






vi  

 

TABLE OF CONTENTS 

Page 

FOREWORD .............................................................................................................. v 

TABLE OF CONTENTS .......................................................................................... vi 
ABBREVIATIONS ................................................................................................. viii 
SYMBOLS ................................................................................................................. ix 
LIST OF TABLES ............................................................................................................... x 
LIST OF FIGURES .................................................................................................. xi 
SUMMARY .............................................................................................................. xii 
ÖZET ........................................................................................................................ xiii 
1. INTRODUCTION.................................................................................................. 1 

1.1 Purpose of Research ........................................................................................... 1 
1.2 Rocket Motors and Rocket Propulsion .............................................................. 1 

1.2.1 Chemical rocket motors ............................................................................. 3 
1.2.1.1 Solid rocket motors ............................................................................. 4 
1.2.1.2 Liquid rocket engines .......................................................................... 4 
1.2.1.3 Hybrid rocket motors .......................................................................... 5 

1.3 Basics of Rocket Flight ...................................................................................... 6 
2. AERODYNAMICS OF ROCKETS ..................................................................... 7 

2.1 Aerodynamic Forces and Moments ................................................................... 7 
2.2 Velocity Regions ................................................................................................ 8 
2.3 Drag Coefficients ............................................................................................... 8 

2.3.1 Skin friction drag ....................................................................................... 8 
2.3.2 Pressure drag .............................................................................................. 9 
2.3.3 Wave drag................................................................................................... 9 

2.4 Aerodynamic Surfaces ....................................................................................... 9 
2.4.1 Nosecones .................................................................................................. 9 
2.4.2 Fins........................................................................................................... 11 

3. ROCKET FLIGHT .............................................................................................. 12 
3.1 General Sounding Rocket Trajectory .............................................................. 12 
3.2 Forces and Moments ........................................................................................ 14 
3.3 Rocket Stability................................................................................................ 15 

3.3.1 Calculation of Center of Gravity.............................................................. 16 
3.3.2 Calculation of Center of Pressure ............................................................ 16 

4. DESIGN OF A SOUNDING ROCKET ............................................................. 17 
4.1 Mission ............................................................................................................ 17 
4.2 Launch Environment........................................................................................ 17 
4.3 Motor Selection................................................................................................ 18 
4.4 Mechanical Design .......................................................................................... 18 



vii  

4.4.1 Body ......................................................................................................... 18 
4.4.2 Nosecone .................................................................................................. 18 
4.4.3 Fins........................................................................................................... 18 
4.4.4 Inner Layout ............................................................................................. 18 

5. SIMULATION .......................................................................................................... 19 
5.1 Coordinate Orientation .................................................................................... 19 
5.2 Wind Modeling ................................................................................................ 19 
5.3 Gravitation Modeling ....................................................................................... 19 

6. SIMULATION COMPARISON AND CONCLUSIONS ................................. 20 
6.1 Simulation Results ........................................................................................... 20 

6.1.1 Results from simulator ............................................................................. 20 
6.1.2 Results from Open Rocket software ........................................................ 20 

6.2 Conclusions ...................................................................................................... 20 
REFERENCES ......................................................................................................... 21 
APPENDICES .......................................................................................................... 22 

APPENDIX A.1 ..................................................................................................... 24 
APPENDIX A.2 ..................................................................................................... 24 

CURRICULUM VITAE .................................................................................................. 25 



viii  

ABBREVIATIONS 



ix  

SYMBOLS 



x  

LIST OF TABLES 

Page 

Table 2.1   :  Velocity regions by mach numbers. ........................................................ 8 



xi  

 
 

LIST OF FIGURES 

Page 

Figure 1.1  :  General rocket motor representation. [1] .............................................. 3 
Figure 1.2  :  Solid rocket motor representation. [1] .................................................. 4 
Figure 1.3  :  Liquid rocket engine representation. [1] ............................................... 5 
Figure 1.4  :  Hybrid rocket engine representation. [1] .............................................. 6 
Figure 2.1  :  Conical nosecone representation. [2] .................................................... 9 
Figure 2.2  :  Parabolic nosecone representation. [2] ............................................... 10 
Figure 2.3  :  Elliptical nosecone representation. [2] ................................................ 10 
Figure 2.4  :  Ogive nosecone representation. [2] ..................................................... 10 
Figure 2.5  :  Haack series nosecone representation. [2] .......................................... 11 
Figure 2.6  :  Trapezoidal fin cross section. .............................................................. 11 
Figure 3.1  :  Anadolu-II rocket on rail. .................................................................... 13 
Figure 3.2  :  Sounding rocket trajectory representation. [3] .................................... 13 
Figure 3.3  :  Static margin of a rocket. [4] ............................................................... 15 



xii  

 
 
