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ANALYSIS OF A LAUNCH VEHICLE MOTION 

SUMMARY 

This thesis includes a study examining the movement of a launch vehicle. A single-

stage sounding rocket was used as the launch vehicle, and the rocket's launch phase 

in the atmosphere was examined. 

Firstly, the movement of rocket in the atmosphere is examined as mathematically, 

and the theoretical main topics are covered. Later, in the light of these fundamental 

issues, the nonlinear dynamic model of rocket movement was mathematically 

derived. This model includes dynamic and kinematic motion’s equations. A specific 

reference frame is needed to express the equations of motion. Essential components 

of action, such as position, velocity, and acceleration, are shown from this reference 

frame. There are some forces that occur during the movement of the rocket. To give 

an example, the atmosphere properties is a requirement in order to determine the 

drag force. Among the atmospheric features, the first things that comes to mind are 

the atmospheric density, wind, temperature, dynamic pressure. Atmospheric 

specifications are comprehensively dealt with in the thesis. 

Then, the movement of a single-stage sounding rocket, which was theoretically 

created based on these equations, was analyzed through MATLAB and RASAero 

programs. Before working on MATLAB and RASAero, it was returned to the 

mathematics of the subject, and it was decided which parameters to use for the 

simulation will be created. Then the frame of the simulation was determined. There 

were many options while creating trajectory analysis, but it was advantageous to use 

single-stage sounding rocket as a basic launch vehicle. Because the number of 

restraints was less, and it was essentially more intelligible to figure out the motion of 

a launch vehicle. Two dissimilar initial parameters were chosen when simulating 

rocket movement. The reason for this is to observe changes in motion and to 

understand the basic principles of the rockets lift-off motion, as mentioned earlier. 
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In short, in this study, the mathematical equations of a lift-off phase of a rocket were 

derived, and then analysis of translational motion of a rocket was produced. 

In the conclusion, its grasped how a rocket simply flies in the atmosphere. As a result 

of the analysis and examinations, the shortcomings of the analysis were discussed.  
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ÖZET 

 

Bu tez, fırlatma aracı hareketinin incelendiği bir çalışmayı içermektedir. Fırlatma 

aracı olarak tek kademeli bir sonda roketi kullanılmış ve roketin atmosferdeki kalkış 

aşaması incelenmiştir. 

İlk olarak, hava aracının atmosferdeki hareketi matematiksel olarak incelenir ve ana 

konular ele alınır. Daha sonra, bu temel meseleler ışığında, roket hareketinin 

doğrusal olmayan dinamik modeli matematiksel olarak türetilmiştir. Bu model 

dinamik ve kinematik hareket denklemlerini içerir. Hareket denklemlerini ifade 

etmek için belirli bir referans çerçevesine ihtiyaç vardır. Bu referans çerçevesinden 

konum, hız ve ivme gibi temel hareket bileşenleri ifade edilir. Roketin hareketi 

sırasında ortaya çıkan bazı kuvvetler vardır. Bir örnek vermek gerekirse, sürükleme 

kuvvetini belirlemek için atmosfer özelliklerini bilmemiz gerekir. Atmosferik 

özellikleri arasında ilk akla gelen atmosferik yoğunluk, rüzgar, sıcaklık, basınçtır. 

Atmosferik özellikler tez içinde kapsamlı olarak ele alınmıştır. 

Daha sonra teorik olarak bu denklemlere göre oluşturulan tek aşamalı bir sonda 

roketin hareketi MATLAB ve RASAero programları ile analiz edilmiştir. MATLAB 

ve RASAero üzerinde çalışmadan önce, konunun matematiğine geri dönüldü ve 

simülasyon için hangi parametrelerin kullanılacağına karar verildi. Daha sonra 

simülasyonun çerçevesi belirlendi. Yörünge analizi oluştururken birçok seçenek 

vardı, ancak fırlatma aracı olarak tek kademeli bir roketin kullanılması avantajlıydı. 

Çünkü kısıtlamaların sayısı daha azdı ve bir fırlatma aracının hareketini anlamak için 

esasen daha anlaşılırdı. Roket hareketini simüle ederken iki iki farklı başlangıç 

parametreleri seçildi. Bunun nedeni, daha önce de belirtildiği gibi, roketin kalkış 

hareketinin temel prensiplerini anlamak ve roketin hareketi esnasındaki değişimleri 

gözlemlemektir. 

Kısacası, bu çalışmada, bir roketin kalkış evresinin matematiksel denklemleri 

türetilmiş ve daha sonra roketin öteleme hareketinin analizi yapılmıştır. 

Sonuç olarak, bir roketin atmosfer içinde nasıl uçtuğu ele alındı. Analiz ve 

incelemeler sonucunda analizin eksiklikleri tartışılmıştır. 
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1.  INTRODUCTION 

In the 20th and 21st century, technologies achieved by the aerospace industry has always been 

the driving force of development in numerous various disciplines. In the space race between the 

USA and the Soviet Union, the two biggest sides of the cold war after the Second World War, 

the fastest progress resulted in a landing to the Moon. Humanity never ceased to explore 

stopped discovering surroundings, whereas. Various campaigns have struggling to move 

humanity's boundaries ever further. For instance, SpaceX, founded by Elon Musk, has also 

produced the reusable Falcon 9 rocket, as they are known; they have big plans for a human-

crewed trip to Mars [1]. Blue Origin, an aviation company owned by Jeff Bezos, has set itself 

the task of opening the space to wider audiences [1]. In addition, Turkey is close to 

manufacturing small class launch vehicles. Apparently, the aerospace industry is coming alive. 

In space flight, a rocket motor vehicle used to transport a payload to an orbit around the Earth 

or somewhere outside of the atmosphere is called a launch vehicle [2]. The tremendous 

technological development that was militarily revealed during the Second World War also 

contributed to the construction of ballistic missiles in the years following the war, and then to 

the launch vehicles. These ancestor missile technologies, which are the origin of launch 

vehicles, were based on ideas created by Russian Konstantin Tsiolkovsky, German Hermann 

Oberth, and American Robbert Goddard is shown in Figure 1.1 [2].  These people, who are 

considered as the father of the launch vehicles, which are the most critical factors in the 

discovery of space, accepted the importance of producing successful launch vehicles if 

humankind would access space [2]. 

An essential factor in the development of launch vehicles used to reach space after the Second 

World War was the work on sounding rockets, which are cannot reach the orbit around Earth, 

but they have the ability to reach more than the maximum altitude that balloons, used for 

scientific purposes, can achieve. Thanks to the scientific instruments carried by the sounding 

rockets, scientists collect data from an altitude above the atmosphere until the sounding rocket 

loses altitude, which takes several minutes. Countries that have built up their own technologies 

to stand out in the space race have developed sounding rockets in order to gain experience in 
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the engineering works they have produced, as well as many things they do. Although there are 

launch vehicles sent to space as substantial engineering projects, sounding rockets, cheaper and 

more basic technology than orbital launch vehicles, are still used for more scientific research 

[2]. 

 

Figure 1.1 : Robert H. Goddard and a Liquid Oxygen–Gasoline Rocket 

 

The primary distinction between a rocket that can climb over the atmosphere and reach up to 

orbit at the same time, and any sounding rocket is the speed they reach, so the altitude they 

reach. [3]. So a sounding rocket, a sub-orbital rocket-powered vehicle, is not built to orbit the 

earth or beyond, and it comes back to the earth's surface after the maximum altitude it can go. 

Although it does not go as high as the orbital launch vehicle, the sounding rocket is a launch 

vehicle technically. Nevertheless, as said, it is not an orbital launch vehicle. It is a launch 

vehicle that reaches the outside of the atmosphere but not stays in orbit. 

