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ONE-WAY FLUID-STRUCTURE INTERACTION ANALYSIS FOR 

SOUNDING ROCKET FINS AT DIFFERENT ANGLE OF ATTACKS 

SUMMARY 

During the development process of the rockets, it is important to verify the 

assumptions with analytic and numeric calculations. One of these analyses is called 

the Fluid-Structure Interaction search for the structural behavior of the rocket 

encountering the fluid flow during the flight.  

The purpose of this project is to observe the structural behavior of the rocket fins by 

performing an FSI analysis. In the design process, SpaceLoft XL sounding rocket for 

the body and nose cone; Aerobee 150A sounding rocket for the fins taken as a 

reference to obtain a geometry to be analyzed. The body and the nose cone is designed 

with the same dimensions of the reference rocket. On the other hand, the sustainer fin 

dimensions of the Aerobee 150A are proportioned because of the size difference 

between the two sounding rockets. Fin planform shapes, fin cross-sections, and fin 

numbers are compared to make the best suitable choice for the rocket. Considering 

that the rocket will fly in the supersonic regime swept clipped delta shape is decided 

for the fin planform shape due to their usefulness for the shock. Due to the same 

reasons in the supersonic regime, the double-diamond cross-section is selected for the 

fin design. Furthermore, four fins combination is selected for increasing stability. Fin 

structure is designed as a sandwich structure, while the outer structure consists of Al 

6061-T6, the internal structure consists of PVC foam (60 kg/m3). Aluminum was 

selected due to its lightweight and high strength values. On the other hand, PVC foam 

was chosen because of its hardened structure which prevents the structure from 

collapsing while lowering the mass around the tail of the rocket. 

The design of rocket geometry is completed in the CATIA V5R19 program and 

transferred to the ANSYS Design Modeler module. The surrounding of the rocket is 

enclosed by a solid body to model the fluid flow in the area. Besides, since the rocket 

is symmetric all parts are sliced into two identical pieces to make calculations faster. 

Inflation is inserted into the model according to the calculated layer number and first 

layer thickness in MATLAB. After the boundary conditions are determined for the 

enclosed solid model ANSYS FLUENT module is used to analyze the fluid flow 

around the rocket. Once the fluid analysis is done, the solution is imported to STATIC 

STRUCTURAL to compute the deformation and stress values on the fins. This process 

repeated for the angle of attack of 0, 5, 10, and 15 degrees.  

The drag coefficient on the fins was numerically calculated with MATLAB and 

compared with the FLUENT result. There is only a 0.002% error between the FEM 

and numerical solution of the drag coefficient. For the 0 angles of attack value, it is 

expected to see the same total deformation in fins since the rocket and the fluid are 

symmetrical. For the other angle of attacks, it is expected to see the higher total 

deformation on the below fins since the rocket body distributes some of the flow to 

reach the upper side.  

Maximum deformation is observed at the tip chord of the fin where the point is the 

farthest from the connection points. The maximum stress is monitored near the fixed 

support locations which are placed on the connection edges. The results satisfied the 

expected behaviors of the fins. 
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SONDAJ ROKETİ KANATÇIKLARININ FARKLI HÜCUM 

AÇILARINDAKİ TEK YÖNLÜ AKIŞKAN-YAPISAL ETKİLEŞİMİ 

ANALİZİ 

ÖZET 

Roketlerin geliştirilme sürecinde varsayımları analitik ve sayısal hesaplamalar ile 

doğrulamak önemlidir. Akışkan-Yapısal Etkileşimi (AYE) adı verilen bu analizlerden 

biri, uçuş sırasında akışkanın etkisiyle karşılaşan roketin yapısal davranışını 

araştırmaktadır. 

Bu projenin amacı, bir AYE analizi yaparak roket kanatçıklarının akış karşısındaki 

yapısal davranışlarını gözlemlemektir. Tasarım sürecinde, roket gövdesi ve burun 

konisi için SpaceLoft XL sondaj roketi; kanatçıklar içinse Aerobee 150A sondaj roketi 

analiz için geometri tasarımında referans alınmıştır. Gövde ve burun konisi, referans 

roket ile aynı boyutlarda tasarlanmıştır. Öte yandan, tasarlanan geometrinin kanatçık 

boyutları, Aerobee 150A ve SpaceLoft XL roketleri arasındaki boyut farkı nedeniyle 

orantılandırılmıştır. Fin yüzeyi şekilleri, kanatçık kesit şekilleri ve kanatçık sayıları, 

roket için en uygun seçimi yapmak üzere karşılaştırılmıştır. Roketin süpersonik 

rejimde uçacağı göz önüne alındığında, arkaya doğru yatık kırpılmış delta şekli, şoku 

gövdeden uzaklaştırması sayesinde kanatçık yüzey şekli için kullanılması 

kararlaştırılmıştır. Süpersonik rejimde karşılaşılacak aynı nedenlerden dolayı, kanat 

tasarımı için çift elmas kesiti seçilmiştir. Ayrıca, roketin dengesini arttırmak için dört 

kanatçık tasarımının kullanılması uygun bulunmuştur. Kanat yapısı sandviç yapı 

olarak tasarlanmış, dış yapı Alüminyum 6061-T6, içyapı PVC köpük (60 kg / m3) 

malzemelerinden oluşmaktadır. Alüminyum, ağırlıkça hafif olması ve yüksek 

mukavemet değerleri nedeniyle seçilmiştir. Öte yandan, PVC köpük, roketin arka 

tarafına gelen kütleyi düşürürken yapının içe çökmesini önleyen sertleştirilmiş yapısı 

nedeniyle seçilmiştir. Roket geometrisinin tasarımı CATIA V5R19 programında 

tamamlanıp ANSYS Design Modeler modülüne aktarılmıştır. Roketin çevresi, 

alandaki sıvı akışını modellemek için katı ve kapalı bir yapı ile çevrelenmiştir. Ayrıca, 

roket simetrik olduğu için, tüm parçalar hesaplamaları daha hızlı yapmak için iki özdeş 

parçaya bölünmüştür. Hesaplanan katman sayısına ve MATLAB'daki ilk katman 

kalınlığına göre modele sınır tabaka eklenmiştir. Çevreleyen katı yapı için sınır 

koşulları belirlendikten sonra, roket etrafındaki akışkan akışını analiz etmek için 

ANSYS FLUENT modülü kullanılmıştır. Akışkan analizi tamamlandıktan sonra, 

kanatçıklar üzerindeki deformasyon ve gerilme değerlerini hesaplamak için çözüm 

STATIC STRUCTURAL'a aktarıldı. Bu süreç, 0, 5, 10 ve 15 derecelik hücum açısı 

için tekrarlanmıştır. 

