken % 25.7
ve 2 mm’den 3 mm’ye gegerken % 23 katilik kayb1 gbzlemlenmistir.

Manevra yiikiinlin davranisindan kaynakli, civatalara etkiyen yiik dagilimi civata
pozisyonlarina gore degismektedir. Yiikiin etki ettigi z ekseninde en iistte kalan civata
en ylksek ¢ekme ylikiine maruz kalirken, en altta kalan civata ise en yiiksek basma
yiikiine maruz kaldig1 goriilmiistiir. Bu baglamda, maksimum gerilme ve gerinimler
bu civatalarda gézlemlenmistir.

Biikme yiikiiniin notral eksenine yaklastik¢a, o bolgedeki civatalarda yilik olusmadigi
tespit edilmistir.

Civatalara etkiyen yiikiin dagilimi dogrudan manevraya yoniine bagli olarak
degismektedir. Bu sebeple, tasarim asamasinda manevra yonii detaylica tanimlanirsa
civata bolgelerinin dayanimlar1 da detaylica tasarlanma imkanina sahip olmaktadir.
Katman kalinliklari, fiber oryantasyonu ve civata tipi manevranin detaylandirmasina
bagli olarak degistirilebilecek parametrelerdir.

Literatiirde CFRP ve mekanik baglanti modellemesi genellikle plakalar ile
incelenmistir. Bu ¢aligmaya en benzer olan galismalar kapsaminda ise, kompozit
basin¢h silindir tank uygulamalar1 bulunmaktadir. Bu calismada silindirik yapilarin
biikiilme kuvveti altinda incelenmesiyle literatiire farkli bir bakis acis1 kazandirilmasi
amaclanmaktadir. Ayrica, literatiirdeki bircok uygulamada modelleme kabuk eleman
olarak yapilmistir. Bu yonii ile ¢aligma literatiirdeki kat1 eleman modellesi ile de farkli
bir yere sahiptir.

Analizlerin modellemesi kapsaminda, bazi dinamikler basitlestirilmis olup, bazi
varsayimlarda bulunmustur. Bu durumlar sebebiyle gercek kosullardan
uzaklasilmistir. Ornegin modelleme kapsaminda, ucus sirasinda ortaya cikacak
aerodinamik 1sitnmanin malzeme dayanimina etkisi, titresimin baglant1 bolgesindeki
etkisi ve irtifa degisiminden kaynakli azalan dis basing etkisi gibi etkilerin olmadigi
varsayllmigtir. Civatalarin dislerinin dogrudan kompozit govdeye agilan dislerden
destek aldig1 distiniilmiistir. Bu sebeple, yik altinda dislerin siyirmadigi ve
civatalarin govdesinde yapisal olarak deformasyon olmadigi kabul edilmistir. EK
olarak modelleme mentalitesi olarak, siiperpozisyon yontemi kullanilmigtir. Bu
yontem ile sadece baglant1 bolgesine odaklanilmis olup yap1 daha kiiciik bir halde
analiz edilmistir.

Bu calismanin analiz temelli olmas1 sebebiyle, analizlerin detaylandirilmasi ve test
edilerek dogrulanmasi gibi bir¢cok gelecekte yapilabilecek ¢alisma i¢in temel niteligi
tasimaktadir. Gelecek ¢aligmalarda ise baglanti bolgelerine etki eden titresim, sicaklik
degisimi ve sok gibi gergek ugus kosullarinin da eklenerek analizlerin
detaylandirilmasi diisiiniilmektedir. Ek tasarim c¢alismasi olarak, deliklerde vida zirhi
(helicoil) uygulamasi yapilmasi ve bu uygulamanin civata dayanimina etkisi
incelenebilir. Boylelikle varsayim miktart da azaltilabilir. Ek olarak, yapilan bu
analizlerin de gelecek g¢alismalarda oda kosullarinda biikkme testlerinin
gerceklestirilmesi ve atigh testler ile dogrulanmasi durumlari da bulunmaktadir.