It is imperative to determine the flight parameters of a rocket before flying. These flight 

parameters include forces such as lifting, dragging, weight. As well as the center of mass, the 

center of pressure, launch angle, the location where the rocket is located before a flight are 

other vital parameters. Thanks to the ease of computers' processing speed, rocket scientists 

analyze the motion of a rocket even more efficiently. In the middle of the 20th century, when 

computers first came out, the computing power of computers was shallow, and wind tunnels 

contributed to the aerospace studies by using a scaled air vehicle and assuming some flight 
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parameters. With the extremely rapid development of technology, it can now easily overcome 

many complicated variables and severe problems with its fast computing power. Using a wind 

tunnel with a scale model as in the old times has ceased to be the only solution method [4]. 

1.1 Purpose of Thesis 

Rockets have been used in many wars and space studies so far. Since the cost of rockets is very 

high, their movements must be predictable. The primary purpose of this study is to analyze the 

movement of the launch vehicle. For this analysis, firstly, with the help of Newtonian motion 

equations, the determination of the formulas and parameters to be used in the simulation will be 

followed by the change in the rocket's motion with the altered parameters. 

1.2 Literature Review 

Firstly, many books from the database of the Mustafa Inan Library were examined, adhering to 

the subject of the thesis. Then, the structure of master theses on topics similar to this thesis 

topic was examined. Then, the rocket geometry to be used in the thesis and computer programs 

to be used were determined. Mathematical modeling of the translational motion of a rocket is 

performed in this study. The mathematical model was developed in Matlab software. 

Atmospheric data changing with altitude transition are derived from U.S Standard Atmosphere 

Air Properties. RASAero software produces drag coefficient and Mach number values of a 

potential single-stage rocket. 

There are lots of companies, software developers, and individual improvers working in this 

area in the literature of modeling and aerospace vehicle simulation. A brief description of 

commercial and free to use simulation tools is given in this section. 

1.2.1 Matlab 

Matlab, developed by Mathworks, is an abbreviation of matrix laboratory, a numerical 

calculation program. Besides, Simulink, a Matlab-based programming environment, is a handy 

simulation tool for engineers [5]. It is also a useful framework in Aerospace Blockset, which is 

created for engineers working in the aerospace field in Simulink. 

1.2.2 RASAero 

RASAero is a computer program that can perform aerodynamic modeling and flight simulation 

of a wide range of rockets from amateur rocketry to sounding rockets. It also can calculate the 
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aerodynamic coefficients during the movements of the rockets that can go up to the Earth's 

orbit during the atmosphere. The software's aerodynamic calculation methods have been 

compared with the data of NACA and NASA wind tunnel tests and various other calculation 

methods and have high accuracy rates. [6]. 

1.2.3 FlightGear 

FlightGear is an open-source program that simulates flights. The aim in the creation of 

Flightgear is to develop a flight simulator environment for engineering and scientific studies. 

Although nothing has been done with FlightGear in this thesis, it has been understood while 

doing the literature research that it can be used with Aerospace Blockset to visualize the 

simulation while analyzing the movement of a rocket following the subject of the thesis [7]. 

1.2.4 ASTOS 

ASTOS is a program which can perform many analyzes and simulations that can be done with 

a launch vehicle. Still, it is not preferred to use in this thesis because it has a very high usage 

fee, and simulation can be created with Matlab [8]. 
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2.  MATHEMATICAL MODEL FOR A TRAJECTORY ANALYSIS 

2.1 Reference Frames 

2.1.1 ECEF 

The Earth-Centered Earth-Fixed coordinate system rotates around its rotation axis with Earth's 

spinning. The ECEF reference frame properties are set out as follows [9]: 

 Earth's core is set as origin. 

 The Earth's rotation axis is the z-axis and points towards the north pole. 

 The x-axis intersects the Earth's sphere when zero degree latitude and zero degree 

longitude. 

 The y-axis shall be perpendicular to z and x-axes. 

2.1.2 ECI 

Also, in the Earth-Cetered Inertial frame, the center of the world is considered as the origin. 

There is a z-axis perpendicular to the equatorial plane and x and y-axes in this plane. This 

coordinate system is regarded as an inertial frame of reference since the Earth's movement 

around the Sun, and the motion of the Sun within the galaxy can be neglected in the orbital 

analysis of launch vehicles [10]. Figure 2.1 shows the link between ECI and ECEF reference 

frames [11]. 
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Figure 2.1 : ECI and ECEF Reference Frames 

In Figure 2.1, ‘E’ denotes Earth-Centered Earth-Fixed frame, ‘I’ signify Earth-Cetered Inertial 

frame and ‘Ω’ demonstrates the Earth’s angular velocity. As well, the Earth-Centered Earth-

Fixed frame rotates in the Earth-Cetered Inertial frame counter-clockwise. 

2.1.3 NED 

The North-East-Down reference frame's characteristics are given by [9]: 

 The point where the launching of the rocket of the Earth coordinate system is taken as 

origin. 

 The z-axis is in the route from the origin to the center of the Earth.  

 The x-axis is in the geodetic north direction.  

 The y-axis is in the geodetic east direction. 

Figure 2.2 indicates the intercourse between the North-East-Down and the Earth-Centered 

Earth-Fixed frames. 
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Figure 2.2 : NED and ECEF Reference Frames 

 

2.1.4 Geodetic Reference Frame 

Geodetic latitude, geodetic longitude, and ellipsoidal height refer to this coordinate system and 

also gave the name to its abbreviation, LLA, which means on latitude (ϕ), longitude (l) and 

altitude (h), so it is easier to understand geographic location [9]. 

2.1.5 Body Reference Frame 

The body reference frame's properties are given by [12]: 

 This coordinate system is fixed to the body of the launch vehicle and its center is in the 

same position as the center of gravity of the body. Coordinate system moves with the 

body. 

 The x-axis is in the axis of symmetry in the direction from the tail of the rocket to the 

head.  

 The y-axis is in the right/left side of the vehicle. 

 The z-axis points upwards/downwards. 

Below you can see the body coordinate system in Figure 2.3. 
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Figure 2.3 : Body Reference Frames 

2.1.6 Euler Angles and Quaternions 

To ensure the orientation of the two cartesian coordinate systems between each other, rotation 

with a perpendicular three-axis rotation is provided, and the rotation angles are called Euler 

angles. Euler rotations are conducted in x,y,z or z,y,x order in the aerospace industry and 

orientation of the Euler angles is demonstrated in Figure 2.4 [13]. The Euler angles are 

beneficial for launch vehicles or any kind of air vehicle to determine the orientation of the 

coordinate systems. 

 

Figure 2.4 : Orientation of the Euler Angles (ϕ, θ, ψ) 

Alike to the 3x3 orthogonal matrices used in the orientation of two coordinate systems, the 

matrix that shows the transformation of an object in three-dimensional space is called the 

rotation matrix. [14]. 
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The attitude of the spacecraft or any flying vehicle can be defined in several ways. The most 

known representations of these are rotation matrices, Euler's angles and quaternions. 

Quaternions, which are originated from Euler's rotation theorem, describe attitude as a single 

rotation about a vector in three-dimensional space. 

Quaternions, which consist of a four-dimensional vector, have three degrees of freedom. 

Quaternions have different arrangements and one of the first known arrangements of 

quaternions, which are also frequently used in simulations, was made by Hamilton in 1843 

[15]. 

The transformation matrix, which contains the direction cosine values that provide the 

conversion between the initial coordinate system and the terminal coordinate system, is called 

the direction cosine matrix. 

Direction cosine matrix, which is appropriate in determining the various steps of calculation of 

the axis and angle of rotation, comprises of a 3x3 dimensional matrix [16]. 