 

DEVELOPMENT OF A ROCKET FLIGHT SIMULATOR 

 
 

SUMMARY 

 
ABSTRACT 



xiii  

 
 
 

DEVELOPMENT OF A ROCKET FLIGHT SIMULATOR 

 
 

ÖZET 

 
Özet hazırlanırken 1 satır bos ļuk bırakılır. Türkçe tezlerde, Türkçe özet 300 kelimeden 
az olmamak kaydıyla 1-3 sayfa, ˙Ingilizce genis ļetilmis  ̧özet de 3-5 sayfa arasında 
olmalıdır. 

˙Ingilizce tezlerde ise, ˙Ingilizce özet 300 kelimeden az olmamak kaydıyla 1-3 sayfa, 
Türkçe genis ļetilmis  ̧özet de 3-5 sayfa arasında olmalıdır. 

Özetlerde tezde ele alınan konu kısaca tanıtılarak, kullanılan yöntemler ve ulas¸ılan 
sonuçlar belirtilir. 

Özetlerde kaynak, s¸ekil, çizelge verilmez. 

Özetlerin bas ı̧nda, birinci dereceden bas ļık formatında tezin adı (önce 72, sonra 18  
punto  aralık  bırakılarak  ve  1  satır  aralıklı  olarak)  yazılacaktır.   Başlığın  altına 
büyük harflerle sayfa ortalanarak (Türkçe özet için) ÖZET ve (˙Ingilizce özet için) 
SUMMARY yazılmalıdır. 

Türkçe tezlerde Türkçe özetin ˙Ingilizce özetten önce olması önerilir. 
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1. INTRODUCTION 

 
 
 

1.1 Purpose of Research 
 

With the vast improvements in the computer technologies, almost every personal 

computer has become capable of running general engineering software. Also same 

improvements, made the knowledge more accessible for internet users. With the help 

of the online social platforms, competitions and papers; model rocketry and high 

power rocketry spread across the world in the last decade.  Most of this model 

rocketeers are curious individuals without a relevant education. Since model rocketry 

is mostly about systems engineering, most of the rocketeers spend their time on 

design of recovery systems, communication systems, and manufacturing the relevant 

parts. Besides these applications in many disciplines, there has to be dedicated flight 

analysis. To execute this flight analysis and breakdown relevant flight events, a flight 

simulator is needed. With this need there has been many open sourced and licensed 

simulators released in the last decade. 

In present research, a rocket simulator has been developed for atmospheric rocket 

flight. Simulator coded in MATLAB environment with ITU Library TAH license. The 

original form of the simulator is for model or high-power rockets. But properly 

changing the initial conditions and assumptions it is possible to simulate a ballistic or 

tactical rocket with passive control. Thus, the main purpose of this research is to 

create a simulator for preliminary design of a rocket system. Users can determine 

many of the preliminary parameters to start working with detailed design of their 

system, such as; thrust, Mach number, altitude, maximum acceleration. The ease of 

modification of the simulator code is a fine aspect of the code that will help users to 

simulate their unique case conditions.  

 

1.2 Rocket Motors and Rocket Propulsion 
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From the starting of the powered flight to the present day. Propulsion systems are 

generally based on chemical propulsion which is a process that involves combustion. In 

order to start a combustion reaction oxidizer and fuel is needed. Fundamentally aero 

engines stores fuel in the fuel tank and sucks the air from freestream and uses it as a 

oxidizer source. Chemical Rocket motors distinguishes from aero engines as they store 

both oxidizer and fuel on board and does not need any other source of chemical or mass 

from outside. Another distinction between rocket motors and aero engines are is rocket 

motors creates thrust from directly accelerating the combustion gasses from combustion 

chamber with a isentropic nozzle. By this way rocket motors turns chemical energy to 

kinetic energy. On the other hand aero-engines transfers the chemical energy to kinetic 

energy but does not uses that kinetic energy, instead uses it to spin the compressor blades, 

fan blades, propellers etc.  