XXV






1. INTRODUCTION

Generally, systems that convert the high-energy fuel inside into gas by combustion
reaction and pass it through a nozzle and thus produce thrust are called rockets (Sutton
& Biblarz, 2016). The designs of rockets are formed according to the main mission
decided upon in the conceptual design phase in line with the user's demand. Example
of this design mission is, to shoot down an aircraft, hit a ballistic target, or destroy a
tank target. Rockets consist of various subsystems in line with their main mission
(Hongxing et al, 2023). Each subsystem is a mechanical or avionic subunit that
performs a specific function so that the rocket can fulfill its main mission. As can be
seen form Figure 1.1, depending on their sizes and functional requirements,
subsystems can be located separately on the rocket or as integrated units to cover a

specific area.

Su bsys}em Cg Rocket Cg
A
s .
\ F J
| l Y
Subsystem Part Superposition Body of Rocket
Section

Figure 1.1 : Rocket Body and Subsystem.

Subsystems preferred in line with the main mission may demand special structural
requirements from the rocket structural system. There are various methods used by
rockets to calculate their own positions during flight. One of these methods, the Inertial
Measurement Unit (IMU), produces information about the motion dynamics of the
missile with the gyroscopes and accelerometers it contains. For example, in the case
of using the Inertial Measurement Unit, the axiality must not be disrupted under the

maneuver for the measured data to be meaningful (Fekete & Varadi, 2012). For this



reason, it is critical for subsystems such as the IMU that the loading that occurs under

the maneuver does not cause permanent damage between the bodies.

There are many methods in the literature for the connection methods of rocket bodies
(Caywood, Rivello, & Weckesser, 1983). Butt connection which can be seen Figure
1.2 is one of these methods and is preferred in many applications. However, in this
application, all the load flows in the form of tension and compression flowing to the
bolts. It is also a difficult method for the integration of bodies. For this reason, it was

not selected in this study.

Figure 1.2 : Butt to Butt Joint Type.

In the study, the type of butt lap joint commonly used in rockets was preferred can be
seen in Figure 1.3. Due to the shape connection they create, butt lap joints are
frequently preferred in order to provide a safe and rigid connection in applications
requiring high stiffness. The purpose of this connection method is to absorb the

maneuver load with material strength and bolts.



Figure 1.3 : Butt Lap Joint Type.

In the butt lap joint, 4 out of 6 DoF are constrained by shape connections. The
remaining 2 DoF are separation and moment on the flight axis. Bolts or pins are used
to limit these 2 DoF in the flight direction. In these types of connections, radial bolts
drilled along the body section are mostly preferred to provide ease of assembly. In the
scope of this study, it was preferred to fix the bodies with radial bolts.

1.1 Purpose of Thesis

Different bolt types can be used in designs according to assembly requirements. Bolts
are classified according to a series of features such as their heads, lengths, diameters,
and thread types (Jack, 2013). In rocket designs, it is preferred to embed the bolt heads

in the body in order to prevent extra drag.

According to Liu et al. (2022), bolt holes reduce the strength in CFRP structures due
to fiber orientation disruption. In addition, embedding the bolt heads into the body will
further disrupt the fiber orientation locally, further reducing structural stiffness and
strength. This study examines the strain, stress, and structural integrity of fibers in the
connection areas of a composite body with a wall thickness of 4 mm with different

embedment amounts (1 mm, 2 mm, and 3 mm) and no embedment.

This study aims to investigate the effect of the shear and bending forces that a
subsystem region will create under the maneuver to which the missile will be
subjected, on the shear and bending forces that will occur in the connection area on
the composite missile body. The maneuver to which the missile will be subjected is

assumed to be 40 g.



1.2 Literature Review

Composite materials are widely preferred in the aerospace industry due to their high
fatigue resistance, inherent strength and corrosion resistance (Afolabi & Olanrewaju,
2019). However, due to the more widespread use of composites in parts with very high
area/wall thickness ratios, such as aircraft fuselages, composite analyses are mostly
performed using the shell element method, assuming them to be flat plates (Son et al,
2013).