2.2 Equations of Motion of Atmospheric and Transatmospheric Trajectories of the 

Rocket 

Regardless of whether it is inside or outside the atmosphere, rockets have the ability to both 

translate and rotate. The rocket's translation or rotational motion on any axis is called a degree 

of freedom whixh is demonstrated by Figure 2.5. When the rocket movement is examined, it is 

observed that it has six degrees of freedom with the sum of the rotational movements around 

the X, Y, and Z-axes and the translational movements in these axes [12]. 

 

Figure 2.5 : The Six Degrees of Freedom: Forward/Back, Up/Down, Left/Right, Yaw, 

Pitch, Roll. 
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The forces observed during the movement of the rocket can be divided into three main groups. 

These are propulsion, gravitational and aerodynamic forces. While the propulsive and 

aerodynamic forces can be measured mathematically, better results can be obtained with tests 

and detailed studies on the rocket. The gravitational force is calculated based on the latitude 

and altitude of the rocket on the earth. Dynamic equations have been established based on the 

concept that the acceleration of an object, which is Newton's second law, is directly 

proportional to the force applied to that object by moving all the calculated forces to the Earth 

coordinate system [17]. 

2.2.1 Kinematic Relations 

As the Earth's atmosphere rotates with the Earth, atmospheric flight equations are determined 

using a fixed reference system combined to the planet. This planet-centered and rotating fixed 

reference frame (SXYZ) has axes defined by I, J, K unit vectors, and is presented in Figure 2.6 

below [18]. r, λ, and δ terms express radius, longitude, and latitude, respectively. 

 

 

Figure 2.6 : Earth-Fixed and Local Horizon Frames 

 The velocity of the rocket-powered vehicle relative to the rotating reference frame can be 

represented as relative magnitude (ν), the flight path angle (ϕ), and the velocity in azimuth (A) 

in spherical coordinates:        

                               (2.1) 
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The formula for inertial velocity is specified as follows:      

                                            (2.2)   

The conversion from the Earth-based coordinate frame to the local horizon frame can be 

expressed as follows: 

                                                         (2.3) 

where 

                                      (2.4) 

                                                    (2.5) 

The derivative of the inertial velocity over time means inertial acceleration. In addition, this 

acceleration is a requirement according to Newton's second law, which is used to express 

translational motion with dynamic equations [18]. The following equation represents the 

determination of the inertial acceleration in the local horizon frame: 

                     (2.6) 

The following equation describes the relative velocity: 

                                                      (2.7) 

                                                  (2.8) 

"Ω" refers to the angular velocity of the local horizon frame relative to the reference frame of 

the Earth. By combining equation (2.7) and equation (2.8), the following equation arises:  

                                                (2.9) 

Equations 2.9 and 2.1 assist the writing of the following equations about kinematic 

relationships: 

                                                         (2.10) 

                                                 (2.11) 

                                                    (2.12) 

With the coordinate conversion of equation (2.4): 

                                (2.13)      
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                                                    (2.14) 

                                                     (2.15) 

The kinematic equations of motion related to the rotating Earth are presented with the equations 

2.10, 2.14, and 2.15. With the solution of dynamic motion equations, relative velocity vector, 

(ν, ϕ, A), is found, then position vector, (r, δ, λ), with kinematic equations is calculated. Thus, 

the trajectory solution is achieved. It should also be spotted that these equations of motion can 

be used not only during movement in the atmosphere but also in orbital mechanics. This is why 

it is that the kinematic equations to be used in atmospheric flight and space travel are the same. 

After the kinematic motion equations, it is necessary to talk about dynamic translational 

equations of motion. [18]. 

2.2.2 Dynamic Relations 

The rocket-powered vehicle is under the influence of some different forces in different phases, 

such as lift-oof, descent, or re-entry. For example, it can land on a planet with no atmosphere, 

and because of its low gravity force on the Moon and then it encounters gravitational forces of 

different values compared to Earth. Either atmospheric forces can be set to zero during orbital 

motion. A launch vehicle can utilize thrust not only during take-off but also even during 

landing like SpaceX's Falcon 9 launch vehicle. Therefore, several forces are useful in the 

translation of the Newtonian governing equations of translational motion for the rocket. These 

are aerodynamics, propulsion, mass attraction, and other disturbance forces [18] [19]. 

Before starting the dynamic relations about the rocket, conversion of the frames is needed. The 

aerodynamic forces are usually resolved in a coordinate frame (Sxvyvzv), with axes Sxv (iv), Syv 

(jv), and Szv (kv), along the simultaneous, relative velocity vector, v, and two commonly 

orthogonal directions vertical to v, respectively [18]. Figure 2.7 displays the direction of the 

wind axes, (Sxvyvzv), and the local horizontal frame (oxyz).  
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Figure 2.7 : Wind Axis Orientation Concerning to The Local Horizon Frame 

Thus, the two frames are associated by the formula shown below: 

                                                        (2.16) 

and 

 

 

                                      (2.17) 

Newton's second law must be put in place to derive the dynamic equations of motion: 

                                                       (2.18) 

The aerodynamic, thrust, and gravity forces constitute f, determined into in the wind axes as 

illustrated below in Figure 2.8 [18]. 
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Figure 2.8 : Total Force Across The Wind Axis  

 

 

                  (2.19) 

Until now, the external force is easily solved along the wind axes. The inertial acceleration, aI 

in the scope of the wind axes, of the centre of mass of the vehicle has to be converted. So, 

terms on the right side of aI in equation 2.6 should be resolved, as shown in equation 2.20: 

                   

                                (2.20) 

Ω+ω is the total angular velocity of the local horizon frame in the equation [18]. It is retrieved 

from equation 2.13, and then transfom to this way: 

                       (2.21) 

Also, following equations are obtained easily: 

 

                      

                                     (2.22) 

Combining of equations 2.13 and 2.22 into equation 2.20 concludes with: 
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                                             (2.23) 

Gathering all the terms investigated just now cocludes with: 

 

                                         

                                           (2.24) 

Inertial acceleration is ultimately shown in the local horizon frame now. Also, inertial 

acceleration consists of ax, ay, and az, which are more useful to use together with kinematic 

equations 2.10, 2.14, and 2.15 obtained before into equation 2.24: 

              

 

 

                                    (2.25) 

 

 

After this, with using equation 2.16, the coordination transformation is implied from the local 

horizon frame to the wind axes as represents [18]: 

                                                       (2.26)  

Then, 

 

                

                                 (2.27) 

 

 

In the wind axes, dynamic EOM are written with combining equation 2.27 and equation 2.18: 
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                                               (2.28) 

 

 

 

 

The full set of atmospheric translation equations is made up of kinematic equations, which are 

stated in the kinematic relations section, and dynamic equations, equation 2.28. Solution vector 

of them, r(t),δ(t),λ(t),v(t),ϕ(t),A(t), provides the position and velocity as time functions. 

Nonetheless, for a dynamic flight model to be sufficient, atmospheric, aerodynamic, 

gravitational, and propulsion models are a necessity. [18].   

Until now that the kinematic and dynamic governing equations have been created, now the 

rocket equation and the different models that will be employed for the rocket moving in the 

atmosphere is referred to in the next section. 

2.2.3 Rocket Equation 

The atmosphere and the gravitational field have influences on launching of a rocket from the 

earth's surface. There is the Tsiolkovsky equation derived for rocket flight, in which these 

effects are also taken into account. It is based on a continuously decreasing mass and the 

measurement of the rocket's acceleration due to the required thrust for a rocket's flight [20]. 