 

With the capability to store both oxidizer and fuel on board, first rocket motors came 

to use in ancient china as fireworks boosters. Those motors were the primitive form of solid 

rocket motors. After the WW1 vast improvements in aero engines lead the birth of the 

modern rocket motors. On board oxidizer and fuel let the engineers to adjust the thrust in 

certain limits. With that adjustments rocket motors gave higher thrust to weight ratio than 

aero-engines, thus higher acceleration and speed. As a result first ballistic missiles were 

born, which later leads to development of ICBM’s (inter-continental ballistic missiles). 

Until the ICBM’s rocket motors were used only for military applications. ICBM 

technology has the power the reach to space, so with the effect of the cold war ICBM race 

turned in to space race and rocket motors started to used for scientific purposes.  

 

Fundamentals of rocket motors are based on Newton’s third principle. Thrust is 

created by conservation of momentum principle. 

 

m1v1 = m2v2 (1.1) 

 

Where m1 is the mass of the rocket, m2 is the mass of the propellant that is accelerated 
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through nozzle at that instant, v1 is the velocity of the rocket and v2 is the velocity of 

the exhaust gasses. Mass of propellant decreases as time passes. Decrease in mass of 

propellant can be expressed as mass flow rate of the rocket which is in the units of 

kg/s. When the equation 1.1 modified with the mass flow rate instead of mass of the 

propellant, equation becomes momentum thrust equation which is expressed in 

equation 1.2. 

 
 

Fm = ṁ 2v2 (1.2) 

 

There can be pressure difference between the nozzle exit and the environment that 

rocket motor that is used in. This difference affects the instantaneous thrust that is 

exerted by the rocket. In present study, this thrust that is induced by pressure 

difference, is called pressure thrust which is expressed in equation 1.3.  

Fp = A(P3 − P2) (1.3) 

Where P3 is atmospheric pressure and P2 is nozzle exit pressure and A is the nozzle exit 

area.Combining equations 1.2 and 1.3 yields to total thrust force which is expressed 

in equation 1.4. 

 

 

F = ṁ v2 + A(P3 − P2) (1.4) 

This detailed expression is not frequently used for practical reasons. To simplify 

"effective exhaust velocity" is used, which is represented by "c". This term involves 

both momentum and pressure thrust. 

 

F = ṁ c (1.5) 

 
In order to determine performance of a rocket engine two main parameters are 

frequently used.   First one is the mass flow rate of the propellant.   Second one is   

the velocity of the exhaust gas.     First one can be achieved by simply pumping more 
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propellant. To achieve the second one isentropic nozzles are needed. Isentropic nozzles 

compresses and accelerates the combustion gasses until the Mach number is equal to 1 at the 

throat. After the throat flow accelerates by expanding at supersonic speed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1: General rocket motor representation. [1] 

 
Effective exhaust velocity is a distinctive parameter regarding to mass flog rate 

because, high mass flow rate with low exit velocity means more fuel and heavier rocket. 

Also in order to achieve higher mass flow rate there need to be additional systems to 

pump the fuel and this means even higher mass. So desired rocket motor is the one with 

lower dry mass and higher exit velocity. To compare the rockets and rocket motors in 

terms of performance. Two parameters are used often. First one is mass ratio, it is the 

ratio of the usable propellant mass to all of the rocket. Second one is specific impulse 

Isp it is just a performance parameter and does not have a real physical meaning. Isp is 

effective exhaust velocity divided by sea level gravitational acceleration. 

 

c = Ispg0 (1.6) 

 
 

MR = mf /m0 (1.7) 

 
1.2.1 Chemical rocket motors 
 
Chemical motors uses two fundamental compounds for the combustion; oxidizer and 
fuel.  
Reaction of oxidizer and fuel creates hot combustion gasses. 

