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AND LAUNCH VEHICLE DESIGN FOR ECOLOGICAL SAFETY
IMPROVINGIN THE IMPACT AREAS OF THEWORKED-OFF STAGES

Abstract. The analysis of the existing information-analytical system (IAS) of the Baikonur cosmodrome
(IAS.q) and the launch vehicles design (IAS;,) are carried out. The main sources of the technogenic impact of LV
launching with the main liquid propulsion engines in the impact areas of worked-off stages (WS) are shown. The
concept of modernization of the existing IAS.q and IAS,, is proposed, which provides for the reduction of the
technogenic impact for none rasable expendable worked-off stages, based on operational recommendations of the
created TAS;, andIAS}; on the fire-explosion safety of the worked-off stages, reducing the size of theimpact areas of
the worked-off stages, and the possibility of theworked-off stagesmaneuvering to change the impact area. Proposals
for the modernization of the existing IAS 4 and the design concept for non-reusable LVs, based on the conditions for
improving ecological safety, have been developed.
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Introduction

The development of advanced LVs with the main liquid propulsion engines (LPE), in accordance
with the accepted recommendations of such organizations as the UN's Technical Subcommittee on the
Peaceful Uses of Outer Space [1], the Inter-Agency Space Debris Coordination Committee (IADC) [2]
provides a significant reduction in the technogenic impact of LV launches with mainLPE on the
environment, including:

- prevention of pollution of the near-Earth space by the upper WS with the main LPE which are large
explosive space debris;

- a drastic reduction in the number and areas of impact areas on the surface of the Earth for the lower
WSs, which are fire hazardous and toxic objects, leading to the chemical contamination of soil with
residues of liquid toxic propellant components such as unsymmetrical dimethylhydrazine, nitric acid,
kerosene.

Developers and operators of LV with LPE are interested in applying technologies, schematic and
designsolutions aimed at increasing the ecological safety of LV to modemn requirements, while the
technical solutions should not worsen the achieved performance in terms of tactical and technical
characteristics, reliability, use of proven technologies for the LV production, ground tests and operation.

The location of the Baikonur Cosmodrome is such that considerable areas of the impact areas of the
lower WSare located on its own land territory of Russia and Kazakhstan. During the LV launches from
the Baikonur cosmodrome, 28 impact arcas(IA) are deployed in Russia (4.5 million hectares, including
0.12 million hectares in the Omsk Region, 0.96 million hectares in the Novosibirsk Region, 1.96 million
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hectares in the Tomsk region, 0.4 million hectares in the Tyumen region, 0.53 million hectares in the Altai
Republic, 0.15 million hectares in the Republic of Sakha (Yakutia)), 521As in the Republic of Kazakhstan
(4.6 million hectares), 4 [As in the Republic of Turkmenistan (1.19 million hectares), 2 IAs in the
Republic of Uzbekistan (0.17 million hectares) [3].

The impact areas of the lower WS in the USA, the European Union, Japan, India, Brazil are located
in the waters of the World Ocean, therefore, the issues of ensuring ecological safety in the impact areas in
comparison with Russia and Kazakhstan are virtually absent.

Of considerable interest are the works carried out in the United States on reusable lower WS, for
example, launches of the rescued lower WS of LV"Falcon-9" [4], LV "Sheppard" [5], in which an attempt
is made simultaneously to solve two basic problems arising in the rocket and space activities:

- reducing the cost of the payloads insertion due to the multi-use of the most expensive part of the LV
with the main LPE (lower WS);

- reducing the technogenic impact of LV launches with the main LPE in the impact areas of the WS
due to the return of the lower WS to the launch site, which is more important for Russia with its location
of cosmodromes than for the USA.

