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С увеличением веса и сложности полезного груза, который необходимо вывести на орбиту, воз-

растает актуальность рационального выбора траектории для обеспечения максимальной эффек-

тивности и минимальных затрат на доставку полезного груза на заданную орбиту. 

Рациональный выбор траектории ракеты-носителя тяжелого класса имеет ряд важных прак-

тических применений. Во-первых, он позволяет увеличить грузоподъемность ракеты-носителя и 

сократить затраты на доставку полезного груза на целевую орбиту. Это особенно важно в усло-

виях развития космической индустрии, когда все больше компаний и организаций проявляют инте-

рес к запуску собственных спутников и других космических аппаратов в условиях жесткой эконо-

мической конкуренции. Выбор рациональной траектории вывода на орбиту полезного груза позво-

лит значительно снизить стоимость запусков и сделать их доступными для более широкого круга 

потенциальных заказчиков. 

Во-вторых, выбор параметров траектории ракеты-носителя имеет важное значение для обес-

печения безопасности и минимизации рисков при запусках космических аппаратов. Благодаря ра-

циональному выбору траектории возможно уменьшение неблагоприятных воздействий на окру-

жающую среду и исключение возможности аварийных ситуаций, связанных с потерей контроля 

над полетом ракеты-носителя. 

Рациональный выбор параметров траектории ракеты-носителя является сложной задачей, 

требующей комплексного исследования и учета различных факторов, таких как аэродинамические 

параметры атмосферы, масса и характеристики полезного груза (космического аппарата), пара-

метры работы двигателя, характеристики целевой орбиты, особенности запуска ракеты-

носителя и многих других факторов. Более тщательное и системное изучение влияния этих пара-

метров позволит значительно улучшить эффективность и надежность выведения космических 

аппаратов на орбиту. 

Таким образом, выбор рациональных параметров траектории ракеты-носителя является акту-

альной и важной темой для научного исследования. Повышение грузоподъемности ракеты, сниже-

ние затрат на доставку космического аппарата на заданную орбиту и обеспечение безопасности 

запусков – это задачи, зависящие от выбранной формы и параметров траектории ракеты.  

Цель исследования – выбор рациональных параметров траектории ракеты-носителя тяжелого 

класса при выводе полезного груза. Основной задачей является определение параметров траекто-

рии полета, которые позволят достичь максимальной эффективности и точности доставки по-

лезного груза на заданную орбиту.  

Для достижения цели исследования требуется анализ различных факторов влияния на пара-

метры вывода космического аппарата, таких как конструктивные и аэродинамические характе-

ристики ракеты, влияние аэродинамических факторов и гравитационного поля Земли на траекто-
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рию полета. С учетом этих факторов проведены численные расчеты на базе системы дифферен-

циальных уравнений движения с помощью компьютерной программы, созданной в программном 

пакете MAPLE. На основе расчетов проведено моделирование формы и параметров траектории 

полета ракеты-носителя.  

В ходе исследования проведен выбор рациональных параметров траектории ракеты-носителя 

тяжелого класса. Расчеты проводились с помощью численного моделирования параметров траек-

торий вывода полезного груза, сделан анализ полученных траекторий. В качестве основного кри-

терия рационального выбора траектории была обозначена минимизация времени полета ракеты, 

что позволяет увеличить эффективность запуска и сэкономить энергоресурсы. В качестве допол-

нительных критериев приняты увеличение массы полезного груза и минимизация расхода топлива. 

Предлагаемый в работе порядок выбора рациональных параметров траектории ракеты-

носителя тяжелого класса позволит улучшить точность доставки и надежность запусков косми-

ческих аппаратов на этапе баллистического анализа при проектировании ракет. Результаты ис-

следования имеют практическую значимость для разработки будущих миссий ракет-носителей 

тяжелого класса и повышения эффективности космических запусков. 
 

Ключевые слова: ракета-носитель, ракетный двигатель, траектория вывода полезного груза, 

космический аппарат, орбита. 

