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CASE STUDY ON SELECTING OPTIMAL MAIN CENTRAL CONE OF
LOW EARTH ORBIT SATELLITE

SUMMARY

In this thesis, determination and selection of the most optimum central cone design
concept for low orbit satellites of 1000 kg and above from large class satellites is
explained. The designs of the cone and cone assembly parts in the study were made
with Siemens NX, and the analyzes applied for comparisons were made with
Simcenter 3D. The study consists of two stages, in the first stage, a total of 6 cones, 3
different design concepts from 2 different materials, were compared and two cones
were selected after the trade-off study. In the second stage, after the iterations on these
two cones, the most optimum central cone design was decided by repeating the trade-
off study.

While determining the design constraints and requirements of the central cones,
Goktiirk-Y was chosen as the reference satellite in accordance with the conditions
determined in the thesis. Possible launch vehicles were identified while determining
the constraints and requirements. In line with the restrictions, the volume envelope and
dimensions were determined. One of the most important parts affecting the dimensions
is the launch vehicle adapter and it is produced by the launchers in standard diameters.
The LVA diameter chosen for the thesis study is ¥1194 mm. Since they provide direct
connection with the cone and the LVA, it has been very effective in determining the
cone dimensions. At the same time, stiffness, strength and buckling strength
requirements were determined. For rigidity, the first natural frequency value of the
central cones and their assemblies must be 140 Hz and above. For the strength and
buckling strengths, the calculated safety margin values should be positive. In
comparisons, it was decided to use cone mass, cone assembly mass, cone stiffness
value, cone assembly stiffness value, cone strength and cone buckling strength values.

In the cone designs, aluminum and CFRP materials, which are most frequently used
in space applications, were selected. Six cones are designed with aluminum and CFRP
versions as semi-monocoque, grid and sandwich design concepts. Cone assemblies
consist of launch vehicle adapter, horizontal structural panel and NC bracket in line
with mounting requirements. All cones and mounting parts were designed using
Siemens NX and mass comparisons were made by entering material properties. As a
result of mass comparisons, sandwich cones were the lightest cones, while the CFRP
semi-monocoque cone was the lightest central cone when cone assemblies were
compared. This is because NC brackets are not used in the mounting designs of the
semi-monocoque cones.

To meet the requirements, 3 basic analyzes were performed on the cones. These are
modal analysis, static structural analysis and buckling analysis. Modal analysis was
applied both to the central cone itself and to its assembly, while static and buckling
analyzes were applied for assembly only. Finite element models and connection
conditions were created on Simcenter 3D and the determined analyzes were solved
with Simcenter 3D using Nastran solvers. In the thesis study, details about the creation
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of finite element models, element types and numbers, connection types are given for
all cones and assemblies.

After modeling, modal analysis was performed for 6 central cones. In the modal
analysis results, all central cones exceed the design requirement of 140 Hz. In the
modal analysis results, the cones from the best to the worst were ranked as CFRP semi-
monocoque, CFRP sandwich, Aluminum semi-monocoque, CFRP grid, Aluminum
sandwich and finally Aluminum grid cone. For the CFRP semi-monocoque cone with
the best results, the result is 485.55 Hz and the follower CFRP sandwich cone is 329.76
Hz. Central cone assemblies meet the requirement of all cones in the modal analysis
results. Similarly, the results for the CFRP semi-monocoque cone are the best, but after
mounting analyses, the results of the CFRP sandwich cone approached the semi-
monocoque version. They are ranked from best to worst as CFRP semi-monocoque,
CFRP sandwich, Aluminum sandwich, Aluminum semi-monocoque, CFRP grid and
finally Aluminum grid central cone.

As the second type of analysis, static structural analysis was applied on central cone
assemblies. For the static analysis, the load condition to be applied on the cones was
applied with reference to the reference satellite mass of 1000kg. The cones were loaded
from the upper part where they would connect with the satellite with a force of 100
kN, affecting the satellite 10 g, and were included in the static analysis. The calculation
method and safety factor to be used in the margin of safety calculations were used as
specified in ECSS. As a result of the analyzes made, the best static strength results
were obtained with the Aluminum grid cone. From good to bad, they are listed as
Aluminum grid, Aluminum semi-monocoque, CFRP semi-monocoque, CFRP
sandwich, Aluminum sandwich and finally CFRP grid cone. Metallic cones which
designed with classical methods gave the best results in terms of static strength.

As the final analysis type, buckling analysis, which is very important in cone or
cylinder type structures, has been applied on central cone assemblies. The loads
applied in the static analysis were also used in the buckling analysis. Factor of safety
values were applied as specified in ECSS. In the buckling analysis, critical buckling
load factor results were obtained with Nastran SOL 105 solver. The critical buckling
load factor is the ratio of the design limit load (critical load) of the structure to the
defined load envelope and shows how many times the structure can withstand the
defined load. As expected, the cones with the sandwich design concept turned out to
be the best. All cones have a positive margin of safety. The best result was the CFRP
sandwich center cone with 21.695, followed by the Aluminum sandwich cone with
15.31. Third best central cone is CFRP semi-monocoque cone, came with 5.505. They
are ranked from best to worst as CFRP sandwich, Aluminum sandwich, CFRP semi-
monocoque, Aluminum semi-monocoque, Aluminum grid and finally CFRP grid
cone.

The first stage resulted in the trade-off study after all the design and analysis activities
were completed. All cones were compared by defining different weights for the
categories determined in the trade-off study. The aim of the first stage is to select the
best 2 central cones among the 6 central cones. After the study, the two best central
cones are CFRP sandwich and CFRP semi-monocoque central cones. The CFRP
sandwich central cone is in the best position with a score of 8.4937 out of 10, while
the CFRP semi-monocoque central cone scored 8.1125.

The second phase continued with design optimizations of CFRP sandwich and CFRP
semi-monocogue central cones. These optimizations aimed not to decrease the strength
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of the structures while gaining mass. The first optimization for the CFRP sandwich
center cone is to have the NC bracket removed from the assembly. The second change
Is the density change of the honeycomb used in the sandwich structure. After these
optimizations, the CFRP sandwich central cone assembly has lightened 6.29 kg in
total. The analyzes made in the first stage were repeated. The modal analysis results
improved at 8.26 Hz for the cone and 25.78 Hz for the assembly level compared to the
first situation. Similarly, static analysis results have also improved. The safety margin
value of the structure has been increased from 0.266 to 1.123. The buckling analysis
has also become better as in other analyses. The initial result, which was 21.695,
improved to 24.925 after optimization.

Optimization studies for CFRP semi-monocoque cone include thickness
optimizations. The overall cone thickness has been reduced from 3mm to 1.6mm. As
a result of this iteration study, a gain of 2.37 kg was achieved. Modal analysis results
were improved at 9.94 Hz for the central cone and 73.18 Hz for the assembly. Static
analysis results got better, but there was no noticeable improvement. The Tsai-Wu
failure index score increased from 0.303 to 0.293. The results of the buckling analysis
have worsened after the thinning of the structure, but still meet the requirements. While
the initial results were 5.505, this value decreased to 3.37 after design updates.

In the second stage, a trade-off study including only CFRP sandwich and CFRP semi-
monocoque central cones was conducted in line with the categories determined in the
first stage. With a score of 9.5875 out of 10, the CFRP sandwich cone was the most
optimal cone of the study.

Within the scope of the results, different central cone design concepts were designed
for the 1000kg low orbit satellite and compared to obtain the most optimal design. As
a result of the studies, the CFRP sandwich central cone was selected as the most
suitable cone to be used in such satellites. Future studies can focus on further
optimization studies for this cone, and the analysis can be verified by testing and
manufacturing.
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ALCAK YORUNGE UYDULARI iCIN OPTIMUM MERKEZI KONi
TASARIMININ BELIRLENMESI CALISMASI

OZET

Bu tez ¢alismasinda biiyiik sinif uydulardan 1000kg ve iistii algak yoriinge uydular
icin en optimum merkezi koni tasarim konseptinin belirlenmesi ve secilmesi
anlatilmistir. Calismada yer alan koni ve koni montaj pargalarinin tasarimlari Siemens
NX, karsilastirmalar i¢in uygulanan analizler ise Simcenter 3D ile yapilmistir. Calisma
iki asamadan olugmaktadir, birinci agsamasinda 2 farkli malzemeden 3 farkli tasarim
konsepti olmak tizere toplam 6 adet koni karsilagtirilmig ve yapilan getiri-gotiirii
calismast sonrasinda iki adet koni secilmistir. Tkinci asamasinda ise bu iki koni
lizerinde yapilan iterasyonlar sonrasinda tekrarlanan getiri-gotiirii calismast ile en
optimum merkezi koni tasarimina karar verilmistir.

Merkezi konilerin tasarim kisitlamalar1 ve gereksinimleri belirlenirken referans uydu
olarak tezde belirlenen sartlara da uygun olarak Goktiirk-Y secilmistir. Kisitlamalar
ve gereksinimler belirlenirken muhtemel firlatic1 araglart belirlenmistir. Kisitlamalar
dogrultusunda hacim zarfi ve boyutlar belirlenmistir. Boyutlar etkileyen en énemli
parcalardan birisi ayrilma halkasidir ve firlaticilar tarafindan standart caplarda
tiretilmektedir. Tez ¢aligsmasi i¢in secilen ayrilma halkasi ¢apt @1194 mm’dir. Koni ile
ayrilma halkas1 direkt baglanti sagladiklar1 i¢in koni boyutlarinin belirlenmesinde ¢ok
etkili olmustur. Ayni zamanda katilik, mukavemet ve burkulma mukavemeti
gereksinimleri belirlenmistir. Katilik i¢in merkezi konilerin ve onlarin montajlarinin
birinci dogal frekans degerinin 140 Hz ve tizerinde olmas1 gerekmektedir. Mukavemet
ve burkulma mukavemetleri icin ise hesaplanan giivenlik marj1 degerlerinin pozitif
olmast gerekmektedir. Karsilagtirmalarda koni kiitlesi, koni montaj1 kiitlesi, koni
katilik degeri, koni montaj katilik degeri, koni mukavemeti ve koni burkulma dayanimi
degerleri kullanilmasi kararlagtirilmistir.

Koni tasarimlarinda uzay uygulamalarinda en sik kullanilan aluminyum ve CFRP
malzemeler secilmistir. Koniler kismi-monokok, 1zgara ve sandvi¢ tasarim konseptleri
olmak iizere aluminyum ve CFRP versiyonlari ile 6 adet tasarlanmistir. Koni
montajlarinda ayrilma halkasi, yatay yapisal panel ve montaj gereksinimleri
dogrultusunda NC braketten olusmaktadir. Tlim koniler ve montaj pargalar1 Siemens
NX kullanilarak tasarlanmis ve malzeme Ozellikleri girilerek kiitle karsilastirmalari
yapilmistir. Kiitle karsilastirmalari sonucunda sandvi¢ koniler en hafif koniler olurken
koni montajlart kiyaslandigr zaman CFRP kismi-monokok koni en hafif merkezi koni
olmustur. Bunun sebebi kismi-monokok konilerin montaj tasarimlarinda NC braket
kullanilmamis olmasidir.

Gereksinimleri karsilamak i¢in koniler {izerine 3 temel analiz yapilmistir. Bunlar,
modal analiz, statik yapisal analiz ve burkulma analizidir. Modal analiz hem merkezi
konileirn kendisine hem de montajina uygulanmistir, statik ve burkulma analizleri ise
sadece montaj i¢in uygulanmistir. Sonlu eleman modelleri ve baglanti kosullar
Simcenter 3D iizerinden olusturulmus olup belirlenen analizler yine Simcenter 3D ile
Nastran ¢oziiciisii kullanilarak ¢ozdirilmiistiir. Tez c¢alismasinda sonlu eleman
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modellerinin olusturulmasi, eleman tipleri ve sayilari, baglanti tiplerine dair detaylar
tiim koni ve montajlari i¢in verilmistir.

Modellemeler sonrasinda 6 merkezi koni i¢in modal analiz yapilmistir. Modal analiz
sonuglart sonrasinda tiim merkezi koniler tasarim gereksinimi olan 140 Hz sinirini
asmaktadir. Modal analiz sonuglar1 sonrasinda en iyi sonugtan en kdtiiye koniler CFRP
kismi-monokok, CFRP sandvig, Aluminyum kismi-monokok, CFRP 1zgara,
Aluminyum sandvi¢ ve son olarak Aluminyum 1zgara koni seklinde siralanmistir. En
1yi sonuglara sahip olan CFRP kismi-monokok koni i¢in sonug 485.55 Hz seklindedir
ve takipei olan CFRP sandvi¢ koni 329.76 Hz’dir. Merkezi koni montajlar1 modal
analiz sonuclarinda yine tiim koniler gereksinimi karsilamaktadir. Benzer sekilde
CFRP kismi-monokok koni i¢in ¢ikan sonuglar en iyisidir fakat montaj analizleri
sonrasinda CFRP sandvi¢ koni sonuglar1 kismi-monokok versiyonuna yaklagsmistir. En
iyiden en kotiye CFRP kismi-monokok, CFRP sandvig, Aluminyum sandvig,
Aluminyum kismi-monokok, CFRP 1zgara ve son olarak Aluminyum 1zgara merkezi
koni olarak siralanmustir.

Ikinci tip analiz olarak statik yapisal analiz merkezi koni montajlar1 iizerinde
uygulanmistir. Statik analiz i¢in koniler {izerine uygulanacak yiik durumu referans
uydu kiitlesi olan 1000kg referans alinarak uygulanmistir. Koniler uydu 10g etki
edecek sekilde 100 kN’luk bir kuvvet ile uydu ile baglant1 yapacaklari iist kismindan
yiiklenerek statik analizlere sokulmustur. Gilivenlik marji hesaplamalarinda
kullanilacak hesaplama yontemi ve giivenlik faktorii ECSS’te belirtildigi gibi
kullanilmistir.  Yapilan analizler sonucunda en iyi statik mukavemet sonuclari
Aluminyum 1zgara koni ile gelmistir. Iyiden kétiiye Aluminyum 1zgara, Aluminyum
kismi-monokok, CFRP kismi-monokok, CFRP sandvi¢, Aluminyum sandvi¢ ve son
olarak CFRP 1zgara koni olarak siralanmistir. Klasik yontemler ile tasarlanan metalik
koniler statik dayanimlari olarak en 1yi sonuglart vermistir.

Son analiz tipi olarak koni veya silindir tipi yapilarda yapilmasi ¢ok dnemli olan
burkulma analizi merkezi koni montajlar1 lizerine uygulanmistir. Statik analizde
uygulanan yiikler ayni1 sekilde burkulma analizlerinde de kullanigsmistir. Giivenlik
faktorii degerleri ECSS’te belirtildigi gibi uygulanmistir. Burkulma analizinde Nastran
SOL 105 ¢oziiciisii ile burkulma yiik faktorii sonuglar1 elde edilmistir. Burkulma ytiik
faktorii ise, yapinin tasarim limit yiikiiniin (kritik yiik) belirlenen yiik zarfina oranidir
ve yapinin belirlenen yiike kag kat dayanabilecegini gostermektedir. Analiz sonuglari
beklendigi gibi sandvi¢ tasarim konseptine sahip koniler en iyi ¢ikmistir. Tiim koniler
pozitif glivenlik marjina sahiptir. En iyi sonug 21.695 ile CFRP sandvi¢ merkezi koni
ile gelmistir ve onu Aluminyum sandvi¢ koni 15.31 ile takip etmektedir. Dikkat
edilmesi gereken kisim 3. En iyi koni olan CFRP kismi-monokok konini 5.505 ile
gelmistir. En iyiden en kotiiye CFRP sandvig, Aluminyum sandvi¢, CFRP kismi-
monokok, Aluminyum kismi-monokok, Aluminyum 1zgara ve son olarak CFRP 1zgara
koni olarak siralanmustir.

Birinci asama yapilan tiim tasarim ve analiz faaliyetleri tamamlandiktan sonra yapilan
getiri-gotiiric galismasi ile sonu¢lanmistir. Getiri-gotiirii ¢alismasinda belirlenen
kategoriler farkli agirliklar tanimlanarak tiim koniler karsilastirilmistir. Birinci
asamanin amact 6 merkezi koni arasindan en iyi 2 merkezi koninin seg¢ilmesidir.
Yapilan ¢alisma sonrasinda en iyi iki merkezi koni CFRP sandvi¢ ve CFRP kimi-
monokok merkezi konilerdir. CFRP sandvi¢ merkezi koni 10 tizerinden 8.4937 puan
alarak en iyi konumdadir, CFRP kismi-monokok merkezi koni ise 8.1125 puan
almistir.
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Ikinci asama CFRP sandvi¢ ve CFRP kismi-monokok merkezi konilerin tasarim
optimizasyonlar1 ile devam etmistir. Bu optimizasyonlar kiitle kazanimlar1 olurken
yapilarin dayanimlarinin diismemesini hedeflemistir. CFRP sandvi¢ merkezi koni igin
ilk yapilan optimizasyon NC braketin montajdan ¢ikarilmis olmasidir. Ikinci
degisiklik olarak ise sandvi¢ yapida kullanilan honeycomb’in yogunluk degisikligidir.
Bu optimizasyonlar sonrasinda CFRP sandvi¢ merkezi koni montaji toplam 6.29 kg
hafiflemistir. Birinci asamada yapilan analizler tekrar edilmistir. Modal analiz
sonuglart ilk duruma gore koni 6zelinde 8.26 Hz ve montaj seviyesinde 25.78 Hz
iyilesmistir. Benzer sekilde statik analiz sonuclar1 da iyilesmistir. Yapimnin glivenlik
marj1 degeri 0.266’dan 1.123°e c¢ikarilmistir. Burkulma analizi de yine diger
analizlerde oldugu gibi daha iyi duruma gelmistir. 21.695 olan ilk sonug, optimizasyon
sonrasinda 24.925 olarak iyilesmistir.

CFRP kismi-monokok koni i¢in optimizasyon c¢aligsmalari kalinlik optimizasyonlari
icermektedir. Tiim koni kalinlig1t 3mm’den 1.6 mm’ye diisiiriilmiistiir. Bu iterasyon
calismasi sonucunda 2.37 kg kazang saglanmistir. Modal analiz sonuglari merkezi koni
ozelinde 9.94 Hz, montaj kapsaminda ise 73.18 Hz iyilestirilmistir. Statik analiz
sonuclar1 daha iyi hale gelmis fakat gozle goriiliir bir iyilesme olmamuistir. Tsai-Wu
hata indeks puani 0.303’ten 0.293’e gelmistir. Burkulma analizi sonuglar1 ise yapinin
incelmesi sonrasinda daha kotii bir hale gelmis fakat hala gereksinimleri karsilar
durumdadir. Ilk sonuglar 5.505’ken tasarim giincellemeleri sonrasinda bu deger
3.37’ye diigmiistiir.

Ikinci asama ilk asamada da belirlenen kategoriler dogrultusunda sadece CFRP
sandvi¢c ve CFRP kismi-monokok merkezi konileri igceren bir getiri-gotiirii ¢aligmasi
yapilmistir. 10 {izerinden 9.5875 puan ile CFRP sandvi¢ koni ¢alismanin en optimum
konisi olmustur.