Kanatlardaki sürükleme katsayısı MATLAB ile sayısal olarak hesaplandı ve FLUENT 

sonucuyla karşılaştırıldı. FEM ile sürükleme katsayısının sayısal çözümü arasında 

sadece %0.002 hata olduğu görüldü. 0 hücum açısı değeri için, roket ve akışkan 

simetrik olduğu için kanatçıklarda aynı miktar toplam deformasyonun görülmesi 

beklenmektedir. Diğer hücum açıları için, roket gövdesi akışın bir kısmını üst tarafa 

ulaşmadan dağıttığı için alt kısmındaki kanatçıklarda daha fazla deformasyonun 

görülmesi beklenir. En yüksek deformasyon kanatçıkların gövdeyle bağlantılı 

oldukları yere en uzak noktada, havayla ilk karşılaşan kanatçıkların üst kortunda 

görülmüştür. En yüksek gerilim değeri ise ankastre mesnet olarak tanımlanmış olan 

kanatçık ve gövdenin birleştiği yerde izlenmiştir. Sonuçlar, kanatçıklardan beklenen 

davranışlarını karşılamıştır 
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1. INTRODUCTION 

From the beginning of humanity, people dreamed about reaching the sky, stars, and 

beyond. Flying like birds and traveling to the other planets was just the imagination of 

people for a long time. While the technological improvements go further those 

imaginations came into life one by one. Today, flying between continents or sending 

rockets to space are considered as normal in our daily life. 

Rockets are defined as an instrument that powered up with the thrust reaction of gas 

from the rocket engine. Although the rockets were not invented to reach the space, 

they are used to provide thrust to the spacecraft in present.  

The first rocket in history is from Ancient Greek, and it was built by Archytas who 

was a philosopher, mathematician, and astronomer. It is thought that he made a pigeon 

out of wood and swung it by wire to spin around by using propelled gas. It uses the 

action-reaction principle and it is considered as the first rocket propulsion according 

to NASA [1]. 

Galileo Galilei has brought new perspectives and solutions into science and led to the 

beginning of modern science. His scientific experiments and theories in astronomy and 

mathematics helped Newton to develop the laws of motion. Newton described these 

laws in his book “Philosophiae Naturalis Principia Mathematica”. He also applied 

these laws into the rocketry in specific chapters of his book, which is considered as the 

dawn of the science of rocketry [1]. 

All three laws of motion play an important role in rocket principles. The first law 

explains that it is required to exert a force on a rocket to launch. Also, to change the 

speed or direction of a rocket in space, a force must be applied. The second law states 

that the thrust generated by the engine is related to the mass of the propellant and the 

speed of the expelled gas. Finally, the third law explains how a rocket can lift off and 

work in space. This law states that as for every action there is always an opposite and 

equal reaction [2]. Thus, the thrust of the rocket comes out from the engine moves the 

rocket in space. Thanks to laws of motion, the flying of rockets has a scientific 

explanation for how they fly.  

The developments in physics and rockets continued throughout time but it became 

more important in the 20th century with the pioneers of modern rocketry as Konstantin 

E. Tsiolkolvsky, Robert H. Goddard, and Hermann Oberth.  
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Tsiolkovsky was a Russian theorist, teacher, and astronautics pioneer. He wrote books 

about space travels and combined fiction with scientific and theoretical details. His 

most important work was published in 1903 and he configured a rocket equation which 

is called by his name. His equation shows that the rocket moves at a rate dependent on 

the speed of its exhaust gas and its mass. He also calculated the velocity to escape from 

Earth’s gravity to reach orbit and he concluded it cannot be achieved with black 

powder rockets, so he suggested using liquid-propellant rockets [3]. 

Another pioneer of modern rocketry, Robert Goddard tried solid fuels in his 

experiments with rockets. Then, he realized that to achieve greater exhaust velocities 

the propellant must be liquid. At the time, Goddard was not aware of Tsiolkovsky’s 

equation and suggestions since the researches of Russian pioneer was known only in 

Russia. In 1926, Goddard achieved the first successful flight in the world with liquid 

powered rockets. The first flight had only reached 12.5 meters but it was a huge 

success. He published a research paper titled “A Method of Reaching Extreme 

Altitudes”. He aimed to use rockets to observe meteorological events and obtain data 

to analyze the conditions of weather which are called sounding rockets nowadays [4]. 

Finally, the third pioneer Hermann Oberth performed his experiments on rockets in 

Germany. In 1923, he published a book about the launch of rockets to space which is 

titled “The Rocket into Planetary Space”. Furthermore, he expanded his studies about 

space travel and completed his other book called “Ways to Spaceflight”. His books 

inspired many small rocket societies to be established. One of these societies in 

Germany supervised the building of V-2 rockets during World War II [4]. 

V-2 rockets were developed by a team led by Wernher von Braun during the Second 

World War in Germany. It was the first long-range guided ballistic missile and the first 

human-made object which had ever reach space [5]. The purpose of the development 

of the rocket was only military use to take advantage of the war. After the war ends, 

the United States recruited Wernher von Braun among the many scientists and 

engineers to improve their rocket technology. Besides, the Soviet Union hired 

scientists who worked in the V-2 project and control of the V-2 manufacturing 

facilities, it also developed its rocket technology.  

The two superpowers of the world, the United States and the Soviet Union, had begun 

a space race which is called the Cold War and led to the space age.  The Soviet Union 
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had launched the first artificial satellite “Sputnik 1” to space in 1957. After that, the 

first person in space, Yuri Gagarin, traveled in the orbit of Earth in the Vostok-1 

spacecraft. These great achievements of the Soviet Union have forced the United 

States to take bigger actions. With the Apollo 8, the first orbiting around the Moon and 

with Apollo 11, first humans on the Moon are achieved and the Apollo missions one 

by one outraced the United States in Cold War. Saturn V which is used to send people 

to the Moon is designed and developed by the leadership of von Braun who was also 

the head scientist of V-2 rockets. This rocket is one of the biggest machines that has 

ever built with 111 meters in height and it is also the most powerful rocket ever flown 

which creates 34.5 million Newtons of thrust [6]. 