The most recent studies on cylindrical geometry specifically for composite materials
focus on the characterization of composite fuel tanks (Gul, Xia, Gérard, & Ha, 2023).
As mentioned above, there are studies in the literature on the effect of bolts on
composite plate modeling (Barbero, 2013). These studies can be both on the
performance of the bolts (Meram & Can, 2019) and the effects of the bolt on the plate
are also examined (Fajri et al, 2024). However, no study has been found in the
literature examining the loadings occurring in the connection areas of a rocket body

made of composite material and in maneuver.

1.3 Hypothesis

According to engineering design practice, it is suggested that embedding radial bolt
heads into the composite body may disrupt the fiber orientation, reduce the structural
stiffness and weaken the connection areas of the bodies. However, this study proposes
that the area where the bolt heads will be embedded will provide structural benefits
such as preventing matrix cracking by distributing the load uniformly. Moreover, due
to the nature of composite materials, concentrated high stresses create structural risks.
Thus, this study hypothesizes that embedding bolt heads into the body will provide
structural improvement in terms decreasing maximum stress in joint interface contrary

to expectations.



2. MATERIAL

The usage of metal materials is a common practice due to high structural and thermal
strength requirements in rocket designs (Khan, Ali, Gupta, Srivastava, & Kumar,
2025). However, advances in material technology have made the usage of composite
materials increasingly common, especially in applications which requires weight
reduction. In addition to the weight difference, the usage of metal materials can cause
rocket systems which has no canister to be highly affected by environmental conditions
and even rust in some cases (Choi & Jung, 2019). Special coatings and paints are used
to reduce these effects and production costs increase. The choice of composite
structures also prevents these situations. Although, composite materials are notable for
their high specific strength, the use of these materials must design to meet high
structural and thermal strength requirements. In this context, the usage of composite
materials in rocket designs provides advantages over metal materials, but at the same
time, the need to optimize the structural and thermal performance of these materials

poses a challenge.

2.1 Material Characterization

Carbon fiber materials are quite suitable materials in terms of structural safety of
rockets due to their high specific strength properties. However, due to the high
production costs and certain performance deficiencies of other alternative materials,

the usage of Kevlar and glass fiber materials is generally not preferred.

In this study, a material selection was needed that had been previously characterized.
For this reason, MAT_162 UD material was selected. Table 2.1 shows the material
properties of MAT_162 UD.

The main reason for material selection was the sensitivity to crack propagation, which
is the subject of the study's hypothesis. Mr. Choi et al, state in their study that the
material is a suitable material for modeling regarding the cause of damage (Choi, Kim,
Park, & Lee, 2011). In addition, it is stated that it has a structure that can be followed

regarding the progress of damage depending on the loading speed and that it is efficient



as a test sample thanks to this structure. In this context, it is aimed to be a good sample
material in case of future test studies due to the controllable structure of the material.
On the other hand, other failure modes such as delimination, which are not examined

in this study, are also suitable for investigation with this material.

Table 2.1 : Material Features of MAT_162 UD.

Tensile Strength Shear
Young’s Modulus -, o1 "y irection 18354 Modulus o 44
X direction (GPa) (MPa) XY direction
(GPa)
Tensile Strength Shear
Young’s Modulus S Modulus
. S0 8.4 Y direction 40.5 S 1.5
Y direction (GPa) (MPa) YZ direction
(GPa)
Tensile Strength Sheaf
Young’s Modulus . Modulus
.57 8.4 Z direction 40.5 N 1.5
Z direction (GPa) (MPa) XZ direction
(GPa)
Compressive Shear Strength
Poisson’s Ratio XY 0.1 Strength X 700 XY direction 415
direction (MPa) (MPa)
Compressive Shear Strength
Poisson’s Ratio YZ 0.2 Strength Y 184.2  YZ direction 55
direction (MPa) (MPa)
Compressive Shear Strength
Poisson’s Ratio XZ 0.2 Strength Z 184.2  XZ direction 55
direction (MPa) (MPa)

Tsai Wu criterion was used for fail analysis of the analyses. This is because the Tsai—
Wu failure criterion is sensitive to the difference between tensile and compressive
strengths, which affects its predictions under varying load conditions (Arruda et al,
2021). In addition, as stated in the hypothesis section, this study aims to obtain results
especially on matrix cracking. Tsai Wu criterion also has a structure suitable for

sensitive analysis on matrix properties (U.S. Department of Defense, 1996, p. 17).