 
Chemical rocket motors creates thrust by accelerating the hot combustion gasses 

through an isentropic nozzle.. With the current rocket propulsion technology only 

chemical rocket motors are capable to escape from earth’s gravitational field. Besides 
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those chemical rocket motors have higher thrust to weight 
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ratio than any other alternative. This quality makes the chemical rockets only available 

choice for today’s atmospheric rockets. Chemical rocket motors can be categorised in 

three types. 

1.2.1.1 Solid rocket motors 
 

Solid rocket motors store the oxidizer and fuel as a mixed solid compound at the 

combustion chamber. Solid motors are relatively mechanically simpler than other 

types of rocket motors. Propellant is kept in a combustion chamber as solid until the 

ignition, after the ignition combustion gasses accelerates in the combustion chamber 

and expands through the nozzle and creates thrust. Since it is not possible to control the 

mass flow rate during combustion, thrust curve is arranged with propellant geometry 

and different propellant configurations. Further more solid rocket motors generally 

storable for longer storable for long durations. For example military missiles motors 

generally have 10 years of shelf life. Because of the storability solid rocket motors 

generally used in military applications. For space missions solid motors generally 

used as atmospheric booster, since there is no throttling or shut-down needed in that 

process.  

 
 
 
 
 
 
 
 
 
 
 

Figure 1.2: Solid rocket motor representation. [1] 
 

1.2.1.2 Liquid rocket engines 
 

Liquid rocket engine stores the oxidizer and fuel in separate propellant tanks. When 

the engine is started, oxidizer and fuel starts to pump in to the combustion chamber 

and combustion starts.  In order to drive the propellants and control the mass flow  

rate of the propellants pressurization systems could be used. Turbo pumps and high 

pressure gasses can be given as example. Main advantage of liquid engines is to 

ability to restart through the mission.  Furthermore liquid rocket engines provides   

the best specific impulse among the chemical rocket engines. Main reason is that 
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liquid rocket engines can use lighter propellants as hydrogen and oxygen as a fuel  

and accelerate them at higher speeds.   Another reason is pumping the propellants     

to combustion chamber as fluid and ionizing them with the injectors increases the 

combustion efficiency. Downside of the liquid rocket engines are: system complexity 
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and dry mass due to tanks, pumps valves etc. As a result of this extra dry mass liquid 

rocket engines does not used in small rockets despite their high specific impulse. 

Storable liquid engines generally used in long duration space missions, and the 

cryogenic liquid engines are generally used in space rockets due to their high Isp. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3: Liquid rocket engine representation. [1] 

 

1.2.1.3 Hybrid rocket motors 
 

Hybrid rocket motors stores one of the propellant in a tank as a liquid or a gas and stores 

other propellant as a solid in the combustion chamber. Mostly solid propellant is the 

fuel and the liquid or gas propellant is the oxidizer. In general, oxidizer is pumped in to 

combustion chamber after passing through the injector and reacts with the solid fuel. 

This system makes hybrid rocket engines simpler and safer than liquid rocket engines. 

It is safer because propellants are in different phases, so in case of a leak it is harder for 

propellants to mix. And also it is simpler because only one of the propellants is kept 

in a fuel tank, other one is in kept in the combustion chamber. This generally means 
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that less mechanical parts and less dry mass. So hybrid rocket engines are in between 

the liquid rocket engines and solid rocket motors in terms of complexity. 
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Figure 1.4: Hybrid rocket engine representation. [1] 
 
 
 

1.3  Basics of Rocket Flight 
 

In this research, rocket flight is studied on atmospheric sounding rockets. Therefore, 

rocket flight basics are explained based on a sounding rocket in this part. 

Sounding rockets usually launch from a launch pad, this launch pad might be vertical 

to the ground or it could have a small angle between ground normal vector. This  

angle is usually set for safety against launch failures or it can be adjust for mission 

requirements. 

Three main forces acting on a rocket during powered flight are: thrust, gravity and 

atmospheric drag. 
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2. AERODYNAMICS OF      ROCKETS 

 
 

In this chapter main aerodynamic parameters that affects the sounding rockets 

trajectory will be explained. Rocket aerodynamics is an extended subject. For that 

reason, this chapter is focused on the preliminary aerodynamic calculations. Those 

calculations are based on the assumption of inviscid flow, since in inviscid flow there 

are no boundary layers, pressure distribution with zero angle of attack will be even.   