Sonuglar kapsamunda 1000kg’lik algak yoriinge uydusu ic¢in farklt merkezi koni
tasarim konseptleri tasarlanip, en optimum tasarimi elde etmek icin karsilastirilmistir.
Yapilan c¢aligmalar sonucunda CFRP sandvi¢ merkezi koni bu tarz uydularda
kullanilmak iizere en uygun koni secilmistir. Gelecek caligmalarda bu koni i¢in daha
fazla optimzasyon ¢aligmasi yapilmasina odaklanilabilir ve iiretim yapilarak testler ile
yapilan analizler dogrulanabilir.
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1. INTRODUCTION

Today, satellites with different mission definitions are in orbit with various sizes and
masses. Various types of satellites contain different subsystems in order to perform
their duties. Different types of subsystems are used by satellites to carry out their
functions. During the lifetime of the satellite, all of them should function together
without any issues. One of the subsystems for satellites is the structural subsystem,
which serves to protect and keep together other subsystems as well as endure stresses
during launch. The structural subsystem has primary, secondary, and tertiary structures
to accomplish this goal. Primary structures are fundamental parts of structural
subsystem which is standing out against main load path and holding all other

subsystems.

Central cones or cylinders can be described as the backbones of satellites. As a primary
structure, central cones are directly having interfaces with launch vehicle adapters and
resist the main load path and vibrations comes from launcher. Because of being the
main component of the structural subsystem in the satellite to withstand the loads from
launcher, the strength of the central cones should be high to resist. By improving
technology in the spacecraft structures, the production type and material usage for
primary structures for satellite is also vary. There are different types of approaches on
the central cone or cylinder design concepts with considering production capability,
cost, easy to integrate, space qualified products and physical properties which are size,

mass, strength, stiffness of the structure.

To select a design concept for primary structure of satellite as central cones, the defined
design requirements and restrictions are considered and evaluated by engineers. In that
evaluation phase of the projects generally heritage and know-how of the engineers
have critical role. That is why engineers tends to go with the design of traditional
concepts and materials in the satellite design phases. However, the traditional concepts
or materials can be change by using new technologies. New materials and concepts
may increase the structure performance during the tests and in the orbit of the

spacecraft. That is why all around the world and in Turkiye, companies or institutes



studies on the development of different types of production and usage of new

structures for satellites.

1.1 Purpose of Thesis

The purpose of the thesis is comparing and selecting the optimum design concept of
central cone for large satellites around 1000kg in the Low Earth Orbit (LEO) with
using the ECSS standards to verification by analyzes. For comparison, the categories
are selected as mass of central cones, mass of their assemblies, stiffness of central
cones, stiffness of their assemblies, strength of central cone assemblies and buckling

strength of the central cone assemblies.

There are two phases in the thesis to determine the optimum design of central cone.
There are six different design of central cone which are three different design concepts
with CFRP and aluminium materials. The design concepts are semi-monocoque, grid

and sandwich structures.

Design requirements and limitations are defined with considering a reference satellite
which is an Earth Observation Satellite with 1000kg. For all the central cones, same

limitations and requirements applied.

In the first phase of the study there are six different types of central cone designed by
using Siemens NX. All central cones and their assemblies are compared between each
other with analyzes done by using Simcenter 3D. The analyzes performed in the study
are modal analysis, static structural analysis and buckling analysis. At the end of the
phase one, there is a trade-off study with defined categories to compare the design

solutions for the thesis.

In the second phase of the study, first two central cone design solution selected by
using trade-off study in phase one and optimizations on the central cones done for that
two cone assemblies. Same with the phase one, in the phase two also same type of
analyzes performed with considering ECSS. Optimized central cones are compared
between each other to select the optimum design of central cone at the end of the thesis

with using same categories with phase one.



1.2 Literature Review

There are various space projects which are using central cylinder or central cone in
their structural design. Material, type, shape or size of the central structure of the
spacecraft affect the selection of the design concept. On the other hand, from past to
now, engineers are working on the make structures lighter without losing any
performance effect. For make this dream come true, different types of designs,
production technologies, materials are selecting with serious optimizations on

traditional structures.

As a monocoque central cone design example, Euclid spacecraft can be an example
[1]. From the structural architecture of the Euclid spacecraft there is a central cone in
the service module of the spacecraft. Central cone of the Euclid spacecraft provides
connection with launch vehicle and, also the monocoque reverse central cone holding
the propellant tank and its hardware of the spacecraft. So, the central cone inside of
the Euclid spacecraft is supporting the satellite and as an additional role, holding the

propulsion subsystem.

For grid typed central cylinder structure example, Express-2000 1SS-Reshetnev is an
example [2]. There is a composite lattice typed central cylinder inside of the satellite.
That satellite is a communication satellite and in orbit currently. Also, in the paper of
Morozov, E.V and Lopatin, A.V. [2] the Express-2000 ISS-Reshetnev satellite has a
composite lattice central cylinder and connected to launcher with composite lattice
central cone. When these structures are subjected to high intensity loadings during the
launch and injection into orbit, the lattice shells should deliver the required level of
mechanical structural performance. Axial compression, transverse and simple
bending, and torsion are typically included. One of these shells' usual mechanisms of

failure is buckling under these loads.

Sandwich central cones are another type of design concepts for satellites. Sentinel-3
satellite of ESA’s has a sandwich central cone inside of it as a primary structure [3].
The skins of the sandwich central cone are CFRP and core of the sandwich is
aluminium honeycomb. It is also used as primary load path which is directly

connecting with LVA by using glue and rivets.

Except from central cone examples, there are some studies on the optimization of

central cylinders or cones. From the paper of Abay M. M., Atak A., Izgii O., Sahin M.



[4] there are some optimization studies on CFRP central cylinder for a large
communication satellite. The topologic shape optimization process was carried out
utilizing various types of holes after determining the best lay-up, orientations, and
number of laminate layers for the CFRP sandwich cylindrical shell based on the loads,
which vary with location. The form of the holes was chosen following topologic
optimization based on elimination of the lowest stressed regions.

There is another optimization study about composite grid type central cylinder from
Pavlov, L., Smeets, B., Simonian, S. M. [5]. According to them compared to
conventional structural topologies, lattice composite structures provide a number of
potential benefits for aerospace applications, including reduced manufacturing costs
and structure mass. For composites, a semi-automatic optimization technique made up
of CAD, FEA and GA pieces has been created. It is utilized to solve the lattice satellite

central cylinder variant of the EDRS-C satellite's minimum-mass optimization issue.

Afonso, S. M. B,, Sienz, J., Belblidia, F. [6] stated the strategies and optimization
processes for monocoque and semi-monocoque cylinders and cones. Their study
demonstrated the application of many optimization techniques to produce an ideal
design for plates and shells. Procedures for structural form optimization and topology
optimization were both taken into consideration. These two optimization applications,
when used separately, result in new designs that are vastly improved over the original

ideas.

Guerrera A. and Varbaro A. [7] studied on launch vehicle adapter design optimizations
with using reverse engineering method for Ariane 5 conical shaped PAS 1194VS and
PAS 1194C. By performing static and dynamic analysis on the modelled PAS 1194VS
and PAS 1194C, the weight optimization done 30% from the original designs. All
analyses were carried out to assess the structure's optimization for strength, stability,

and weight.

There is also a paper from Giinal A.B., Atak A. and Sahin M. [8] which is objected to
create a methodology of trade-off study on central cylinder of satellites. The satellite
referenced in the study is a communication satellite. The study also attempts to
increase the design option selection techniques' objectivity in the area. By evaluating
the measurable criteria using analytical findings, the most widely used approach, the

Decision Matrix, is enhanced. Eleven Point Scaling categories are redesigned to be



suitable with applications for space systems design. In order to evaluate the design
possibilities subjectively and find team consensus, a belief map is designed.






2. SATELLITE TYPES, SUBSYSTEMS AND DESIGN LOADS

2.1 Satellite Classifications

Satellites can be classified in different ways. One of the most important factors in this
classification is the main task of the satellite. That is because the main purpose of the
satellite generally also defines the orbit of the satellite and generally payload of the
satellite. When we define the payload of the satellite at the beginning of the project,
we also get some performance requirements which are guide the determination of the
satellite mass. First of all, satellites are named according to the orbit they serve. These
orbits are also classified between each other with different cases, but I will focus on
the altitude classifications of the orbits for satellites which are [9]:

e Low Earth Orbit (LEO)

e Medium Earth Orbit (MEO)

e Geostationary or Geosynchronous Orbit (GEO and GSO)
e High Earth Orbit (HEO)

LEO is the type of orbit closest to the earth in terms of distance. The distance of LEO
satellites to the Earth varies between 180-2000 km. It is the type of orbit used by earth
observation satellites. MEO covers a distance of 2000-35000 km from the Earth's
surface. It is the type of orbit generally used by GPS satellites and earth observation
satellites produced to observe certain places. GEO is a specific orbit which is 35786
km above the Earth. Satellites at GEO or GSO need to point particular place on Earth
which are generally communication satellites. HEO is further than 35000 km and
generally meteorological satellites are using this orbit.

Secondly, satellites can be classified depends on the purpose. As | mentioned before
the main objective of the satellites also define the payload types. The shape, size, mass,
etc. can be change depends on the payload and its performance that is why it is leading
the general size and shape of the satellite. According to usage we can define satellites
as [9]:

e Military Satellites

e Communication Satellites



e Earth Observation Satellites
e Meteorological Satellites
¢ Navigation Satellites

e Astronomical Satellites

Finally, satellites can be named according to their masses as shown in below: [10]
e Large Satellites (M > 1000 kg)
e Medium-sized Satellites (500 kg < M < 1000 kg)
e Minisatellite (100 kg < M < 500 kg)
e Microsatellite (10 kg < M < 100 kg)
e Nanosatellite (1 kg < M < 10 kg)
e Picosatellite (M <1 kg)

2.2 Satellite Subsystems

Satellites have different kind of subsystems to perform their duties. All of them should
work seamlessly during the lifetime of the satellite. Generally, satellites have these

subsystems:

e Structural Subsystem

e Thermal Control Subsystem

e Attitude and Orbit Control Subsystem

e Power Subsystem

e Command and Data Handling Subsystem
e Communication Subsystem

e Payload Subsystem (differ according to mission)

The main functions and purposes of these subsystems are summarized. The function
of the Thermal Control Subsystem is to maintain all spacecraft, Payload components
and subsystems within the required temperature limits for each mission phase. Power
Subsystem’s purpose is generating and arranging the power needed by the satellite,
perform distribution and storage functions to other systems. As mentioned in the name
Attitude and Orbit Control Subsystem is responsible of controlling the attitude and the
orbit of the satellite with using sensors, actuators and software. Command and Data

Handling Subsystem has the brain of the satellite which is controlling the other



subsystems sometimes automatically or with telemetry coming from ground stations.
It is also handling data from ground station and also from satellite payload or other
subsystems, and it can store the same data. The main function of the Communication
Subsystem is communicating with ground station. Payload Subsystem can be differed
according to the mission. For this thesis, | will focus and assume a satellite which is
an Earth Observation and Reconnaissance Satellite. That means, Payload Subsystem

for these kinds of satellites is Electro-Optic Camera and its components. At Figure 2.1

an example of Earth Observation and Reconnaissance Satellite is shown.

Figure 2.1 : Goktiirk — 2 Satellite as an example of Earth Observation and
Reconnaissance Satellite [11]

The fundamental function of the Structural Subsystem is supporting all the other
subsystems together. Structural Subsystem should ensure to withstand all the
mechanical loads to protect satellite. Generally, these mechanical loads are coming
from handling and launch phase. Moreover, Structural Subsystem should maintain
alignment of sensors, antennas and moving parts. In addition to all structural functions,
Structural Subsystem has some nonstructural functions too. As an example for that are
conducting electricity and transferring or isolating from heat [12]. There is some space
environment affects which structure of the satellite withstand at space. These space

environments are [13]:
e Thermal environment

e Vacuum environment



e Neutral particles

e Plasma (low-energy charged particles)

e Charged-particle radiation (high energy)
e Micrometeoroids and debris

Satellite structures can be divided into three parts as primary structures, secondary

structures and tertiary structures. [13]

1- Primary structure: It is holding all other subsystems together and also withstand
and support the most critical loads. Main load path from spacecraft to launcher
IS using primary structure.
a. Central body structure (Structural panels, central cylinders, shear
panels, etc.)
b. Launch vehicle adapter
2- Secondary structure: It can be brackets for equipment or structural panels. This
kind of structures are not the main load path but also supporting and
withstanding loads for components which they support.
a. Appendages
b. Support trusses
c. Antenna dishes
d. Propellent tanks and lines
e. Instruments and mechanisms
3- Tertiary structure: Structures generally using for mounting.
a. Component housings
b. Bolts and rivets
c. Electronic components

d. Soldered joints

As a part of the primary structure of the satellite, central cone is a crucial part of load
path from satellite to launcher. Being a lighter spacecraft is vital for space industry.
And if, the load from payload follows directly the side panels or struts, satellite can be
heavier than using conical or cylindrical shaped structures. The main philosophy of
using the central cone is attaching the cone directly to the launch vehicle adapter. It
can be shear panels or trusses for transferring the load from payload to central cone
and, central cone can transfer the load to the launcher.

10



2.3 Mechanical Design Loads

Structural assemblies and components must be designed to endure the loads applied
by the mechanical environments to which they are exposed throughout their lifetime.
According to ECSS (European Cooperation for Space Standardization) lifetime of a
spacecraft shall include transportation, handling, testing, storage, pre-launch, launch,
operation and descent if it is necessary [14]. During the validation event, on the
satellite the worst combinations of the loads should be applied. To simulate the worst
condition which is generally launch phases, there are some tests and test loads applied
to satellite on the ground with specific launch phase load types. In addition to tests, the
ground events have also some loads on the structure of the satellite which are generally

minimal if there is a comparison with launch phases.

2.3.1 Launch loads

Regarding to the satellite volume envelope, mission orbit or mass of the satellite,
projects are selecting the launchers to carry them to their orbit or transfer orbit. In the
design phases of the projects, engineers are designing the satellite structure with
considering the given load envelopes from launcher user manuals. In the launcher user
manuals, it is defined that what kind of environment will affect the satellite and what
kind of requirements to comply with design. At Figure 2.2 it is shown that as an

example of launcher design.
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Figure 2.2 : Ariane — 5 Launcher Design [15]
2.3.1.1 Quasi-static loads
At different stages of the launch, different level and types of loads are applied on the
launcher’s payload which is satellite in this case. As an example of that in Soyuz’s

user manual for quasi-static accelerations or loads (QSL) it is described in the Figure

2.3 in which phase what kind of ‘g’ levels are occurred on payload.
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Typical Longitudinal static acceleration
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Figure 2.3 : Typical Longitudinal Static Acceleration [16]

The load events on Figure 2.3 are listed at Figure 2.4 for QSL of Soyuz and also at
Figure 2.5 the load envelope for QSL is shown.

QSL (g) (+ = tension; — = compression)
Load Event Lateral Longitudinal
Static | Dynamic Total Static Dynamic Total
0 Ground transportation - +0,3 +0,3 -1,0 +0,3 min 1,3
max -0,7
1 | Lift-off +0,2 +1,6 £1,8 1,0 +0,6 min -1,6
max -0,4
> FI}ght mth maximum dynamic 10,4 +0,7 1,1 2,4 10,4 min -2,8
pressure (Qmax) max -2,0
3 Flrst—stage flight with maximal 01 108 109 43 £0 7 min -5,0
acceleration ! ! ! ! ! max -3,6
Separation between first and -4,1 +0,2 min -4,3
j: :l: j: r i I
4 second stages 0,2 0.9 1.1 -1,0 +0,4 max -0,6
. -1,0 +0,4 min -4,0
-ste + + + ' ’ ’
5 Second-stage flight 0,1 1,1 1,2 56 £14 max 0,6
Separation between second -2,6 +0,7 min -3,3
+ + + ' . '
6 and third stages 0,2 0.6 0.8 -0,2 +1,5 max +1,3
min -2,9
inni ird-ste i + + + - + !
7 Beginning of third-stage flight 0,2 0,6 0,8 1,0 1,9 max +0,0
) . -4.,0 0,0 min -4,0
d-stz 4 + + i r ¥
8 Third-stage engine cutoff 0,1 0,3 0,4 0.0 £18 max +1.8

Figure 2.4 : Design Limit Load Factors of Soyuz [16]
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Figure 2.5 : Spacecraft Design Limit Loads [16]

Before the launcher selection, all the candidate launchers’ load envelopes are bringing
together and the worst case of the load factors are becoming the load envelope to use

it in the designs.

2.3.1.2 Sine vibration

During the launcher flight especially at atmospheric flight phase, there are some
sinusoidal vibration effects on the satellite. These phases are typically occurring on
the satellite around 6 minutes. In the launchers’ user manuals, the longitudinal and
lateral sine amplitude with respect to a range of frequency band is given. These sine
amplitudes are limit sine vibration load limits at satellite’s adapter interface with
launcher. In the Figure 2.6 and Figure 2.7, limit load levels are shown at equivalent

sine environment for Soyuz [16].

Frequency Band (Hz)
Direction 1-5 5-10 10 - 20 20 - 30 30 -40 40 - 60 60 - 100
Sine Amplitude (g)
Longitudinal 0.4 0.5 0.8 0.8 0.5 0.5 0.3
Lateral 0.4 0.6 0.6 0.4 0.4 0.3 0.3

Figure 2.6 : Limit Load Levels of Soyuz at equivalent sine environment [16]
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Sine-equivalent at Spacecraft-to-adapter interface
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Figure 2.7 : Sine equivalent vibration at adapter interface for Soyuz [16]
2.3.1.3 Random vibrations

Random Vibration affects are kind of different than previous load cases. It is because
of for some launchers, it is covered from acoustic load cases above 100 Hz and covered
from sine load cases under 100 Hz. However, random vibration has important role on
designing a spacecraft and need qualification tests before flight with respect to given
load cases from launchers before flight. These loads are occurred on the top of launch
vehicle adapter interface of launcher side. As described before, from Falcon 9 launch
vehicle user manual that frequency levels are divided into 3 main stages as low
frequency (0-100 Hz), mid frequency (100 — 600 Hz) and high frequency (600 — 2000
Hz) [17]. These stages and Power Spectral Density (PSD) are shown in Figure 2.8.
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Figure 2.8 : Falcon 9 random vibration environment (5.12 grms) [17]

2.3.1.4 Acoustic vibrations

Acoustic vibration can be occurred on ground and during flight. Generally, because of
the venting holes on fairing of launchers there are not any acoustic vibration effects on
ground. In flight, it is produced by acoustic pressure fluctuations under the hood, the
impingement of engine smoke on the pillow during lift-off, and unstable aerodynamic
events transmitted from the upper composite structures during atmospheric flight.
Except for the take-off and transonic phase, the acoustic levels are significantly lower
than the values specified below [18]. For Vega-C launcher, acoustic vibration levels

and load envelopes are shown at Figure 2.9 and Figure 2.10.