3. METHOD

Within the scope of this thesis, UD fabric was selected to have high strength in each
axis due to the previously mentioned 40 g selection being independent of the loading
direction. In this direction, it was aimed to obtain equal strength in each direction by

selecting [0, 45, -45, 90] as the layer structure shown in Figure 3.1.

Figure 3.1 : ANSYS ACP Modelled Body and Fiber Directions.

The selected material information is defined in the material information section in the
Ansys ACP (Advanced Composite Pre-Post) module. In the analyses performed, the
basic mechanical properties of the material, young’s modulus, Poisson ratio, shear
modulus, tensile strength, compressive strength, shear strength, the modeling type will
be layer-based and the failure criterion information are defined. The specified material

properties are defined according to the X, y and z axes (xy, yz, xz for shear modulus).

Mesh quality directly affects the quality of the analysis results (Nemade & Shikalgar,
2020). The compatibility of the mesh distribution and dimensions with the geometry
increases the quality of the results. As can be seen in Figure 3.2, the quadrilateral mesh
element was preferred in this study (Mahran et al, 2017). The reason for this situation
is that it softens the load transitions by increasing the number of nodes. In addition,
the use of quadrilateral elements was preferred so that the analysis times would not be
too long. By reducing the number of elements with the quadrilateral element, the
analyses could be repeated more frequently (Franciosa et al, 2019).
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Figure 3.2 : Ansys Workbench Mesh and Layer Solid Model.

Since the analysis will focus on the hole perimeters, the mesh density around the holes
must be fine which is shown in the Figure 3.3. Within the scope of the analysis, the
surroundings of the holes were divided into equal parts as £ 60. Mesh was also
assigned as course mesh to the non-hole areas in between and the parts of the bodies
outside the connection area. As the Figure 3.3 shows, 2 mm mesh size was preferred
for flat parts. The mesh size was reduced to 0.35 mm around the holes. Since fiber

agents are seen more around the holes, these areas were left with a larger mesh size.

VRN

Figure 3.3 :Mesh Distribution Around Bolts.

The mesh distribution deteriorates towards the middle areas of the bolts as Figure 3.3

shows. No additional mesh improvement was required here. The purpose of this



situation is that high stress concentration is not expected in those areas. For this reason,

the focus was on the direct holes and their surroundings.

In addition to modeling the carbon fibers, the bolts are modeled as two different beam
elements. The first beam element models the threaded area by defining the contact
with the inner surface of the hole. The second beam element models the contact of the
bolt head by defining the contact with the outer surface which can be seen Figure 3.4.

Figure 3.4 : Bolt Connection as Beam Elements of 1mm Clearance Sample.

In this study, the connection areas were examined by making them independent of the
center of gravity of the rocket with the superposition method. With this method, a fixed
support was selected and locked to a place close to the center of gravity of the body.
On the other hand, a 24 kg load was applied from the center of gravity of the subsystem

shown in Figure 3.5.
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Figure 3.5 : Force and Support Assessment of 3 mm Clearance Sample.