As Goddard designed his rockets to reach the upper atmosphere to measure properties 

of the ionosphere and meteorological events, he never achieved what he wished. These 

types of rockets than named as sounding rockets and first sounding rocket in the U.S. 

launched in 1945 [7]. With the help of sounding rockets, the first discoveries about 

space environment have been made.  

Today, rocket technology has developed so much that SpaceX can land the rocket 

boosters to the ground to be reused in another launch which reduces the cost of rockets 

extremely. The new technologies provide more reliable and cheaper rockets to reach 

and discover space. Furthermore, many new private companies trying to build rockets 

for space tourism and to help the discovery of interplanetary space.  

The first fin similar design can be seen in the arrows throughout history as their 

purpose to make arrows more stable. The fin designs are seen widely in rockets and it 

is important to control and stabilize the rockets. To provide stabilization of the rockets 

it is important to locate the center of gravity and center of pressure of the object [8]. 

Locating fins near the rear tail makes the center of pressure closer to the tail. Besides, 

the larger surface area of fins is pushed away by the wind which makes rockets look 

in the same direction in flying.  

There are so many different fin geometries used in rocketry but the most commonly 

used ones are clipped delta, trapezoidal, and swept. The different design geometries 

change the center of pressure and apogee of the rocket. Moreover, the number of fins 

to be used on the rocket depend on the aim. While 3 fins provide less drag, 4 fins 
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provide more stability. So, using 3 fins will increase the apogee of the rocket but using 

4 fins will increase the accuracy of launches.  

Airfoil geometry is another important parameter for designing a fin. There are again 

many different choices to be considered for the aim of the launch. Diamond, double-

diamond, and simple airfoils are utilized as the airfoil shapes but the most important 

point is to select symmetrical airfoils to prevent the generation of lift force on fins 

which may cause the rocket to spin [9]. It is also crucial to know whether the rocket 

flies in subsonic or supersonic when determining the number, size, and shape of the 

fins. They all affect the drag force, stability, center of mass, and the center of pressure.  

1.1 The Purpose of the Thesis 

In this thesis, a rocket will be selected which is already designed and used as a 

sounding rocket. The finned designs and several different variations of the sounding 

rockets make them perfect for this project. Since their height is not much, they offer 

faster analysis solutions with personal computers. After that, the fin designs will be 

compared and the most sufficient one will be chosen to be analyzed. Furthermore, the 

shape, numbers, and cross-section geometry will be determined to be configured on 

the chosen sounding rocket. After the Computer-Aided Drawing designed, the 

structure will be put into Fluid-Structure Interaction (FSI) analysis by using ANSYS. 

The same fin configuration will be analyzed in different angle of attack values to define 

how much force is applied during the flight and how much deformation fins get. 

Finally, the results will be discussed and the recommendations will be given. 
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2. FORMULATION 

In this section, analysis related aerodynamic and structural equations are given. The 

ANSYS program iterates the equations in its database and gives the result to the user.  

2.1 Basic Aerodynamic Equations 

Reynolds and Mach numbers are very important parameters to determine the flow 

characteristics and they are used widely in aerodynamic equations. Reynolds number 

is needed to calculate the viscous friction coefficient on the fins and Mach number is 

needed to determine which regime the rocket will be exposed. 

2.1.1 Reynolds number 

𝑅𝑒 =  
𝜌∞𝑉∞𝐿

𝜇∞
                                                   (2.1) 

Reynolds Number is a ratio of inertia forces to viscous forces in a flow which helps to 

predict the flow behavior. In the equation, 𝜌∞ is the density of the fluid (kg/m3), 𝑉∞ is 

the flow freestream velocity (m/s), L is the characteristic length (m), and 𝜇∞ is the 

dynamic viscosity of the fluid [10]. The boundary layer, laminar, turbulent, and 

transition regimes are determined by using the functions of the Reynolds number.  

2.1.2 Mach number 

𝑀 = 
𝑉∞

𝑎∞
                                               (2.2) 

From the ratio of the freestream velocity to the speed of sound, 𝑎∞, Mach number can 

be calculated [10]. It is usually used to determine the compressible flow characteristic 

and it is affected by the temperature of the gas. There are four regimes in the flow 

characteristics that are defined according to Mach number which is the subsonic, 

transonic, supersonic, and hypersonic regime. This project observes a sounding rocket 

flying in the supersonic regime which is considered in the literature as M>1. 

2.2 Navier-Stokes Equations  

One of the most important equations of aerodynamics is the Navier-Stokes Equations. 

These are needed for iterations of the fluid behavior around the rocket body. On the 
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other hand, these governing equations are simplified to be computed easily by 

computers which are shown in section 2.3. 

2.2.1 Continuity Equation 

This equation states that the mass in a control volume must remain constant in time. It 

can also be described as that entering and leaving the rate of the mass in a controlled 

system should be equal. The continuity equation is given by 

𝜕𝜌

𝜕𝑡
+ ∇ . (𝜌𝐕) = 0                                              (2.3) 

where ρ is the fluid density, t is time and V is the flow velocity vector field. 