Octave center

Flight limit level (dB)
(reference: 0 dB = 2 x 1077 Pa)

frequency (Hz) Lift-off Atmospheric phase

(HO — HO+3s) (from HO+3s)

31.5 112 110

63 123 120

125 126 122

250 136 127

500 139 130

1000 127 127

2000 122 118

QASPLIY) (20 - 2828 Hz) 141.2 133.7
Duration 3 seconds 55 seconds

Figure 2.9 : Overall Acoustic Pressure Levels [18]
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Figure 2.10 : Acoustic Vibration Limit Levels in Fairing [18]
2.3.1.5 Shock

Shock load are applied on the satellite during the launchers’ stage separations, fairing
jettisoning and most effectively separation from launchers. The satellite separation
shock is produced directly at the base of the satellite which has interface with launchers
and adapter type has a key role on the shock load levels, since the interface diameter
and the separation system have a direct effect. For different interface diameters and
flight events it is shown at Figure 2.11 that with different frequency ranges how much
Shock Response Spectra (SRS) on the satellite [16]. Also at Figure 2.12, it is shown in
the graph [16].

Frequency (Hz)

Flight Event 100-1000 | 1000-2000 | 2000-5000
SRS, Shock Response Spectra (Q = 10) (g)
Fairing & stages separations 15-350 | 350 | 350-200

Frequency (Hz)

Spacecraft Adapter Interface

Diameter 100-1000 | 1000-10000
SRS, Shock Response Spectra (Q = 10) (g)
© 937, @ 1194, O 1666 20-1000 I 1000-700

Figure 2.11 : SRS Values for Soyuz [16]
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Shock Response Spectrum at the Spacecraft Base (Q=10)
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Figure 2.12 : SRS Envelope for Soyuz [16]
2.4 Material

A crucial step in the design process is the selection of materials for a satellite structure.
There are some fundamental properties for material selection on space industry. These
properties are; strength values of material, modulus of elasticity, fatigue life, fracture
toughness, density, thermal behaviour and conductivity, coefficient of thermal
expansion (CTE), corrosion resistance, price, availability, machinability and
weldability [19]. Mass efficiency has a key role on selecting the material because
especially with less weight during the launch the cost of the projects are decreasing a
lot. Highly charged thin-walled shells which are cylinders and cones form the central
structure of the satellite. It is designed to support axial compressive loads and bending
moments. The primary failure mode is caused by buckling of cylinders or cones that
is why during the design and material selection buckling strength has important role.
Lightweight and rigid structures can be obtained by using materials with a high
modulus of elasticity [20]. The advantages and disadvantages of the common materials

in space industry are shown in the Figure 2.13.
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Material Advantages Disadvantages
Aluminium * High Strength vs weight o Relatively low strength vs.
¢ Ductile volume
¢ Easy to machine * Low hardness
¢ Low Density; efficient in * High CTE
compression
Steel * High strength * High density
* Wide range of strength, * Hard to machine
hardness and ductility ¢ Magnetic
obtained by treatment
Heat- * High strength vs. volume * High density
Resistant * Ductile * Not as hard as steels
* Strength retained at high
temperatures
Magnesium * I ow density * Sensitive to corrosion
* Low strength vs. volume
Beryllium ¢ High stiffness vs. density ¢ TLow ductility and fracture
toughness
* Low short transverse properties
* Toxic
Titanium ¢ High strength vs. weight ® Hard to machine
* LowCTE ¢ Poor fracture toughness
Composite * (Can be tailored for high * Costly for low production

stiffness, high strength, and

extremely low CTE
Low density
Good in tension

volume; requires development
Strength depends on
workmanship, needs individual
proof testing

Laminated composites are not as
strong in compression

Brittle

Figure 2.13 : Comparison of Space Material [21]
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3. DESIGN CRITERIAS

Goktiirk-Y satellite was chosen as the reference satellite while starting the design studies of the
central cones. That is because orbit of the Goktiirk-Y satellite is LEO and it is an Earth
Observation Satellite with a payload of Electro-Optic Camera. Estimated mass of the satellite
is around 1000 kg which makes it in large satellite category [22]. All the design criteria are

considered to accommodate central cones in Gokturk-Y satellite.

On the other hand, the opposite side boundary conditions for central cones are coming from
launcher interfaces. Central cones have direct interfaces with launch vehicle adapters. In this
thesis, as referenced satellite, Goktirk-Y has @1194 mm standard launch interface which is

lead the central cone bottom diameter.

3.1 Physical Restrictions

Physical restrictions and properties are dimensional properties, mass, material properties used

on central cones, components used on designs and design concepts of cones.

3.1.1 Dimensional properties

Designed central cones are accommodating on centre of the satellites as mentioned in their
names. The important point of defining the sizes of the cone is the requirements of the satellite.
For Earth Observation Satellites, generally a huge telescope is accommodating huge volume on
the centre of the satellite. For being the satellite stiffer, central cones in that kind of satellites

are generally only locating in platform zone which is not having any payload unit.

In this thesis, central cones have interface with satellite’s horizontal structural panels on their
top side and, cones have interfaces with launch vehicle adapter on their bottom side. Launch
vehicle adapter has proper interfaces with PAS 1194 which is a standard adapter sized as @1194
mm [15]. The PAS 1194 technical drawings and interfaces with satellites are shown at

Appendix A. For the top side of the cone, @720 mm selected to have interfaces with satellite.
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Equipment layout design of satellite also effects the sizes of the cones. Height of the central
cones are selected as appropriate dimensions with considering possible equipment layout of
that kind of satellites which is around 840 mm from the reference coordinate system. The
important point on these dimensions is all the central cones will have same dimensional
properties to compare under same conditions. The general dimensions of central cones are

illustrated at Figure 3.1 below.

840 mm

1215 mm

Figure 3.1 : General Dimensions of Central Cone Assemblies
3.1.2 Mass

There is no specific mass restriction for this thesis but, in the space applications, weight has
extremely critical role on design. Mass is directly proportional to cost of the projects. Except
from money, especially for Earth Observation Satellites, agility is so important because with
the movements of the satellite, telescope can capture more images. For getting high agility,
moment of inertia (kg x m2) values should be small. Centre of gravity and mass of the satellite
are the main objects of the moment of inertia. With considering these facts, mass is affecting
moment of inertia and, it is affecting the agility and movement capability of the satellite. To
conclude, there is no mass restriction for this study but being a mass efficient product as central

cone has critical role on design.
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3.1.3 Central cone design concepts

In this thesis, there will be a comparison between six different central cones under same
boundary conditions and load cases. These six cones are divided in each other with considering
the design concepts and material types of the cones. The main philosophy of the design is
defining three different design concepts and applying two types of material on each concept.
As a result of that, design concepts are:

e Semi-monocoque cones

e Grid cones

e Sandwich cones
These three design concepts are the main design concepts of the primary structures of satellites
for central cylinders and cones [19].
3.1.4 Material properties

Material selection for this study is based on being space compatible. For being space
compatible, international standards like European Cooperation for Space Standardization
(ECSS) are considering to determine material selection. Materials are chosen as being light,
have high strength, have high elastic modulus, size and thickness of the design, form of the
design and manufacturing process [23]. Chosen materials for different kind of design concepts

of central cones are listed on the Table 3.1.

Table 3.1 : Material List

Cone ID 1 2 3 4 5 6
Design Semi- Semi- Grid Grid  Sandwich  Sandwich
Concept | monocogue monocoque
. Skins:
M18 M55] M18 Sklzré)sz'f - M18MSS)
Material | AL 2024 AL7050  MS55) ) CFRP
CFRP HC: AL _
CFRP  goee 1) HCIAL
1) 5056 (6.1)

As shown in the Table 3.1, one type of metal and CFRP selected and applied at different
designed central cones. The reason of choosing different aluminium for metallic central cones
is the form of the metal. For flat sheets and skins, AL 2024 selected because it is producing as

low thickness flat sheets. On the other hand, for the plates which will need NC machine like
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Grid cone, AL 7050 selected. That is because, AL 7050 has a form of plate or rod. For sandwich
structures, honeycomb parts are selected as same aluminium type which is AL 5056, but the
density of the honeycombs are different between each other. The detailed material properties
for the metals are listed on Table 3.2. The mechanical properties for the metals are getting from
Metallic Materials Properties Development and Standardization (MMPDS), which is an
authority from USA to define the metallic material properties [24]. The properties of the
aluminium are close to each other except the tensile yield strength and ultimate tensile strength

which are key factors on design.

Table 3.2 : AL 2024 and AL 7050 mechanical properties [24]

Metals AL 2024 AL 7050
Density 2800 kg/m® 2830 kg/m?®
Modulus of 73.1 GPa 71.7 GPa
Elasticity
Poisson’s Ratio 0.33 0.33
Shear Modulus 28 GPa 26.9 GPa
Tensiiepyield 324 MPa 469 MPa
Strength
Ultimate Tensile 469 MPa 524 MPa
Strength

For honeycomb materials, detailed mechanical properties are listed at Table 3.3. The 6.1 and
8.1 means that nominal density pounds per cubic foot (pcf) as listed in Hexcel product list. 6.1
pcf is equal to 98 kg/m®and 8.1 pcf is equal to 130 kg/m®. The interlaminar shear stress limits

and shear modulus limits are also different with density of honeycomb.

Table 3.3 : Honeycomb AL 5056 (6.1) and AL 5056 (8.1) mechanical properties [18]

Honeycomb 5056 AL (6.1) 5056 AL (8.1)
Density 98 kg/m® 130 kg/m?3
Shear Modulus (G13) 703 MPa 986 MPa
Shear Modulus (G23) 262 MPa 352 MPa
FsL 4.76 MPa 6.52 MPa
FsW 2.76 MPa 3.86 MPa

For all three central cones have same CFRP material which is space compatible M18 M55J. It
IS also defined and material properties are shown in ECSS from Airbus’ material properties test
results [26]. The properties are given for different angles of laminates. Also, for all angle and
stress type strength and modulus properties are given. The mechanical material properties are
shown in Table 3.4.
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Table 3.4 : M18/M55J UD mechanical material properties [26]

CFRP M18/M55J UD

Density 1580 kg/m?®

UD Tension (0) Strength 1784 MPa
UD Tension (0) Modulus 301 GPa
UD Tension (90) Strength 21 MPa
UD Tension (90) Modulus 5.9 GPa
UD Compression (0) Strength 602 MPa
UD Compression (0) Modulus 293 GPa
In-plane Shear Strength 53 MPa
In-plane Shear Modulus 4.6 GPa

3.1.5 Components used on cone assemblies

One of the main purposes of the satellite primary structure is carrying all the satellite and
withstand all loads. Interfaces with launch vehicles and satellites are adapters on both structures.
The satellite side is named in the thesis like launch vehicle adapter (LVA). LVAs are the key
components for the satellites on their load paths because it is directly transmitting the load to
the launchers. Central cones and LVVA are connecting to each other from inner face of the cones
and outer face of the LVAs. That is resulting with load path directly using central cone for
satellite bus. LVA and central cones have also another interface except from direct interface on
their inner and outer faces. There is a horizontal structural panel between cones and LVA. It is
designed and added to assembly to simulate the connection stresses for lateral connections on
central cones. In addition, it is helping to make the assembly stiffer. To conclude, in the thesis

for cone assembly designs and analyzes listed components used as below:
e Central cone
e Launch vehicle adapter
e Horizontal structural panel
e Additional structural bracket to connect cone and horizontal panel (if needed)

Last item of the assembly is meaning that additional mass for assemblies which need that
component in their designs. Even thought that component make the structural analysis results
better and make them compatible with requirements, additional mass has negative effect on the

weight comparisons.
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3.2 Analysis Types

Some analyzes are made during the design phase to ensure that the satellite is resistant to the
loads and effects it will be exposed to during tests, launch and orbit. These analyzes can be
described as a simulation of structural behavior under these conditions. Just like the satellite,
their primary and secondary structures should also have to withstand loads during those phases
of satellite life. Some structural requirements for satellite structure can be detailed into each
other to ensure the little parts of it also withstand the effects. Central cones are one of the main
primary structure of satellites which can be basically defined as backbone of satellite. That is

why some main analyzes for central cones should be considered to compare the optimal design.

3.2.1 Modal analysis

Natural frequency is frequency of a systems which make them vibrate under any external effects
[27]. The natural frequency depends on various factors such as the mass, stiffness, and damping
of the object. Knowing the natural frequency of an object is crucial because if the object vibrates
at a frequency that matches its natural frequency, it can lead to a significant increase in the
amplitude of the vibration. This can potentially cause permanent damage to the object, which
is why it's important to have an understanding of its natural frequency. Natural frequency is an
important concept in physics and engineering, as it can help predict how an object will behave
when subjected to external forces or vibrations. It is also a key factor in the design of structures

and mechanical systems as satellite structures.

Modal analysis is a type of structural analysis that is used to determine the natural frequencies,
mode shapes, and damping properties of a structure. Modal analysis involves analysing the
structural member's geometry, material properties, and boundary conditions to predict its

natural frequencies and mode shapes [28].

It is important to keep the satellite and launch vehicle natural frequencies separate from each
other to ensure there is no resonance. That is why in the launch vehicle user manuals there are
described natural frequency requirements. Same as satellite and launch vehicle, components of
the satellite are also need to have non-couple natural frequency values from satellite body.
Generally, in the launch vehicle user manuals the defined frequency range is up to 100 Hz [15].
As a result of this value with using vibration isolation theory, component natural frequency

values can be defined as a requirement before starting to design. From vibration isolation
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theory, the V2 times defined natural frequency range is assigning the natural frequency lower
limits for structural designs. In Figure 3.2, the effect of V2 is shown. At any value smaller than
V2 for f/f, the there is an amplification because transmissibility values are always bigger than

1. On the other hand, if the f/f, is bigger than V2, it will be an isolation and vibration will be
depended on the damping ratios [19].
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Figure 3.2 : Transmissiblity curve [19]

As a result of that, with considering vibration isolation, the modal analysis results for central

cones should have bigger than 140 Hz which is equal to 100 * v/2. During the comparisons of
the cones, it will be important to be stiffer than other ones which is basically controlling with
hard mounted modal analysis of the central cones. Also, the modal analysis of the cone

assemblies will be considered on the comparisons for the performance of the assembly.

3.2.2 Static structural analysis

Static analysis is a type of structural analysis that is used to determine the stresses and

deformations in a structure under static loading conditions. As part of satellite structures, static
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analysis is used to predict the stresses and deformations that the structure will experience during
launch and in orbit. In global static stress analysis of satellite, load conditions are defining with
considering candidate launch vehicle load envelopes. performing linear static analysis on the
central cone of a satellite is critical to ensure that the structure can withstand the loads and

stresses it will experience during launch and operation.

As mentioned before, central cones are backbone of the satellite structure. It is the main path of
loads for satellite. Central cones are carrying all the satellite bus during launch and in orbit. In
static view, whole satellite weight with defining acceleration can be load conditions of the
central cones. Acceleration values which are ‘g’ values, defining in the launch vehicle user
manuals for spacecrafts in global way. To enforce the central cones more, 10g will be applied
during the static structural analysis. Central cones are also carrying satellite bus, that is why
referenced satellite Goktiirk-Y weight will be applied on the upper side of the central cones
under acceleration levels. Mass of the Goktiirk-Y is almost equal to 1000 kg [22]. With quick
mathematics 1000 kg with 10g acceleration is equal to 100 kN.

3.2.3 Buckling analysis

Buckling analysis is a form of structural analysis that predicts the failure mode of a component
when subjected to compressive loads. In relation to satellite structures, it is utilized to determine
the critical load at which a structural member will buckle or fail due to compressive loading.
Buckling analysis involves analysing the structural member's geometry, material properties,
and boundary conditions to predict its critical buckling load. In the buckling analysis, the critical
buckling load factor which is symbolized as A obtained from FEA. A is equal to design limit
load (critical load) divided by defined load case [29].

The central cone is another critical component of a satellite structure that provides structural
support and stability for other subsystems. Because of its length and slender shape, it is
susceptible to buckling when subjected to compressive loads. During the launch phase of the
mission, the satellite experiences high levels of acceleration and vibration, which can cause
compressive loads on the central cones. Additionally, the central cone must be designed to
withstand thermal expansion and contraction during the varying temperature extremes
experienced in space. These loads can cause the central cone to buckle if it is not designed to

resist buckling. As a thin-walled and slender structure, the central cone of a satellite is
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susceptible to buckling under compressive loads. Therefore, it is important to perform buckling
analysis on the central cone to ensure that it is designed and constructed to resist buckling and
can withstand the mechanical loads and stresses it will encounter during launch and operation
in space [29].

Same as static analysis, defined load is coming from Goktiirk-Y satellite for central cones.
Boundary conditions are also same as static analysis, which means that there is a hard mounted
LVA under the central cone and the load is occurring on the top side of the central cones in the
analysis. With considering Goktiirk-Y mass 1000 kg and 10g load level, same as static analysis

100 kN force applied on the central cone assemblies.
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4. DESIGN PHASE

The design criteria of the central cones are described in the Section 3. Design phase of
the central cones are started with considering design criteria mentioned before.
Siemens NX [30] used for 3D designs. It is used because of the user-friendly
transitions with analysis application of it which is called Simcenter 3D. It is easy to
iterate designs with using same software during the designs. In this section, designs of
central cones and their assemblies with mass properties comparisons are shown. These

comparisons are the first main part of the trade-off study at the end of the thesis.

4.1 Design Philosophy

It is important to make a decision on the design procedure and phases of a structure.
For make the designs more efficient and easier to iterate them, creation of the design
process tree has key role. That is why in the beginning of the designs, design process

scheme is planned as shown in the Figure 4.1.

Preliminary Design
of LVA, NC part and
Horizontal
Structural Panel

Preliminary Design
of Central Cones

Defining Interfaces Assembly Designs

Preliminary Modal
Analysis of Central
Cones

Creating FEM of
Other Structural R ittt
Parts

Creating FEM of
Assemblies

Creating FEM of
Central Cones

Static Structural
Analysis

Modal Analysis of
Assemblies

Trade-off Analysis Buckling Analysis

Figure 4.1 : Design Process Scheme

As shown in the figure, it is starting with preliminary design of central cones. In the
phase, it is not only the 3D design of the cones, it is also adding material properties on
cones. After that there are two ways to continue to designs. First of them is creating
the FEM of central cones which is important to apply modal analysis only on central
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cones and also that FEMs can be imported to assembly FEM. Regarding the
preliminary modal analysis results of the central cones, it can be first iterations on the
cones in that phase. Second way is continued to design other parts of the central cone
assemblies. Same as the cone FEMs that parts also need FEM for applying them on
assembly FEM. Material properties of horizontal structural panel, NC part and LVA
Is also applied in this phase. After those interfaces are defining between cones and
other parts of the assemblies. It is important to define number and sizes of the
connections here in this phase. After the definitions and design changes, assembly
design is starting. Assembly design phase is putting together all the 3D models of
central cone assembly parts which are central cone, horizontal structural panel, NC
part if needed and also LVVA. After this process, it is time to start creating assembly
FEMs. The connections between parts are defining and modelling here. Also creating
boundary conditions has crucial role in this phase. With finishing assembly FEMs and
connections, the analysis phase is starting. In the analysis phase there are three main
analyzes which is mentioned before. They are modal analysis, buckling analysis and
linear static analysis. All the load definitions and boundary condition definitions for
specified analysis is done in that phases. Also, with regarding to analysis results, there
can be some design iterations of the central cone assemblies. At the end of the design
phase, there is a trade-off study to determine which central cone is optimal solution for
a satellite which is orbiting on LEO and more than 1000kg. Until the last one which is

trade-off study, all six central cones have the same processes.