The situation is that of launch vehicle of a mass M, with a steady exhaust velocity ve, burning 

mass at a rate m. This situation can be easily formulated with Newton's second law. The 

Tsiolkovsky equation determines the achieved velocity at any point. The thrust is expressed as: 

                                                          (2.29) 

and 

                                                           (2.30) 

It is a basic modification of the third law by Newton to the combustion gases. Then, 

                                                            (2.31) 

Substituting equations 2.29 and 2.31, 
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                                                      (2.32) 

Then, 

                                                         (2.33) 

With integration, 

                                                    (2.34) 

Thus, the solution for velocity is: 

                                                     (2.35) 

The velocity of the launch vehicle at any moment during its motion, which has to burn, varies 

depending on the exhaust velocity and the instantaneous mass ratio, and the thrust history does 

not affect the instantaneous velocity. The term 'burn duration' denotes a rocket engine's 

operating time, and ‘burn-out’ to mean the end of this operating period [20]. 

Considering that the launch vehicle's movement is vertical, it can be thought that thrust, 

velocity, and gravitational force are in one direction only. It is one of the most simplified 

methods to study the movement of the rocket. If only gravity acceleration is included in the 

velocity formula just mentioned, the velocity equation of a rocket in a vertical direction can be 

displayed clearly [21]. 

                                                 (2.36) 

By the way, gravitational acceleration decreases with altitude as one rises above the surface of 

the Earth, as higher elevation means the greater distance from the center of the Earth. 

                                                    (2.37) 

It is clearly understood that a launch vehicle moving in a vertical direction will fall on Earth 

unless the escape velocity is attained. The launch vehicle must have high horizontal speeds to 

reach the Earth's orbit. For this reason, the rocket uses the gravitational field of the Earth to 

have a velocity in the horizontal direction. [20]. 

After talking about the vertical flight, now it is necessary to talk a little about the inclined 

flight. The thing to do in this section is to calculate the velocity achieved earlier in an inclined 
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trajectory and specify its components. Since there are already vertical components, only one on 

the horizontal remains to state. 

 

Figure 2.9 : Inclined Motion Representation 

 

                                                 (2.38) 

 

As seen in the Figure 2.9, pitch angle is the angle between the horizontal component of the 

force and the force vector. It should be noted that the angle of the flight path and the angle of 

inclination cannot always be the same, because the two look very similar. The distinction is 

which vector forms the angle between the horizontal direction. To find the flight path angle, the 

angle made by the velocity vector in the horizontal direction is taken into account: 

                                      (2.39) 

 

2.2.4 Motion In The Atmosphere 

One of the most significant factors during the launch vehicle's movement is undoubtedly 

atmospheric specifications and interactions between rocket vehicle and atmosphere. For 
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example, as the speed of the rocket gets closer to the speed of sound, the rocket reaches 

hypersonic levels. As it is known that aerodynamics is a very complicated subject and things 

can get even more complicated. Still, luckily, there are a few basic concepts that can be used to 

measure the rocket's aerodynamic forces [20]. 

Lift and drag forces occur during the movement of the rocket in the atmosphere. In Figure 2.10, 

the directions of these forces on the rocket can be seen. 

 

Figure 2.10 : The Aerodynamic Forces Acting on a Rocket 

The lift force is formed by the flowing air above the surface of the rocket vehicle and acts in a 

orthagonal direction to the rocket's flight path. The drag is influenced by a lot of causes, and 

performs parallel to the flight path and in the opposite direction of velocity [20]. 

 

                                                        (2.40) 

2.2.5 Subsystem Models 

The most important factor during the flight of the launch vehicle is undoubtedly environmental 

circumstances. Many factors can be listed according to the type, physical properties and 

movement species of the self-propelled aerospace vehicles; however, the atmospheric features 

and gravitational force are among the most critical factors on self-propelled air vehicles. For 

this purpose, the next subjects address applied gravity, atmosphere specifications. Also, 

aerodynamic relations which are occurred with the interaction of the self-propelled body and 

flowing air are investigated. 

2.2.5.1 Atmosphere Model 
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The atmosphere is a gaseous substance that covers a planet or large object and retains by 

gravitational force onto a terrestrial surface. For mission success, these aerospace vehicles have 

to travel across the layers of the atmosphere. The aerodynamic forces and moment, propulsion 

forces and moments depend on the density and pressure of the atmosphere, respectively [9]. 

The modelling of the atmosphere for use in mathematical analysis is established on parameters 

such as latitude, longitude, and altitude. There are several examples like US1976, International 

Standard Atmosphere, NRLMSISE-00, Jacchia Reference Atmosphere used broadly in the 

modelling of flight [9]. 

In this study, the US1976 static atmospheric model was considered to be appropriate to use 

since it would be sufficient to know some of the changing physical properties of the 

atmosphere with rising altitude. That is, knowing parameters such as height and temperature 

and density will be enough to obtain the aerodynamic coefficients to be calculated in this study. 

In the US1976 atmospheric model mentioned before, altitude is the only parameter as input and 

parameters such as dynamic pressure, Mach number, temperature, and density can be obtained 

as output. Since the atmospheric model has been determined as US1976, enough data has been 

gathered from NASA's technical report on this study, and this data has been transferred to excel 

sheet [22]. Below, Figure 2.11 and Figure 2.12 present variation of the density and temperature 

depend with altitude. 

 

Figure 2.11 : US1976 Atmosphere Model Properties On Temperature 
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Figure 2.12 : US1976 Atmosphere Model Properties On Density 

To calculate the speed of sound, equation 2.41 is used: 

                                                        (2.41) 

where, 

 

                                                  (2.42) 

 

For Mach Number,  

                                                              (2.43) 

where, 

V, Velocity [m/s] 

a, Speed of sound [m/s] 

Additionally, the equation for density is given in equation 2.44: 

                                                            (2.44) 

Furthermore, the equation of dynamic pressure is given in equation 2.45: 
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                                                           (2.45) 

2.2.5.2 Rocket Model 

It has been observed that many different rockets have been worked on during the literature 

research. Examples of these are the Vega and Falcon 9 rockets, as well as the product of the 

rocket technology of the 60s when rocket studies such as the Aerobee 150A were evolving. 

Vega and Falcon 9 have orbital orbit, while the Aerobee150A is a suborbital launch vehicle. 

The geometrical properties of several sounding rockets were examined with an extensive 

literature review at the beginning of this study [23][24]. One of them is Aerobee 150A. This 

rocket has two stages, but for the convenience of writing Matlab code easier in this study, the 

rocket geometry was accepted as the similar and also single-stage rocket instead of two-stage 

was accepted. In the simulation to be created with this project, the physical characteristics of 

the Aerobee 150A rocket and its data during flight were taken into consideration. 

In the background, the Aerobee 150A (Model AJ60-13) is a sounding rocket with 2-stage, free-

flight, and fin-stabilization. The first stage engine is a solid-propellant rocket with 2.5 KS-

18000. The second step motor consists of integral helium, fuel, and the oxidizer tank, then; a 

forward section with a forward skirt, pressure regulator valve, and related components. Four 

fixed fins separated by 90 degrees at the back of each stage to provide stable aerodynamics. 

Some physical properties of Aerobee 150A are displayed in the figure below [25][26]. 

 

Figure 2.13 : Outline Drawing of Aerobee 150A [26] 
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Figure 2.14 : Nominal Performance Characteristics of Aerobee 150A [26] 

 

Figure 2.15 : Weight Distribution of Aerobee 150A [26] 

 

Figure 2.16 : Some Typical Performance Characteristics of Aerobee 150A [26] 

In the light of these data, a rocket geometry was created through the RASAero program. No 

booster was added when creating the rocket geometry. With this geometry, where the only 

sustainer is available, the parts of the rocket related to the drag coefficient are described in the 

next section. What is wanted to summarize in this section is the following: Geometry of the 

rocket is inspired by Aerobee 150A provided that it is not precisely the same. Below that will 

be used in this project are located in some of the variables used to determine the geometry of 

the rocket. 
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Figure 2.17 : A Rocket Geometry  Similar To Aerobee 150A Sustainer  

2.2.5.3 Aerodynamic Model 

Another critical issue is the aerodynamic characteristics of the rocket. During the rocket's 

movement in the atmosphere, interaction occurs between particles in the air and the surface of 

the aerospace vehicle. As a result of this interaction, aerodynamic forces and moments appear. 