 

Study of the trajectory of payload injection  

by a heavy-lift launch vehicle 

 

V. A. Bordachev, V. V. Kolga
*
  

 

Reshetnev
 
Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 
*
E-mail: kolgavv@yandex.ru 

 

As the weight and complexity of the payload that needs to be launched into orbit increases, the re-

levance of rational trajectory selection to ensure maximum efficiency and minimum costs for deliver-

ing the payload to a given orbit increases. 

Rational choice of the trajectory of a heavy-class launch vehicle has a number of important practical 

applications. Firstly, it allows you to increase the payload capacity of the launch vehicle and reduce the 

cost of delivering payload to the target orbit. This is especially important in the context of the develop-

ment of the space industry, when more and more companies and organizations are showing interest in 

launching their own satellites and other spacecraft in conditions of fierce economic competition. Choos-

ing a rational trajectory for launching a payload into orbit will significantly reduce the cost of launches 

and make them available to a wider range of potential customers. 

Secondly, the choice of launch vehicle trajectory parameters is important for ensuring safety and 

minimizing risks during spacecraft launches. Thanks to the rational choice of trajectory, it is possible 

to reduce adverse impacts on the environment and eliminate the possibility of emergency situations 

associated with loss of control over the flight of the launch vehicle. 

Rational selection of launch vehicle trajectory parameters is a complex task that requires compre-

hensive research and consideration of various factors, such as aerodynamic parameters of the atmos-

phere, mass and characteristics of the payload (spacecraft), engine operating parameters, character-

istics of the target orbit, features of the launch of the launch vehicle and many other factors. A more 

thorough and systematic study of the influence of these parameters will significantly improve the effi-

ciency and reliability of launching spacecraft into orbit. 

Thus, the choice of rational parameters for the launch vehicle trajectory is a relevant and impor-

tant topic for scientific research. Increasing the rocket's payload capacity, reducing the cost of deliv-

ering a spacecraft to a given orbit, and ensuring launch safety are tasks that depend on the chosen 
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shape and parameters of the rocket's trajectory. Such research has important practical significance 

and can become the basis for the development of new technologies and methods in the space industry. 

The purpose of the study is to study and select rational parameters for the trajectory of a heavy-class 

launch vehicle when launching a payload. The main task is to determine the flight path parameters that 

will allow achieving maximum efficiency and accuracy in delivering the payload to a given orbit. 

To achieve the goal of the study, the analysis of various factors influencing the launch parameters 

of the spacecraft is required, such as structural and aerodynamic characteristics of the rocket, the in-

fluence of aerodynamic factors and the Earth’s gravitational field on the flight path. Taking these fac-

tors into account, numerical calculations were carried out on the basis of a system of differential equ-

ations of motion using a computer program created in the MAPLE software package. Based on the 

calculations, modeling of the shape and parameters of the launch vehicle flight path was carried out. 

Research results. During the study, the rational parameters of the trajectory of a heavy-class 

launch vehicle were selected. The calculations were carried out using numerical modeling of the pa-

rameters of payload launch trajectories, and the analysis of the resulting trajectories was carried out. 

Minimizing the rocket's flight time was identified as the main criterion for the rational choice of a tra-

jectory, which allows increasing launch efficiency and saving energy resources. An increase in pay-

load mass and minimization of fuel consumption were adopted as additional criteria. 

Conclusion. The procedure for choosing rational parameters for the trajectory of a heavy-class 

launch vehicle proposed in this work will improve the delivery accuracy and reliability of spacecraft 

launches at the stage of ballistic analysis when designing rockets. The results of the study have practi-

cal significance for the development of future heavy-lift launch vehicle missions and improving the 

efficiency of space launches. 

 

Keywords: launch vehicle, rocket engine, payload injection trajectory, spacecraft, orbit. 

 

Introduction 

Outer space is the areas of the Universe that are beyond the boundaries of the atmospheres of celes-

tial bodies. Human exploration of outer space and celestial bodies is carried out both by manned space 

flights and by automatic spacecraft. 