 

2.1 Aerodynamic Forces and Moments 
 

When designing aerodynamic surfaces the two fundamental aerodynamic forces has 

to be considered; lift and drag forces. For a rocket which is symmetrical along its 

symmetry axis, upstream creates equal pressure at every surface since the angle of 

attack is assumed to be zero, consequently lift force is also assumed as zero. Lift 

caused by wind is also neglected to simplify the calculations. 

It could be concluded that key design parameter for rocket aerodynamics is drag force. 

General formula for drag and lift forces are, 

 

D = 0.5CdρV 2Are f (2.1) 

 
 

L = 0.5ClρV 2Are f (2.2) 

 
where ρ is density of the air, V is the free stream velocity, Cd is drag coefficient Cl is 

lift coefficient and Are f is reference area which is calculated using the largest 

diameter of the diameter of the rocket. ρ is a function of the altitude and  Cd and Cl is 

a function of speed Since reference area changes by parts of the rocket it is 

convenient to calculate it for each part of the rocket. It is convenient to use this 

formula for preliminary design with Are f is calculated using body tube diameter. 

 
2.2 Velocity Regions 
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Aerodynamic velocity regions are defined with Mach Number, which is a function of 

speed of sound and free stream velocity. 

 

M = V/a (2.3) 

 
Where V is free stream velocity and a is speed of sound. 

 

a = 
t

γ RT (2.4) 

Where γ is the specific heat ratio and typically 1.4 for air, R is gas constant and it is 

typically 287J/kg· K and T is temperature in Kelvin. 

Velocity regions listed on the table 2.1 are rough description of velocity regions. 

Indicated boundaries are not strictly sharp, but the accuracy is good enough for the 

calculation of forces using these boundaries.  As it is stated in the first chapter most 

of the calculations used in present study are preliminary calculations and not 

detailed. Most of the sounding rockets and missiles fly slower than hypersonic 

speeds. Regarding to that calculations and explanations about hypersonic region are 

not mentioned. Transonic region is complex region which requires detailed solutions. 

It would be wise to avoid transonic flight in sounding rockets. It could be achieved 

by flying around at 0.8 Mach or exceeding 1.2 Mach as soon as possible. With this 

conditions, preliminary calculations could be done for two main regions subsonic and 

supersonic. 

Table 2.1: Velocity regions by mach numbers. 

Mach Number Region 
 

0.8 > M Subsonic 
1.2 > M > 0.8 Transonic 
5 > M > 1.2 Supersonic 

M > 5 Hypersonic 
 

 

 
2.3 Drag Coefficients 

 
Drag coefficient Cd is a comprehensive coefficient that includes all the affects that 

causes drag. Those are; friction drag, base drag, wave drag. 

 
2.3.1 Skin friction drag 
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2.3.2 Pressure drag 
 

Pressure drag is the drag caused by the flow separation. Flow separation creates a 

pressure difference, thus a drag force occurs. 

 
2.3.3 Wave drag 

 
Wave drag exist when flow is not subsonic. It is caused by the shock waves. 

 
 

2.4 Aerodynamic Surfaces 
 

General aerodynamic parts of rockets are, nosecone, canards, wings, fins and body 

tubes. From those body tube and nosecone is the ones that common for most of the 

rockets (some rockets might have blunt noses). Fins are the most preferred surface  

for sounding rockets, since they are generally passive controlled they do not need any 

more surface than fins. Canards and wing are chosen for active control or stabilization 

of upper stages. 

 
2.4.1 Nosecones 

 
Nosecones are the upper surfaces of the rockets, first part of the rockets that interacts 

with upstream flow. The fundamental shape of the nosecones are the cones like in the 

word. The determination of the shape of the cone is done according to flight conditions. 

More specifically Reynolds number and Mach number. To define a nosecone geometry 

two initial parameters are needed, length and the base diameter. Since the base 

diameter is generally determined according to payload and body tube. Length and 

shape of the nosecone should be determined with aerodynamic considerations. 