4.2 Central Cone Designs

There are three different design concepts for the thesis as mentioned before. These
three different design concepts all have two different material type which makes six
different central cone to compare. These concepts are semi-monocoque, grid and
sandwich design concepts. In the beginning of the designs, concepts have designed
with the same dimensional properties within themselves. As an example for that, the
thicknesses for aluminium grid cone and CFRP grid cone are same. As a result of all
this, concepts of the designs are shown in this section, but with different applied

materials the mass properties are differ from each other.
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4.2.1 Semi-monocoque cone design

A monocoque shell is a symmetrical shell that lacks any reinforcing elements or
circular frames. The limitation of monocoque structure is having less buckling
strength. For proper load introduction, it's necessary to distribute the loads evenly
across the cross section of the structure. If loads are concentrated in one area, it may
lead to premature failure in that specific location. With considering lack of buckling
strength of monocoque shells, stiffened monocoque structures seems more convenient
for this study. There are two types of them, one of them is stiffened-skin monocoque
and semi-monocoque structure. Stiffened-skin monocoque has stiffeners which are
longitudinal structural members on the skins. That stiffeners are helping to increase
the buckling strength of the structure. Secondly, semi-monocoque structures have
intermediate ring frames which are included to enhance the buckling strength of the
skin, but there are no axial members present [13]. The shape of the cone is a leading
point of the selection of semi-monocoque structure. Another reason of that selection is
having less weight than stiffened-skin monocoque structure because of having a
smaller number of stiffer members. Also, semi-monocoque structures can be produced
both for sheet metals and CFRP.

In the preliminary design phase of the semi-monocoque central cone, thickness values
of whole cone used same which is 2 mm. Thickness is an important parameter for the
design because of the mass effect of the study. Also, for make the central cone with
stiffener members, four longitudinal ring frames used in the design. Rings are not
carrying the main load of the satellite but they are helping to rise buckling strength of
the cone shell. The general shape of the semi-monocoque central cone is shown at
Figure 4.2.
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Figure 4.2 : Semi-monocoque Central Cone Preliminary Design

In the first stage of the thesis, aluminium and CFRP central cones both have same
dimensional properties. With respect to analysis results, that dimensions can be change
because of the optimizations on central cones. The shell and longitudinal rings are 2
mm. The upper and bottom rings are 3 mm which have connections with launch
vehicle adapter and satellite. Upper side of the central cone has connections with
satellite which the satellite loads are applying. Bottom side of the central cone has
interfaces with LVVA to carry all the loads to the launchers.

After applying the materials on the central cones first mass information came out. As
an Aluminium metal, AL 2024 sheet metal used and for CFRP material M18/M55J
UD applied. In the Appendix B, the orientations of the CFRP material are described.
Mass results of the semi-monocoque central cones are shown at Table 4.1.

Table 4.1 : Semi-monocoque central cones mass comparison

Central Cones Aluminium CFRP
Mass (kg) 16.77 9.41
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CFRP semi-monocoque central cone is way much lighter than Aluminium semi-
monocoque central cone without assemblies. Even the same dimensions and boundary
conditions, because of the high-density, Aluminium central cone is heavier one. From
preliminary design results, Aluminium central cone is around 56% heavier than CFRP

central cone.

4.2.2 Grid central cone design

The usage of different types of grid structures are used on the space industry is
increasing each day. There are several types of that grid structures which are chosen
with dependents of specific mission requirements, weight restrictions or cost
considerations. Main central cones as a primary structure of the satellite are very
suitable for the usage of such structures. There are several common usages of grid

structures on central cones or cylinders.

Types of the grid structures have a name with a result of the shape of the grids. Most
common types of them are isogrid and orthogrid central cones. The main difference
between isogrid and orthogrid structures is their geometry. Isogrid structures have a
lattice pattern consisting of interconnected panels, while orthogrid structures have a
grid pattern consisting of interconnected beams. Isogrid structures offer enhanced
strength and rigidity due to their lattice design, whereas orthogrid structures are less
complex to construct and assemble because of their simpler grid pattern. In the thesis,
because of the easy to manufacture and design, orthogrid structure selected as base
grid central cone design. With considering analysis results, the shapes of the grids can
be optimized if it is needed.

The total thickness of the grid central cones is 10 mm. There is a 1 mm shell behind
the grids of the central cones. With 4 mm walls between grids, there are 4 grids on the
one column of cones. The height of each grid has different values which are 160 mm,
150 mm, 150 mm and 145 mm respectively. The section view of the central cones are
shown in the Figure 4.3.
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Figure 4.3 : Section view of the grid central cones

Rotation angle of the grids are 14° with respect to reference coordinate system. The
total number of the grids around the cone shell is 96. In the preliminary design phase
of the study, the dimensions of the grids are defined same for both materials which are
Aluminium and CFRP. As Aluminium metal, AL 7050 selected and for CFRP
M18/M55J selected like semi-monocoque CFRP cone. In the Appendix C, the
orientations of the CFRP on grid central cone are shown. Masses of the grid central
cones are listed on the Table 4.2.

Table 4.2 : Grid central cones mass comparison

Central Cones Aluminium CFRP
Mass (kg) 21.12 12.32

Same as the semi-monocoque cones, grid central cones have also same mass results

regarding to materials. CFRP grid central cone is lighter than Aluminium grid central
cone. Aluminium central cone is around 42% heavier than the CFRP one. General view

of the grid central cones is shown in Figure 4.4,
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Figure 4.4 : General view of grid central cones

4.2.3 Sandwich central cone design

There are several advantages of sandwich structures for spacecraft design. The major
advantages of sandwich structures are being lightweight, have strength, rigidity and
buckling strength. The types of the sandwich structures are also changing with respect
to materials of the skins or core structure. It is also known that the shape and geometry
of the core structure is another difference of sandwich structures. In the satellite
industry, especially for primary structural panels, honeycomb sandwiches are using
which have hexagonal geometry like honeycombs on the core of the sandwich. The
materials of the honeycomb sandwiches are named from upper and lower skins’
material generally. That is because for space applications, honeycomb cores are
generally aluminium material. Upper and lower skins can be metal or CFRP which is
depended to mission selection, requirements and cost efficiency. The general idea of

the sandwich panels is shown at Figure 4.5.
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Figure 4.5 : Honeycomb sandwich structure [31]

In the thesis, the dimensional limitations of the sandwich central cones are the same.
The chosen materials of the core structure are the same for both cones which only has
a difference of honeycomb density. It is 5056 AL with densities of 98 and 130 kg/m?.
Also, the thickness of skins is different than each other for central cones too. Total
thickness of both cones is same for them which is 10 mm. Upper and lower skin
thicknesses of AL sandwich cone is 0.4mm with AL 2024 sheet. The core thickness of
that central cone is 9.2 mm with 98 kg/m®5056 AL honeycomb. For CFRP sandwich
central cone, upper and lower skin thicknesses are 0.88 mm and core honeycomb
thickness is 8.24 mm with density of 130 kg/m? 5056 AL. The layout of the CFRP is
shown at Appendix D. General view for sandwich central cones is shown at Figure
4.6.
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Figure 4.6 : General view of Sandwich Central Cones

Mass comparisons of the sandwich central cones are done after application of

materials. The mass results are shown at Table 4.3.

Table 4.3 : Mass comparison of sandwich central cones

Central Cones Aluminium CFRP
Mass (kg) 7.92 8.21

The results have different characteristics than other concepts of design. For other two

design concepts, metallic central cones are heavier than CFRP central cones. But in
this case, CFRP central cone is heavier than Aluminium sandwich cone. This
difference is not an anomaly for the study because, the skin thicknesses and core
densities are different from each other. The reasons of the differences will be shown
at analysis phase of the study. CFRP sandwich central cone is around 3.53% heavier

than metallic one.

4.2.4 Central cone mass comparisons

After preliminary designs of the central cones, first mass comparisons between design

concepts and types came out. The results are shown at Table 4.4.

Table 4.4 : Mass comparisons of the central cones

Central AL CFRP AL  CFRP AL CFRP
Cones monocoque Monocoque  Grid Grid  Sandwich Sandwich
Mass (kg) 16.77 9.41 2112 12.32 7.92 8.21

With results of the design concept mass comparisons, sandwich central cones are
lighter ones. After that, semi-monocoque cones are coming but it is important that
CFRP Grid cone is lighter than AL semi-monocoque cone that is why in this stage
with averages of the design concepts can be sortable. If the comparison can be one by
one without defining the design concepts, AL Sandwich cone is lighter central cone

and AL Grid cone is heavier one.

4.3 Assembly Designs

To find the optimal design concept of central cones for LEO satellites, simple assembly
designs are created to compare. Central cone assemblies aim to have almost same main
components of the satellite structure which is directly connected to central cones and

launch vehicles. It is because that load path of from satellite is following the satellite
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primary structure to central cones and launch vehicle adapter to transfer them to launch
vehicles. In the study, assemblies have component listed below:

e Central cones
e Launch vehicle adapter
e Horizontal structural panel

e NC bracket (if needed)

4.3.1 Launch vehicle adapter design

Launch vehicle adapters are the interfaces between spacecrafts and launch vehicles.
Depends on the sizes of the spacecraft diameter of the launch vehicle adapter is
changing. There are standard sizes of the launch vehicle adapters. Most common sizes
are ¥937 mm, ¥1194 mm and @1663 mm which are diameters of the interfaces of
launch vehicles. In the thesis, with considering the sizes of reference project ¥31194
mm standard LVA chosen. The interfaces of the LVA should be compatible with the
launch vehicles which is specified in their user manuals. As a reference adapter of
launch vehicle side PAS 1194 selected and technical drawings of that is shown at
Appendix A [15].

As an assembly design, LVA has directly connections with central cones from inside
of them. Also, LVA has interfaces with horizontal structural panel. The cross section
view of the LVA is shown at Figure 4.7 and general view of the LVA is shown at

Figure 4.8.
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Figure 4.7 : Section view of the LVA

Figure 4.8 : General view of the LVA

The material of the LVA is aluminium which is AL 7075. Mass of the LVA is 19.02
kg. The LVA is same for all assemblies. That is why the mass of the LVA is not a
criterion for assembly design of central cones.
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4.3.2 Horizontal structural panel

Horizontal structural panel for central cone assembly is actually a main structural panel
of satellite. The reason of adding this panel on the central cone assembly is having
connections and interfaces with LVA and central cone. That connections from cone to
LVA with using horizontal structural panel is another load path for satellite. Horizontal
structural panel is a honeycomb sandwich panel which has AL skins and AL
honeycomb as core inside. Total thickness of the panel is 40 mm. Skin thicknesses are
0.41 mm with AL 2024 and 39.18 mm honeycomb as AL 5056 with 50 kg/m? density.
In the assembly designs of the central cones, same horizontal structural panel used and
mass results of it is 1.39 kg. It is use same for all assemblies so, it is not affecting the

comparisons of the cone assemblies.

General view of the horizontal structural panel is shown at Figure 4.9. The shape of
the panel is selected as hexagonal because of the reference project Goktiirk-Y. The
same shape for the panels used on that project too.

Figure 4.9 : General view of horizontal structural panel

4.3.3 NC bracket

NC bracket is a bracket to connect central cones to horizontal structural panel. It is a

secondary structure for the assembly to connect some components. The connection
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with central cone is also interfaces with LVA with using same tru fasteners. Same as
central cone and LVA connection of NC bracket, horizontal structural panel
connections of NC bracket are also using same tru fasteners. Material of the NC
bracket is AL 7050 which is named the bracket for needs of machining. For design
concepts, some of the cone assemblies are not using NC bracket because of their
design. This is an advantage for them in case of mass comparison of assemblies. The
mass of the NC bracket after applying the material of it is 5.62 kg.

For preliminary design phase Table 4.5 is shown that which central cone assemblies

are using NC bracket in their assemblies.

Table 4.5 : Usage of NC bracket in central cone assemblies

Central AL CFRP AL CFRP AL CFRP
Cones | monocoque Monocoque Grid Grid Sandwich Sandwich
Usage

of NC No No Yes  Yes Yes Yes
bracket

It is important that for both grid and sandwich central cones, design of the NC bracket
is same. General view of the NC bracket design is shown at Figure 4.10.

Figure 4.10 : General view of NC bracket design

4.3.4 Interfaces of assemblies

The connections of the components in the assembly are basic in the design. The type
of the interfaces is all same in the assemblies. The size of the holes is M6 and number

of interfaces between central cones and LVA is 120 which is 60 per circle with 2
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columns. With same sizes of holes, the number of connections between central cones
and NC bracket is 60 if there is a NC bracket in the assembly and NC bracket has same
number of connections with horizontal structural panel. On the other hand, for the
assemblies without NC bracket the connection number of the horizontal structural
panel and central cone is 60. Horizontal structural panel has also same number of
connections with LVA. The material of the connection is selected from NX library and
it is Titanium_Ti_6Al-4V. The material properties of the Titanium Alloy are shown at
Table 4.6.

Table 4.6 : Titanium alloy material properties [30]

Metal Titanium_Ti 6Al-4V
Density 4430 kg/m3
Modulus of Elasticity 131 GPa
Poisson’s Ratio 0.34
Tensile Yield Strength 805 MPa
Ultimate Tensile
Strength VP

The details of the connections will be shown at analysis phase.

4.4 Assembly Comparisons

Second main comparison for the central cones is assembly mass comparison which is
another important criterion to have less component in their assemblies. Semi-
monocoque central cones have an advantage here to not have NC bracket in their
designs in the preliminary design phase. In the Figure 4.11, Figure 4.12 and Figure

4.13, general views of the central cone assemblies are shown.

44



Figure 4.11 : Semi-monocoque central cone assembly

Figure 4.12 : Grid central cone assembly
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Figure 4.13 : Sandwich central cone assembly

The mass comparisons of the assemblies are shown at Table 4.7.

Table 4.7 : Assembly mass comparisons of central cones

Central AL CFRP AL CFRP AL CFRP
Cones monocoque Monocoque  Grid Grid  Sandwich Sandwich
Assemblies
Mass (kg) 37.36 30 47.33 38.53 34.13 34.42

It is clear that as an assembly CFRP monocoque cone is lighter cone of the study. NC
bracket mass is a disadvantage for sandwich cones because it makes them heavy even

the only central cone masses of them are lighter ones. Grid central cone assemblies are

heavier ones and AL Grid cone is worst one.
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5. ANALYSIS PHASE

Analysis phase is another important phase of the study. In this phase, the main
comparisons of the study will be made. The analyzes of the study are modal analysis
on central cone, modal analysis, linear static analysis and buckling analysis on the
central cone assemblies. After that four different analyzes, the results came out as final
pieces of the trade-off study. At the end of the first trade-off study, there will be a
selection between six different central cone assemblies to find optimum one. Two of
them will be selected and there will be some design iterations on them to make them
optimal. After that, there will be same trade-off study between top two central cone
assemblies to find out optimum central cone design concept for LEO satellites more
than 1000kg. As an analysis program Simcenter 3D selected [32]. Simcenter 3D and
Siemens NX are connected to each other, and with using one of them it is easy to

switch between each other.

5.1 Creating FEM of Central Cones

Modelling philosophy of the central cone design concepts are different than each other
with respect to material and design type of them. Some of the central cones are
modelled as 3D solid meshes and some of them modelled as 2D shell meshes. In this
section of the thesis, the modelling philosophy of the central cones will be described

one by one.

5.1.1 Creating FEM of semi-monocoque central cones

There are two different finite element modelling method for semi-monocoque central
cones. For metallic central cone, 3D solid meshes are used and for CFRP semi-

monocogue central cone 2D shell meshes are used.
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5.1.1.1 FEM of aluminium semi-monocoque central cone

3D CTETRA meshes selected for Aluminium semi-monocoque central cone. Size of
the elements are 9 mm and surface maximum growth rate is 1.3. Element and node

numbers for aluminium semi-monocoque central cone is shown at Table 5.1.

Table 5.1 : Element properties of Aluminium semi-monocoque central cone

Central Cone Aluminium semi-monocoque
Number of elements 278194
Number of nodes 561140
Mesh Type 3D CTETRA
Type of the physical properties PSOLID

The shape of the elements and meshes are shown at Figure 5.1. Sizes of the elements

are adjusted around the holes.

Figure 5.1 : Element shapes of the aluminium semi-monocoque central cone

5.1.1.2 FEM of CFRP semi-monocoque central cone

CFRP semi-monocoque central cone is modelled as 2D thin-shell meshes. The
important part for this section is using laminate for layup of CFRP. At Appendix B,
the layup and orientation of plies are shown with details. For 2 mm shells, with 0.1mm
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of thickness, there are 20 plies. For 3 mm parts of the central cone, with 0.1mm of
thickness, there are 30 plies. Element properties for CFRP semi-monocoqgue cone is
shown at Table 5.2.

Table 5.2 : Element properties of CFRP semi-monocoque central cone

Central Cone CFRP semi-monocoque
Number of elements 66714
Number of nodes 35647
Mesh Type 2D CTRIAS
Type of the physical properties 2D Laminate

Element size of the meshes are 12 mm and maximum growth rate of the meshes is 1.3.
The shape of the elements and meshes are shown at Figure 5.2. Sizes of the elements

are adjusted around the holes.

Figure 5.2 : Element shapes of CFRP semi-monocoque central cone
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5.1.2 Creating FEM of grid central cones

There are two different finite element modelling method for grid central cones. For
metallic central cone 3D solid meshes are used and for CFRP grid central cone 2D

shell meshes used.

5.1.2.1 FEM of aluminium grid central cone

3D CTETRA meshes selected for Aluminium grid central cone. Two different 3D solid
meshes applied on the central cone. First part of the central cone is grid side of the
cone which is upper side of the cone. Other one is bottom part of the central cone
which has interfaces with NC bracket and LVA. Both parts have the same 3D
CTETRA mesh types. At Figure 5.3, the meshes of Aluminium grid central cone is
shown. Green meshes are described as first part of the meshes and blue meshes are

second part of them which has interfaces with other parts of assemblies.

Figure 5.3 : General view of aluminium central cone
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Element sizes of the green part is 8 mm with 1.3 maximum growth rate. Element sizes
of the blue part is 15 mm with 1.3 maximum growth rate. Element properties are shown
for Aluminium grid central cone at Table 5.3. The numbers of the elements and nodes

are total numbers for green and blue parts of the meshes.

Table 5.3 : Element properties of the Aluminium grid central cone

Central Cones Aluminium Grid
Number of elements 420439
Number of nodes 826046
Mesh Type 3D CTETRA
Type of the physical properties PSOLID

5.1.2.2 FEM of CFRP grid central cone

For grid sides and shell behind the grids, 2D thin-shell elements created for CFRP grid
central cone. The important part for this section is using laminate for layup of CFRP
for both 2D thin-shells. At Appendix C, the layup and orientation of plies are shown
with details for both. For the shell behind with 0.1mm ply thicknesses there are 10
plies at laminate. For grid side of the central cone there are 60 plies with 0.15 ply
thickness. The green colour is shown the grid side of the meshes and orange part is

shown the shell of the cone at Figure 5.4.
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Figure 5.4 : General view of CFRP grid central cone meshes

Orange part of the meshes have 15 mm element size with maximum growth rate 1.3
and green side of the meshes have 12 mm element size with maximum growth rate 1.3.
For orange part, layup of the CFRP has an offset on the middle of them but for green
side, the offset of the layup is beginning from the bottom of the laminate. Element

properties are shown at Table 5.4.