2.2.2 Momentum Equation 

The equation defines that the momentum is conserved in a control volume. This 

equation derived from Newton’s second law of motion which is,  

�⃗� = 𝑚�⃗�                                                        (2.4) 

where F is the net applied force, m is mass and a is the acceleration. Considering the 

fluids, it is difficult to state a particle’s mass. Besides, the equation above does not 

include the viscosity and shear stress occurred in a flow. So that, the momentum 

equation for a viscous flow for x, y and z components can be determined as 

respectively 

𝜕(𝜌𝑢)

𝜕𝑡
+ ∇ . (𝜌𝑢𝐕) =  −

𝜕𝑝

𝜕𝑥
+
𝜕τxx

𝜕𝑥
+ 

𝜕τyx

𝜕𝑦
+ 

𝜕τzx

𝜕𝑧
+ 𝜌𝑓𝑥              (2.5a) 

and 

𝜕(𝜌𝑣)

𝜕𝑡
+ ∇ . (𝜌𝑣𝐕) =  −

𝜕𝑝

𝜕𝑦
+
𝜕τxy

𝜕𝑥
+ 

𝜕τyy

𝜕𝑦
+ 

𝜕τzy

𝜕𝑧
+ 𝜌𝑓𝑦              (2.5b) 

and 

𝜕(𝜌𝑤)

𝜕𝑡
+ ∇ . (𝜌𝑤𝐕) =  −

𝜕𝑝

𝜕𝑧
+
𝜕τxz

𝜕𝑥
+ 

𝜕τyz

𝜕𝑦
+ 

𝜕τzz

𝜕𝑧
+ 𝜌𝑓𝑧               (2.5c) 

where τxx, τyy, τzz are the normal stresses, τxy τyx, τyz, τzy, τxz, τzx are the shear stresses, p 

is pressure and f is the body force on fluid element acting on the specified direction. 
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2.2.3 Energy Equation 

This equation is based on the thermodynamics first law which states that energy can 

neither be created nor destroyed but it can be converted to another form. In this 

equation, all body forces and surface forces, internal and kinetic energies, heat transfer 

and heat flux are considered and the energy equation is given by 

𝜕

𝜕𝑡
[𝜌 (𝑒 +

𝑉2

2
)] + ∇ . [𝜌 (𝑒 +

𝑉2

2
)𝐕] =  𝜌�̇� + 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) −

𝜕(𝑢𝑝)

𝜕𝑥
−
𝜕(𝑣𝑝)

𝜕𝑥
−
𝜕(𝑤𝑝)

𝜕𝑥
+
𝜕(𝑢τxx)

𝜕𝑥
+
𝜕(𝑢τyx)

𝜕𝑦
+
𝜕(𝑢τzx)

𝜕𝑧
+
𝜕(𝑣τxy)

𝜕𝑥
+
𝜕(𝑣τyy)

𝜕𝑦
+
𝜕(𝑣τzy)

𝜕𝑧
+

𝜕(𝑤τxz)

𝜕𝑥
+
𝜕(𝑤τyz)

𝜕𝑦
+
𝜕(𝑢τzz)

𝜕𝑧
+ 𝜌𝐟 ∙ 𝐕                          (2.6) 

where e is the internal energy, �̇� is the heat flux, k is the thermal conductivity, u is the 

velocity quantity in the x-direction, v is the velocity quantity in the y-direction and w 

is the velocity quantity in the z-direction. 

2.3 Governing Equations in CFD 

An equation is obtained to be used in computational fluid dynamics solver which 

contains all conservation forms of the governing equations expressed in the above 

section. The organized version of the governing equations makes it easier to be solved 

in computer. The equations are obtained for viscous and inviscid flows from a control 

volume fixed in space.  

The equation got from the conservation form of the governing equation is given by  

𝜕𝑈

𝜕𝑡
+
𝜕𝐹

𝜕𝑥
+
𝜕𝐺

𝜕𝑦
+
𝜕𝐻

𝜕𝑧
= 𝐽                                       (2.7) 

where U, F, G, H, and J are demonstrated as column vectors, given by 

𝑈 =

{
 
 

 
 

𝜌
𝜌𝑢
𝜌𝑣
𝜌𝑤

𝜌 (𝑒 +
𝑣2

2
)
}
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        𝐹 =  

{
  
 

  
 

𝜌𝑢

𝜌𝑢2 + 𝑝 − 𝜏𝑥𝑥
𝜌𝑣𝑢 − 𝜏𝑥𝑦
𝜌𝑤𝑢 − 𝜏𝑥𝑧

𝜌 (𝑒 +
𝑣2

2
)𝑢 + 𝑝𝑢 − 𝑘

𝜕𝑇

𝜕𝑥
− 𝑢𝜏𝑥𝑥 − 𝑣𝜏𝑥𝑦 − 𝑤𝜏𝑥𝑧

}
  
 

  
 

 

𝐺 =  

{
  
 

  
 

𝑝𝑣
𝑝𝑢𝑣 − 𝜏𝑦𝑥

𝜌𝑣2 + 𝑝 − 𝜏𝑦𝑦
𝜌𝑤𝑣 − 𝜏𝑦𝑧

𝜌 (𝑒 +
𝑣2

2
)𝑣 + 𝑝𝑣 − 𝑘

𝜕𝑇

𝜕𝑦
− 𝑢𝜏𝑦𝑥 − 𝑣𝜏𝑦𝑦 − 𝑤𝜏𝑦𝑧

}
  
 

  
 

 

𝐻 = 

{
  
 

  
 

𝜌𝑤
𝜌𝑢𝑤 − 𝜏𝑧𝑥
𝜌𝑣𝑤 − 𝜏𝑧𝑦

𝑝𝑤2 + 𝑝 − 𝜏𝑧𝑧

𝜌 (𝑒 +
𝑣2

2
)𝑤 + 𝑝𝑤 − 𝑘

𝜕𝑇

𝜕𝑧
− 𝑢𝜏𝑧𝑥 − 𝑣𝜏𝑧𝑦 − 𝑤𝜏𝑧𝑧

}
  
 

  
 

 

𝐽 =  

{
 
 

 
 

0
𝜌𝑓𝑥
𝜌𝑓𝑦
𝜌𝑓𝑧

𝜌(𝑢𝑓𝑥 + 𝑣𝑓𝑦 + 𝑤𝑓𝑧) + 𝜌�̇�}
 
 

 
 

 

 

F, G, and H column vectors are the flux vectors, J is the source vector and U called the 

solution vector [11]. When the body forces and heating considered negligible J 

becomes zero. It will be considered the no-slip conditions wall in the analysis. SST k-

ω model is selected to determine boundary layer numerical calculations in the 

computational solver. 