There are three main areas of applied astronautics: 

1) space information complexes - modern communication systems, meteorology, navigation, sys-

tems of remote sensing of the Earth and control of using natural resources, environmental protection 

[1–3]; 

2) space science systems: scientific research and full-scale experiments in space; 

3) space industrialization:  production of pharmaceuticals, new materials for electronic, electrical, radio 

engineering and other industries in space. In the future, it is planned to develop resources of the Moon, oth-

er planets of the Solar System and asteroids, removal of harmful industrial waste into space, space tourism 

[4; 5]. 

In order to further develop these areas of space activities, it is necessary to saturate the orbital satellite 

constellation with spacecraft with modern equipment. Modern spacecraft being used to perform scientific 

and technical tasks in space and to conduct research on the surface of celestial bodies are limited in size and 

mass. However, the expanding range of tasks requires the creation of new spacecraft that go beyond the 

limitations of the tactical and technical characteristics of modern launch vehicles (LVs). In its turn, this ac-

tivates the process of development of new more powerful rocket engines. For example, the most powerful 

liquid-propellant rocket engine RD-170 [6] has been modernised twice in the last two years with a signifi-

cant improvement in its power characteristics. 

 

Modern liquid-propellant rocket engines 

To launch a large-mass spacecraft, the scientific-production association Energomash developed a 

new liquid rocket engine (LRE) RD-171MV (Fig. 1) [7]. RD-171MV is a Russian-manufactured engine 
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that was developed for use on the Angara-A5 launch vehicle. It is a modification of the well-known RD-

171 engine, which was developed for the Rus launch vehicle. A comparative analysis of the main en-

gines of this series is given in Table 1 [7]. 
 

Table 1 

Main parameters of RD-171 engines 
 

Engine version RD-171 RD -171M RD -171MV 

Propellant Oxygen + kerosene 

Application Zenit-2 and Zenit-3SL 

(cargo, manned launch) 

Zenit-3SL, Zenit-3SLB, 

Zenit-3F (cargo, manned 

launch) 

Soyuz-5 and RN STK 

(cargo, manned launch) 

Numer of combustion cham-

bers 

4 4 4 

Possibility of camera 

gimbailing 

Tangential plane Tangential plane Tangential plane 

Number of turbopump as-

semblies 

1 (single-shaft 

configuration) 

1 (single-shaft 

configuration) 

1 (single-shaft 

configuration) 

Thrust, earth/void, tf (kN) 740 / 806 (7257 / 7904) 740 / 806.2 (7257 / 7906) * / 806.2 (* / 7906)* 

Specific impulse, 

earth/vacuum, s 

309 / 337 309.5 / 337.2 * / * 

Pressure in the combustion 

chamber, kp/cm
2
  

250 250 * 

Mass, dry/poured, kg 9500 / 10500 9300 / 10300 9300 / 10300 

Dimensions, height/diameter, 

mm 

4150 / 3565 4150 / 3565 4150 / 3565 

Operating time, s 140 150 180 

Operating mode Intermittent/continuous fuel supply 

 

Note * - These values are unknown. 
 

Special mention should be made of the prospect of 

its further multiple uses. Its service life is approxi-

mately 10-15 flights. 

One of the features of the RD-171MV engine is its 

high thrust and relatively low mass. This makes it 

attractive for use on heavy launch vehicles (Fig. 2). 

RSC Energia is developing a new heavy launch vehi-

cle called Irtysh (Soyuz-5, Sunkar) for this engine [8]. 

 

Transport rocket and space systems  

The issues of designing modern launch vehicles 

and improving their structural and power schemes 

have always been on the list of promising develop-

ments in rocket technology [9–16]. New capabilities 

of the RD-171MV engine stimulated the development 

and improvement of new launch vehicles. The main 

purpose of the Soyuz-5 rocket is to replace the out-

dated Soyuz-2 carrier rocket, which is now the main 

carrier for launching Russian spacecraft into orbit. 

The new rocket is designed to be launched from 

Baikonur and Vostochny cosmodromes. 

