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C ysenuuenuem 6eca u CLONCHOCMU NOAE3HO20 2PY3d, KOMOPbLL He0OX00UMO 8bleeCmu HA OPOUmY, 603-
pacmaem aKmyaibHOCHb PAYUOHAILHO20 6b100pA Mpaekmopuu 0iisi 00ecneyenus MaKCUMAaibHol P gek-
MUBHOCIU U MUHUMATBHBIX 3AMPam Ha 00CMAsK)Y NOAE3HO20 2Py3d HA 3a0AHHYI0 Opoumy.

Payuonanvhoiii 6p160p mpaekmopuu pakemvi-HOCUMEs. MANCEN020 KIACCA UMeent psio 8ANCHbIX NPAK-
muyeckux npumenenull. Bo-nepgvix, oH no3zeonsem ygeauuums 2py30n00beMHOCHb PAKEeMbl-HOCUMENs U
COKpamumo 3ampamsl Ha 00CMABKY NOAE3HO20 2PY3a HA yenesyio opoumy. Imo 0coOeHHO 8AACHO 8 YCIo-
BUSAX PA3GUMUSL KOCMUYECKOU UHOYCMPUL, K020a 8ce 6obule KOMAAHUL U OP2AHU3AYULL NPOSAGISION UHMe-
pec K 3anycky co6CmMEeHHbIX CNYMHUKO8 U OPY2UX KOCMUYECKUX annapamos 8 YCI0GUsX JCeCMKOU IKOHO-
MU4ecKkoll KOHKypeHyuu. Boibop payuonanbHoil mpaekmopuu 6bl600a HA OpOUMY NONE3HO20 2PY3d NO360-
JIUM 3HAYUMENbHO CHU3UMb CIMOUMOCTb 3ANYCKO8 U COeNansb ux OOCMYNHbIMU 015 boJiee WUPOKO20 Kpyed
NOMEHYUATLHBIX 3AKAZYUKOB.

Bo-emopuix, ebi00p napamempos mpaexmopuu paxemvi-HOCUMeNs uMeent 8adicHoe 3HaueHue 0 obec-
newenusi 6e30NACHOCIU U MUHUMU3AYUU PUCKO8 NPU 3aNYCKAX KOCMUdeckux annapamos. biazodaps pa-
YUOHATLHOMY 8blOOPY MPAEKMOPUU BO3MON’CHO YMEHbUUeHUEe HeDIA2ONPUAMHBIX 8030eliceull Ha OKpy-
JAcarowyio cpedy U UCKIOHYEHUE B03MONCHOCHU ABAPULIHBIX CUMYAYUll, CEA3AHHbIX C nomepell KOHMpPOJis
HAO NOJLemMOM PaKemvi-HOCUMEs.

Payuonanvhuiii gblO0p napamempos mpaeKmopuu paxKemvl-HOCUMENsL S61emcst CIO0JICHOU 3adauell,
mpebyiowell KOMNIEKCHO20 UCCIe008AHUSL U YUema PA3IUYHbIX QaKmopos, makux KaxK aspoouHamuyeckue
napamempuol ammocghepvi, Macca U XapakmepucmuKku NOAe3H020 2py3a (KOCMUHecKo20 annapama), napa-
Mempbl pabomvl Osueamess, Xapakmepucmuku yenesou opoumel, 0COOEHHOCMU 3aNYCKA pPAaKembl-
Hocumens u MHoeux opyeux gpakmopos. bonee mwamenvroe u cucmemnoe usyyenue 6IUAHUSL IMUX NAPA-
MEMPOo8 NO360JUM 3HAYUMETbHO YAVHUUMb IPHEKMUCSHOCb U HAOEHCHOCHb BblBEOCHUsT KOCMUYECKUX
annapamoe Ha opoumy.

Takum 0bpazom, blO0P PAYUOHATLHBIX RAPAMEMPOE MPACKMOPUY PAKEMbI-HOCUMEISL AGISEMCsl AKMY-
QNIbHOU U 8AXCHOU MeMOU 0I5l HAYHHO20 ucciedosanus. Tlosviuenue 2py30no00beMHOCIU PAKembl, CHUNCE-
HUe 3ampam Ha 00CMAsKy KOCMUYECKO20 annapama Ha 3a0anHylo opoumy u obecneyenue 6e30nacHocmu
3anycK08 — 3MO 3a0ayu, 3a6Ucsie Om GblOPAHHOLU POPMbL U NAPAMEMPOS MPACKMOPUU PAKEMbL.