2.4 Drag Coefficient on Fins  

To compare the results between the analysis and the reality, the drag coefficient will 

be calculated numerically. First, it must be calculated the viscous friction value for the 

calculation of the drag coefficient. Then, the drag coefficient on fins can be obtained 

by the following equations. 
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2.4.1 Viscous Friction 

The resistance between rocket surface and air leads to the occurrence of friction in the 

opposite direction to the flow of the fluid. Turbulent or laminar flows and viscous 

forces are directly related because of viscous forces are dependent on Reynolds 

Number. In turbulent flow, viscous forces affect the calculations less compared to 

laminar flow [12]. The viscous friction force coefficient is given below:  

𝐶𝑓(𝑓) = {

1.328

√𝑅𝑒
      , 𝑅𝑒 < 𝑅𝑒𝑐

0.074

𝑅𝑒1/5
−

𝐵

𝑅𝑒
, 𝑅𝑒 ≥ 𝑅𝑒𝑐

                                       (2.8) 

where B is given by the below equation: 

𝐵 =  𝑅𝑒𝑐 (
0.074

𝑅𝑒1/5
−
1.328

√𝑅𝑒
)                                          (2.9) 

The Reynolds Number equation is the same as given in equation 2.1 but in the 

calculation of viscous friction coefficient of the rocket fins, it is important to use fin 

mid chord length as the characteristic dimension. The critical Reynolds Number, Rec, 

is determined as 5 x 105. 

2.4.2 Fin Drag  

At zero angle of attack, the fin drag equation is given below: 

𝐶𝐷(𝑓) = 2𝐶𝑓(𝑓) (1 + 2
𝑇𝑓

𝑙𝑚
)
4𝑛𝐴𝑓𝑝

𝜋𝑑𝑓
2                               (2.10) 

  

where 𝐶𝑓(𝑓) is the viscous friction coefficient on the fins and discussed in the above 

section. Tf is the fin thickness, Ɩm is the fin mid chord, n is the number of fins, df is the 

diameter of the rocket body where the fins are attached and Afp is the fin planform area 

[13]. 

2.5 Structural Calculations  

From the principle of minimum potential energy, element stiffness matrix and element 

load vectors are derived from the equation given below: 

∑ [𝐾(𝑒)]𝐸
𝑒=1 �̃� = 𝑃�̃� + ∑ (𝑃𝑖⃗⃗⃗

(𝑒)
+ 𝑃𝑠⃗⃗⃗⃗

(𝑒)
+ 𝑃𝑏⃗⃗⃗⃗⃗

(𝑒)
)𝐸

𝑒=1 = �̃�               (2.11) 
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where K(e) is the element stiffness matrix, �⃗⃗� is the global vector of nodal 

displacements, 𝑃�̃� is the vector of concentrated loads, 𝑃𝑖⃗⃗⃗
(e) is the element load vector 

due to initial strains, 𝑃𝑠⃗⃗⃗⃗
(e)  is the element load vector due to surface forces, 𝑃𝑏⃗⃗⃗⃗⃗

(e)  is the 

element load vector due to body forces [14]. The final form of the Equation can be 

expressed as: 

[�̃�]�̃� = �̃�                                                       (2.12) 

where �̃� is the assembled global stiffness matrix and �̃� is the assembled global nodal 

load vector. In this analysis, there are no initial strains to be considered. For solving 

this equation, the Cholesky solution method can be used. 
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3. DESIGN 

The rocket design completed in CATIA V5R19. The designed rocket mainly consists 

of a nose cone, a body tube, and four swept clipped delta fins. The body tube and nose 

cone geometry of the sounding rocket is designed with taken reference from the 

SpaceLoft XL sounding rocket made by UpAerospace. The height and outer diameter 

of the rocket are the same as the reference which is 6100 mm and 264 mm, 

respectively. For the fins, another sounding rocket Aerobee 150A is taken as reference 

for design parameters, and the dimensions are proportioned according to rocket length 

and outer diameter. Designed rocket geometry can be seen in figure 3.1. 

3.1 Nose Cone 

The first point faces with the flow is nose cone and it is crucial to determine the 

aerodynamic behavior of rockets during the flight. They mainly help to distribute the 

airflow uniformly around the body to decrease the drag and the effect of air resistance. 

Decreasing these aerodynamic effects rocket becomes more stable in its trajection. 

Some of the common shapes considered in rockets are tangent ogive, conic and 

parabolic. The nose cone shape is extremely important because the change in the 

airflow will directly affect the flow on the fins. Hence, the structural effect on the fins 

will be affected due to the flow. 

Figure 3. 1 The designed rocket isometric view. 
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In the design, the conic shape is used as it were in the reference sounding rocket. The 

sharper nose cones are widely chosen and they are more beneficial during the 

supersonic flights. The narrower and sharper nose cones in the rocket provide less 

projection area to be affected by the air and so that, the rocket will be exposed to less 

drag. Also, the conic nose cones have simple shapes to be manufactured which is an 

important parameter in the aerospace industry. The nose cone has 1058 mm height and 

264 mm outer diameter where it connects to the body tube. The nose cone is 

demonstrated in figure 3.2. 

Figure 3. 2  The designed conic shaped nose cone. 

3.2 Body Tube 

Rocket body consists of the avionics, rocket engine, payload, drogue chute, and main 

chute. The body contains all necessary elements for the flight and safe recovery. It also 

allows air to flow smoothly towards the fins. It has 5042 mm height and 264 mm outer 

diameter with no transition regions.  

3.3 Fins 

Another important part of the relatively small rockets are fins and they are used to 

stabilize the rocket. The large areas of fins provide the rocket to the head front due to 

the force acting on the fins. The lift and drag forces on fins help the rocket to maintain 

the attitude during the flight by changing the direction of the nose cone to flight 

direction. These forces also called restoring forces [15]. A rocket without fins would 

face with wobbling and tumbling during the flight with no predictable path. 
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3.3.1 Fin planform shape 

There are many types of fins can be used in sounding rockets such as clipped delta, 

trapezoidal, elliptical, and square. The elliptical shape is theoretically the best shape 

for the fins due to providing high lift and low drag forces but then it is more difficult 

to manufacture. On the other hand, clipped delta and trapezoidal shapes have very 

similar qualifications and both used widely in sounding rockets. They both have angles 

between the body tube and their leading-edge which makes them efficient for the 

supersonic flights. Besides, swept fins are very beneficial for the supersonic flights to 

send away shock from the aircraft. The designed fin shape which is proportioned from 

Aerobee150A sounding rocket can be seen from figure 3.3. 

Figure 3. 3  Fin planform shape of the designed geometry. 