 
• conical 

 
 
 
 
 
 
 

 

Figure 2.1: Conical nosecone representation. [2] 
 

 

• parabolic 
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• elliptical 

 
Figure 2.2: Parabolic nosecone representation. [2] 

 
 
 
 
 
 
 
 

Figure 2.3: Elliptical nosecone representation. [2] 
 
 

• ogive 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4: Ogive nosecone representation. [2] 
 
 

• haack series 

 
2.4.2 Fins 
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Figure 2.5: Haack series nosecone representation. [2] 
 

Fins are aerodynamic surfaces that are mainly used for passive stabilization of 

atmospheric sounding rockets.   They are placed behind of the center of pressure       

in order to  pull it backwards of the  center  of gravity,  details of rocket stability     

are mentioned in next chapter. In order to maintain the symmetry fins are placed 

symmetrically number of 3 or more. In order to meet the mission requirements more 

than one set of fins could be used. 

The commonly used fin shapes are the ones with trapezoidal cross section, other types 

are triangle and elliptical fins. To draw a trapezoidal certain parameters has to be 

known. Tip chord, root chord, height has to be known. And also either one of the 

sweep length or sweep angle is needed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6: Trapezoidal fin cross section. 
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3. ROCKET FLIGHT 

 
 

In this chapter rocket flight will be reviewed based upon atmospheric sounding rockets. 

General trajectory and events of a sounding rockets will be explained in order to 

analyse the approaches used for modelling sounding rockets. All of the six forces and 

moments are reviewed in this section although simulation is performed based on only 

3-DoF. Rocket stability is reviewed in the last part of this chapter, it is the key design 

parameter of a sounding rocket. It has not been implemented in the simulator but it is 

considered before for each of the rockets that has been simulated by the simulator at 

the development phase of the simulator. 

 

3.1 General Sounding Rocket Trajectory 
 

Sounding rocket trajectory could be divided into two main parts. First one is the 

powered flight. For a nominal flight, powered flight starts with the ignition at the 

launch rail and ends when all the propellant is consumed. While rocket is moving at 

the rail, movement of the rocket is restricted. Rocket can only move with one degree 

of freedom. It can only go upwards with the thrust force or it maintains its position in 

case of a failure. |par After the launch rail rocket continues to ascend with the thrust 

of the motor. When the motor shuts down in other words the thrust force is equal to 

zero unpowered part of the flight starts. Rocket gains altitude until the apogee. At the 

apogee rocket will have zero horizontal velocity and it will be parallel to the ground. 

Sounding rockets are designed to deploy their payload at the apogee, this has two main 

reasons. First it is the maximum altitude that the rocket can reach, so that rocket is 

designed for that altitude. Second one is the low air speed, since the rocket has no 

vertical speed at the apogee, it requires less power to deploy the parachutes and the 

payload. Thus, less power means less deployment system mass and this means more 

payload. 

After the apogee, rockets generally recovered with parachute system. Parachute system 

configuration could vary depending on the mission or system design.         One of the 
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general system configuration is to open one or more parachute at the apogee and 

recover the rocket afterwards.  Other commonly used configuration is to open one   

or more drogue parachute at the apogee then open a bigger main parachute when    

the rocket is closer to ground. This method is generally used to ensure the landing 

location to be as close to launch area as possible. Recovering a rocket with dual 

deployment will prevent the drifting of the rocket from the launch site. Which has a 

simple principle. The first deployment will release a parachute called drogue 

parachute which slows down the rocket to a certain level but not much, ensuring the 

closeness of the launch site and landing site.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: Anadolu-II rocket on rail. 
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Figure 3.2: Sounding rocket trajectory representation. [3] 
 
 

3.2 Forces and Moments
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dt 

To understand the forces and moments on a sounding rocket, the assumptions need to be 

declared. 

 
• Rocket is axisymmetric 

• Angle of attack is zero 

• Thrust is exerted on the symmetry axis 

 
Gravity force is the force due to rockets mass, and it always acts towards the earth 

center. Thrust force is the force from the rocket motor and it creates the force for 

flight. And it always acts on the rocket’s axis of symmetry, independent of the launch 

angle or flight path angle. Since the angle of attack is assumed to be zero, drag force 

acts on the symmetry axis but reverse direction of the thrust. 

At the rest on the launch rail, only gravitational force acts on the rocket. Drag force is 

generated due to air speed, and the air speed is due to the thrust that exceeds gravity’s 

component on the rocket’s symmetry axis. 