These forces and moments that affect the aerospace vehicle performance are in the direction of 

the pressure center of the rocket and are calculated on the wind coordinate system. In Figure 

2.17, the pressure center of the rocket can be seen as a redpoint. Aerodynamic moments of any 

kind aerospace vehicle are yaw, pitch, and roll. 

 

Figure 2.18 : Aerodynamic Coefficients and Body Reference Axis 

With the RASAero program, the aerodynamic coefficients of a rocket drawn geometrically are 

easily obtained. The RASAero program can generally be used to learn the aerodynamic 

properties of rockets on a broad scale, from model rocketry to sounding rocket. It is enough to 

draw only one rocket geometry as input in the program. Aerodynamic data such as drag 
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coefficient, the center of pressure, lift coefficient can be obtained as output. The change of drag 

coefficient depending on the number of mach is shown in the graphic in Figure 2.13. A single-

stage sounding rocket was preferred as a rocket. 

 

Figure 2.19 : Mach Number vs. Drag Coefficient 

2.2.5.4 Gravity and Earth’s Shape Model 

Until the advent of satellite technologies, Earth's gravitational field methods were limited to 

terrestrial gravimetry. The gravity model, which is accepted as flat as the shape of the Earth, 

was created accordingly in equation 2.37 given above. Flight performance calculations were 

conducted with ‘Matlab R2018a’ using the analysis on a spherical, non-rotating Earth. 

2.2.5.5 Initial Variables Of Rocket Flight 

Some data must be available to analyze the rocket flight. These measured data before the start 

of the flight are found in the written Matlab code as input data. While determining the input 

data, the characteristics of the real flight were examined in detail and which ones were used. 

Some features of the analyzed rocket are given in these figures. It is also seen in Appendices 

A.1. In particular, it should be noted that in the analysis made in this project, the actual flight 

data only guided this project. It is about the purpose of any rocket flight, not to obtain the same 

output. So, input data can be seen in Table 2.1 below. 
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Table 2.1 : Input Data of Rocket Motion According to Aerobee 150A Flight Data  

Total Mass Of The Rocket 

(kg) 900 

Structure Mass (kg) 279 

Thrust (N) 18237.708 

Burn Time (sec) 51.5 

Front Area (m^2) 0.114085 

Launch Angle (deg) 1 

Launch Pad Length (m) 48.768 

Payload Mass (kg) 68.03 

 

3.  SIMULATION AND RESULTS 

This thesis aimed to discuss the topics, formulas, and other things that have been used so far to 

analyze a launch vehicle movement. The mathematical expression of the motion of a rocket 

was examined. Now, how to make a computational analysis of this motion with the help of 

Matlab, it will be seen. 

3.1 Structure of The Model 

The steps followed when performing the analysis of the launch vehicle motion in Figure 3.1 

below are shown by the flowchart method.  
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Figure 3.1 : Flow Diagram of the Analysis 

Now, each step mentioned in the flow chart will be explained in detail, and how the simulation 

is performed will be described. 

First of all, for the analysis of the movement of the rocket, it was first necessary to model the 

atmosphere in which the rocket would move, and the US1976 was chosen as the atmosphere 

model. The properties of this atmosphere model are shown in Figure 2.11 and Figure 2.12. In 

these graphs, temperature and density values corresponding to each altitude value can be seen. 

Of course, while the rocket is moving, the interpolation method is used when calculating the 

numbers that are not valued between integers. Interpolation function is written for use in 

temperature, density, and drag coefficient functions on Matlab and is given in Appendix A.1. 

After obtaining atmospheric data, a rocket geometry was needed on which atmospheric forces 

would act. Many different books, theses, and projects have been researched. Aerobee 150A 

rocket, which is a product of old technology but easily found technical information and flight 

data, was found suitable for this study. 
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After drawing the geometry of the Aerobee 150A with the RASAero program, as shown in 

Figure 2.17, the change of drag coefficient values according to the Mach number was obtained 

with the RASAero program, can be seen in Figure 2.19. 

Initial parameters were determined using known flight data and defined in detail can be seen in 

Table 3.1. After the initial variables were assigned according to Aerobee 150A's data, 

atmospheric data was transferred from the excel file. The first calculations about rocket flight 

were made. These can be seen in Appendix A.1. 

Table 3.1 : Comparison of the Initial Parameters  

Initial Parameters                                   First  Values                             Second Values 

Thrust (N) 18237.708     15000 

Burning Time (sec) 51.5     60 

Launch Angle (deg) 1  0.70 

Sectional Area of Rocket (m^2) 0.114085  0.09 

Initial Mass (kg) 900       1200 

Structure Mass (kg) 279       350 

Payload Mass (kg) 68.03       100 

Launch Pad Length (m) 48.768      50 

 

The first values here are written based on the actual flight data of the Aerobee 150A, and the 

imaginary second values are entered to see how the flight will change at different variable 

values. 

The thrust value of the rocket was considered constant until burn time and then decreased by 

complying with the equation, which is specified in thrust function in Appendix A.2. Mass 

function in Appendix A.3 shows how mass decreases with time. 

The drag coefficient is known to vary by Mach number, and the graphic about that was shown. 

Therefore, the function used to find the Mach number is shown in Appendix A.4, using 
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equation 2.43 to obtain the drag coefficient values of the rocket that change depending on the 

changing mach number.  

In addition, Appendix A.5 represents how to calculate drag coefficient. The Mach number is 

considered to be 25 at Mach's values greater than 25 to avoid errors in the program. Power-off 

and power-on status are equal to each other since RASAero's motor section is not used. 

Therefore, it is sufficient to take only one, which is power-on. Then, the linear interpolation 

method was applied to calculate the drag coefficient because of the fact that the inputted Mach 

number may not be in the excel sheet. 

The density function, represented in Appendix A.6, helps to find the density that changes with 

the altitude in the atmosphere. While the density values between 0-60 km are in the excel file, 

the values after 60 km are accepted to equal to the value at 60 km. Altitude values of 0 km or 

less are taken to equal to the value at 0 km. Then, just as when calculating the drag coefficient, 

linear interpolation is performed, and it is stated how the density is calculated for the height 

inputs at intermediate values. 

The temperature function, presented in Appendix A.7, is so similar to density function. The 

only difference between the temperature function and the density function is the column 

difference taken from the excel sheet. 

Now it is time to explain the functions of 'Ordinary_Differential_Eqn.m' and 

'Ord_Diff_Eqn_WithoutDrag.m'. The distance or altitude at any moment can be easily 

calculated. At the same time, it is possible to find the velocity by deriving the distance by time 

and the acceleration by deriving the velocity by time. With these functions, which are found in 

Appendix A.8 and A.9, explaining how the acceleration is found. So, The 

'Ordinary_Differential_Eqn.m' algorithm derives acceleration components that are 

perpendicular and horizontal to the earth's surface, using all the atmospheric data produced so 

far and the specified rocket parameters. In addition to this situation, an ODE system has been 

established in which the drag is considered zero to understand what the result is, ideally. 

In the ‘Rocket_Simulation_Main.m’, which is seen in Appendix A.11, the numerical values of 

the initial variables are entered. Then, burnout and propellant mass calculations are made first 

according to these variables. Then gravitational acceleration and radius of Earth values are 

specified. Also, the data in "mach_dragCoefficient" and "environment" are transferred to the 

Matlab script from the excel sheet. Subsequent initial calculations include calculation of mass 

flow rate, specific impulse, equivalent velocity, mass ratio. Next, the initial values and time 
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adjustments are handled. These include how acceleration, velocity, and position are calculated. 