Since the sounding rocket flies in the supersonic region it is considered to design a 

swept clipped delta fin. The fin has a 45⁰ angle between the leading edge and the body 

tube. Besides, the fin is tapered to the tip chord which also decreases drag and increases 

the lift. The dimension of the fin planform has 800 mm root chord length, 400 mm tip 

chord length, and 420 mm span. Moreover, fins have a thickness of 30 mm at the root 

and 10 mm at the tip.  

3.3.2 Fin cross-section shape 

Airfoil cross-sectioned fin allow air to move easily as in the aircraft wings. The 

symmetrical shape is important because it is crucial to not generate lift force during 

the zero angles of attack position since it will cause the rocket to spin. Instead of airfoil 
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the symmetrical diamond and symmetrical double-diamond cross-sections are also 

used in sounding rockets, especially in supersonic rockets [9]. Sharp edges are 

preferred to reduce the shock effects in supersonic flights which is why diamond and 

double-diamond cross-sections are commonly utilized in sounding rockets.  

Although the Aerobee150A fins have a different shape, the symmetrical double-

diamond cross-section is chosen for the rocket fins because of the supersonic flight. 

Besides, the root chord of the shape provides a stronger connection with the body and 

fin. The dimensions of the symmetrical double-diamond cross-sections can be seen in 

figure 3.4. 

Figure 3. 4 Double-diamond cross-section in the fins. 

3.4 Material Selections 

Aluminum 6061-T6 is used in the rocket body, nose cone, and the outer layer of the 

fins. Fins are designed with a sandwich structure with a 2 mm thickness of Aluminum 

6061-T6 and between the aluminum layers, PVC Foam (60 kg/m3) is used. Aluminum 

is greatly chosen as a material in aircraft and spacecraft due to its lightweight, high 

strength, and is cost-efficient. Moreover, making heavy fins may cause the center of 

gravity to move backward of the center of pressure which is not wanted in rockets in 

concern with stabilization. Table 3.1 shows the Al 6061-T6 properties. 
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Table 3. 1 Aluminum 6061-T6 properties [16] 

In the internal structure of the fins, PVC Foam (60 kg/m^3) is used since it has high 

compression strength. The external structure, aluminum, distributes the forces along 

the fin and foam protects fin to keep the external structure from collapsing inside while 

satisfying the safety concerns. Table 3.2 shows the PVC Foam properties.    

Table 3. 2 PVC Foam (60 kg/m^3) properties [17] 

 

 

 

 

Young’s 

Modulus 

Poisson 

Ratio 

Density Yield 

Stress 

Ultimate 

Stress 

68900 MPa 0.33 2.7 g/cm3 276 MPa 310 MPa 

Young’s Modulus Poisson Ratio Density 

70 MPa 0.3 0.06 g/cm3 
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4.FINITE ELEMENT MODEL 

This project contains both fluid and structure analysis, so that the meshed models, 

elements and their qualities will be given in the following sections. After the geometry 

designed in CATIA, it is transferred to ANSYS Design Modeler to make the final 

adjustments for the analyses. First, the rocket geometry is enclosed by 18 m long and 

6 m diameter cylindrical solid body to represent the flow area. After that, for simplicity 

and to obtain fast solutions the enclosure and rocket body is sliced into two 

symmetrical bodies, and boundary surfaces are named. The general geometry that 

contains both fluid flow area and the rocket body can be seen in figure 4.1. 

 

Figure 4. 1 The designed rocket body enclosed by the fluid flow. 

4.1 Computational Fluid Dynamics Analysis 

ANSYS Fluent module is used for the analysis of the fluid flow around the rocket. 

Pressure-based, absolute velocity formulation and steady time are selected for the 

solver. The energy equation is turned on and for the viscous model, the SST k-ω model 

is chosen due to its capability of doing high accuracy calculations. For the methods; 

The Least Squares Cell-Based for gradient, a second-order for pressure, and for the 

rest of the spatial discretization second-order upwind is selected. Temperature and 

pressure are calculated according to the altitude of the rocket and specified in the 

boundary conditions. Besides, the no-slip condition is determined for all wall surfaces.  
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4.1.1 CFD Mesh 

Mesh is created by using body sizing, face sizing, a body of influence, and edge sizing. 

The enclosure has meshed with a 400 mm element size. Then, the sizing method 

applied to the wall faces where the rocket body meets the enclosure. The tip of the 

nose cone is refined with face sizing of 2 mm because it is the first point that faces the 

airflow. Fin walls are the most important surfaces since the analysis search for the 

attitude of the fin structure across the fluid, so that, the fins are refined with 5 mm face 

meshing. But the tip chord of the fins sized with 2 mm since they are respectively small 

parts to the fin planform. Besides, 3 meters long and 1.5 m in diameter body of 

influence is used to calculate the occurring turbulence region behind the rocket body. 

All refinements and mesh sizes are shown in table 4.1. 

Table 4. 1 Meshing methods demonstration with part names and element sizes 

 

The first layer thickness and total layer number for the defined Mach number are 

calculated using MATLAB. After that, the inflation is inserted into the meshed body 

in the ANSYS with 4.81e-3 first layer thickness and 43 total layers. The final mesh for 

the fluid solution is shown in figure 4.2. 

 

Sizing Method Part Name Element Size 

Body Sizing Enclosure Solid 400 mm 

Body Sizing  Body of Influence 50 mm  

Face Sizing Tip of the nose cone (wall) 2 mm 

Face Sizing Back of the nose cone (wall) 25 mm  

Face Sizing Body tube 35 mm 

Face Sizing  Fin Planform Surfaces 5 mm 

Face Sizing  Tip chord of Fins 2 mm 
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Figure 4. 2 Mesh on the flow area and walls of the rocket body. 

4.1.2 CFD elements and qualities 

After the meshing process is done, it is important to check the orthogonal quality and 

skewness in the model. The skewness must be below 0.98 to import the model to the 

Fluent module. There are 7937486 nodes and 3517070 elements in one of the 

symmetrical solid enclosure body. All elements are created by tetrahedrons and while 

some of them are wed15 elements, some of them are Tet10 elements. Although the 

hex elements give better results because of the sharp edges in the geometry, it makes 

it hard to mesh with the hex elements. The mesh properties are given in table 4.2. 