Table 5.4 : Element properties of CFRP grid central cone

Central Cone CFRP Grid
Number of elements 54342
Number of nodes 29930
Mesh Type 2D CTRIA3
Type of the physical properties 2D Laminate
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5.1.3 Creating FEM of sandwich central cone

For sandwich central cones 2D thin shell mesh method used because of having
different kind of parts in their design. Difference between metallic and CFRP sandwich
cones are type of the physical properties of meshes in their model. 2D PCOMP applied
on aluminium sandwich central cone and 2D Laminate applied on CFRP sandwich

central cone.

5.1.3.1 FEM of aluminium central cone

2D CQUAD4 mesh type selected for Aluminium sandwich central cone. The mid-
surface modelling method used to create a surface in the middle of the design and core
and skins of the honeycomb properties added in the FEM of cone with using 2D
PCOMP. General element sizes of the elements are 10 mm for the central cone. Skin
thickness of the central cone is 0.41 mm and core thickness of the honeycomb is 9.18
mm. Element properties of the aluminium sandwich central cone is shown at Table
5.5.

Table 5.5 : Element properties of Aluminium sandwich central cone

Central Cone Aluminium Sandwich
Number of elements 32837
Number of nodes 33489
Mesh Type 2D CQUAD4
Type of the physical properties PCOMP

General view of the FEM of aluminium sandwich central cone is shown at Figure 5.5.
Because of only one part of the model, there is only one type of meshes.
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Figure 5.5 : General view of Aluminium sandwich central cone FEM

5.1.3.2 FEM of CFRP sandwich central cone

Same as aluminium sandwich central cone, 2D CQUAD4 mesh type is applied on the
CFRP sandwich central cone too. Mid-surface method used to create a shell for the
modelling elements. The difference from aluminium one is using 2D Laminate on
applying the material properties on the central cone. The CFRP ply thicknesses of the
honeycomb skin is 0.11 mm with 8 plies for one skin. Honeycomb core thickness of
the sandwich central cone is 8.24 mm. Element sizes of the meshes are 10 mm which
is same with aluminium sandwich central cone. Element properties of the CFRP

sandwich central cone is shown at Table 5.6.

Table 5.6 : Element properties of CFRP sandwich central cone

Central Cone CFRP Sandwich
Number of elements 32837
Number of nodes 33489
Mesh Type 2D CQUADA4
Type of the physical properties 2D Laminate
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Number of elements and nodes are same with Aluminium sandwich central cone
because they both using same sizes of elements and types. General view of the meshes

are shown at Figure 5.6.

Figure 5.6 : General view of CFRP sandwich central coen FEM

5.2 Modal Analysis of Central Cones

First analysis on the central cones is modal analysis of only central cones. There will
be a second modal analysis comparison for the study but it will cover all the assembly
of the central cones. In this part of the thesis, the general boundary conditions and
modal analysis results will be shown with details. The main boundary condition of the
modal analysis is being hard mounted from the bottom of the structure which is
basically mounting face of the central cones. Also, there are some simulation objects
as glue for CFRP central cones. SOL 103 Real Eigenvalues of Simcenter Nastran
solver is used to solve the simulation of the study.
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For make the hard mounted surface, there are fixed constraints on the bottom of the
central cones. General view of the fixed constraints is shown at Figure 5.7 on

Aluminium semi-monocoque central cone as an example of them.

Figure 5.7 : Fixed constraints on central cone

For CFRP semi-monocoque and grid central cones, there are some simulation objects
as glue which is connecting parts of the design. The glue is connecting edge of the ribs
of semi-monocoque central cone and surface of the cone as shown at Figure 5.8. This
Is important because making the mid-surface on the designs is cutting the connection
between all the edges and surfaces from each other. There are 4 ribs and 2 upper and
bottom rings around the CFRP semi-monocoque central cone that is why six different
edge gluing applied as simulation object on the analysis of CFRP semi-monocoque
central cone. For CFRP grid central cone, there are only 2 parts to glue each other. One
of them is grid part of the cone and other one is shell behind the grid. Face gluing is
shown at Figure 5.9 which has green and orange parts of meshes to glue each other.

Only one face gluing simulation object is enough for this central cone.
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Figure 5.8 : Edge gluing for CFRP semi-monocoque central cone

Figure 5.9 : Face gluing of the CFRP grid central cone
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In the modal analysis results, there are two critical results to understand the behaviour
of the structure. One of them is natural frequency results of the structure and other one
is mode shapes of the structure. In the thesis, as a design requirement there is first
natural frequency value of the central cones should be upper than 140 Hz. To
understand the mode shapes better, model is exaggerating with using 10% model

results of the result page of the Simcenter 3D.
5.2.1 Modal analysis of semi-monocoque central cones

5.2.1.1 Modal analysis of aluminium semi-monocoque central cone

For Aluminium semi-monocoque central cone modal analysis results are shown at
Table 5.7 for first 10 modes. The important one is results of first natural frequency for

the study.

Table 5.7 : Modal analysis results of Aluminium semi-monocoque central cone

Central Cone Aluminium Semi-
monocoque
Mode 1 (Hz) 321.31
Mode 2 (Hz) 322.05
Mode 3 (Hz) 367.20
Mode 4 (Hz) 367.85
Mode 5 (Hz) 392.95
Mode 6 (Hz) 393.66
Mode 7 (Hz) 427.93
Mode 8 (Hz) 428.74
Mode 9 (Hz) 516.97
Mode 10 (Hz) 518.55

Modal analysis results of aluminium semi-monocoque central cone are satisfying the
design requirement of having 140 Hz first natural frequency value. Mode shape of first
mode is shown at Figure 5.10. The general modes of the central cone are rising in twos,
with considering to examine the results of the analysis. Mode 1-2, Mode 3-4, Mode 5-
6, Mode 7-8 and Mode 9-10 are almost same values. The results shows that there may
be some mass reduction studies if other analysis results can satisfy their requirements

too.
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Figure 5.10 : General view of Aluminium semi-monocoque central cone Mode 1
with 10% model

5.2.1.2 Modal analysis of CFRP semi-monocoque central cone
For CFRP semi-monocoque central cone modal analysis results are shown at Table 5.8

for first 10 modes. The important one is results of first natural frequency for the study.

Table 5.8 : Modal analysis results of CFRP semi-monocoque central cone

Central Cone CFRP Semi-monocoque
Mode 1 (Hz) 485.55
Mode 2 (Hz) 488.48
Mode 3 (Hz) 552.11
Mode 4 (Hz) 553.29
Mode 5 (Hz) 581.57
Mode 6 (Hz) 582.09
Mode 7 (Hz) 632.61
Mode 8 (Hz) 636.11
Mode 9 (Hz) 756.66
Mode 10 (Hz) 766.56

First natural frequency value of CFRP semi-monocoque central cone is higher than
140 Hz which is satisfying the design requirement. The results are better than metallic
semi-monocoque central cone with considering to modal analysis. Also, regarding the
analysis results it may be some mass optimization on the central cone if it can satisfy
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other analysis results too. The mode shape of first mode is shown at Figure 5.11. Mode
shapes of both semi-monocoque central cones are similar to each other.

Figure 5.11 : CFRP semi-monocoque central cone mode shape for Mode 1

5.2.2 Modal analysis of grid central cones

5.2.2.1 Modal analysis of aluminium grid central cone

Aluminium grid central cone has same condition with semi-monocoque central cones.

The modal analysis results for first 10 modes are shown at Table 5.9.

Table 5.9 : Modal analysis results of Aluminium grid central cone

Central Cone Aluminium Grid
Mode 1 (Hz) 223.13
Mode 2 (Hz) 223.21
Mode 3 (Hz) 252.17
Mode 4 (Hz) 252.37
Mode 5 (Hz) 258.94
Mode 6 (Hz) 259.20
Mode 7 (Hz) 311.82
Mode 8 (Hz) 311.94
Mode 9 (Hz) 362.43
Mode 10 (Hz) 362.63
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First natural frequency value of Aluminium grid central cone is satisfied the design
requirements. On the other hand, frequency values are lower than both semi-
monocoque central cone results. The shape of the Mode 1 is shown at Figure 5.12

which is similar to semi-monocoque cone mode shapes.

Figure 5.12 : Aluminium grid central cone mode shape for Mode 1
5.2.2.2 Modal analysis of CFRP grid central cone
For CFRP grid central cone same analysis proceed to get natural frequency results.

First 10 mode frequency values are shown at Table 5.10.

Table 5.10 : Modal analysis results of CFRP grid central cone

Central Cone CFRP Grid
Mode 1 (Hz) 272.98
Mode 2 (Hz) 281.64
Mode 3 (Hz) 314.83
Mode 4 (Hz) 317.70
Mode 5 (Hz) 327.97
Mode 6 (Hz) 330.11
Mode 7 (Hz) 368.49
Mode 8 (Hz) 371.89
Mode 9 (Hz) 418.54
Mode 10 (Hz) 421.17
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Same with the Aluminium grid central cone, results are lower than the semi-

monocoque central cones but still first natural frequency value is higher than the design

requirements which is 140 Hz. The shape of the Mode 1 is shown at Figure 5.13.

Figure 5.13 : CFRP grid central cone mode shape for Mode 1

5.2.3 Modal analysis of sandwich central cones

5.2.3.1 Modal analysis of aluminium sandwich central cone

Same conditions applied on sandwich central cones too. For Aluminium sandwich

central cone modal analysis results of first 10 modes are shown at Table 5.11.

Table 5.11 : Modal analysis results of Aluminium sandwich central cone

Central Cone

Aluminium Sandwich

Mode 1 (Hz)
Mode 2 (Hz)
Mode 3 (Hz)
Mode 4 (Hz)
Mode 5 (Hz)
Mode 6 (Hz)
Mode 7 (Hz)
Mode 8 (Hz)
Mode 9 (Hz)
Mode 10 (Hz)

261.54
261.55
325.88
325.88
353.99
353.99
452.32
452.33
558.27
558.30
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Results of Aluminium sandwich central cone modal analysis are around grid central
cones and lower than semi-monocoque central cones. However, the results are still

satisfied the design requirements. The shape of the Mode 1 is shown at Figure 5.14.

Figure 5.14 : Mode shape of Aluminium sandwich central cone Mode 1
5.2.3.2 Modal analysis of CFRP sandwich central cone

Modal analysis results for CFRP sandwich central cone are listed at Table 5.12.

Table 5.12 : Modal analysis results of CFRP sandwich central cone

Central Cone CFRP Sandwich
Mode 1 (Hz) 329.76
Mode 2 (Hz) 329.76
Mode 3 (Hz) 369.26
Mode 4 (Hz) 369.27
Mode 5 (Hz) 375.94
Mode 6 (Hz) 375.95
Mode 7 (Hz) 461.23
Mode 8 (Hz) 461.24
Mode 9 (Hz) 514.34
Mode 10 (Hz) 514.37

CFRP sandwich central cone modal analysis results are second best after the CFRP
semi-monocogue central cone. Mode shape of mode 1 for CFRP sandwich central cone
is shown at Figure 5.15.
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Figure 5.15 : Mode shape of Mode 1 for CFRP sandwich central cone
5.2.4 Modal analysis results comparison for central cones

Third comparison of the study is modal analysis results of the central cones. It is
important to known that modal analysis results are giving the stiffness criteria of the
central cones and all of them are satisfying the design requirements. That is why with
regarding to other types of analysis there can be some iterations to decrease mass and
stiffness because requirement is far from current situations. First natural frequency

values of the central cones are listed at Table 5.13.

Table 5.13 : Modal analysis results comparison of central cones

Central AL CFRP AL  CFRP AL CFRP
Cones monocoque Monocoque  Grid Grid  Sandwich Sandwich
M((I)-ldze) 1 321.31 485.55 223.13 272.98 26154 329.76

For all type of design concepts CFRP central cones have higher frequency values than
Aluminium ones. One of the main reasons of that is having more weight for metallic
central cones. Rising mass values are inversely proportional to stiffness values, so
modal analysis results are parallel with this fact. The heaviest central cone which is

Aluminium grid central cone has lowest natural frequency level.
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5.3 Creating FEM of Assembly Components

It is important to create correct finite element model other components and connections
of the central cone assemblies. In the previous section, creation of the central cone
FEMs described with element types and sizes. Same with central cone FEMs, other
components also have different types of elements and sizes. Other components of the
central cone assemblies are launch vehicle adapter, horizontal structural panel, NC

bracket and connections of them.

With respect to the material type of the component, the modelling philosophy is
changing. For metallic structures it is easy and more appropriate to make 3D solid
meshes on the other hand for composites like honeycombs, modelling the structure

with 2D thin shells is more correct one.

For launch vehicle adapter (LVA) 3D CTETRA (10) meshes applied on the model
with element size of 9 mm and maximum growth rate is 1.3. The sizes of the meshes
are adjusted around the holes of launch vehicle adapter. Because of being metal, type
of the modelling is selected as 3D solid for LVA. Element and node numbers of the
LVA is listed at Table 5.14.

Table 5.14 : Element properties of LVA

Assembly Component LVA
Number of elements 124953
Number of nodes 253295
Mesh Type 3D CTETRA
Type of the physical properties PSOLID

General view of the FEM of launch vehicle adapter is shown at Figure 5.16.

Figure 5.16 : FEM of LVA
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As a composite structure which is honeycomb sandwich panel, horizontal structural
panel modelled with 2D thin shells with using mid-surface method. 2D CQUAD (4)
meshes applied on the model with element size of 5 mm. Also, around the holes meshes
are controlled with number of mesh as six. Element properties of the horizontal
structural panel FEM is listed at Table 5.15.

Table 5.15 : Element properties of horizontal structural panel FEM

Assembly Component Horizontal Structural Panel
Number of elements 17398
Number of nodes 18333
Mesh Type 2D CQUAD
Type of the physical properties PCOMP

FEM of horizontal structural panel is shown at Figure 5.17.

Figure 5.17 : FEM of horizontal structural panel

Last component of the assemblies is NC bracket which is another metallic component
of the assembly. That is why NC bracket is also modelled with 3D solid meshes as
CTETRA (10). Element sizes of the meshes are 9 mm with maximum growth rete 1.3.
Element properties of the NC bracket is listed at Table 5.16.

Table 5.16 : Element properties of NC bracket FEM

Assembly Component NC Bracket
Number of elements 80020
Number of nodes 165181
Mesh Type 3D CTETRA
Type of the physical properties PSOLID
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General view of NC bracket FEM is shown at Figure 5.18.

Figure 5.18 : FEM of NC bracket

5.3.1 Connections of the assemblies

For all the connections on the central cone assemblies, same type of connection
selected. The member of this connection type is RBE2 and CBAR 1D collectors. RBE2
is kind of spider to connect node to node connections with rigid collector. All the
degree of freedoms of the RBE2 connections are rigid for all axis. Also, RBE2
elements have infinite stiffness which makes all the nodes connected with RBE2

moves together [33]. The scheme of RBEZ is shown at Figure 5.19.

RBE2 (Kinematic Coupling)
“Rigid” Element, Adds Stiffness to Model

Independent
Node

The motion of the Independent Node controls
the motion of the Dependent Nodes.

Figure 5.19 : Scheme of RBE2 collector [33]
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Another connector is CBAR in assembly FEMs. CBAR is a bar element of Simcenter
NASTRAN to provide stiffness to all six DOFs of each node or grid points. Difference
from RBE2, it has not infinite stiffness only have stiffness with defined rod diameter
with rod material. Rod material is Titanium-Ti-6Al-4V selected from siemens library.
CBAR supports tension, compression, torsion and bending in two perpendicular
planes, and shear in two perpendicular planes. The definition of the material data is

using PBAR module of Simcenter 3D.

Connections of the assemblies are depended on the how many components will
connect to each other. There are two types of connection in the central cone assemblies.
Two parts are connecting or three parts are connecting to each other. For two parts it’s
like RBE2-CBAR-RBE2 connection and for three parts it’s like RBE2-CBAR-RBE2-
CBAR-RBE2. CBARs are connecting the different parts to each other and RBE2s are
providing stiffness from centre of the hole to edge of the hole. For 2D surfaces RBE2s
are connecting centre node of hole to edge of the holes. For 3D surfaces RBE2s are
connecting mid-level node which is geometrically centre of them to inner surface of
the holes. CBARs connecting centre nodes of different parts of the assemblies. As an
example of that, for three component examples Figure 5.20 is visualize the connection

of central cones.

—— RBE2

LVA
—— CBAR

Central Cone

/
\

NC Bracket

Figure 5.20 : Example connection of central cones
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5.4 Modal Analysis of Central Cone Assemblies

Second analysis of the thesis is modal analysis for central cone assemblies. The method
of the analysis is almost same with the modal analysis on central cones. Only
difference between them is adding new boundary conditions because of the assembly
structure of the central cones. In the central cone modal analysis, the fixed constraint
boundary condition is applying on the bottom surface of the central cones. On the other
hand, for the assemblies, the fixed constraint which is making the structure hard
mounted is applying on the bottom surface of the LVVA. The reason of that is LVA will
be attached to the launch vehicle from the bottom surface of it, and that connection is
almost hard mounted connection for FEM. Other 1D connections are explained in the
previous section for the assemblies. There is another boundary condition for the central
cone assemblies. It is on the top surface of the central cones which is normally
attaching to the satellite from that surface. The boundary condition is not a fixed
constraint this time, there are RBE2 rigid elements connecting the nodes of the central
cone top surface. The boundary condition of the central cone assemblies is shown at
Figure 5.21.

Figure 5.21 : Fixed constraint on the LVA

There are also some simulation objects between the assembly components. That

simulation object is ‘contact’ object which is prevents objects from interfering into
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each other. For the central cone assemblies for all touching elements, the face contact
created in the Simcenter 3D simulation as shown at Figure 5.22 as an example.

Figure 5.22 : Face contact simulation object example

The important point of the analysis results is to find the first eigen value of the
assembly which is natural frequency of it, to understand the mass participation in the
assembly on the modes. That is why from the results, the mass participation has crucial
role. For some assembly results Mode 1 is not representing the first natural frequency

of the system.
5.4.1 Modal analysis of semi-monocoque central cone assemblies

5.4.1.1 Modal analysis of aluminium semi-monocoque central cone assemblies

Modal analysis results of the Aluminium semi-monocoque central cone assembly are
listed at Table 5.17.

Table 5.17 : Aluminium semi-monocoque central cone assembly modal analysis

results
Central Cone Assy. Aluminium Semi-monocoque
Mode 1 (Hz) 417.24
Mode 2 (Hz) 418.25
Mode 3 (Hz) 432.52
Mode 4 (Hz) 433.34
Mode 5 (Hz) 505.18
Mode 6 (Hz) 507.06
Mode 7 (Hz) 515.30
Mode 8 (Hz) 516.59
Mode 9 (Hz) 619.41
Mode 10 (Hz) 620.29
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Frequency values of the assembly modal analysis results are higher than the central
cone modal analysis results. Which is expected before the analysis because of the
connections makes the assembly stiffer. With using 10% deformation view of the
results, aluminium semi-monocoque central cone assembly modal analysis results and

mode shapes are shown at Figure 5.23.

Figure 5.23 : Mode Shapes of Aluminium semi-monocoque central cone assembly
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The mode shapes are shown that Mode 1 is the first natural frequency of the
Aluminium semi-monocoque central cone assembly because cone of the assembly is

participating the deformation.