Then, position, velocity, acceleration, mach number, and dynamic pressure values are solved 

numerically by using dependent functions. 

Part of the difficulties in solving certain ODE schemes is deciding an appropriate time to halt 

the solution. The final time in the integration interval may be defined by a particular event and 

not by a number. An example of this is an apple falling from a tree. When the apple hits the 

Earth, the ODE solver will stop, but you do not know when the occurrence will occur in 

advance. The 'Terminate_Calculations.m' algorithm, which is explained in Appendix A.10, is 

used to solve an ordinary differential equation using event function. 

 

3.2 Results 

The following graphs are the result of two separate analyzes, and their varying characteristics 

are clearly visible. The left-hand side of all graphs is taken as flight parameters created similar 

to the actual flight data of Aerobee 150A. The ones on the right side were created imaginary for 

comparison. 

 

Figure 3.2 : Comparison  of ‘Altitude vs. Time’ Graphs 
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Figure 3.3 : Comparison  of ‘Velocity vs. Time’ Graphs 

 

 

Figure 3.4 : Comparison  of ‘Dynamic Pressure vs. Time’ Graphs 
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Figure 3.5 : Comparison  of ‘Horizontal Distance vs. Time’ Graphs 

 

 

Figure 3.6 : Comparison  of ‘Acceleration vs. Time’ Graphs 
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Figure 3.7 : Comparison  of ‘Mach Number vs. Time’ Graphs 
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4.  CONCLUSION 

The subject of the thesis was the analysis of the movement of a rocket. During the beginning of 

this thesis, after a brief introduction from the general history of rocket science, the purpose of 

the thesis, the literature researcher and the computer programs that can be used were examined. 

From the many books and articles that can be seen in the reference section after the literature 

research, the mathematical derivation of the motion of a launch vehicle to the newtonian 

motion equations was examined and studied in detail in the thesis.  

The translational movement of the launch vehicle, although not rotational, is covered in this 

thesis. Then it was time to analyze the motion of a rocket by transferring these mathematical 

equations to the Matlab environment. Before Matlab, it was attempted to create a simulation 

that satisfies the visuality with Simulink and Flight Gear, but only after Matlab decided to 

examine the parameters during the movement of the rocket. The values similar to the initial 

parameters of Aerobee 150A were used for the rocket geometry, the US1976 atmosphere model 

used and the example drawn from the RASAero program. As a result, dynamic analysis of the 

movement of the rocket in the atmosphere and during the transition of the atmosphere was 

made. Parameters such as Mach number, total velocity, acceleration, altitude, dynamic pressure 

varying over time were calculated. 

How the parameters changed before and after the burn time was observed. Besides, in this 

analysis created with the actual initial flight data and the geometric properties of the sustainer 

part of the rocket, what changes were also observed in the rocket's movement when different 

initial parameters were used. 

4.2 Author Contribution 

In the literature studies, I found that researchers and scientists wrote this topic in many articles, 

books and theses. The longest part of my period of thesis writing was to do extensive reading to 

comprehend the subject in general. In this thesis, I used aerodynamic data from the RASAero 

program to analyze the movement of a suborbital launch vehicle. After selecting an atmosphere 

model, I performed an analysis using Newtonian motion equations. My contribution was to 

examine the motion of a rocket in the atmosphere using Newton's mathematical derivations 

using different initial parameters. 
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4.3 Future Studies 

Since it will be much more comfortable to pass the atmosphere with a multi-stage rocket, 

rocket movement outside the atmosphere and even entering orbital mechanics can be focused 

on. Also, in this study, only the drag force was given to the forces caused by the atmosphere. 

But in future studies, lift, wind effects, and even perturbations during movement can be added. 

In this thesis, only the translational motion of the launch vehicle was studied, but in further 

studies, an analysis of 6 degrees of freedom rocket motion can be made. Finally, the automatic 

control of a rocket motion or optimization works about this subject can also be done. 
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APPENDIX A. FUNCTION CODES 

A.1  Interpolation Function 

 
function [result] = Interpolation_Function(a_1,b_1,a_2,b_2,a) 
%In this section liear interpolation is formulated simply. 
result = (a - a_1) * ((b_2-b_1)/(a_2-a_1))+b_1 ; 
end 

 

A.2  Thrust Function 

 
function [output_value] = Thrust_Function(time) 
% Thrust can be found at a specific time: 
global thrust_force burn_time ; 
        if time <= burn_time 
            output_value = thrust_force; 
        else 
            output_value = 0; 
        end 
end 

 

A.3  Mass Function 

 
function [output_value] = Mass_Function(time) 
% Mass can be found at a specific time: 
global burn_time mass_flow_rate initial_mass; 

  
        if time <= burn_time 
            output_value = initial_mass - (mass_flow_rate * time); 
        else 
            output_value = initial_mass - (mass_flow_rate * burn_time); 
        end 
end 

 

A.4  Mach Number Function 
 

function [output_mach_number] = Mach_Number_Function(velocity,temperature) 
% Mach number can be found at a given velocity and temperature values. 
specific_gas_constant = 287; % The specific gas constant for air. 
specific_heat = 1.4; % The ratio of specific heat of a gas at a constant      

%pressure to heat at a constant volume (1.4 for air) 
speed_of_sound = sqrt(specific_heat*specific_gas_constant*temperature); 

%Speed of sound 
output_mach_number = velocity/speed_of_sound; 
end 

 

A.5  Drag Coefficient Function 
 
function [drag_coefficient] = Drag_Coefficient_Function(mach_number) 
global mach_dragCoefficient; 
[Row_number] = size(mach_dragCoefficient); %Used to find array size in the 

%'mach_dragCoefficient'sheet 
a_1 = 0;             %Low Mach number 
b_1 = 0;             %Low drag coeffiecient 
a_2 = 0;             %High Mach number 
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b_2 = 0;             %High drag coefficient 
a = mach_number;     %Desired Mach number 
column = 3;          %Third colon shows the drag coefficient values. 
if mach_number > 25  %Getting error if mach number be more than 25. if 

%values is greater than 25, it takes value at 25 Mach. 
    drag_coefficient = mach_dragCoefficient(2501,column);  
    return; 
end 
for counter = 1:Row_number %Now, "'for' loop" is about to make linear 

%interpolation correctly. 
    if counter == 1         
        d = abs(mach_number-mach_dragCoefficient(counter,1));  
    end 
    if abs(mach_number-mach_dragCoefficient(counter,1)) < d  
        d = abs(mach_number-mach_dragCoefficient(counter,1)); 
        if mach_dragCoefficient(counter,1) > mach_number 
            a_1 = mach_dragCoefficient(counter-1,1);  
            b_1 = mach_dragCoefficient(counter-1,column);   
            a_2 = mach_dragCoefficient(counter,1);  
            b_2 = mach_dragCoefficient(counter,column);  
        else 
            a_1 = mach_dragCoefficient(counter,1);   
            b_1 = mach_dragCoefficient(counter,column);  
            a_2 = mach_dragCoefficient(counter+1,1);  
            b_2 = mach_dragCoefficient(counter+1,column);  
        end 
    end 
end 
drag_coefficient = Interpolation_Function(a_1,b_1,a_2,b_2,a); 
end 

 

A.6 Density Function 
 
function [density] = Density_Function(altitude) 
%In the environment sheet, density values between 0-60 km is placed. 
%In these gap specified density values is determined easily with 
%interpolation according to altiude but out of the interval 
%(value<0m and 59999m<value) constant values must be determined. 
global environment; 
column = 3; 
if altitude <= 0 
    density = environment(2,column);  
    return; 
end 
if altitude > 59999 
    density = environment(1202,column);  
    return; 
end 
[Row_number] = size(environment); 
a_1 = 0;      %Low altitude 
b_1 = 0;      %Low density  
a_2 = 0;      %High altitude 
b_2 = 0;      %High density 
a = altitude; %Desired altitude 
for counter = 1:Row_number %Intervals of interpolation are stated and 