Table 4. 2 Mesh Properties for CFD analysis 

Nodes 7937486 

Elements 3517070 

Average Orthogonal Quality 0.698 

Average Skewness 0.26611 

Maximum Skewness 0.97922 

4.2 Structural Analysis 

ANSYS Static Structural module is used to compute the effect of the fluent on the 

structure. The nose cone is removed from the geometry since it is hard to mesh and it 

is not necessary to obtain results for the fins. 
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4.2.1 Structural mesh 

Since the main point of this project is a structural analysis of fins, the bodies that do 

not affect the solution is removed from the geometry. By doing this, the element 

numbers and the time needed for the solution is reduced. For the contact points of the 

body and the fins, the share topology is used in DM. After that, the rocket body is 

meshed with Automatic, Quad/Tri method to obtain smooth mesh. Fixed Support is 

placed in the root points of the fins where they connect to the rocket body. Both the 

internal and external structures of the fins have meshed with a 10 mm element size. 

The meshed body for the analysis of structure can be seen in figure 4.3. 

 

 

 

 

 

 

 

 

 

Figure 4. 3 Mesh for the two fins and some of the body. 

4.2.2 Structural elements and qualities 

After the meshing process is done, it is important to check the orthogonal quality. 

Instead of the Fluent, Structural analysis does not have to control skewness for fluid 

but the low values for skewness would be better in the analysis. There are 226569 

nodes and 133445 elements in the remaining structure. The mesh properties for 

structural analysis are given in table 4.3. 

Table 4. 3 Mesh Properties for Structural analysis 

Nodes 226569 

Elements 133445 

Average Orthogonal Quality 0.771 
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5. RESULTS AND DISCUSSION 

The results are presented for both CFD and Structural solutions in the following 

sections. The pressure on the fins and velocity throughout the flow area is obtained 

from the ANSYS FLUENT, total deformation and equivalent stress values are taken 

from Static Structural. Besides, for the 0 degrees of angle of attack, the drag coefficient 

obtained from the analysis is compared with the numerical calculation.  

5.1. 0 Degrees Angle of Attack  

The pressure and velocity values are expected to be the same on the fins since the 

rocket has a symmetrical shape and the freestream comes directly to the fins without 

interruptions.  

Velocity values can be seen in figure 5.1. The freestream velocity equals 738.2 m/s 

which also equals the Mach = 2.5 in the specified conditions at 15 km. The flow around 

the fins is fastest where the flow is separating from the fins at the near trailing edge. 

Moreover, the flow slows down towards the surface of fins where it gets the lowest 

value. 

 

Figure 5. 1. Contour demonstration of the velocity around the fins. 
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The contour plot is used to show the pressure results on the rocket fins. As can be seen 

from figure 5.2, the pressure on the fins occurs at the exactly same areas and have the 

same values for the zero angle of attack as expected. The maximum value is observed 

on the leading edge of the fin which is understandable since it is the first region faces 

with the flow for the fins.  

Figure 5. 2 Pressure distribution on the fins for the 0-degree angle of attack. 

In figure 5.3, the total deformation value of the fin can be seen. Maximum deformation 

occurs on the tip chord of the upper fin. It is also the most distant point of the rocket 

body.  

Figure 5. 3 Total deformation on the fins for the 0-degree angle of attack. 
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On the other fin, the same tip chord has 0.0019 mm deformation but it should have the 

same deformation as the upper fin because of the symmetry of flow and geometry. The 

difference between the two deformations may have resulted from false defined contact 

points or mesh connections.  

Equivalent stress values can be seen in figure 5.4 and the maximum value is monitored 

as 0.57 MPa. The stress values for each fin are quite similar and the maximum value 

occurred on the trailing edge where two-body connects. Besides, the fixed support is 

located on the connection edges between the fin and rocket. So, it is expected for 

maximum stress to be seen where two-body connected.  

Figure 5. 4 Maximum equivalent stress for the 0-degree angle of attack. 

The drag coefficient formula for the fins is stated in the equation 2.10. MATLAB code 

is written to calculate the drag coefficient value on the fins and to compare them with 

the FLUENT results. In the result of the calculation, it is found that the drag coefficient 

for the same specified conditions in the analysis is 0.184. The analysis report has given 

0.184358 which is quite similar to the numerical calculation to confirm that the 

analysis was true. The drag coefficient graph for 1200 iteration can be seen in figure 

5.5. 
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Figure 5. 5 Drag coefficient obtained from the Fluent solution. 

5.2. 5 Degrees Angle of Attack 

Freestream flow is sent to the body with 735.38 m/s in –z direction and 64. 33 m/s in 

+y direction to obtain the effect of 5 degrees angle on the rocket body.  

Figure 5. 6 Top fin left side surfaces.                 Figure 5. 7 Bottom fin left side surfaces. 

The bottom face of the rocket and fins encounters the flow first because of the +y value 

of the freestream velocity. It causes the flow to distribute non-uniformly around the 

surfaces which are resulted by the different pressure values on the different sides of 

the fins. The bottom fin is exposed to flow more than the top fin because the flow loses 

some of its energy to the first encountered bodies. From figure 5.6 and figure 5.7, the 

pressure distribution is shown for the left side surfaces of both fins in the rocket. The 

maximum pressure located at the leading edge as expected and the value is 30350 MPa 

for top fin.  
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But the figures also show that the distribution of the pressures is different on the fin 

surfaces. Thus, it can be said that the bottom fin is experienced more pressure than the 

upper fin. 

The right side surfaces of the fins are also confirming that the pressure is more effective 

on the bottom fin. For the same reason stated above, the pressure distribution values 

on the bottom fin are greater than the top fin as can be seen from figure 5.8 and figure 

5.9. 

Figure 5. 8 Top fin right side surfaces.         Figure 5. 9 Bottom fin right side surfaces. 

 

Maximum deformation is observed at the bottom fin’s trailing edge as expected due to 

higher pressure distribution than the top fin. Figure 5.10 shows the maximum 

deformation value is 1.61 mm and at the same location on the other fin it is 1.24 mm. 

The deformation values rise as the distance between the body and the fin is increase.  