 

 

 
 

Рис. 1. Двигатель РД-171МВ 
 

Fig. 1. RD-171MV engine 
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Soyuz-5 will be equipped with the RD-171MV engine developed at the scientific-production as-

sociation Energomash, with the first-stage engine thrust of more than 800 tonnes, which signifi-

cantly exceeds the thrust characteristics of the first-stage engines of other modern Russian launch 

vehicles. 

Soyuz-5 is designed to launch not only cargo spacecraft, but also manned spacecraft such as 

Soyuz MS and Orlan, which requires research into trajectories for launching payloads into orbit 

over a wide range of mass and dimensional characteristics. This will allow Russia to strengthen its 

position in commercial spacecraft launches and manned launches to the International Space Sta-

tion and, in the near future, to other space objects. 

The exact parameters of the Soyuz-5 rocket, such as payload capacity and launch cost, have not 

been definitely determined yet. Nevertheless, it is planned that Soyuz-5 will be able to launch a 

payload of up to 17.5 tonnes into low-Earth orbit and up to 7.5 tonnes into sun-synchronous orbit. 

It is also assumed that the rocket in the future will be reusable due to a new engine and landing 

system of the first stage. 

The development of the Soyuz-5 rocket is an important part of Russia's strategy to modernise 

its space launch facilities and strengthen its position in the international market of space services.  

The development and testing of the rocket is planned between 2021 and 2025,  

and the first manned launch is planned for 2026. The efficient use of the Soyuz-5 launch vehicle is 

possible only if its ballistic capabilities are studied when launching payloads into orbit and the least 

energy-consuming trajectory is selected. 

 

Flight trajectory calculation 

Let us consider a classical trajectory of direct spacecraft injection by a launch vehicle (Fig. 3) [17]. 

When actively injecting a spacecraft, it is necessary to set the following parameters of the rocket 

trajectory according to the time: velocity ( )V V t , distance ( )x x t , altitude ( )y y t , pitch attitude 

angle ( )t   . 

Let us make the following assumptions: 

1. Rocket flight trajectory is a flat curve. 

2. We consider the force of gravity to be constant, i.e. g = 9.81. 

3. The drag coefficient varies according to the law: 
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1
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х i
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                                                (1) 

 

where Vi is velocity of the launch vehicle at different moments of time during flight in the atmosphere. 

 



 

 
 

Part 2. Aviation and spacecraft engineering 
 

 73 

 
 

Рис. 3. Траектория прямого вывода ракетой-носителем: 1 – поверхность Земли; 2 – вертикальный участок  

полета; 3 – активный участок полета 1-й ступени; 4 – активный участок полета 2-й ступени; 5 – активный  

участок полета 3-й ступени; 6 – орбита КА; 7 – пассивный участок полета ракетного блока 2-й ступени;  

8 – пассивный участок полета ракетного блока 1-й ступени; 9 – местный горизонт; 10 – направление  

радиуса Земли 
 

Fig. 3. The trajectory of the launch vehicle: 1 – Earth’s surface; 2 – vertical flight section; 3 – active flight section  

of the 1
st
 stage; 4 – active flight section of the 2

nd
 stage; 5 – active flight section of the 3

rd
 stage; 6 – spacecraft  

orbit; 7 – passive flight section rocket block of the 2
nd

 stage; 8 – passive flight of the rocket block of the 1
st
 stage;  

9 – local horizon; 10 – the direction of the Earth's radius 
 

 

Let us divide the active trajectory section of the launch vehicle flight at direct injection into three 

sections (Fig. 4). 