Lenv uccnedosanusi — 6b160p PAYUOHANILHBIX NAPAMEMPOE MPAEKMOPUU PAKENbI-HOCUMENS MANCEN020
Kaacca npu vlgooe noaesHozo 2pysa. OcHogHol 3adauell A81Aemcs OnpedeieHue napamempos mpaeKkmo-
puu noiema, Komopbvie nO380JM 00CMUYb MAKCUMALLHOU IPHEeKMUSHOCMU U MOYHOCMU OOCMABKU NO-
JIE3H020 2pPYy3a HA 3A0aHHYI0 OpOUmy.

s docmudicenust yeau ucciedosanus mpedyemcs: aHaiu3 paiudnblx akmopos GuusiHus Ha napa-
Mempbl 8b1800A KOCMUYECKO20 Annapama, MAakux Kax KOHCMPYKMUGHble U adPOOUHAMUHECKUe XapaKme-
PUCMUKU paAKenmbl, GIUSHUE AIPOOUHAMULECKUX PAKMOPO8 U PASUMAYUOHHO20 NOJisL 3emau Ha mpaekmo-
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puto norema. C yuemom smux axmopos npogeoeHvl HUCieHHble paciemyl Ha Oaze cucmemvl Oupghepen-
YUATBHBIX YPABHEHULl OBUNCEHUSI C NOMOWbIO KOMNBLIOMEPHOU NPOpaMMbl, CO30AHHOU 8 NPOZPAMMHOM
nakeme MAPLE. Ha ocnoge pacuemog npogedeHo Mooenuposanue Gopmuvl i napamempos mpaekmopuu
nonema paxemul-HOCUMEJAL.

B xo0e uccneoosanua nposeden 6v100p payuoHATLHLIX NAPAMEMPO8 MPAEKMOPUU PAKembl-HOCUMEeNs
msdcenozo knacca. Pacuemor npogoouniuce ¢ nomowvio uucieHno2o MoO0eruposanus napamempos mpaex-
moputi 86186004 NONE3HO20 2pPY3d, COENaH AHANU3 NOTYYEHHbIX mpaekmopuil. B kxauecmee ocnoeHozo Kpu-
mepusl payuoHaIbLHO20 8b100pa Mpaekmopuu Oblid 0003HAYEHA MUHUMUZAYUS 8DEMEHU NOoJemad paKemul,
YUMo No360J5em y8eaudUms 3PhexmusHocms 3anyCcKa U CIKOHOMUMb dHepeopecypcyl. B kauecmee dono-
HUMENbHLIX KpUmepued npuHAmsl yeeaudenue Maccsl Noae3Ho20 2py3a U MUHUMUZAYUS pacxo0a MOonaued.

IIpednazaemviti 6 pabome nOpsa0OK 6bIOOPA PAYUOHATLHLIX NAPAMEMPO8 MPAEKMOPUU PAKembl-
HOCUmens mANHCesI020 KAACCA NO3GOAUM YIYHUUMb MOYHOCMb O0CMABKU U HAOEHCHOCMb 3aNYCKO8 KOCMU-
YecKux annapamosg Ha smane OAITUCMUYEeCKO20 aHAIU3A NpU npoekmuposanuu pakem. Pesynomamor uc-
Ce008aHUSL UMEIOM NPAKMUYECKVIO 3HAUUMOCMb O pa3pabomiu 6yOywux mMuccuil paxem-rHocumenel
MANCEN020 KAACCA U NOBbIUEHUS I PEKMUBHOCTNU KOCMUYECKUX 3ANYCKOB.

Kniouesvle cnosa: pakema-nocumenb, pakemuvlil 08Uucamesib, Mpaekmopusi 6b1600a NONE3HO20 2pPy3d,
KocMuueckull annapam, opouma.
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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-17IMV (Fig. 1) [7]. RD-17IMV 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].

Main parameters of RD-171 engines

Table 1

Engine version

RD-171

| RD -171M

| RD -171MV

bers

Propellant Oxygen + kerosene
Application Zenit-2 and Zenit-3SL Zenit-3SL, Zenit-3SLB, Soyuz-5 and RN STK
(cargo, manned launch) | Zenit-3F (cargo, manned (cargo, manned launch)
launch)
Numer of combustion cham- 4 4 4

Possibility of camera
gimbailing

Tangential plane

Tangential plane

Tangential plane

Number of turbopump as-

1 (single-shaft

1 (single-shaft

1 (single-shaft

chamber, kp/cm”

semblies configuration) configuration) configuration)
Thrust, earth/void, tf (kN) 740 /806 (7257 /7904) | 740/806.2 (7257 / 7906) */806.2 (*/7906)*
Specific impulse, 309 /337 309.5/337.2 * )k
earth/vacuum, s

Pressure in the combustion 250 250 *

Mass, dry/poured, kg

9500/ 10500

9300 /10300

9300 /10300

Dimensions, height/diameter, 4150/ 3565 4150/ 3565 4150/ 3565
mm
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.
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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 (¢), distancex = x(¢), altitude y = y(¢), pitch attitude
angle 0 =106(¢) .