Figure 5. 10 Total deformation on the fins at 5 degrees of angle of attack. 
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The flow separated from the fins at the beginning of the trailing edge; so that, the 

maximum stress is observed at where the flow separation has occurred. The maximum 

value for the stress is 19.5 MPa as seen in figure 5.11 and stress is distributed over this 

point along the fin. 

Figure 5. 11 Equivalent Stress values on the fins for 5 degrees of angle of attack. 

 

5.3 10 Degrees Angle of Attack 

 To obtain ten degrees of angle of attack condition, the freestream velocity is 

sent to the body with 726.98 m/s in –z direction and 128.18 m/s in +y direction. The 

deformation and stress values are expected to occur at the same places as 5 degrees of 

angle of attack with higher amounts. 

As it is demonstrated in figure 5.12 and figure 5.13, the maximum pressure value is 

25490 MPa at the trailing edge of the bottom fin and the pressure distribution is denser 

than the top fin. Thus, the maximum deformation is expected to be higher than the top 

fin. As the angle of attack increase more of the top fins area stays behind the bottom 

fin and the direct flow affects less. 
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Figure 5. 12 Bottom fin pressure distribution.     Figure 5. 13 Top fin pressure distribution. 

Total deformation distribution around the fins is quite the same as the 5 degrees of 

angle of attack condition. The difference between them is the value of the deformation 

intervals and maximum deformation value as predicted. It is monitored that the 

maximum deformation at the tip of the fin and it is 3.61 mm. The results can be seen 

in figure 5.14. 

Figure 5. 14 Total deformation on the fins for 10 degrees angle of attack. 
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Figure 5. 15 Equivalent stress on the fins for 10 degrees angle of attack. 

In figure 5.15, it is shown that the maximum stress for the 10 degrees angle of attack 

occurs at the flow separation region and the value is 49.7 MPa. As the angle of attack 

increases, the maximum stress value increase because the fin areas are exposed more 

of the flow which is resulted by the increase of the lift force on the surface.  

5.4 15 Degrees Angle of Attack  

Freestream velocity of 713.05 m/s in –z direction and 191.06 m/s in +y direction is 

sent through the rocket body from specified inlet to outlet boundary conditions to 

obtain 15 degrees angle of attack situation.     

Figure 5. 16 Bottom fin pressure distribution.              Figure 5. 17 Top fin pressure distribution. 

As can be seen from figure 5.16 and figure 5.17, the pressure difference between the 

two fins is increased greatly compared to the other situations. Again, in this case, the 
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pressure is denser on the bottom fin left side and the highest value for pressure is 41970 

MPa which is the highest amount obtained among the four different cases.  

Figure 5. 18 Total deformation on the fins for 15 degrees of angle of attack. 

Maximum deformation is again at the farthest point from the body on the fin as it can 

be monitored in figure 5.18. The deformation has increased almost 2 mm from 3.61 

mm to 5.37 mm. The raise of the deformation value can be explained by the increased 

value of the pressure.  

Figure 5. 19 Equivalent stress on the fins for 15 degrees of angle of attack. 

It is seen from figure 5.19 that the maximum stress occurred at the endpoint of the 

trailing edge where it is connected to the body. Since there is no distribution of stress 

values around the point it might be resulted by the poor quality of the mesh. The 

aximum stress is seen as 78.15 MPa at the end of the trailing edge. 
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6. CONCLUSION 

The two sounding rockets have taken as a reference to create the geometry that this 

project requires. It is thought that the one-stage rockets would be easier and faster to 

analyze compared to multi-stage rockets since the fin would be affected from each 

stage it would require more knowledge. After the design process is completed, the 

fluid analysis is computed which took almost 9 hours to obtain one solution. Then, the 

fluid solution is transferred to the structural module to accomplish this project. 

At the end of the results, as the angle of attack increases, the maximum stress and; the 

total deformation values increase. Furthermore, both deformation and stress values 

increased linearly when the angle of attack degrees raised. The maximum deformation 

always occurs at the furthest point from the connection of the body and fins on tip 

chord. On the other hand, the maximum stress is seen at the flow separation point on 

the fins. It is satisfactory to see the results and the expectations are coherent for the 

solutions.  

This project can be improved by doing a two-way fluid-structure interaction analysis. 

It would give better results for the conditions that are covered in this thesis. Besides, 

the shell element could be used to obtain more accurate results.  

All in all, the space is extremely enormous and needs to be discovered. With the 

developments of the space vehicles, the path for the journey to the beyond will be 

opened.  
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APPENDIX A 

%%%%%%%%% Reynolds Number %%%%%%%% 

  

V = 738.2; %m/s, velocity 

rho = 0.193674; %kg/m3, density 

vis = 0.0000143226; %Pa.s, dynamic viscosity 

L = 6.1; %m, rocket length 

Rer = (V*rho*L)/vis; %Reynolds number for rocket 

%%%%%%%%% Drag Coefficient %%%%%%%%%  

  

S = 0.42; %m, span 

lt = 0.4; %m, tip chord length 

lr = 0.8; %m, root chord length 

Teta = 45; %degree, sweep angle 

lm = sqrt(S^2 + (0.5*lt - 0.5*lr + S/tand(Teta))^2);%m, mid chord 

length 

Ref = (V*rho*lm)/vis; %Fin Reynolds 

Rec = 5*10^5; %Critical Reynolds 

B = Rec * (0.074/(Ref^0.2) - 1.328/sqrt(Ref)); 

Cff = 0.074/(Ref^0.2) - B/Ref; %viscous friction coefficient 

  

t = 0.03; %m, thickness 

n = 4; %fin number 

df = 0.264; %m, diameter of rocket body 

  

Afe = 0.5*(lt + lr)*S; %m^2 fin exposed area 

Afp = Afe + 0.5*lr*df; %m^2 fin planform area 

Cdf = 2*Cff*(1 + 2*(t/lm))*((4*n*Afp)/(pi*df^2)) %fin drag coefficient 

 

%%%%%%%%%%%% Boundary Layer %%%%%%%%%%% 

  

gr = 1.2; %growth rate 

y=1;  

deltaS = 5.06*L*y*Rer^(-7/8) %m First layer thickness of boundary 

layer 

Tt = 0.37*L/Rer^0.2; %Total thickness of boundary layer 

layer = log(1-(Tt*(1-gr)/deltaS))/log(gr) %Total layer number 

 

 