3.1 Analysis Verification Method

Before the structural analysis of cylindrical composite bodies, an analysis study was
carried out to review the accuracy of the analysis results. Within the scope of this
study, a simple model with experimental data in the literature was studied. In the article
published by Aktas et al, a tensile test was performed on a plate made of carbon fiber
(Aktas & Dirikolu, 2003). Within the scope of this study, the deformation around a pin
is examined. As part of the study, samples with different W/D ratios are subjected to
tensile tests until a D*0.04 deformation is observed. They also share the load values
they obtained for different samples in a graph which shown in Figure 3.6.
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Figure 3.6 : Strength and W/D Ratio Graph of Samples (Aktas & Dirikolu, 2003).
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Since the configuration selected within the scope of this thesis is [0, 45, -45, 90], this
layer sequence was used in this analysis. In order to prove the higher accuracy of the
analysis, 2 different configuration models with W/D ratios of 3 and 4 were selected.
The hole diameter was selected as 6.35 mm, which is the same as in the study. The

amount of deformation and the applied loads are shown in equation 3.1.

Displacement (mm) =% 4 x D = 0.04 x 6.35 = 0.254 (3.1)

Layer alignment was first performed on the Ansys ACP module. Then, boundary
conditions were assigned within the scope of the study as shown in Figure 3.7.

X
0,000 15,000 30,000 (mrm) @
I I ]
7,500 22,500

¥

Figure 3.7 : W/D 3 Analysis Model.

Loading values selected from the graph in Figure 3.6 were applied to the relevant
region in the plate. The stress values obtained for both configurations are shown in

Figure 3.8 and the displacement values in Figure 3.9.
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Figure 3.8 : (a) Stress Result of W/D 3 Configuration. (b) Stress Result of W/D
4 Configuration.

Figure 3.9 : (a) Displacement Result of W/D 3 Configuration. (b) Displacement
Result of W/D 4 Configuration.

Error rates depending on displacement difference are shown in Table 3.1.
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Table 3.1 : Displacement And Error Results.

W/D 3 W/D 4

Deformation (mm) 0.271 0.233
Deformation Error Percentage 6.7 83
(%)

It is considered that the errors in the analysis results are caused by factors such as
insufficiently defined material information, boundary and environmental conditions.
The error difference between the two analysis results is thought to be based on the

mesh distribution, as shown in Figure 3.10.

Figure 3.10 : (a) Mesh Distribution of W/D 3 Configuration. (b) Mesh
Distribution of W/D 4 Configuration.
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4. FINDINGS AND DISCUSSION

Within the scope of this study, analyses were performed on 4 different designs. The
maximum stress, maximum deformation and the number of failing elements for the

layer in contact with the bolt head are shared in Table 4.1.

Table 4.1 : Analyze Results for maximum stress, maximum deformation and the
number of failing elements for the layer in contact with the bolt head.

Hole Depth Max Stress Total Displacement  Max. Num. I—_Iole
(MPa) (mm) Element Fails
No Hole 903.79 0,6054 108
1Imm 792.01 0,568 73
2mm 720.7 0,714 82
3mm 953.94 0,8758 159

The information in Table 4.2 shows the change in body stiffness depending on the

increase in hole depth in percent in the column in Table 4.1.

Table 4.2 : Comparisons of Deformation Change Percentage.

No Hole to 1 Immto2mm  2mm to 3mm
mm
Deformation Change 6.2 257 23.0

Percentage (%0)

According to shared tables, it is possible to make the following outcomes,

Figure 4.1 Shows the stress values observed for the design without embedment for the
bolt head is higher than the configuration with 1mm embedment. The reason for this
situation is that the bolt head, which has a flat surface, crushes the cylindrical body
until it absorbs the load. Since it first provides point contact with the surface it crushes,
it causes very high deformation and fiber failure for local elements.

15



Figure 4.1 : Stress and Failure Around Top Hole for No Hole and 1mm Hole
Analyzes.

This situation is considered to cause cracking in the matrix, which has a brittle
structure. Due to this crack, crack propagation under vibration and shock is likely. This
situation is especially critical in rockets with long flight times. It can cause the success
of the flight and structural integrity to be compromised. Figure 4.2 and Figure 4.3 show
the deformation and stress distribution of two different configurations.
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Figure 4.2 : (a) Displacement Result of No Hole Configuration with Auto Scale
view. (b) Displacement Result of 1 mm Configuration with AutoScale.