%formulated here (for loop) correctly. 
    if counter == 1 
       d = abs(altitude-environment(counter,1));  
    end 
    if abs(altitude-environment(counter,1)) < d  
        d = abs(altitude-environment(counter,1)); 
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        if environment(counter,1) < altitude 
            a_1 = environment(counter,1); 
            b_1 = environment(counter,column);  
            a_2 = environment(counter+1,1);  
            b_2 = environment(counter+1,column);  
        else 
            a_1 = environment(counter-1,1);  
            b_1 = environment(counter-1,column);  
            a_2 = environment(counter,1);  
            b_2 = environment(counter,column);  

  
        end 
    end 
end 
density = Interpolation_Function(a_1,b_1,a_2,b_2,a); 
end 

 

A.7  Temperature Function 
 
function [temperature] = Temperature_Function(altitude) 
%In the environment sheet, temperature values between 0-60 km is placed. 
%In these gap specified temperature values is determined easily with 
%interpolation according to altiude but out of the interval 
%(value<0 and 60km<value) constant values must be determined. 
global environment; 
column = 2; 
if altitude > 59999 
    temperature = environment(1202,column);  
    return; 
end 
if altitude < 0 
    temperature = environment(1,column);  
    return; 
end 
%Now,interpolation is neeeded to calculate tempereature values. 
[Row_number] = size(environment);  
a_1 = 0;      %Low altitude 
b_1 = 0;      %Low temperature  
a_2 = 0;      %High altitude 
b_2 = 0;      %High temperature 
a = altitude; %Desired alitude 
for counter = 1:Row_number %Intervals of interpolation are stated and 

%formulated here. 
    if counter == 1 
       d = abs(altitude-environment(counter,1));  
    end 
    if abs(altitude-environment(counter,1)) < d  
        d = abs(altitude-environment(counter,1)); 
        if environment(counter,1) < altitude 
            a_1 = environment(counter,1);     
            b_1 = environment(counter,column);   
            a_2 = environment(counter+1,1);   
            b_2 = environment(counter+1,column);  
        else 
            a_1 = environment(counter-1,1);       %Low altitude at 

%interpolation interval 
            b_1 = environment(counter-1,column); %Low temperature at 

%interpolation interval 
            a_2 = environment(counter,1);         %High altitude at 

%interpolation interval 
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            b_2 = environment(counter,column);   %High temperature at 

%interpolation interval 
        end 
    end 
end 
temperature = Interpolation_Function(a_1,b_1,a_2,b_2,a); 
end 

 

A.8  ODE Function 
 
function [dv] = Ordinary_Differential_Eqn(time,y) 
% As known, if velocity is integrated, position is found 
% In the same way, acceleration can be calculated/formulated easily 
% In the beginning, connection between the position, velocity, and 

%acceleration is explained in the script:  
% Position in direction of the x axis is represented with y(1) 
% Veloctiy in direction of the x axis is represented with y(2) 
% Position in direction of the y axis is represented with y(3) 
% Veloctiy in direction of the y axis is represented with y(4) 
% Derivation of y(1) equals to the velocity, represented with dv(1) 
% Derivation of y(2) equals to the acceleration, represented with dv(2) 
% Derivation of y(3) equals to the velocity, represented with dv(3) 
% Derivation of y(4) equals to the acceleration, represented with dv(4) 
%% Now with this knowledge, first definitions can de done: 
global gravitational_acceleration radius_earth sectionalArea_rocket; 
altitude = y(3); % Distance in the y-axis equals to the altitude 
dv=zeros(4,1);   % Now, an array is created and it's elements equal to zero 
dv(1) = y(2);    % Expressions of the same meaning were written here. 
dv(3) = y(4);  
thrust = Thrust_Function(time); % At any time, thrust knowledge can be taken 

%from thrust function 
mass = Mass_Function(time);        % It's also valid for mass 
flight_angle = atand(y(2)/y(4));     % Equation 2.39 shows flight angle 

%formula (It's changing by time) 
g = gravitational_acceleration*((radius_earth/(radius_earth+y(3)))^2);       

% Equation 2.37 represents gravitational acceleration(it's changing with 

%altitude) 
%% Now, drag force is calculated as: 
area_ref = sectionalArea_rocket;  % Reference area is determined accoriding 

%to Reference 26 
density = Density_Function(altitude);  
temperature = Temperature_Function(altitude); 
total_velocity = sqrt(y(2)^2 + y(4)^2); % Equation 2.38 gives this formula 
mach_number = Mach_Number_Function(total_velocity, temperature); 
drag_coefficient = Drag_Coefficient_Function(mach_number); 
drag = 

0.5*density*drag_coefficient*(total_velocity*abs(total_velocity))*area_ref; 

% Equation 40 shows this formula 
absolute_drag = abs(drag); %It's make the result positive (because if free 

%body diagram is thought, it has always opposiye direction against wind) 
%% Finally, with the derivation of velocity, acceleration can be found: 
dv(2) = (thrust*sind(flight_angle))/mass - 

(absolute_drag*sind(flight_angle))/mass;     %In the x direction (The 

%formula is derivated from equation 2.38) 
dv(4) = (thrust*cosd(flight_angle))/mass - (drag*cosd(flight_angle))/mass - 

g;  %In the y direction 
end 

 

A.9  ODE, Includes No Drag, Function 
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function [dv] = Ord_Diff_Eqn_WithoutDrag(time,y) 
% In the same way with 'Ordinary_Differential_Eqn', but just density is 
% zero because in this function ideal conditions(no drag) is assumed. 
global gravitational_acceleration radius_earth sectionalArea_rocket; 
altitude = y(3); % Distance in the y-axis equals to the altitude 
dv=zeros(4,1);   % Now, an array is created and it's elements equal to zero 
dv(1) = y(2);    % Expressions of the same meaning were written here. 
dv(3) = y(4);  
thrust = Thrust_Function(time); % At any time, thrust knowledge can be taken 

%from thrust function 
mass = Mass_Function(time);        % It's also valid for mass 
flight_angle = atand(y(2)/y(4));     % Equation 2.39 shows flight angle 

%formula (It's changing by time) 
g = gravitational_acceleration*((radius_earth/(radius_earth+y(3)))^2);      

% Equation 2.37 represents gravitational acceleration(it's changing with              

%altitude) 
%% Now, drag force is calculated as: 
area_ref = sectionalArea_rocket;  % Reference area is determined accoriding 

%to Reference 26 
density = 0 ; % To find the result when no drag influence rocket body 
temperature = Temperature_Function(altitude); 
total_velocity = sqrt(y(2)^2 + y(4)^2); % Equation 2.38 gives this formula 
mach_number = Mach_Number_Function(total_velocity, temperature); 
drag_coefficient = Drag_Coefficient_Function(mach_number); 
drag = 

0.5*density*drag_coefficient*(total_velocity*abs(total_velocity))*area_ref; 

% Equation 40 shows this formula 
absolute_drag = abs(drag); %It's make the result positive (because if free 

%body diagram is thought, it has always opposiye direction against wind) 
%% Finally, with the derivation of velocity, acceleration can be found: 
dv(2) = (thrust*sind(flight_angle))/mass - 

(absolute_drag*sind(flight_angle))/mass;     %In the x direction (The 

%formula is derivated from equation 2.38) 
dv(4) = (thrust*cosd(flight_angle))/mass - (drag*cosd(flight_angle))/mass - 

g;  %In the y direction 
end 

 

A.10  Terminator Function 

 
function [value,isterminal,direction] = Terminate_Calculations(~,y) 
% The main source which helps out creating of this script is 
% "https://www.mathworks.com/help/matlab/math/ode-event-location.html" 
% This matworks site explains the 'Event Location' and writinf of event 

%function 
% Locate the time when the value is zero 
% increasing direction and don't stop integration. 
value = y(3);   % The value that we want to be zero 
isterminal = 1; % Halt integration 
direction = 0;  % The zero can be approached from either direction 
end 
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A.11  Rocket Simulation Main Script 
 

%% Analysis of a launch vehicle motion 
% Author: Bugra Cetin 
% Graduation Project 
% Date: 6/11/2020 
clc; 
clear; 
% Created with the support of the Mathwork documentation and tutorials, 
% reference books and thesis mentioned in the references section of the 

graduation project. 
% Additionally, some references and formulations are explained in the 

%related parts of the scripts. 