In terms of the economic efficiency of such LVs (the ratio of the cost of the payload insertion into
thespecified orbit to the cost of the total payload insertion), we can refer to the experience of operating the
Space Shuttle reusable transport space system (RTSS) using technology, schematic and designand
construction solutions based on a manned acrodynamic (airplane) landing scheme. Operational experience
has convincingly shown that the economic efficiency of the non-reusable LV is much higher than the
efficiency of RTSS [6]. The data on the economic efficiency for the LV with the main LPE using
technologics, schematic and designand construction solutions applied at the Falcon-9 LV in comparison
with the economic efficiency of traditional non-reusable LVs in open press have not been detected,
although work has been known to analyze the effect of the flight scheme of the stage with a rocket-
dynamic rescue system for the energy characteristics of a two-stage medium-range LV[7].

Similar studies are being conducted in Russia, for example, the projects "Rossiyanka" [8], "Baikal"
[9], "Demonstrator” [10], using both a rocket-dynamic maneuver for the soft landing [7] and aerodynamic
maneuver (airplane landing scheme type of RTSS Space Shuttle, Buran) [8, 9].

The shortcomings of the technologies, schematic and designand construction solutions used in the
above developments are significant losses in the payload mass, complex technical solutions that lead to
the large volumes of ground testing and, accordingly, the high cost of the LV launch due to its multi-use
[6].

The study [11, 12] formulated the main factors of the technogenic impact of the LV launches with the
main LPE in the impact areas of lower WS and conceptual proposals for their cardinal reduction.
Thesemainfactorsinclude:

- unused liquid propellant residues components in tanksof the WS after the mainLPE cut-off, which
entails an increased probability of explosion of the fuel tanks both at the atmospheric section of the WS
descent trajectory, and directly on the surface of the impact area, increasing the probability of fire hazard
of vegetation cover inflammability;

- the presence of uncontrolled motion of the WS in the atmospheric section of the WS descent
trajectory, which leads to a significant dispersion of the points of fall of the WS and its fragments,
respectively, of the area of the impact areas with a probability of 10 of the non-reflection of a man [2].

Taking into account the conducted analysis, it is proposed to consider the concept of ensuring
ecological safety (ES) based on the following postulates:

P1. The life cycle of the WS should not end, as it is implemented at the present time in the logic of
the functioning of virtually all Russian launch vehicles launched from the Baikonur cosmodrome -
achieving specified movement parameters, cutting-off the main LPE. Should still be implemented phase
of the WS operating, by analogy with the spacecraft, providing for its transfer to the utilization orbit after
the end of the active life. At this phase, the WS should ensure minimization of technogenic impact on the
environment in the area of its expected fall.

P2. At the present stage of the study, it is not supposed to return the WS to the cosmodrome with its
soft landing and subsequent reuse, similar to the first WS of the Falcon-9 LV.
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P3. Ideal option - the fall of the WS with almost "dry" fuel tanks and fuel lines with a minimum
deviation from the projected point of fall of the WS, located in the R-neighborhood from the energy-
optimal point of fall of the WS.

Implementation of this concept involves:

1. The presence in the information and analytical system of /A4S , which is the part of the general JAS

of the cosmodrome /4S,,[13, 14], information on the ecological consequences of the WSfall to the initial
predicted point of fall selected by the developer and operator of the launch vehicle, including:

a) meteorological conditions in the neighborhood of point of fall,

b) prediction of the possibility of vegetation fire taking into account climatic and meteorological
conditions,

¢) the spread of the vapor cloud of the fuel component,

d) alternative points of fall of the WS with the corresponding characteristics, etc. the above
information must be generated

This information from the 74S _ is necessary to make a decision by the LV developer for the purpose

of developing technologies, schematic and design and construction solutionsfor improving the ecological
safety of the LV in the impact area.
2. The presence in the /4S, information and analytical system, which is the part of the overall system

for the design and exploitation of LV, the following information:

a) the possibility of changing the predicted coordinates of the point of fall of WSto the other
recommended points in the impact area, where the ecological consequences due to the characteristics of
the impact area [15, 16] will be significantly less;

b) options for changing the coordinates of the points of fall of the WS, for example, by changing the
pitch program, yawing on the active section of the LVlaunching phase, [17] or by an additional
autonomous on-board descent system (ABDS) installed on the WS [18], to implement the WS maneuver
into other possible points of fall in the same designated impact arca, but with more acceptable
characteristics;

¢) use of the energy optimal pitch program and the corresponding predicted optimal point of fall of
the WS, while this point of fall must be in the R-neighborhood from the energy-optimal point of fall of the
WS; The R-neighborhood is determined by the energy capabilitics of the ABDS, the time of passive WS
flight from the moment of separation from the LV to the moment of contact of the surface of the impact
area.