We use the classical system of differential equations of motion of the rocket [11]: 

cos ,i
i i

i

dx
V

dt
                                                                    (2) 

sin ,i
i i

i

dy
V

dt
                                                                    (3) 

cos sin ,i
i i i i

dV
m P G X

dt
                                                         (4) 

0 ,i im m m t  &                                                                  (5) 

( ),i a a a hP m F p p    &                                                         (6) 

20.5 ,
ii x h m iX C p S V                                                              (7) 

,i
i

dV
Npr

dt
                                                                     (8) 

where idx  is a distance range, m; idy  is a height range, m; idt  is a time range, s; im  is a mass in i 

time, kg; iP  is thrust in i time, Н; iG  is weight in i time, Н; iX  is a drag in i time; 0m is a launching 

mass, kg; m&  is a fuel mass, kg/s; а  is effective velocity of gas flow at the nozzle exit section, m/s; 

aF  is the area at the nozzle exit section, m; ap  is pressure at the nozzle exit section, Pa; hp  is air 

pressure, Pa; mS  is a rocket area, m.  
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Рис. 4. Траектория полета ракеты-носителя:  

«0–1» – вертикальный участок траектории; «1–2» – программный участок разворота;  

«2–А» – наклонный (или прямой) участок траектории 
 

Fig. 4. Launch vehicle flight trajectory:  

“0–1” – vertical section of the trajectory; “1–2” – program turn section;  

“2–А” – inclined (or straight) section of the trajectory 

 

The above system of equations is nonlinear, closed and can be solved by any numerical method. 

Let us use the method of successive approximations. To do this, we transform the equation (4) tak-

ing into account the equation (7). 

2cos sin 0.5
i

i
i i i x m i

dV
m P G C S V

dt
                                                 (9) 

dry mass

0

m

m
   is a mass ratio, where dry massm  is a dry mass;  

0m
T

m


&
 is ideal flight time. 

dry mass 0

0 0 0

1 1 ,
m m m t m t t

m m m T

  
      

& &
 

1   (1 ).
t

t T
T

        

Let us divide the left and right parts of equation (9) by the im  mass: 

20.5
cos sin .ix i m ii i

i i

C S VdV P
g

dt m m

   
                                           (10) 

To solve it, we transform the equation (10) into an equation with separated variables: 

0

( )
,a a a hm W F p pP

m m

  


 

&
                                                      (11) 

,h
a a a a h

E

p
P m W F p F p

p
                                                      (12) 
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in a vacuum ,h
a a aP m W F p   &                                                     (13) 

in the Earth ,E
a a a a EP m W F p F p     &                                               (14) 

,h E
a EP P F p                                                               (15) 

,

h h E

h
a a a a h

E
P P P

p
P P m W F p F p

p


       
144424443 123

                                            (16) 

( ) .h h E h

E

p
p P P P

p
                                                          (17) 

h
h

p
W
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&
 is the effective exhaust velocity of combustion products from the engine nozzle in the 

void.  It is always greater than the true or real one. 

E
E

p
W

m


&
 is the effective exhaust velocity of combustion products from the engine nozzle on the 

Earth. 

0
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                      (19) 

0
m

m

m
P

S
 is a launch load on the rocket midship, a constant value for a given rocket; 

2

2

V
q

 
  is impact air pressure. 

After the transformations, the equation (10) will take the following form: 

( )

sin ,

h
h h E

xE

m

W
W W W

q CWdV
g

dt Т P

  


    
   

                                      (20) 

sin ,h x h E h

m E

W q C W W p
dV g dt

T P T p

  
              

                                  (21) 

(1 )t T     

,dt T d                                                                     (22) 

programs

( )

sin .

h
h E

x E
h

m

W
W W

q C Wd T
dV W T g d d d

P

 


               
  

             (23) 

The obtained equation (23) is solved by the method of successive approximations. In the first ap-

proximation only the first two summands are taken into consideration; the last two summands are ne-

glected. Let us integrate the equation (23): 
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0 0 0

sin ,

V

h

V

d
dV W T g d

 

 


        

    

1

0 ln sin ,I
hV V W T g d



            

1

0 ln sinI
hV V W T g d



           is the first Korolev integral. 

In the first approximation we determine only the flight altitude. For this purpose, let us write the 

equation (2) taking into account (22): 

programs programssin sin ,
dY

V dY V dt
dt

         

programssin ,dY T V d        

programs

0 0

sin ,

Iy
I

y

dY T V d





         

1

0 programssinIY y T d



       is flight altitude in the first approximation. 