  
%% Firstly, initial parameters is given here: 
% Variables is declared global because they are used in other written 
% fucntions too 
global launch_angle sectionalArea_rocket initial_mass  

gravitational_acceleration; 
global thrust_force burn_time mass_flow_rate radius_earth environment 

mach_dragCoefficient; 
% Input data of the launch vehicle are assigned similar to Aerobee150's 
% flight data and physical specifications 
launch_angle = 0.70; %[deg] launch angle 
thrust_force = 15000; %[Newton] 
burn_time = 60; %[seconds] 
sectionalArea_rocket = 0.09; %[m^2] cross-sectional area of rocket 
initial_mass = 800; %[kg] total weight 
structure_mass = 200; %[kg] strucure mass 
payload_mass = 100; %[kg] payload mass 
% Other propellant types also (These calculations is explained on Rocket 

%Propulsion Elements by George P. Sutton) : 
burnout_mass = payload_mass + structure_mass; %[kg] mass at burnout time 
propellant_mass = initial_mass - burnout_mass; %[kg] mass of propellant 
% Also gravitational acceleration and radius of Earth is the important for 
% calculations: 
gravitational_acceleration = 9.81; % [m/s2] 
radius_earth = 6.371*10^6; % [m] 
LaunchPad_Length = 50; % [m] 

  
%% Calculations: 
%  Here is the mathematical formulations for launching stage of a rocket 

%motion. It is based on some 
%  reference books which are: 
%  "Atmospheric and Spacecraft Flight Dynamics-Ashish 
%  Tewari", 
%  "Rocket and Spacecraft Propulsion: Principles, Practice and New 
%  Developments-Martin J. L. Turner" 
%  "Modeling and Simulation of Aerospace Vehicle Dynamics-Peter H. Zipfel". 
%  Firstly, atmospheric datas are extracted here from excel sheets: 
fileName = 'AtmosphericValues.xlsx'; 
mach_dragCoefficient = xlsread(fileName, 1, 'A2:C2502'); 
environment = xlsread(fileName, 2, 'A3:C1204'); 
%  Then, comply with the references mentioned before, mass flow rate is 
%  calculated because it is useful to find mass at any inputted time: 
mass_flow_rate = propellant_mass/burn_time; %[kg/s] 
%  Reference 2.38 hepls the derivation of the velocity. Then acceleration 
%  can be found: 
acceleration_y = (thrust_force*cosd(launch_angle) - 

initial_mass*gravitational_acceleration)/initial_mass; 
acceleration_x = (thrust_force*sind(launch_angle))/initial_mass; 
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%  Now, time adjustments is made: 
time_First = sqrt((2*LaunchPad_Length)/acceleration_y); 
time_Step = 0.05; 
time_Final = 2500; 
time_Frame = time_First:time_Step:time_Final; 
%  Then, initial velocities in the x and y directions are calculated: 
velocity_x_1 = time_First*acceleration_x; 
velocity_y_1 = time_First*acceleration_y; 
%  In the ODE section, relation between the acceleration, velocity, and 

%position is mentioned. Rewriting this relation but another matrix 
%relationship is set up: 
z_1=0;                 % Initial position in the x direction 
z_2=velocity_x_1;      % Initial velocity in the x direction 
z_3=0;                 % Initial position in the y direction 
z_4=velocity_y_1;      % Initial velocity in the y direction 
y_0=[z_1;z_2;z_3;z_4]; % The array created with them 

  
%% Accompanied with ODE created,numerical analysis is started here: 
%  Using the 'Events' option of the odeset function to specify an event 
%  function is written here based on 
%  "https://www.mathworks.com/help/matlab/ref/odeset.html" and 
%  "https://www.mathworks.com/help/matlab/ref/ode45.html#d120e854210". 
%  Why are 'Terminate_Calculations.' function used here is explained in 
%  the page 43 
options = odeset('Events',@Terminate_Calculations); 
[t_1, x_1, te, ye, ie]=ode45(@Ordinary_Differential_Eqn,time_Frame,y_0, 

options);     %With Drag Force 
[t_2, x_2, te2, ye2, ie2]=ode45(@Ord_Diff_Eqn_WithoutDrag,time_Frame,y_0, 

options); %without Drag Force 
position_x = x_1(:,1);  %x position 
position_y = x_1(:,3);  %y position 
velocity_x = x_1(:,2);  %x velocity 
veloctiy_y = x_1(:,4);  %y velocity 
%  After the calculation of velocity and position values, acceleration and 
%  other parameters can be detected. 
duration = length(t_1); 
Dynamic_Pressure = zeros(duration,1); 
Mach_Number = zeros(duration,1); 
Total_Acceleration = zeros(duration,1); 
Total_Velocity = zeros(duration,1); 
for counter = 1:duration 
    area = sectionalArea_rocket; %m^2 
    density = Density_Function(position_y(counter));  
    temperature = Temperature_Function(position_y(counter)); 
    Total_Velocity(counter) = sqrt(velocity_x(counter)^2 + 

veloctiy_y(counter)^2); 
    Mach_Number(counter) = Mach_Number_Function(Total_Velocity(counter), 

temperature); 
    drag_coefficient = Drag_Coefficient_Function(Mach_Number(counter)); 
    drag = 0.5*density*drag_coefficient*(Total_Velocity(counter)^2)*area; 
    flight_angle = asind(velocity_x(counter)/(sqrt(velocity_x(counter)^2 + 

veloctiy_y(counter)^2))); 
    g = 

gravitational_acceleration*((radius_earth/(radius_earth+position_y(counter))

)^2); 
    total_mass = Mass_Function(t_1(counter)); 
    thrust = Thrust_Function(t_1(counter)); 
    x_accel = (thrust*sind(flight_angle))/total_mass - 

(drag*sind(flight_angle))/total_mass;     %x-acceleration 
    y_accel = (thrust*cosd(flight_angle))/total_mass - 

(drag*cosd(flight_angle))/total_mass - g; %y-acceleration 



60 

    %   With the calculations made until now, the results could actually be 
    %   achieved. However, since the results had abnormality, some 

%corrections were made. 
    if t_1(counter) < te(2) - te(2)/10 % Making a straight line close to end 

%of motion 
        Dynamic_Pressure(counter) = 

(1/2)*density*(Total_Velocity(counter)^2); 
        Total_Acceleration(counter) = sqrt(x_accel^2 + y_accel^2); 
        w = counter; 
    else 
        Total_Velocity(counter) = Total_Velocity(w); 
        veloctiy_y(counter) = veloctiy_y(w); 
        velocity_x(counter) = velocity_x(w); 
        Dynamic_Pressure(counter) = Dynamic_Pressure(w); 
        Total_Acceleration(counter) = Total_Acceleration(w); 
        Mach_Number(counter) = Mach_Number(w); 
    end 
end 

 

 