Only pitch moment could be existent in the launch rail if the launch rail is not 

completely vertical. Theoretically roll moment is not suppose the be created for a 

axisymmetrical and passively controlled rockets. But it will occur due to small pressure 

differences along the body and imperfections of the alignment of CP. Thus, rockets 

usually have rolling moment which gives them stability and also reduces their energy 

and maximum available apogee altitude. 

Pitch moment is mainly created by gravitation, since angle of attack is assumed as 

zero, lift is assumed zero to. It is often called "gravity turn" rockets nose turns towards 

the ground as it gains altitude. At the apogee rocket is parallel to the ground. Pitch 

angle is assumed as flight path angle. Pitching is calculated by gravity turn approach 

𝑣 = − 𝑔 − cos 𝛾 [5]   (3.1) 

Where v is the speed of the rocket relative to the ground. dγ
 is rate of change of flight 

path angle with respect to time. g is gravitational acceleration RE is radius of the Earth 

and h is the altitude of the rocket. 
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Yaw moment is created by aerodynamic forces and mass misalignments generally. 

Because of the above assumptions yaw moments are neglected in this study. 

 

3.3 Rocket Stability 
 

Rocket stability is a concern for rockets under aerodynamic forces. Stability of a rocket 

is measured by the distance between rockets CG(center of gravity) and CP (center of 

pressure). Distance is directly used in order to create a dimensionless parameter, 

distance between CP and CG is divided by the rockets maximum body tube diameter. 

This number is often called margin of the rocket. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: Static margin of a rocket. [4] 

 
 

3.3.1 Calculation of Center of Gravity 
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Center of gravity is the point is the point which resultant gravitational force acts on. 

For sounding rockets, it generally lies in the center of the cross section of the rocket. 

It is calculated by multiplying all components mass with their distance to the tip of 

the nosecone and dividing the sum to the total mass. If center of gravity does not lies 

on the center of the cross section it could be calculated with same approach as Z axis. 

 
3.3.2 Calculation of Center of Pressure 

 
Since while the propellant is burning out CG will move towardsthe nose cone of    

the rocket. With the same aerodynamic conditions this will result an increase in 

stability of the rocket in units of caliber . So, it possible to say that minimum stability 

is achieved when rocket is on the launch rail. In reality, since the rocket is stationary 

it will not have a center of pressure. As a result make this values comparable CP is 

calculated either by geometrical assumptions by neglecting the air speed, or it is done 

by a constant value like M = 0.3 that rocket most likely exceed before burn out. 

Therefore the stability value at the launch rail is considered as minimum value and it 

is a key design parameters for sounding rockets. When the critical stability level is 

passed with static value, it can be said that rocket will perform its flight in between 

proper caliber values. But this value is a good estimation parameter for preliminary 

design, further analysis can  be done with considering the wind and calculating the 

center of pressure during launch. Even the moderate wind speeds (around 10 - 20 

m/s) could dramatically change the position of the CP during launch with low speed. 
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4. DESIGN OF A SOUNDING ROCKET 

 
 

A single-staged solid motor propelled sounding rocket is designed for this study. Aim 

of this chapter is to give specifications of a rocket in order to compare the results 

from different simulators and give a further explanation of design parameters. Design 

of a sounding rocket is an iterative process. For simplicity purposes, only few 

iterations are mentioned in this chapter. It should be noted that design process is not 

focused on founding the optimal design, instead it is focused on designing a rocket 

that has the mean characteristics of its class 

 

4.1 Mission 
 

Mission will be performed on a typical sounding rocket competition mission. 

Sounding rocket has to deliver at least 4 kg of payload to altitude of 3000 meters 

from ground level. Rocket will be launched from a launch rail with 5 degrees from 

ground normal. This 5 degrees decreases performance in terms of altitude reached 

with same configuration but it is crucial for safety purposes. Main reason is that if a 

launch failure occurs, rocket will fall down a bit away from the rail, so it will be 

possible to protect rail from possible damages. Another aspect of the 5 degrees 

launch angle is safety of the launch crew. Launching with wind directly towards the 

rail will create a pitching moment through the launch rail’s direction. This will make 

it possible to determine the possible crash areas in case of a failure during launch. 