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:

C, =025, v, <2702,

X
S

C,=0.0029-¥,-0.51, ¥; <3632, (1)
S

C. =170-%+ 0.091, ¥, >3632.

f N

where V; is velocity of the launch vehicle at different moments of time during flight in the atmosphere.
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Puc. 3. Tpaexkropus npsiMOTo BEIBOJA paKeTOM-HOCUTENEM: / — TOBEPXHOCTH 3eMiH; 2 — BEPTUKAJIBHBINA y4acTOK
moJsieta; 3 — aKTUBHBIM y9acTOK TojeTa 1-i cTyneHu; 4 — aKTUBHBIN Y4acTOK MoJieTa 2-i CTYIeH!; 5 — aKTUBHBIN
Yy4acToK nojiera 3-i ctynenu; 6 — opouta KA; 7 — macCUBHBIN y4aCTOK IMOJIETa PAKETHOTO OJIoKa 2-i CTYIEHHU;
8 — MacCHBHBIN y4acTOK ITOJIETa PAKETHOTO OJI0Ka 1-i cTyneHu; 9 — MECTHBIN TOpU30HT; /() — HaNpaBJICHHE
panmyca 3emin

Fig. 3. The trajectory of the launch vehicle: / — Earth’s surface; 2 — vertical flight section; 3 — active flight section
of the 1% stage; 4 — active flight section of the 2™ stage; 5 — active flight section of the 3™ stage; 6 — spacecraft
orbit; 7 — passive flight section rocket block of the 2™ stage; 8 — passive flight of the rocket block of the 1% 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]:

%:Vi-cosei, @

dt;
%:Vi-sinep ®)

dt;
mi.d—lf:Pi'COS(X_Gi‘Sing_Xi’ @)
mi:mo—M‘ti, (5)
E:m-({)a‘FF;l‘(pa_ph)’ (6)
Xi=0-5'cx,~'ph'Sm'Vi27 7
Npr; :ﬁ’ ®

dt

where dx; is a distance range, m; dy, is a height range, m; dft; is a time range, s; m, is a mass in i
time, kg; P, is thrust in i time, H; G, is weight in i time, H; X, is a drag in i time; m,is a launching
mass, kg; m is a fuel mass, kg/s; o, is effective velocity of gas flow at the nozzle exit section, m/s;
F, is the area at the nozzle exit section, m; p, is pressure at the nozzle exit section, Pa; p, is air

pressure, Pa; §,, is a rocket area, m.
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Puc. 4. Tpaexkropus oJIeTa PaKETbl-HOCUTEIS:
«0—1» — BepTUKaNbHBINA y4aCTOK TpaeKTOpUH; «1—2» — mporpaMMHBIN y4acTOK pa3BopoOTa;
«2—A» — HaKJIOHHBIH (WK IPSMOIi) yU4aCTOK TPAEKTOPHU

Fig. 4. Launch vehicle flight trajectory:
“0—1” — vertical section of the trajectory; “1-2" — program turn section;
“2—A” — 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).
dv. :
mi-T’:P,.-cosoc—Gi-smG—O.S-Cx,-p-Sm-Vi2 ©)
t 1

_ mdry mass - ti h : d .
W =——"—"" 1S a mass ratio, where mdry mass 1S @ ATy mass;

m,

7 =" is ideal flight time.
m

n= mdryrnass _my —m-t _
my myg my T

t
=1-— = t=T-(1-p).
u T (I—p)

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

v, P o 05:CyopeS, W
L=—’-cosoc—g-sm9— P . (10)
dt  m m;
To solve it, we transform the equation (10) into an equation with separated variables:
- F -
£:m Wa+ a(pa ph), (11)
m p-m,
_ P
P_m'Wa+Fa'pa_Fa'ph'_’ (12)
PE
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Pilhlavacuum:m'Wa-'-Fa'pa’ (13)
PiftheEanh:m'Wa+Fa'pa_Fa'pE9 (14)
P'"—PE=F p,, (15)
P=P=m-W,+F,-p,—F,p, 2L, (16)
W e PE

P P"-P
p=pP"—(P"—pE). L (17)

PE

Pi _ W, is the effective exhaust velocity of combustion products from the engine nozzle in the
m