Thus, the rocket velocity in the first approximation is equal to the ideal velocity minus velocity loss 

to overcome gravity. 

When calculating the velocity in the second approximation, it is necessary to take into account the 

influence of the atmosphere and the change in pressure at the nozzle exit of the engine:  

programssin ( )
I I I

II h x h
h E

m E

W q C PT d
dV T g d d W W

P P

 
               

  
.        (24) 

After the integration of the equation (24) we obtain:  

1 1

0 1ln ( ) ,
I I I

II x h
h h E

m E

q C PT d
V V W T J d W W

P P
 

 
             

    

where  
2( )

,
2

I I
I V

q
 

  

0 ( ).I I
h H Y     

The calculated velocity head q is close to the true q on the rocket flight path, since it is determined 

by the overestimated velocity and underestimated density. The value of the drag coefficient хС  de-

pending on velocity is taken according to the equation (1). 

( )
I

Ih

E

P
f Y

P
 : this value is generally underestimated because it is determined by an overestimated 

altitude. 

But the value of the third integral itself is insignificant; therefore this inaccuracy does not signifi-

cantly affect the final value of the rocket velocity. 
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It is customary to denote: 
1

2

I I
xq C

J d




  

  is the second Korolev integral; 

1

3

I
h

E

P d
J

P



 

  is the third Korolev integral. 

Thus, taking into account the losses, we obtain:  
 

0 1 2ln ( )II
h h E E

m

T
V V W T J J W W J

P
            is the rocket velocity formula in the second 

and final approximation. 

Knowing the velocity of the rocket, you can find the altitude and range 

cos ,
dX

V
dt

    

sin ,
dY

V
dt

    

After all the transformations, we obtain the formulae for determining the altitude and range in the 

second approximation: 
1

0 cos ( ) ,IIX X V d



        

1

0 sin ( ) ,IIY Y V d



        

 

Injection programme 

The spacecraft injection programme is understood as a set of control functions that regulate the 

procedure for changing the thrust vector in nominal motion, set the law for changing the propellant 

mass flow rate and the angular orientation of the rocket in space and time. The injection programme is 

autonomously executed by the control system in accordance with the functions defined at the rocket 

design stage. These functions are the law of change in propellant consumption and the law of change 

in pitch angle at the injection stage. 

With the development of rocket technology and the expansion of the list of tasks to be solved, the 

approach to the selection of the payload orbital injection programme has also changed. The simplest 

injection programme is a set law of pitch angle variation. As a rule, the mass fuel consumption on the 

marching sections is not regulated and remains practically constant. If the launch vehicle is designed 

to launch a spacecraft or a cargo module, one injection programme is used, if the launch vehicle is de-

signed for a manned launch, another programme is used. 

In general, programme selection is a search for a combination of trajectory parameters satisfying 

the flight task with minimum energy costs. This search is subject to limitations, primarily related to the 

design and operational features of the launch vehicle itself, for example, its power capabilities. Since 

the propulsion system (RD-171MV) of the designed rocket is more powerful, a number of constraints 

have significantly changed, expanding the ballistic capabilities of the rocket. To investigate the capa-

bilities of the launch vehicle equipped with the RD-171MV engine, let us perform a variational analy-

sis of the spacecraft injection trajectories using the developed computer programme created in the 

MAPLE software package [18]. 

Let us consider some programmes of spacecraft injection by a launch vehicle (Fig. 5). As a variable 

parameter, we take the change of pitch angle during the flight (Fig. 6). Early start of the rocket turn 
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(trajectory 4) to the required final angle of spacecraft injection (for a circular orbit it is equal to zero 

degrees) leads to a significant deviation in range from the launch point to a given point in the target 

orbit. In this case, the time of delivery of the spacecraft to the target orbit will be maximised. Late turn 

with prolonged vertical ascent (trajectory 1) provides minimum time of spacecraft delivery to the tar-

get orbit with minimum range deviation from the launch point. In addition, Figures 5 and 6 show in-

termediate trajectories. The points on the trajectory plots correspond to the impulse supply for pitch 

angle changes. The number and time of such activations can also be varied. 