Pre-determined crash areas will let launch crew to dock to determine safe areas.   

After a safe launch rocket will reach the apogee point. Apogee altitude is the altitude 

to deploy the payload and where the recovery starts. Typical sounding rocket has to 

open parachutes and recover all the parts of the rocket and payload in order that to 

ensure the reusability. Thus reusable sounding rockets has to have recovery system 

and avionics in order to control the recovery and locate the rocket.  
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4.2 Launch Environment 
 
Launch location is chosen as Hisar Range at Aksaray Province of Turkey. This site    

used for air defence missile tests and experimental sounding rocket launches. Also 

Teknofest rocket competition is takes places every September in this range since 

2018. Because of the great plain areas of the salt lake and the distance from the 

settling areas this site is suitable for rocket launches. Weather conditions are 

available for launch in September. Thus September 15, 2020 is chosen as launch 

date. Approximate coordinates of the launch rails are  38.398 N , 33.711 E and 

elevation from sea level is 919 meters. 

Weather conditions for September is gathered from meteorological history as 

Average wind is between 2.4 and 3 m/s. And maximum temperature is expected to be 

26.9 Celsius degrees  

 

4.3 Motor Selection 
 

Commercial solid rocket motors consists of hardware set, insulation, nozzle and solid 

propellant grains. Most of hardware sets are reusable on the other hand nozzle and 

insulation parts are not usable since the amount of heat and pressure absorbed during 

combustion process. There are two trustable massive manufacturers in the 

commercial solid rocket motor market Aerotech and Cesaroni. Each manufacturer 

classifies their hardware based on outer diameter of the motor case. Another 

specification of the hardware is the length of the casing. Manufacturers provide 

certain amount of propellant types, with variation of diameter and amount of grains 

in a motor, thrust it is possible to find a motor for variety of missions.   

 

Rocket motors are classified based on their total impulse. Total impulse is calculated 

by the following formula.  

 
 

 Typical sounding rockets has a thrust to weight ratio between 5 to 15. This ratio 

generally decreases with increasing launch mass due to mechanical loading concerns. 

Thrust to weight ratio is directly affects the velocity off road of the rocket. Velocity 

off road is the rocket’s velocity when it is completely out of the launch rail. It could 

be simplified as the velocity of the rocket when it has a displacement equal to launch 
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rail length. Assuming almost constant thrust from the rocket motor during launch it is 

possible to make a preliminary assumption for the rocket motor that will be used. 

Those assumptions will reduce the number of iterations with the simulation software.  

Another assumption is that rocket has a constant mass until leaving the launch rail. 

Final assumption is that rise time of the thrust as zero, it means that combustion 

gasses reaches sonic condition at the throat at zero seconds after ignition.  Combining 

those assumptions lead to constant acceleration during launch.    

 

Selecting thrust to weight ratio as 10 with a 24 kg rocket results in 2350 N of thrust. 

Creating thrust curves with 2350 N of constant thrust and different times starting 

from t is equal to 1 to 8 and running those thrust curves with simulator in or to find 

the closest apogee point near to 3000 meters results in  

 
It is seen that between rocket motors that has a total thrust of 5120 N.s and 10240 

N.s are classified as M class motors.   
 
 

 
It is foreseen that typical payload ratio for 3000m sounding rocket will be around 0.16 

and 0.23. This results to launch mass of 18 to 25 kg. 

4.4 Mechanical Design 

 
4.4.1 Body 

 
Body tube diameter is selected as 120 mm. 

 

4.4.2 Nosecone 
 

Nosecone is selected as parabolic haack series. 
 

 

4.4.3 Fins 
 

Fins are selected as trapezoidal. And 4 fins will be used. 
 

4.4.4 Inner Layout 
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5. SIMULATION 

 
 
 

5.1 Coordinate Orientation 

 
 

5.2 Wind Modeling 

 
 

5.3 Gravitation Modeling 
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6. SIMULATION COMPARISON AND CONCLUSIONS 

 
 
 

6.1 Simulation Results 

 
6.1.1 Results from simulator 

 
6.1.2 Results from Open Rocket software 

 
 

6.2 Conclusions 
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