5.4.1.2 Modal analysis of CFRP semi-monocoque central cone assembly

CFRP semi-monocoque central cone assembly modal analysis conditions are same
with the aluminium one. That is why there is no specific explanation for that analysis.
The modal analysis results of the CFRP semi-monocoque central cone assembly is
listed at Table 5.18.

Table 5.18 : CFRP semi-monocoque central cone assembly modal analysis results

Central Cone Assy. CFRP Semi-monocoque
Mode 1 (Hz) 615.47
Mode 2 (Hz) 617.86
Mode 3 (Hz) 633.95
Mode 4 (Hz) 636.81
Mode 5 (Hz) 697.78
Mode 6 (Hz) 716.51
Mode 7 (Hz) 718.41
Mode 8 (Hz) 720.40
Mode 9 (Hz) 721.02
Mode 10 (Hz) 724.56

Same with the aluminium semi-monocoque central cone assembly analysis results,
CFRP semi-monocoque central cone assembly modal analysis results are also shown
that assembly is stiffer than cone itself. With using 10% deformation view of the
results, aluminium semi-monocoque central cone assembly modal analysis results and
mode shapes are shown at Figure 5.24. After Mode 4, it is shown that the horizontal
structural panel is the main component of the assembly which has mode at those
frequencies. However, Mode shape 1 is shown that CFRP semi-monocoque central
cone is participating the vibration that is why Mode 1 is the primary frequency value

for the assembly.
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Figure 5.24 : Mode Shapes of CFRP semi-monocoque central cone assembly

5.4.2 Modal analysis of grid central cone assembly

5.4.2.1 Modal analysis of aluminium grid central cone assembly

Grid type central cones have the less frequency values as a comparison between all the

design concepts. For Aluminium grid central cone assembly same conditions applied
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for modal analysis. Only difference between grid assemblies and semi-monocoque
assemblies are usage of NC bracket in the assembly. Modal analysis results of the

Aluminium grid central cone assembly are shown at Table 5.19.

Table 5.19 : Modal analysis results of Aluminium grid central cone assembly

Central Cone Assy. Aluminium Grid
Mode 1 (Hz) 328.78
Mode 2 (Hz) 328.95
Mode 3 (Hz) 330.31
Mode 4 (Hz) 330.65
Mode 5 (Hz) 363.79
Mode 6 (Hz) 364.00
Mode 7 (Hz) 370.71
Mode 8 (Hz) 370.85
Mode 9 (Hz) 416.27
Mode 10 (Hz) 416.41

Results of the analysis are again rising with the assembly. However, the frequency
values of the aluminium grid central cone assembly modal analysis results are way
lower than semi-monocoque central cone assemblies. With using 10% deformation
view of the results, aluminium grid central cone assembly modal analysis results and
mode shapes are shown at Figure 5.25. The results shown that mode shape of the Mode

1 is the primary mode of the structure and grid cone is participating the deformation.
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Figure 5.25 : Mode Shapes of Aluminium grid central cone assmebly
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5.4.2.2 Modal analysis of CFRP grid central cone assembly

For CFRP grid central cone assembly same analysis done by using same conditions.
Results of the modal analysis of CFRP grid central cone assembly is listed at Table
5.20.

Table 5.20 : Modal analysis results of CFRP grid central cone assembly

Central Cone Assy. CFRP Grid
Mode 1 (Hz) 405.75
Mode 2 (Hz) 408.26
Mode 3 (Hz) 424.21
Mode 4 (Hz) 425.91
Mode 5 (Hz) 445.78
Mode 6 (Hz) 447.66
Mode 7 (Hz) 482.66
Mode 8 (Hz) 486.07
Mode 9 (Hz) 490.78
Mode 10 (Hz) 492.59

CFRP grid central cone assembly modal analysis results are stiffer than aluminium
grid central cone assembly as expected because the results of the central cone modal
analysis results are also parallel with the assembly results. With using 10%
deformation view of the results, CFRP grid central cone assembly modal analysis
results and mode shapes are shown at Figure 5.26. The results shown that mode shape
of the Mode 1 is the primary mode of the structure and grid cone is participating the

deformation.
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Figure 5.26 : Mode Shapes of CFRP grid central cone assembly
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5.4.3 Modal analysis of sandwich central cone assemblies

5.4.3.1 Modal analysis of aluminium sandwich central cone assembly

After semi-monocoque and grid central cone assemblies, sandwich central cone
assemblies have also the same conditions in their modal analysis. The usage of NC
bracket is also available for sandwich central cones too. Results of the modal analysis
of Aluminium sandwich central cone assembly is listed at Table 5.21.

Table 5.21 : Modal analysis results for Aluminium sandwich central cone assemblies

Central Cone Assy. Aluminium Sandwich
Mode 1 (Hz) 482.89
Mode 2 (Hz) 483.05
Mode 3 (Hz) 526.08
Mode 4 (Hz) 526.17
Mode 5 (Hz) 532.66
Mode 6 (Hz) 535.80
Mode 7 (Hz) 626.09
Mode 8 (Hz) 626.60
Mode 9 (Hz) 660.41

Mode 10 (Hz) 662.13

With using 10% deformation view of the results, Aluminium sandwich central cone
assembly modal analysis results and mode shapes are shown at Figure 5.27. The results
shown that mode shape of the Mode 1 is the primary mode of the structure and grid

cone is participating the deformation.

78



Figure 5.27 : Mode Shapes of Aluminium sandwich central cone assembly

Mode shape 9 and 10 for aluminium sandwich central cone assembly shows that
horizontal structural panel is the primary structure of the deformation.
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5.4.3.2 Modal analysis of CFRP sandwich central cone assembly

Modal analysis results of the CFRP sandwich central cone assembly are listed at Table
5.22.

Table 5.22 : Modal analysis results of CFRP sandwich central cone assembly

Central Cone Assy. CFRP Sandwich
Mode 1 (Hz) 553.05
Mode 2 (Hz) 555.75
Mode 3 (Hz) 561.48
Mode 4 (Hz) 562.86
Mode 5 (Hz) 588.25
Mode 6 (Hz) 589.39
Mode 7 (Hz) 605.90
Mode 8 (Hz) 617.43
Mode 9 (Hz) 649.91
Mode 10 (Hz) 653.49

With using 10% deformation view of the results, Aluminium sandwich central cone
assembly modal analysis results and mode shapes are shown at Figure 5.28. The results
shown that mode shape of the Mode 1 is the primary mode of the structure and grid
cone is participating the deformation.
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Figure 5.28 : Mode Shapes of CFRP sandwich central cone assembly
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5.4.4 Modal analysis results comparison for the central cone assemblies

Forth comparison of the study is modal analysis results of the central cone assemblies.
This is also the first analysis result comparison for the central cone assemblies. For all
the central cone assemblies the frequency values of the first natural frequency are
higher than the design requirement. That is why modal analysis results can be
optimized after other structural analysis results. That is because being higher number
of frequency values for first primary mode can be over design with using more weight
or parts in the design. On the other hand, for comparison under same conditions, it
shows that the stiffness values of the central cone assemblies. For satellites, the
primary structural members of it have crucial role on the rising the stiffness value of
it. The first natural frequency values of the central cone assemblies are listed at Table
5.23.

Table 5.23 : Modal analysis result comparison for central cone assemblies

Central AL CFRP AL  CFRP AL CFRP
Cone monocoque Monocoque  Grid Grid  Sandwich Sandwich
Assy.

M(%dze)l 41724 61547 32878 40575 48289  553.05

Same with the central cone modal analysis results, for assemblies also all design
concepts have same behaviour with considering material type of them. CFRP central
cones have higher stiffness values with considering their same design concepts of
metallic ones. With considering all the designs, CFRP semi-monocoque central cone
assembly is the stiffer assembly of the study. Which is tend to make optimizations for
it most. CFRP sandwich central cone assembly is the second best after the CFRP semi-
monocoque one. After that, Aluminium sandwich central cone comes with great
frequency value which is far from fourth and fifth central cone assemblies. Aluminium
semi-monocoque is following the aluminium sandwich central cone assembly and
after that with 405.75 Hz frequency value CFRP grid central cone assembly is coming.
Like weight and first modal analysis results Aluminium grid central cone has the worst
result between the central cones. Grid central cones are heavier central cones between
the all assemblies. It is affecting the results of the modal analysis because the geometry

of the cones is almost same between each other.
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5.5 Static Structural Analysis of Central Cone Assemblies

To determine the stresses and deformations on the central cone assemblies static
structural analysis is performed. For define the strength of the central cone assemblies
margin of safety is used. Regarding to material and design concept type margin of
safety calculation can be change. For comparisons of the static structural analysis
results of central cone assemblies same conditions applied on the structure.

As a reference satellite, 1000 kg LEO satellite selected for the thesis. During the
loading of the central cone assemblies, same load condition applied on the structure
with the same way. To force the structure, the satellite mass was loaded onto the central
cone assemblies with 10g of impact. 1000 kg satellite mass with 10g equals to 100 kN
downward force applied on the center of the cone top circle. From the center point of
the cone top surface there is a node to connect surrounding nodes on the top edge of
the central cones with using RBE2 connections. As an example, the force direction
and the connection between nodes are shown at Figure 5.29 for Aluminium sandwich
central cone assembly. The load case applied on the central cone assemblies with the

same method as shown.

Figure 5.29 : Load container example for static structural analysis on central cone
assemblies

There are different type of margin of safety calculations for different materials and

design concepts. Factor of safety values are also changing with the type of the
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spacecraft and type of the material for ECSS. In the margin of safety calculations
different FOS values are used with respect to ECSS [34]. The used FOS values are
listed at Table 5.24.

Table 5.24 : Selected Factor of Safety (FOS) values at calculations [34]

Structure Type FOSY FOSU
Metallic Parts 1.1 1.25
Sandwich Parts
(honeycomb shear) N/A 1.25
CFRP N/A 1.25

For metallic parts factor of safety yielding is the main safety factor in the calculations.
CFRP parts of the central cone assemblies have different approach than others which
is depends on the calculation of Tsai-Wu failure criteria. In the thesis, Tsai-Wu failure
calculations applied with using Simcenter Nastran solver Tsai-Wu failure calculations
which is estimating the failure if the results of the analysis reach the failure index 1 for
each laminate of the composite. For margin of safety calculations equation (5.1) and

equation (5.2) used.

O'yield

MoS ic = -1
Metall FOSMetallic X OyonMises (51)

1

FOSx‘[xz 2 FOSx‘ryz 2 (52)
sz )t Cmw )

It is important to having positive MoS values after the calculations. For metallic MoS

M Oshoneycomb = \/

calculation oyield is equal to material yielding stress and Gvonmises IS equal to analysis
result as Von-Mises stress on the structure. For honeycomb core, the MoS calculation
is depends on the interlaminar shear stresses along the L and W direction of the

honeycomb which are shear stresses at xz and yz planes.
5.5.1 Static structural analysis of semi-monocoque central cone assemblies

5.5.1.1 Static structural analysis of Aluminium semi-monocoque central cone

As a metallic structure, aluminium semi-monocoque central cone is used M0OSwetallic in
the calculations. The stress levels with VVon-Mises and deformations on the structure
has critical points of the analysis. After the load applied on the central cone the analysis
is performed with aluminium semi-monocoque central cone assembly. The VVon-Mises

stress result and deformation on the structure are shown at Table 5.25.
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Table 5.25 : Static structural analysis results of aluminium semi-monocoque central

cone assy.
Central Cone Assy. Aluminium Semi-monocogque
Von-Mises (MPa) 96.07
Deformation (mm) 0.221

MOSwmetallic 2.066

Deformation on the structure is negligible after the analysis because of the small
values. AL 2024 is used for Aluminium semi-monocoque central cone. The yielding
stress of the AL 2024 is 324 MPa and as a metallic part FOSY is 1.1 for MoS
calculation. With applying these values on the equation (5.1) for metallic structure the

result is become 2.066 which is a positive number and has a good score.

The stress distribution under the loads for aluminium semi-monocoque central cone
assembly is shown at Figure 5.30 and the deformations and shape of the structure is

shown at Figure 5.31.

AL_Sheel_assy_assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1, Static Step 1

Stress - Elemental, Von-Mises

Shell Section : Top

Min : 0.00, Max : 96.07, Units = MPa

Deformation : Displacement - Nodal Magnitude

96.07
! 88.07
80.06
72.056
64.05
56.04
48.04
40.03
32.02
24.02
16.01

8.01

L[| [

0.00

[MPa]

Figure 5.30 : Stress distribution of aluminium semi-monocoque central cone assy.

Stresses are concentrates on the holes of connections between central cone and other
components of the assembly. Also, the load is affecting the top surface of the central
cone most because it is applying on that plane as a simulation of satellite. The results

are satisfying the requirements.
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AL_Sheet_assy assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1, Static Step 1
Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.221, Units = mm

Deformation : Displacement - Nodal Magnitude

0.221
! 0.203
0.184
0.166
0.147

0.129

0111

= 0.092

0.074

= 0.037
l 0.018

0.000

Figure 5.31 : Deformations of aluminium semi-monocogue central cone assy.

5.5.1.2 Static structural analysis of CFRP semi-monocoque central cone

assembly

For CFRP semi-monocoque central cone assembly there is no margin of safety
calculation because of the material is composite but Tsai-Wu failure theory used with
Simcenter Nastran solver. The failure index of the results should be examined for all
laminates one by one. The absolute value of the results should between 0 and 1 and it
would be better to far from 1. With considering this information, the same load
conditions and boundaries applied on CFRP semi-monocoque central cone assembly.
Deformations on the structure and worst ply result of Tsai-Wu calculation is presented
at Table 5.26.

Table 5.26 : Static structural analysis results of CFRP semi-monocoque central cone

assy.

Central Cone Assy. CFRP Semi-monocoque
Deformation (mm) 0.145
Tsai-Wu Failure Index (worst ply) 0.303
\on-Mises MPa (worst ply) 185.40

0.303 is the worst absolute Tsai-Wu failure index result for CFRP semi-monocoque
central cone. It is satisfying the requirements of failure criteria. Also, deformations of

the structure are minimal for all assembly. The worst ply Tsai-Wu results are shown
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at Figure 5.32 and deformations for central cone assembly is shown at Figure 5.33. For
other plies, results are generally around the worst ply but have less value than 0.303.
That worst ply is also the first ply of the composite. It is predictable to get worst results

from the first ply of the composite because of the first touch to force from satellite.

CFRP_Sheet_Assy_assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1. Static Step 1

Ply Failure Index - Elemental, Scalar, Ply 272585 Mid
Min : 0.000, Max : 0.303, Units = Unitless

Absolute Value

Deformation : Displacement - Nodal Magnitude

0.303
! 0.278
0.253
0.227
0.202
0.177

. 0.152

= 0.126

0.101

Yok
o
a

0.000

[Unitless]

Figure 5.32 : Tsai-Wu failure index results of CFRP semi-monocoque worst ply

CFRP_Sheet Assy assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1, Static Step 1

Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.145, Units = mm

Deformation : Displacement - Nodal Magnitude

0.145
- 0.133
0.121
0.108
0.096
0.084

0.072

B 0.060

0.048

0.036

0.024

0.012

0.000

[mm]

Figure 5.33 : Deformations of CFRP semi-monocoque central cone assy.
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5.5.2 Static structural analysis of grid central cone assemblies

5.5.2.1 Static structural analysis of Aluminium grid central cone assembly

The analysis and margin of safety calculations for aluminium grid central cone
assembly is similar to aluminium semi-monocoque central cone. They both are using
the same equation as equation (5.1) to get margin of safety value. The Von-Mises stress
results, deformation on the structure and MoSwetanic calculation results are listed at
Table 5.27.

Table 5.27 : Static structural analysis results for Aluminium grid central cone assy.

Central Cone Assy. Aluminium Grid

VVon-Mises (MPa) 65.28

Deformation (mm) 0.268
MOSwmetallic 5.531

The material applied on the aluminium grid central cone is AL 7050 which has 469
MPa tensile yield stress value. The yielding properties of the AL 7050 is much better
than AL 2024, that is why the MoSwetaniic results of the Aluminium grid central cone is
better than semi-monocoque one. Also, the Von-Mises stresses of the grid central cone
is lower than the semi-monocoque one which makes grid cone more safety. The Von-
Mises stress distribution on the central cone and deformation of the system is shown
at Figure 5.34 and Figure 5.35.
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AL_GRID_assyfern1_sim1 : Solution 3 Result
Subcase - Static Loads 1. Static Step 1

Stress - Elemental, Von-Mises

Shell Section : Top

Min : 0.00, Max : 65.28, Units = MPa
Deformation : Displacement - Nodal Magnitude

I 65.28
! 59.84

54.40

48.96

38.08 1As q’.!"

32.64
27.20
21.76
16.32
10.88

5.44

0.00

[MPa]

Figure 5.34 : Von-Mises stress distribution on Aluminium grid central cone

AL _GRID assyfem1 sim1: Solution 3 Result
Subcase - Static Loads 1, Static Step 1
Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.268, Units = mm
Deformation : Displacement - Nodal Magnitude

l 0.268
l 0.246
0.223

0.201

0.179

Figure 5.35 : Deformation of Aluminium grid central cone assy.
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Connection points of the grids have stress concentration on the aluminium grid central
cone but same with semi-monocoque central cone the most stress concentrated
locations are hole circumference and top surface of the central cone as expected.
Deformation results are also similar with semi-monocoque central cone assemblies

which can be negligible.

5.5.2.2 Static structural analysis of CFRP grid central cone assembly

As a composite structure, CFRP grid central cone assembly is also using Tsai-Wu
failure criteria to predict the possible failure on the structure under defined load case
similar with CFRP semi-monocoque central cone. At Table 5.28, the static structural
analysis results of the system are shown as worst ply stress level, worst ply Tsai-Wu

score and deformation of the assembly.

Table 5.28 : Static structural analysis results of CFRP grid central cone assy.

Central Cone Assy. CFRP Grid
Deformation (mm) 0.367
Tsai-Wu Failure Index (worst ply) 0.661
\on-Mises MPa (worst ply) 162.50

The forced part of the structure is the grids around the shell of central cone. Even the
results of the analysis are satisfying the requirements, they are quite worse than
previous central cone assemblies with having highest value of deformation and Tsai-
Wu Failure Index score. It is still smaller than 1 which makes strength of the CFRP
grid central cone is enough for 1000kg LEO satellite. The worst ply Tsai-Wu results
are shown at Figure 5.36.

The behaviour of the assembly under the 100 kN force which is a simulation of the
1000 kg LEO satellite with 10g is shown at Figure 5.37. The deformation values are

small enough to neglect.
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Assy_ CFRP_Grid_assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1. Slatic Step 1

Ply Failure Index - Elemental, Scalar, Ply 485 Mid

Min : 0.000, Max ; 0.661, Units = Unitless

Absolute Value

Deformation : Displacement - Nodal Magnitude

IOGB‘I
0.60

0.496

0.441

0.388

0.330 A

ha
~1
w

o

0.220

0.165

o.110

0.055

0.000

[Unitless]

Figure 5.36 : Tsai-Wu failure index results of CFRP grid cone worst ply

Assy_CFRP_Grid_assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1, Static Step 1

Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.367, Units = mm

Absolute Value

Deformation : Displacement - Nodal Magnitude

0.367
I 0.337
0.306
0.275
0.245
0.214
0.184
0.1563
0.122
0.092

0.061

0.031

L |||

0.000

[mm]

Figure 5.37 : Deformations of CFRP grid central cone assy.
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5.5.3 Static structural analysis of sandwich central cone assemblies

There are some differences for sandwich central cone assemblies to determine the
strength of the structure. The reason of it there are different kind of structural parts at
sandwich structure which are skins and core of the structure. For metallic sandwich
central cone, simple MoSwetnic calculation applied for skins and MoSHoneycomb
calculation done for core of sandwich. For CFRP sandwich cone, Tsai-Wu failure
criteria used for skins of sandwich and same with metallic sandwich cone,

MOSHoneycomb IS used for core of sandwich central cone.