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

p—. =W, is the effective exhaust velocity of combustion products from the engine nozzle on the
m
Earth.
h h _ pEy . Ph W,
. P —(P" PP, W)
ﬁzm.VVa_'_F;z(pa_ph): pE: WE (18)
m W m w-T-m w-T ’
0.5-C.-p-S,,-V> 05-C.-p-S,-V> 05-C.-p-V> q-C, (19)
Sm
L. P, is a launch load on the rocket midship, a constant value for a given rocket;
p- v:o.o. .
q= is impact air pressure.
After the transformations, the equation (10) will take the following form:
W, = (07, ~Wy)
dV E . q ° Cx
Bl —g-sinf— , (20)
dt n-T u-P,
W, . . _
de{—h—g‘smG—q Cc Wy =Wy -&]dt, (21)
n-T w-b,  wT  pg
t=T-(1-p
dt=-T-dp, (22)
W,
d T .C Wy = WE)Wh
de—Wh-—M—T-g~sin6pmgmms-du+P—-q . dp+ E .4y, (23)
B m B

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):

75



Siberian Aerospace Journal. Vol. 25, No. 1

4 ud“ H ]
dV=-W, - | —+T- | g-sinB-dy,
A

1
V'-Vy=-W, - Inp-T-[g-sin0-dy,
Hn

1
v!= Vo =W, - Inp— T-.[g -sin©-dp is the first Korolev integral.
Hn

In the first approximation we determine only the flight altitude. For this purpose, let us write the
equation (2) taking into account (22):

dY . .
Z =V -sin Opmgrams — dY =V -sin 6programs dt,
dY ==T -V -sin 0 ourams - A,
yl [ /
J. dy =-T- J. V' -sin eprograms ) d“’
Yo Ko

-dp 1s flight altitude in the first approximation.

programs

1
YI:y0+T-.[sin6
n

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:

4 , T q'-c/ p/
AV = —Th LT g S0y AR+ —— - T dp+ (W, DA gy
p Pm u PE
After the integration of the equation (24) we obtain:
1 7 I 1 v
T " B, d
VI =Vy =W, =T J, —— [ L= apr o, -w) [ 25,
m oy I8 u PE u
where
q[ _ PI ‘(VI)2 ’

2
pi=Po - H(Y").

The calculated velocity head g is close to the true ¢ on the rocket flight path, since it is determined
by the overestimated velocity and underestimated density. The value of the drag coefficient C, de-
pending on velocity is taken according to the equation (1).

p!

P_h = f(¥Y"): this value is generally underestimated because it is determined by an overestimated

E
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 7 1
J :.[q G -dy is the second Korolev integral;

n
L pl
B, dp . . .
Jy= I—h -ZE i the third Korolev integral.
By ou
n
Thus, taking into account the losses, we obtain:

VI =v,-w, -Inp-T-J, —PL‘J2 +(W, =Wg)-Jg is the rocket velocity formula in the second

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

X

— =V -cosH,
dt
d—=V~sin9,
dt

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

1
X =X+ [V -cos()-d,
n

1
Y=Y, +jVH -sinO(p) - dp,
0

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-171MYV) 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.
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Fig. 5. Dependence of orbit altitude (Y) on flight range (X)
for different spacecraft injection programmes
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Puc. 6. I3mMenenne yria TaHraxka B mpoIECCe MMOJIeTa 7Sl Pa3HBIX TPACKTOPHMA
BBIBE/ICHNSI KOCMUYECKOT'0 amlmapara

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-17IMV 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.

P+BU
e
e
| Ll
M
—— Puc. 7. Ocku3 pakersr «Coro3-5»:
P — nonesuslii rpy3; BU — pa3rousslii 610k; M £, —Macca ToIUIBa
BTOpOIi cTynenn; M sg, — Macca JBHraTens BTOpOIi crynenn; M A~
Macca TOILINBA NepBoii cTyneHu; Mg, — Macca JBUraTels nepBoii
CTYIEHU
Fig. 7. Sketch of the Soyuz 5 rocket:
P —payload; BU —booster unit; M, — the mass of the second stage
e fuel; Mg, — the mass of the second stage engine; M — the mass of
d the first stage fuel; M. — the mass of the first stage engine
g SE| ge eng

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
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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:

‘R 81- .
Vorvit = & Rearth =\/9 81-6378.1 z7.783@=7783ﬂ
Ry +Hyyy  V6378.1+200 s s

eart]

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

Time of space- Axis overload Velocity at the
Trajectory c.raft dehyery Xeaxis Y-axis Total enq of the active
into orbit, s 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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