 

 
 

Рис. 5. Зависимость высоты орбиты (Y) от дальности полета (Х)  

для разных программ выведения космического аппарата 
 

Fig. 5. Dependence of orbit altitude (Y) on flight range (X)  

for different spacecraft injection programmes 

 

 

 
 

Рис. 6. Изменение угла тангажа в процессе полета для разных траекторий  

выведения космического аппарата 
 

Fig. 6. Changing the pitch angle during flight for different  

launch trajectories of the spacecraft 

 

 

Depending on the chosen trajectory, the final velocity of the rocket, the time of injection of the 

spacecraft into the target orbit and the overload will vary. 

Thus, taking into account the developer's requirements, we can select the parameters of the space-

craft injection trajectory [18], varying the change in pitch angle for given values of final velocity and 

overload on the active section of the trajectory. 
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Calculations for the Soyuz-5 launch vehicle 

Using the developed computer programme [18], let us determine the most rational parameters of 

the payload injection trajectory for the Soyuz-5 launch vehicle (Fig. 7). 

The main characteristics of the Soyuz-5 launch vehicle are given in Table 2 [8].  

 

Table 2 

Technical characteristics of the Soyuz-5 launch vehicle 
  

Name  First stage Second stage 

Midship diameter, m 4.1 

Type of fuel  LOX + RG-1 

Rocket length, m 35 7.77 

Launching mass of the rocket, t 564.5 

Dry mass of a rocket structure, t 30.5 6.5 

Fuel mass, t 398 60 

Propulsion engine RD-171MV RD -0124MS 

Mass fuel consumption, kg/s 2390 83 

Thrust in the void, kN 7904.16 294.3 

Specific thrust impulse in the void, s 337 359 

Operation time, s 180 300 

 

Table 2 shows the maximum capabilities of the rocket. Therefore, each task requires adjustment of 

fuel mass by stages. 

 

 
 

To determine the final parameters of a rocket, it is necessary to choose the type and mass of the 

payload. According to the available information, the Soyuz-5 [8] can launch a satellite with a mass up 

Рис. 7. Эскиз ракеты «Союз-5»:  

Р – полезный груз; BU – разгонный блок; 
2FМ  – масса топлива 

второй ступени; 
2SEМ  – масса двигателя второй ступени; 

1FМ  – 

масса топлива первой ступени; 
1SEМ – масса двигателя первой 

ступени 
 

Fig. 7. Sketch of the Soyuz 5 rocket:  

P – payload; BU  – booster unit; 
2FМ  – the mass of the second stage 

fuel; 
2SEМ  – the mass of the second stage engine; 

1FМ  – the mass of 

the first stage fuel; 
1SEМ  – the mass of the first stage engine 
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to 2500 kg into geostationary orbit. Consequently, the Soyuz-5 can launch the payload with a fully fu-

elled booster into a low Earth orbit (altitude 200 km). The mass of the Glonass-K satellite is 935 kg. 

The mass of the fueled Fregat booster equals 6280 kg. Let us assume payload values equal to 7215kg. 

To keep the payload stable in orbit, the velocity must be at least: 

earth
orbit

earth orbit

6
.8

 378.1

6 378

9.81
7. 7

.1
7 3 7 83

200

g R km m
V

R Н s s

 
   

 
 

For further calculations of the rocket flight trajectory we will use the developed computer programme 

[18]. In the programme we set the tactical and technical characteristics of the rocket and the pitch angle 

change programme. The engine operation time, total flight time on the active section of the trajectory, en-

gine thrust and mass flow rate are determined by the tactical and technical characteristics of the rocket. Ac-

cording to the obtained data, the rocket flight trajectory is calculated by the method of successive approxi-

mations. The obtained calculated trajectory parameters (overload, altitude, velocity, acceleration, drag, etc.) 

are deduced in the form of graphs and numerical values. 