5.5.3.1 Static structural analysis of Aluminium sandwich central cone assmebly

For aluminium skins of the sandwich central cone as applied for other metallic central
cones equation (5.1) is used to calculate margin of safety values of them. For sandwich
core structure which is honeycomb, there are different kind of calculation for margin
of safety which is equation (5.2). With using interlaminar shear stresses of the
honeycomb the margin of safety value is determined. Equation (5.1) is applied the
worst stress resulted skin of the sandwich structure and equation (5.2) is applied for
core structure directly. For metallic skins of the aluminium sandwich central cone
Von-Mises stress values, MoSwetanic calculation results, deformation of the system,
shear stresses of the honeycomb and Mo SHoneycomn Calculation results are listed at Table
5.29.

Table 5.29 : Static structural analysis results of Aluminium sandwich central cone

assy.
Central Cone Assy. Aluminium Sandwich
Von-Mises (MPa) (worst skin) 208.09
Deformation (mm) 0.532
MoSwmetaiic (worst skin) 0.415
xz (MPa) (honeycomb) 2.77
1yz (MPa) (honeycomb) 1.69
MOSHoneycomb 0.311

Material of the skins of sandwich central cone is AL 2024 which has yielding stress of
324 MPa. All the MoS results are positive that is why there is no problem for the design
but it is on the limits of the design requirements for skin strength. The core of the
sandwich is AL 5056 with density of 8.1 which has 6.52 MPa for FsL and 3.86 MPa

for FsW. Deformation results are the worst results for now between other 4 central
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cone design which are metallic and CFRP semi-monocoque and grid central cone
assemblies. Stress distribution of the worst skin is shown at Figure 5.38.

sandwich_konsept_assy_2_assyfern1_sim1 : Solution 4 Result
Subcase - Static Loads 1. Static Step 1

Ply Stress - Elemental, Von-Mises, Ply 1 Mid
Min : 0.00, Max : 208.09, Units = MPa

Coord sys : Native

Deformation : Displacement - Nodal Magnitude

208.09
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Figure 5.38 : Von-Mises stress distribution on Aluminium sandwich central cone

Interlaminar shear stress distributions for xz and yz directions are shown at Figure 5.39

and Figure 5.40 respectively.
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1: Solution 4 Result
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Figure 5.39 : Interlaminar shear stress results of Aluminium sandwich central cone
with direction of tx;

2_assyfern1_sim1 : Solution 4 Result
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Figure 5.40 : Interlaminar shear stress results of Aluminium sandwich central cone
wit direction of 1y,
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The behaviour of the assembly under the 100 kN force which is a simulation of the
1000 kg LEO satellite with 10g is shown at Figure 5.41.

sandwich_konsept_assy_2_assyfem1_sim1 : Solution 4 Result
Subcase - Static Loads 1. Static Step 1
Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.532, Units = mm

Coord sys : Native, Absolute Value
Deformation : Displacement - Nodal Magnitude
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Figure 5.41 : Deformations of Aluminium sandwich central cone assy.
5.5.3.2 Static structural analysis of CFRP sandwich central cone assembly

For CFRP skins of the sandwich central cone, Tsai-Wu failure criteria applied and
worst ply of the composite selected. Same procedure done for core of sandwich
structure with aluminium sandwich central cone core interlaminar shear stress margin
of safety calculations. For CFRP skins of the CFRP sandwich central cone Tsai-Wu
failure index results for worst ply, deformation of the system, shear stresses of the

honeycomb and MoSHoneycomn Calculation results are listed at Table 5.30.

Table 5.30 : Static structural analysis results of CFRP sandwich central cone assy.

Central Cone Assy. Aluminium Sandwich
Deformation (mm) 0.154
Tsai-Wu Failure Index (worst ply) 0.407
xz (MPa) (honeycomb) 1.896
1y2 (MPa) (honeycomb) 1.353
MOSHoneycomb 0.266
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AL 5056 with density of 6.1 is used for CFRP sandwich’s core which has 4.76 MPa
for FsL and 2.76 MPa for FsW. The strength values of the material are lower than AL
5056 (8.1) which is used for aluminium sandwich central cone but with lower density
the weight advantage is came to CFRP sandwich central cone. Also, all the margin of
safety and Tsai-Wu results are satisfying the design requirements. The worst ply Tsai-
Wau results are shown at Figure 5.42.

CFRP_sandwich_konsept_assy_2_assyfem1_sim1 : Sclution 3 Result
Subcase - Static Loads 1. Static Step 1

Ply Failure Index - Elemental, Scalar, Ply 184702 Mid

Min : 0.000, Max : 0.407, Units = Unitless
Coord sys : Native, Absolute Value
Deformation : Displacement - Nodal Magnitude

0.407
- 0.373
0.339
0.305
0.271

0.237

Figure 5.42 : Tsai-Wu failure index results of CFRP sandwich cone worst ply

Interlaminar shear stress distributions for xz and yz directions are shown at Figure 5.43

and Figure 5.44 respectively.
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ffem1_sim1 : Selution 3 Result
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Figure 5.43 : Interlaminar shear stress results of CFRP sandwich central cone with
direction of 1tx;

yfem1_sim1 : Solution 3 Result
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Figure 5.44 : Interlaminar shear stress results of CFRP sandwich central cone with
direction of ty;
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Deformation of the CFRP sandwich central cone assembly under the defined load case
which is same with other central cone assemblies is shown at Figure 5.45. Because of

the low number of displacements, the deformation effect can be negligible for thesis.

CFRP_sandwich_konsept_assy_2_assyfem1_sim1 : Selution 3 Result
Subcase - Static Loads 1, Static Step 1
Displacement - Nodal, Magnitude

Min : 0.000, Max : 0.154, Units = mm
Coord sys : Native, Absolute Value
Deformation : Displacement - Nodal Magnitude
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Figure 5.45 : Deformations of CFRP sandwich central cone assy.
5.5.4 Comparison of static structural analysis results of central cone assemblies

It is hard to compare the results of the static structural analysis because of having
different type of approach to examine the design concepts of central cones. Margin of
safety calculation approaches of central cones are changing with material and design
type of the structure. The comparison of central cones with same material depends on
the MoOSwmetanic calculation results, Tsai-Wu failure index score or MoSHoneycomb
calculation results. On the other hand, the results of the margin of safety calculations
can be compared as general without considering the material of the structure. Same
with the margin of safety calculations Tsai-Wu results of the CFRP central cones can
be compared between each other to get trade-off study. Deformations of the central
cone assemblies are small enough to neglect as comparison or failure that is why in
the comparison of the static structural analysis only the margin of safety calculations

taken into account.

The comparison of the central cone assemblies is shown at Table 5.31.
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Table 5.31 : Comparison of static structural analysis results

Central AL CFRP AL CFRP AL CFRP
Cone Assy. | Monocoque Monocoque Grid  Grid Sandwich Sandwich
MoOSwmetallic 2.066 - 5.531 - 0.415 -
MOSHoneycomb - - - - 0.311 0.266
Tsai-Wu - 0.303 - 0.661 - 0.407

From the results of the static structural analysis results, Aluminium grid central cone
has the highest number of margin of safety result between all the central cone
assemblies. From the metallic central cones worst results of MoSmetanic came with
Aluminium sandwich central cone skins. The interlaminar shear stress of the
honeycomb sandwich central cones are almost similar between aluminium sandwich
central cone and CFRP sandwich central cone but aluminium one has better result.
From the CFRP central cones, semi-monocoque central cone is the best with being far
from 1 by considering the Tsai-Wu failure index. All the central cone designs are

satisfying the design requirements of the thesis.

5.6 Buckling Analysis of Central Cone Assemblies

In the buckling analysis of the central cone assemblies, the critical buckling load factor
(A) is the main criteria for the comparation of the structures. Design limit loads of the
structures are defined with applying a load case on the central cone assemblies. The
load case for buckling analysis is same with static structural analysis. The reference
satellite is 1000kg LEO satellite and 10g applied to this mass. The buckling strength
of the central cones used for sorting.

Factor of safety for buckling analysis is selected from ECSS [34] as 2 which is FOSU
for satellite parts local buckling safety factor. Material or design concepts of the central
cones are not a factor to calculate margin of safety for buckling analysis. For all central

cone assemblies’ same margin of safety calculation applied which is shown at equation

(5.3).

A

MOSBuckling = FOS 1 (5.3)

5.6.1 Buckling analysis of semi-monocoque central cone assemblies

5.6.1.1 Buckling analysis of Aluminium semi-monocoque central cone assembly
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Defined load which is 100kN downward force applied on the aluminium semi-
monocoque central cone assembly to find the critical load factor of the central cone.
With using Simcenter Nastran SOL 105 Linear Buckling solver, the critical load factor
is found. Critical load factor is the design limit load divided by defined load. That is
why it is important to find how much load we can apply to buckle the structure. Linear
buckling analysis results of the aluminium semi-monocoque central cone is listed at
Table 5.32.

Table 5.32 : Buckling analysis results of Aluminium semi-monocoque central cone

assy.
Central Cone Assy. Aluminium Semi-monocoque
Buckling Mode (A) 9.95

MOSBucinng 3975

The results are satisfying the design requirement. That is because 9.95 times defined
load which is 10g with 1000kg satellite can make the central cone fail. Being on the
positive side of the margin of safety is enough. The buckling mode shape of the

structure is shown at Figure 5.46.

Figure 5.46 : Buckling mode shape of aluminium semi-monocoque central cone
assy.
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Top surface of the central cone is deforming under the defined load times 9.95 for

aluminium semi-monocoque central cone. The optimization of the top surface of the

central cone can help to increase the critical buckling load of structure.

5.6.1.2 Buckling analysis of CFRP semi-monocoque central cone assembly

Same analysis performed for CFRP semi-monocoque central cone assembly too. The

results of the buckling analysis are listed at Table 5.33.

Table 5.33 : Buckling analysis results of CFRP semi-monocoque central cone assy.

Central Cone Assy.

CFRP Semi-monocogque

Buckling Mode (1)
MOSBuckling

13.01
5.505

Results of the CFRP semi-monocoque central cone is better than aluminium one

regarding to critical load factor. The mode shape of the CFRP semi-monocoque central

cone is shown at Figure 5.47. Results are satisfying the design requirements because

of positive margin of safety.

Figure 5.47 : Buckling mode shape of CFRP semi-monocoque central cone assy.
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The shells without ribs are having the modes on 13.01 times defined load for CFRP

semi-monocoque central cone.
5.6.2 Buckling analysis of grid central cone assemblies

5.6.2.1 Buckling analysis of aluminium grid central cone assembly

Aluminium grid central cone has great MoSwmetanic for static structural analysis, but
bucking analysis is totally different than static analysis. Geometry of the structure is

also affecting the results of the buckling analysis. The results are listed at Table 5.34.

Table 5.34 : Buckling analysis results of Aluminium grid central cone assy.

Central Cone Assy. Aluminium Grid
Buckling Mode (L) 5.12
MO0SBuckling 1.56

Semi-monocoque central cone assemblies have better buckling strength than
aluminium grid central cone. The result of the analysis is positive that is why it is not
a problem for grid cone but, still critical limit load of the aluminium grid central cone
is only 5.12 times defined load. The mode shape of the aluminium grid central cone

assembly under 100 kN is shown at Figure 5.48.

Figure 5.48 : Buckling mode shape of aluminium grid central cone assy.
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The shell behind the grids has modes on 5.12 times defined load of the thesis.
Increasing the thickness of the shell can rise the buckling mode which is critical load
factor of the aluminium grid central cone. Thickness optimization can make the results

better for this central cone.

5.6.2.2 Buckling analysis of CFRP grid central cone assembly

From static structural analysis, CFRP grid central cone has the worst result between
all the design concepts of central cones. Same with the aluminium grid central cone,
the buckling analysis results are expected to be low for CFRP grid cone too. The results

of the analysis is shown at Table 5.35.

Table 5.35 : Buckling analysis results of CFRP central cone assy.

Central Cone Assy. CFRP Grid
Buckling Mode (A) 2.78
MOSBuckling 0.39

Despite having the positive margin of safety, results of the CFRP grid central cone are
close to 0 which is not preferred. Only the 2.78 times defined load can buckle the
structure. The lamination of the CFRP or thickness of the shells can be optimized for
having more buckling strength. The mode shape of the buckling results is shown at
Figure 5.49.

Figure 5.49 : Buckling mode shape of CFRP central cone assy.
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5.6.3 Buckling analysis of sandwich central cone assemblies

5.6.3.1 Buckling analysis of Aluminium sandwich central cone assembly

One of the best advantages of the sandwich structures are having great number of

buckling strengths. That is why it is expected to see best buckling analysis results for

sandwich central cones. Same load conditions applied to aluminium sandwich central

cone assembly and results are listed at Table 5.36.

Table 5.36 : Buckling analysis results of Aluminium sandwich central cone assy.

Central Cone Assy.

Aluminium Sandwich

Buckling Mode (L)
MOSBuckling

32.62
15.31

As expected, aluminium sandwich central cone has great results under the load

conditions for buckling analysis. 32.62 times defined load can fail the structure which

is almost perfect for assembly. Mode shape of the buckling analysis results is shown

at Figure 5.50. The deformation on the central cone is homogeneously spread

throughout the central cone.

Figure 5.50 : Buckling mode shape of Aluminium sandwich central cone assy.
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5.6.3.2 Buckling analysis of CFRP sandwich central cone assembly

Static structural analysis results of sandwich central cones were parallel to each other.
The buckling analysis results of the CFRP central cone assembly is shown at Table
5.37.

Table 5.37 : Buckling analysis results of CFRP sandwich central cone assy.

Central Cone Assy. CFRP Sandwich
Buckling Mode (A) 45.39
MO0 SBuckling 21.695

CFRP Sandwich central cone assembly is the best central cone assembly regarding to
buckling analysis. 45.39 times defined load can buckle the structure. The mode shape

and deformations are shown at Figure 5.51.

Figure 5.51 : Buckling mode shape of CFRP sandwich central cone assy.

The deformation is local buckling which is located on the central cone and LVA
connection. On the surface of the sandwich cone there is no deflection which means

that is not a global buckling for that A.
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5.6.4 Comparison of buckling analysis results of central cone assemblies

The results of the margin of safety buckling are directly the comparison object for this
section. Having large number of MoSguckiing makes the structure safer. The comparison

of the central cone assemblies is listed at Table 5.38.

Table 5.38 : Comparison of buckling analysis results of central cone assemblies

Central AL CFRP AL CFRP AL CFRP
Cone monocoque Monocoque  Grid Grid  Sandwich Sandwich
Assy.

Mo Sguckling 3.395 5.505 1.56 0.39 15.31 21.695

From the results of buckling analysis, sandwich design concept is the optimum design

concept for buckling as expected. CFRP sandwich central cone has the highest
MoSsuckiing Value among other central cones. Aluminium sandwich central cone is
following the CFRP sandwich central cone. Semi-monocoque central cone assemblies
are the second-best central cone design concept for buckling strength, but same with
sandwich cones CFRP semi-monocoque central cone is more suitable than Aluminium
semi-monocoque central cone for buckling. Worst results came to grid central cones
and the last central cone of the thesis for buckling analysis is CFRP grid central cone.
At the end of the all the buckling analysis, it shows that all the central cone assembly
designs are satisfying the design requirement under the defined load which is 100 kN

downward force on the top of the central cones.

5.7 Trade-off Study for Central Cone Assemblies

After finishing the first stage of the design and analysis phase, first trade-off study can
be done. The objective of this trade-off study is determining the first two optimum
design of central cone designs for a satellite with 1000kg mass. After deciding the first
two optimum design, there will be some optimizations on them to get most appropriate

design concept for defined subject.

In the first trade-off study, the headings are mass of central cones, mass of central cone
assemblies, modal analysis results of central cone, modal analysis results of central
cone assemblies, static structural analysis results of the central cone assemblies and
finally buckling analysis results of central cone assemblies. Another important part of
the trade-off study is deciding the weights of the categories. There are two mass

comparison and stiffness comparison in the thesis that is why for each mass
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comparison weight is 1 and for each stiffness comparison weight is 1.25. For static
structural analysis and buckling analysis result comparisons the weights are 2.75. Total
score of the weight is 10 and being close to 10 makes the central cone more optimal.

First trade-off study results are shown at Table 5.39.

Table 5.39 : Trade-off study results of central cone design concepts

Central Cone Weight AL CFRP AL  CFRP AL CFRP
Assy. Monocoqgue  Monocoque  Grid Grid  Sandwich  Sandwich
Mass 1 5 9 4 7 10 10

Assy. Mass 1 6 10 4 6 8 8
Stiffness 1.25 8 10 6 7 7 8
Assy.
Stiffness 1.25 8 10 6 8 8.5 9.25
MO Sstatic 2.75 8 7 10 5 6 6.5
Mo Sguckiing 2.75 6 6.5 5 35 9 10
Total 10 6.95 8.1125 6.425 55125  7.8625 8.4937

CFRP sandwich central cone has the highest score from the trade-off study with
considering the categories and weights of them. Mass of the central cone, buckling
analysis results and assembly stiffness values are great for CFRP sandwich central
cone. Assembly mass and stiffness of the central cone can be optimized after some
design iterations but static structural analysis results of the CFRP sandwich central
cone is the weak point of the structure. CFRP semi-monocoque central cone also has
great scores at assembly mass, stiffness of the cone and stiffness of the assembly. The
buckling analysis and static structural analysis results of he CFRP semi-monocoque
central cone can be improve. Aluminium sandwich central cone is following that two
central cone designs. Aluminium semi-monocoque and aluminium grid central cone
has similar results in total but CFRP grid cone has the lowest score in each other. At
the end of the trade-off study CFRP sandwich central cone and CFRP semi-monocoque
central cone are selected for stage 2 of the thesis.

5.8 Design Iterations Phase

In the design iterations phase, CFRP sandwich and CFRP semi-monocoque central
cones will be optimized. The main purpose of the iterations is decreasing the mass of
central cones and assemblies without losing too much strength or stiffness. Removing
assembly components, lamination of the plies, thickness of the central cones can be
the iteration options for the selected central cones. At the end of the iterations, there
will be second trade-off study for these two central cones to determine which one is
more accurate for more than 1000 kg LEO satellites.
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5.8.1 Design iterations of CFRP sandwich central cone

Assembly mass of the CFRP sandwich central cone was more than CFRP semi-
monocoque central cone because of having NC bracket in its design. To reduce the
mass of assembly NC bracket can be removed to understand the effect of it. Also, for
decrease the central cone mass honeycomb density can be reduce with using low
density honeycomb with lower strength properties. The optimizations applied on the

CFRP sandwich central cone assembly are:
¢ Removing NC bracket
e Changing AL 5056 (6.1) honeycomb to AL 5056 (4.5) honeycomb

CFRP sandwich central cone assembly is shown at Figure 5.52 after removing NC
bracket in its design. By removing the NC bracket connections of horizontal structural

panel and central cone is also removed too.