In addition to the information received from the /4S5 , which is necessary to improve the ecological

safety of LV, the JAS, works on:

a) minimization of fuel residues in tanks after cutting-off of the main liquid propulsion engine;

b) assessment of the ABDS ballistic capabilities for the WS maneuvering on the trajectory of descent;

¢) estimation of the possible spillages of residual fuel components from collapsed fuel tanks and WS
lines in the predicted WS point of fall;

d) probability estimation of the WS explosion and the expected zone of fragment dispersion, etc.

1 Statement of the research problem

In accordance with the above analysis and the formulated concept, the general problem of improving
the ecological safety of the LV with mainLPE can be decomposed into three interrelated sub problems:

- development of IASM as a component of the 74S,,; determination of a list of additional tasks,

mathematical models and software products that implement them;

- development of [AS};, as an integral part of the /A4S, of the existing system of design and operation

of LV, determination of a list of additional tasks, technologies, schemes and design solutions aimed at
improving the ecological safety of LV;

- determination of the optimal interaction, information flows between the /A4S and/AS;;, the

criterion of optimality and boundary conditions.
2 Development of /AS.

The system of ecological monitoring of Baikonur Cosmodrome (SEMC) conceptually includes three
main systems: the information-analytical system, the geo-information system and the monitoring system.
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A number of works have been devoted to various aspects of the construction of such systems, for
example, [14-16], in which the system of ecological monitoring of the Baikonur Cosmodrome was
considered as part of the overall monitoring system, which it was possible to distinguish the component of
the technogenic impact of the rocket and space activities on the environment. Figure 1 shows the general
structure of the ecological monitoring of the Baikonur cosmodrome.

[ System of State Ecological ]

Monitoring of the RK
ROSCOSMOS Ecological Monitoring
svstem of Cosmodrome
TSENKI ERRASERE
SEMC — administrator
o Communication networks £ SEMC
Communication and network protocols e
Network
Operator

Information- Geo-

. : : Monitoring
analytical information system of
system of system of Cosmadrome

Cosmodrome Cosmodrome

Figure 1 - System of ecological monitoring of Baikonur cosmodrome activity

The proposed approach is based on the separation of the /A4S, functions into two parts: the basic
IAScdb and IASz’a'

The task of the /4S5, includes traditional assessments of the ecological monitoring of the Baikonur
cosmodrome, based on obtaining information from the materials of the ecologicalcertification of the
impact arcas of the WS in accordance with the passport of the IA [15, 16, 19]. Theseassessmentsinclude:

- general information about the enterprise responsible for the operation of the TA;

- general information about the impact area of the WS and adjacent territories;

- characteristics of natural and climatic conditions in the impact area territory;

- information on economic activities in the impact area and in adjacent territories;

- characteristics of pollution sources of the 1A, etc ;

- Calculation of ecological damage E, [R.(x;, y,)] and the cost of restoration work C"™[R (x,, ¥.)]

for each launch.
The task of IASI_ ., mcludes:

a) from the received data on the upcoming LV launch from the /4S, (the initial aiming point of the

WS fall in the assigned IA R”

aim

the specified orbit is maximal, dividing the area of the IA by N sections with Si areas (i =1, ... N), so that

N
ZSI. = g 2
i=1

b) in the chosen N arcas, N possible predictable coordinates of the points of fall of the WS are
selected;

(x,,y,), the optimal aiming point at which the payload mass inserted to

c) distances AR, = Eop[ (x,y)-R (X, y;) are estimated for assessing the possibility of WS
mancuvering by shifting the point of fall of the WS to these values and transmitted to the A4S, ;
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d) on the basis of the passport of this IA, the ecological damage £, [1??7 (x,,¥,)] from falling into this
i-th section and, accordingly, the cost of restoration works, is calculatedthe each predicted point of fall
Ri (‘x i» Y i) >

d) the received information is transmitted to the /AS, for the calculation of the LV movement control
programs in the active section of the launch trajectory and the WS control programs in the descent section
to the selected point, which is determined from the analysis of the data array {C™* [1??7 (x,,y,)]}, the
estimation of the ballistic capabilities of the ABDS for maneuvering by changing the coordinates of the
point of the fall by a AR, = Eopt(x, y) —Epr(xi,yi) value.