 

Numerical experiment 

Let us consider the programmes of spacecraft injection into a reference orbit by a two-stage rocket 

using the specifications of the Soyuz-5 launch vehicle (Table 2). Let us use the variants of the rocket 

turn programme considered earlier (Fig. 6.). The data of calculations are presented in Table 3. 

 

Table 3 

Parameters of spacecraft delivery trajectory to the reference orbit with different launch programmes 
 

Axis overload 

Trajectory 

Time of space-

craft delivery 

into orbit, s 
X-axis Y-axis Total 

Velocity at the 

end of the active 

trajectory, km/s 

Trajectory 4 353 6.8379 1.79 7.1568 3.904 

Trajectory 3 245.5 6.4554 2.8933 7.1595 3.394 

Trajectory 2 210.5 4.5563 5.4248 7.1213 3.078 

Trajectory 1 205 2.2457 6.723751 7.0972 3.059 

 

The final velocity for all trajectories is not sufficient for stable operation of the spacecraft on the 

selected low Earth orbit. Nevertheless, for all the trajectories, after reaching the required orbit altitude, 

there is still a fuel reserve that can be spent for booster's acceleration. Using the fuel reserve, let us 

perform calculations of the payload velocity correction on the target orbit. The results of calculations 

are given in Table 4. 

 

Table 4 

Spacecraft final velocity on the reference orbit after trajectory correction 
 

Trajectory Velocity, km/s. 

Trajectory 4 7.635 

Trajectory 3 7.335 

Trajectory 2 6.433 

Trajectory 1 5.613 

 

As can be seen from Table 4, the velocity is still insufficient, so we will correct the payload mass, 

which in turn will affect the mass of the rocket (Table 5). 

Thus, the analysis of possibilities of payload injection by the Soyuz-5 launch vehicle with RD-

171MV engine (Tables 2-4) allows choosing a trajectory with minimum time of spacecraft delivery to 

orbit (tk = 205 s), launching mass of the rocket (m0 = 551.5 tonnes) and longitudinal load factor (n = 
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2.25) (trajectory 1). However, the spacecraft experiences the maximum lateral load factor (n = 6.7) 

and has a smaller payload mass (mpg = 4.5 tonnes). 

 

Table 5 

Mass Characteristics of the Soyuz-5 launch vehicle for payload injection into a reference orbit (H = 200 km) 
 

Trajectory Payload mass, t Rocket launching mass, t 

Trajectory 4 17 564 

Trajectory 3 14.5 561.5 

Trajectory 2 10.5 557.5 

Trajectory 1 4.5 551.5 

 

The launch programme with maximum delivery time (tk = 353 s) (trajectory 4) provides maximum 

mass of the payload (mpg = 17 t) and minimum side load (n = 1.79), despite some increase in the 

launching mass of the rocket (m0 = 564 t) and a significant increase in longitudinal load factor (to n = 

6.84) compared to the trajectory 1. Nevertheless, this trajectory variant will be considered preferable, 

as there are design methods to reduce the impact of axial overloads on the spacecraft design and the 

possibility of reducing overloads for the designed spacecraft taking into account changes in the cus-

tomer's requirements by optimising the launch programme of the customer by optimising the with-

drawal programme. 

 

Conclusion 

The study analysed the use of the latest RD-171MV rocket engine with improved energy and mass-

size characteristics on the new Soyuz-5 heavy-lift launch vehicle. On the basis of the system of differ-

ential ballistic equations, calculations were carried out using Maple software for modelling the trajec-

tories of payload injection by a heavy launch vehicle into a reference orbit. Based on the results of the 

calculations, trajectories with different ballistic parameters were proposed, taking into account possi-

ble changes in the customer's requirements for the spacecraft being designed. The analysis of the fam-

ily of launch vehicle trajectories allows ensuring an efficient and energetically favourable injection of 

payloads to the target orbit. The presented results can be used in the future to optimise the energy costs 

of launching the designed spacecraft into orbit. 
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