Figure 5.52 : CFRP sandwich central coen assembly design without NC bracket

AL 5056 (4.5) material properties are listed at Table 5.40 [25].
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Table 5.40 : Honeycomb AL 5056 (4.5) material properties [25]

Honeycomb 5056 AL (4.5)
Density 72 kg/m®
Shear Modulus (G13) 483 MPa
Shear Modulus (G23) 193 MPa
FsL 3.03 MPa
FsW 1.76 MPa

Changes of the designs are affecting positively masses of central cone and assembly.

New mass values of the CFRP sandwich central cone are shown at Table 5.41.

Table 5.41 : Mass values of CFRP sandwich central cone

Central Cones CFRP Sandwich
Mass (kg) 7.72
Assy. Mass (kg) 28.13

The mass advantage gained with these iterations is 6.29 kg with considering the

previous design of CFRP sandwich central cone assembly. Same analysis with phase
1 of the thesis applied on the optimized CFRP sandwich central cone with same load
cases. That analyzes are modal analysis of central cone, modal analysis of central cone
assembly, static structural analysis of central cone assembly and buckling analysis of

the central cone assembly.

Modal analysis of optimized CFRP sandwich central cone results with previous
analysis results on preliminary designed CFRP sandwich central cone is shown at
Table 5.42. For modal analysis only the first natural frequencies of the structures are

compared because only that is the design requirement.

Table 5.42 : Modal analysis result comparison of CFRP sandwich central cone

Central Cones CFRP Sandwich
Previous Mode 1 (Hz) 329.76
Optimized Mode 1 (Hz) 338.18

Result of the modal analysis also improved with 8.26 Hz. Weight advantage of the
optimized central cone is affecting the improvement of the modal analysis results. The
mode shape of the optimized CFRP sandwich central cone is show at Figure 5.53. The
mode shape of the CFRP sandwich central cone is similar with the preliminary

designed one.
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Figure 5.53 : Mode shape of optimized CFRP sandwich central cone Mode 1

Second analysis of the iteration is assembly modal analysis. The result comparison of

the assembly modal analyzes are listed at Table 5.43.

Table 5.43 : Modal analysis result comparison of CFRP sandwich central cone

assemblies

Central Cones Assy.

CFRP Sandwich

Previous Mode 1 (Hz)
Optimized Mode 1 (Hz)

553.05
578.83

Same with central cone modal analysis results, assembly modal analysis results are

also improved with optimizations. The improvement of the result is 25.78 Hz. The

mode shape of the optimized CFRP sandwich central cone assembly is show at Figure

5.54. Mode shape of the mode 1 is similar with the preliminary designed CFRP

sandwich central cone assembly.
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Figure 5.54 : Mode shape of optimized CFRP sandwich central cone assembly
Mode 1

For static structural analysis, M0oSHoneycomb and Tsai-Wu failure theorem results are the
key factors of the comparison. For MoSHoneycomb interlaminar shear stresses are
important parameters to get bigger margin of safety results. The result comparison of

the static structural analyzes is shown at Table 5.44.

Table 5.44 : Static structural analysis of CFRP sandwich central cone assy.

Central Cone Assy. Previous CC Optimized CC
Deformation (mm) 0.154 0.121
Tsai-Wu Failure Index (worst ply) 0.407 0.246
txz (MPa) (honeycomb) 1.896 0.641
1y2 (MPa) (honeycomb) 1.353 0.549
MOSHoneycomb 0.266 1.123

Both parameters which are Tsai-Wu failure index and MOSHoneycomb Values are
improved in the optimized central cone. For Tsai-Wu score, being close to 0 and far
from 1 is better solution and for margin of safety high number of results are better.
Deformation of the structure is shown at Figure 5.55.
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CFRP_sandwich_konsept assy 2 assyfem1_sim1: Sclution 3 Result
Subcase - Static Loads 1, Static Step 1
Displacement - Nodal, Magnitude
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Deformation : Displacement - Nodal Magnitude
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Figure 5.55 : Optimized CFRP sandwich central cone static structural analysis
results (deformation)

Interlaminar shear stress results of the optimized central cone is shown at Figure 5.56

and Figure 5.57 respectively.

CFRP_sandwich_konsepl_assy_2_assyfem1_sim1 : Solution 3 Result
Subcase - Static Loads 1. Static
Ply Stress - Elemental, 31, Ply 288539 Mid
Min : 0.000, Max : 0.641, Units = MPa

Coord sys : Native, Absolute Value
Deformation : Displacement - Nodal Magnitude

l 0.641
0.587

=

Figure 5.56 : Interlaminar shear stress results of CFRP sandwich central cone with
direction 1x;
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CFRP_sandwich_konsepl_assy_2_assyfem1_sim1 : Sclution 3 Result
Subcase - Static Loads 1, Static Step 1

Ply Stress - Elemental, 23, Ply 288539 Mid
Min ; 0.000, Max : 0.549, Units = MPa

Coord sys  Native, Absolute Value
Deformation : Displacernent - Nodal Magnitude

0.549
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Figure 5.57 : Interlaminar shear stress results of CFRP sandwich central cone with
direction of Ty,

Tsai-Wu failure results for worst ply in the CFRP sandwich central cone is shown at
Figure 5.58.

CFRP_sandwich_konsept_assy_2 syfem1_sim1 : Solution 3 Result

lemental r, Ply 288531 Mid
:0.246, Units = Unitle

0.143

0.123

i

0.102

0.082

0.061

0.041

0.020

0.000

[Unitless]

Figure 5.58 : Tsai-Wu failure index results of CFRP sandwich cone worst ply
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Last analysis performed with optimized CFRP sandwich central cone is buckling
analysis of it. Having bigger critical buckling factor after the analysis is the preferred
result for this analysis. Result comparison of the buckling analysis results are shown
at Table 5.45.

Table 5.45 : Buckling analysis result comparison for CFRP sandwich central cone

assy.

Central Cone Assy. Previous CC Optimized CC
Buckling Mode () 45.39 51.85
MOSBuckling 21.695 24.925

Same with other analyzes results, buckling analysis result is also improved with the
optimization. Mode shape and deformations after buckling analysis is shown at Figure
5.59. The shape of the modes of buckling analysis result for optimized solution is
homogenous deformation. At preliminary design, the deformation was local at the

connection area of the central cone to LVA and NC bracket.

Figure 5.59 : Buckling mode shape of optimized CFRP sandwich central cone assy.
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5.8.2 Design iterations of CFRP semi-monocoque central cone

In the optimization of the CFRP semi-monocoque central cone, the number of plies is
decreased to reduce the mass of central cone. This design change is affecting the
thickness of the central cone. In the previous design, thickness of the central cone shell
was 3mm and ribs inside of the cone was 2mm. All the thickness values are reduced
to 1.6 mm for CFRP semi-monocoque central cone. With this operation, mass results

of central cone and assembly are shown at Table 5.46.

Table 5.46 : Mass values of CFRP semi-monocoque central cone

Central Cones CFRP Sandwich
Mass (kg) 7.04
Assy. Mass (kg) 27.63

Thickness optimization results with 2.37 kg mass save for the design of central cone.

Same analyzes with phase 1 and CFRP sandwich central cone performed for CFRP

semi-monocoque central cone too. The comparison of the results is shown with tables.
Modal analysis results are shown at Table 5.47 for CFRP semi-monocoque central

cone.

Table 5.47 : Modal analysis result comparison for CFRP semi-monocoque central
cone optimization

Central Cones CFRP Sandwich
Previous Mode 1 (Hz) 485.55
Optimized Mode 1 (Hz) 495.49

Results are close to each other but improved 9.94 Hz with mass optimization. The
modal analysis results of the CFRP semi-monocoque central cone in the phase 1
comparisons was the best between the all-central cone designs and with the design
optimization that stiffness value is increased more. Mode shape of the analysis is

shown at Figure 5.60.
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Figure 5.60 : Mode shape of optimized CFRP semi-monocoque central cone

Assembly modal analysis results are shown at Table 5.48. Results are improved 73.18
Hz which is different than the CFRP sandwich central cone assembly. The gain of
stiffness draws attention. Mode shape of natural frequency of CFRP semi-monocoque

central cone assembly is shown at Figure 5.61.

Table 5.48 : Modal analysis result comparison for CFRP semi-monocoque central
cone assembly optimization

Central Cones Assy. CFRP Sandwich
Previous Mode 1 (Hz) 615.47
Optimized Mode 1 (Hz) 688.65
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Figure 5.61 : Mode shape of optimized CFRP semi-monocoque central cone
assembly Mode 1

Static structural analysis results for CFRP semi-monocoque central cone is depends on
the Tsai-Wu failure calculation results. In the phase 1 of the thesis, Tsai-Wu results of
the CFRP semi-monocoque central cone was the best results between the other CFRP

central cones. The analysis result comparison is at Table 5.49.

Table 5.49 : Static structural analysis result comparison for CFRP semi-monocoque
central cone assy.

Central Cone Assy. Previous CC Optimized CC
Deformation (mm) 0.145 0.162
Tsai-Wu Failure Index (worst ply) 0.303 0.293

Deformation of the central cone is increased but it can be neglect the results because
of the small change. Also, it is expected to have this kind of deformation increase
because of the thickness changes of the CFRP semi-monocoque central cone. Tsai-Wu
failure results are better with the optimization of the central cone. Deformation of the
central cone is shown at Figure 5.62 and Tsai-Wu results at worst ply of the CFRP

semi-monocogue central cone is shown at Figure 5.63.
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CFRP_Sheet_Assy_assyfemn1_sim1 : Solution 3 Result
Subcase - Static Loads 1. Static Step 1
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Figure 5.62 : Optimized CFRP smei-monocoque central cone static structural
analysis results (deformation)
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Figure 5.63 : Tsai-Wu failure index results of CFRP semi-monocogue cone worst
ply
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Last analysis performed for CFRP semi-monocoque central cone is buckling analysis.

The result comparison is shown at Table 5.50.

Table 5.50 : Buckling analysis result comparison of the CFRP semi-monocoque
central cone optimization

Central Cone Assy. Previous CC Optimized CC
Buckling Mode () 13.01 8.74
MOSBucinng 5.505 3.37

From all the analysis performed in the phase 2 of the thesis, only analysis result with
decreased with optimization is buckling analysis of CFRP semi-monocoque central
cone which is normal because of the thinner central cone. Mode shape and
deformations after buckling analysis is shown at Figure 5.64. The deformation is kind

of local buckling with considering the mode shape of the analysis.

Figure 5.64 : Buckling mode shape of optimized CFRP semi-monocoque central
cone assy.
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5.9 Trade-off Study for Optimized Central Cones

In the second trade-off study of the thesis, only two optimized central cones compared
between each other to determine optimal design for referenced satellite which is
around 1000kg at Low Earth Orbit. Because of the having only two central cones, the
point scales are given with considering their own results. Having better solution in
each category having 10 points from 10, and other central cone gets the points depends
on how close its results. That is why, for all the categories one of the central cones has
the 10 points which is top point. Weight of the trade-off study is same with previous
trade-off study which is done for six central cones. Trade-off study table is shown at
Table 5.51.

Table 5.51 : Trade-off study results of optimized central cones

Central Cone Weight CFRP CFRP
Assy. Monocoque Sandwich
Mass 1 10 9.5

Assy. Mass 1 10 9.5
Stiffness 1.25 10 8.5
Assy. Stiffness | 1.25 10 9
MoSstatic 2.75 9.5 10
MOSBucinng 2.75 7 10
Total 10 9.0375 9.5875

Mass and assembly mass results of central cones are extremely close to each other but
CFRP semi-monocoque central cone has less mass in its design. Only difference in
their masses is 0.68 kg for both categories. After mass comparisons, stiffness
comparisons are done. In the modal analysis results, CFRP semi-monocoque central
cone has advantage to have better stiffness values which is first natural frequency
value. On the other hand, for static structural and buckling analysis results CFRP
sandwich central cone has better results. For margin of safety static results are close to
each other but sandwich central cone has better results. For critical buckling factor,
sandwich central cone has huge difference from semi-monocoque central cone. Both
central cones have great results in the performed analyzes and both of them meets the
design requirements. As a result of all the categories, with 0.55-point difference CFRP

sandwich central cone became the optimal design for the thesis.
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6. CONCLUSIONS AND RECOMMENDATIONS

In the thesis, the main object was finding the optimal design solution as central cone
of a satellite which is more than 1000kg at Low Earth Orbit. In the study, the design
requirements and restrictions, launcher and satellite effect on central cone, design,
analysis and trade-off philosophy are described. In this section, the phases of the thesis

are summarized with results and recommendations.

6.1 General Conclusions

Before starting the design of any structure for satellites, the design requirements and
limitations should be defined to foresee what kind of design solution study need. In
the beginning of the thesis, the mechanical loads which satellite is affecting from
launchers are defined with considering some possible launchers for a LEO satellite.
Material types and design concepts are also described for primary structures of
satellite. Six different design of central cones which are three different design concepts
and two types of material for each decided to compare in the study. Materials are
aluminium and CFRP for each design concept, and design concepts are semi-
monocoque, grid and sandwich types. There are two main phases of the thesis, in the
first phase of the study six different central cone compared in the trade-off study and
top two central cone selected for optimizations. In the second phase of the thesis that
two central cones optimized and compared again with the same trade-off study to

define optimal central cone.

In the design phase of the central cones, Siemens NX used to design all central cones
and the assembly components of them. The components of the assemblies are LVA,
horizontal structural panel and NC bracket if it is needed. First comparations of the
study is done in the design phase of the thesis by comparing the masses of central
cones and their assemblies. From first mass comparations, sandwich central cones are
the lighter central cones. In the assembly mass comparisons, CFRP semi-monocoque
central cone is the lighter central cone assembly because of not having NC bracket in

semi-monocoque assembly designs.
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In the analysis phase of the study, defined types of the analysis will be performed
which are modal analysis, static structural analysis and buckling analysis. Creation of
the FEM of central cones and other assembly components are shown. Modal analysis

is performed for just central cones itself and their assemblies.

First analysis was modal analysis on central cones, and CFRP semi-monocoque central
cone has best results. CFRP sandwich central cone and Aluminium semi-monocoque
central cone are following the CFRP semi-monocoque central cone with their results.
Assembly modal analyzes are performed for all six central cone assemblies, and again

CFRP semi-monocoque central cone has the highest stiffness from the results.

For static structural analysis, there are some margin of safety formulas to compare
different types of design concepts and materials. Also, a load case is defined with
regarding to consider reference satellite with 1000kg mass. In the preliminary results
of the static analyzes, Aluminium grid central cone assembly has the highest margin
of safety value. Aluminium semi-monocoque central cone is the second best in terms

of static structural strength of the central cone assemblies.

Same with the static structural analysis, a margin of safety philosophy is used in their
calculations with same load cases. Both sandwich central cone assemblies got highest
buckling strength results, but CFRP sandwich central cone is the best design concept
for buckling.

All central cones are compliance the design requirements defined in the beginning of
the study. After finishing all design and analysis phase works, trade-off study
calculations performed to select two central cones to optimize more for get optimal
design concept. In the results of trade-off study CFRP sandwich central cone and
CFRP semi-monocoque central cone selected as top two central cone design concept

for the second phase of the thesis.

In the design iterations phase the main purpose is reducing the mass of the central
cones and their assemblies without loosing any strength or stiffness. For CFRP
sandwich central cone 0.49 kg saved and for its assembly 6.29 kg weight reduced with
the iterations. The iterations are removing the NC bracket in the CFRP sandwich
central cone assembly and changing the honeycomb type and density. Even the mass
reduced the stiffness results are raised with the optimizations for the CFRP sandwich

central cone. Also, with same load cases of first phase of the study, static structural
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and buckling analysis performed. Results are improved with the optimizations on the
assembly and central cone. For CFRP semi-monocoque central cone number of plies
are reduced and thickness of the central cone changed with that. As a result of this
optimization new central cone and its assembly are 2.37kg lighter than first design of
CFRP semi-monocoque central cone. Modal analysis results are also improved with
the optimizations. There is only buckling analysis results reduce but not dramatically
for CFRP semi-monocoque central cone. At the end of the design iterations, there is a
second trade-off analysis for these two central cones. With 9.5875 points from 10,
CFRP sandwich central cone selected as optimum design concept for LEO satellites
around 1000kg which is Goktiirk-Y satellite as a reference.

6.2 Recommendations

In this study, the design concepts of the central cones are examined and analysed with
some optimizations. As a result of the study CFRP sandwich central cone is selected
as optimum design concept for large LEO satellites, but results of CFRP semi-

monocoque central cone is also close to sandwich one.

In the future work, the optimization on CFRP sandwich or semi-monocoque central
cone can be the main objective to improve the results of them. On the other hand, the
recommended future study can be production and tests of CFRP sandwich central
cone. There can be a production and test campaign to correlate the results of the study.
There can be two types of test campaigns for possible future study on this thesis. First
one of them is after production of CFRP sandwich central cone, the main focus can be
the central cone with defined load cases in this study. Also, the load cases can be
improved by adding new load cases with regarding to other possible reference satellite
projects. Second test type can be in a satellite test as a system level. In those tests

central cone can prove itself in the satellite with the launcher load cases on them.
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APPENDICES

APPENDIX A:
PAS 1194 technical drawings with the interface of the spacecraft’s LVA is shown at
Figure A.1
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Figure A.1 : PAS 1194 mechanical interface drawings
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APPENDIX B:
CFRP semi-monocoque central cone composite lay-up is shown at Figure A.2 and
Figure A.3. Central cone shell is 2mm that is why 20 plies are used for it. Upper and

lower rings of the central cone is 3mm with 30 plies.

20 M18-M55J 0.100 0.0
19 M18-M55J 0.100 0.0
18 M18-M55J 0.100 -30.0
17 M18-M55J 0.100 0.0
16 M18-M55J 0.100 0.0
15 M18-M55J 0.100 0.0
14 M18-M55J 0.100 0.0
13 M18-M55J 0.100 -30.0
12 M18-M55J 0.100 0.0
11 M18-M55J 0.100 0.0
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9 M18-M55J 0.100 0.0
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pid M18-M55J 0.100 0.0
1 M18-M55J 0.100 0.0

Figure A.2 : Composite lay-up of CFRP semi-monocoque central cone shell
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Figure A.3 : Composite lay-up of CFRP semi-monocoque central cone upper and
lower rings

APPENDIX C:

CFRP grid central cone composite lay-up is also divided in two parts. First part is shell
behind the grids and second part is grids of the CFRP grid central cone. Lay-up and
orientation of the shell of the central cone is shown at Figure A.4 and for grid part of
the composite it is shown at Figure A.5.
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Figure A.4 : Composite lay-up of CFRP grid central cone shell
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Figure A.5 : Composite lay-up of CFRP grid central cone grid

APPENDIX D:
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The lay-up of CFRP sandwich central cone is shown at Figure A.6.
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Figure A.6 : Composite lay-up of CFRP sandwich central cone
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