Figure 4.3 : (a) Stress Result of No Hole Configuration with Auto Scale view. (b)
Stress Result of 1 mm Configuration with Auto Scale view.

As can be seen from Table 4.2 and Figure 4.4, the maximum stress decreases from 1
mm depth to 2 mm depth. However, the rigidity of the structure decreases as expected.
The reason for this situation is that the stress density per unit area increases despite the
decrease in the maximum stress. As can be seen from Figure 4.6, the element that acts
in the area of effect increases for the bolt at the top, that is, the bolt that is subject to

the highest tension.
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Figure 4.4 : (a) Fail Behavior of 1 mm Configuration For Top Bolt Area. (b) Fail
Behavior of 2 mm Configuration For Top Bolt Area.

As the bolt head embedment depth increases, although an aerodynamically efficient
structure is formed, it has been observed that the stiffness decreases by approximately
18.3% for each mm of depth. When we plot the changing deformation due to the
decrease, the graph shown in Table 4.2 can be obtained.

As can be seen in Figure 4.5, the bolt tensions decrease as the approaches the neutral
axis of the bending force. If the rocket's stiffness requirements were not directed
towards maneuver in all directions, the amount of unloading in the bolts in the regions

close to the neutral axis could be increased.
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Figure 4.5 : Displacement Result of 2 mm Configuration with Auto Scale view.

Finally, if the desired maneuver in different direction is defined differently in the
design requirements, there is not the same that the depths of the holes of embedment
bolt head be the same as can be seen in Figure 4.6. In addition, incorrect assembly in

the designs can be prevented in this way.

Figure 4.6 : Stress Result of 3 mm Configuration with Auto Scale view.
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5. CONCLUSIONS AND RECOMMENDATIONS

Composite materials are frequently used in applications such as aircraft which weight
reduction is required. The sizes of composite structures used in aircraft are extremely
high compared to their wall thickness. This situation causes, modeling and analysis
are examined on flat plates for these structures. Within the scope of this study, the
analysis of mechanical joint methods for a cylindrical body is a first in the literature.

Although radial bolted connection type provides ease of assembly for rocket designs,
the drag caused by bolt heads is of critical importance. On the other hand, the use of
radial bolts creates drag due to bolt heads and therefore they must be embedded in the
body. In composite material bodies, embedding bolt heads creates an average of 18.3%

stiffness loss for each mm of discharge.

5.1 Assumptions

In the analyses, it was assumed that the bolts did not fail under load, there was no
stripping on the threaded surfaces, there was no assembly clearance for antennas,
sensors or other structural parts in in the bodies. the load assumed as static force. These

assumptions cause the analyses to deviate from the real.

It is assumed that these fuselage structures are not exposed to real flight conditions. In
this context, aerodynamic heating, low pressure conditions and engine vibration that
will occur during flight are not included in the analysis. It is evaluated that all these

conditions will directly affect the material and structural strength.

5.2 Suggestions

Rockets heat up excessively during the flight condition and enter low-pressure
envelopes. In further studies, it is possible to study how high temperature affects this
stiffness, the behavior of the body under low pressure, and the manufacturability,

sustainability and pricing of this structure.
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As explained in the results in Section 4, the tensile and compressive forces acting on
the holes decrease as they approach the neutral axis. If the maneuverability can be
detailed in the design phase, the layer thickness can be increased regionally. In
addition, a safer design can be achieved by changing the bolt diameter depending on

the maneuver and expanding the area of effect to which the load will be transferred.

It is obvious that extra thickening in bolt areas, regardless of bolt diameters, will be
effective in terms of design stiffness. However, the desired weight reduction criterion

should not be forgotten when starting the design.

5.3 Future Works

Within the scope of future studies, it is considered that the analyses will first be verified
by testing them on real samples produced. In the following processes, it is possible to
add the real flight conditions such as temperature change, temperature shock,
flight/transport vibrations and pressure changes due to flight to the analyses verified
by tests and to elaborate the analyses.
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