In Fig. 2, as an example, the impact area for the Proton LV is given.

L RS ERRE R 5. IR

Figure 2 - The impact area for the "Proton" LV

As follows from Fig. 2, it is possible to ensure the fall of the WS into areas with significantly
different landscape conditions. At the same time, it is assumed that an ABDS is installed on the WS,
which provides control of the WS movement on the descent trajectory. As a result of this control, the
accuracy of the WS fall is similar to the landing accuracy of the Falcon-9 LV WS when landing at a
cosmodrome or a floating barge.

3 IAS}; development

IAS[;is an element of the existing /4, , which includes information and analytical models of the LV,

starting with the stage of formation of tactical and technical and technical tasks, including the choice of
design and construction parameters for LV, design and construction, technological, production
documentation including for testing at all stages of fabrication of the material part in the manufacturer),
operational documentation (for work on the technical and launch complexes of LV), network schedules of
the work plan for the various phases of the LVIife cycle.

As noted above, the life cycle and, accordingly, the technological schematic and design and
construction solutionsfor LV, equipment for LV testing and checking are oriented to complete the cycle
with a command to cut off the main LPE after achieving specified movement parameters and the
payloadseparation. Further operation of the WS is a different kind of risks: explosion in theorbit, collision
with other orbital objects before fires and pollution by WS fragments in the impact areas [1-3, 19].

IAS}; development within the framework of the concept of improving the ecological safety of LV
with main LPE in the impact arcas of the WS provides for the use of information from the /A4S, in several

arcas:
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a) to change the program for controlling the movement of the launch vehicle at the launchingphase
(changing the points of aiming for the WS fall: the optimum point, an acceptable point from the condition
of minimizing ecological damage, which is achieved by the adjusting the existing techniques for
calculating LV launch programs);

b) to develop control of the WS movement with the ABDSuse while moving along the trajectory of
descent to the selected point on the territory of the WS impact area;

¢) for the ABDS creation, which requires to complete a full cycle of its development with the
assessment of the impact of the ABDS inclusion in the LV onboard equipment on the tactical and
technical characteristics, reliability, operational properties and LV functioning;

d) determination of the ballistic capabilities of the ABDS for the displacement implementation of the

coordinates of the WS point of fall by the value AR, = Eop[ (x,y)-R (X500
If the first two items a), b) are realizable within the existing /AS, , then the implementation of

positions ¢), d) will require certain costs and time for the ABDScreation.

It is assumed that the ABDS development and its installation on Russian LV, in accordance with the
proposed concept is objectively necessary, since the existing concept of design and operation of Russian
LV with LPE does not satisfy a number of modemn requirements. This follows from the analysis of the
development of the trend of world rocket construction [1-10], in particular, the continuous increase in the
requirements for environmental safety by both international and Russian legislation, increasing
competition in the market of launch vehicles [1-10].

In accordance with the formulated concept of improving the ecological safety of LV with the main
LPE [10, 11, 20, 22], it is proposed to develop an additional ABDS, which is assigned the main part to
ensure the specified indicators for the ecological safety of LV in the WS impact area:

- extraction of unused fuel residues in tanks and WS lines after cutting off the main LPE on the WS
trajectory of descending based on the technology of their transfer from the gas-liquid phase to the gas-
vapor mixture [20];

- use of energy resources in the recovered vapor-gas mixture from fuel tanks to solve the problem of
controlled descent of the WS [17, 18];

- development of algorithms for controlling the gas-reactive system, ensuring the WS descent at the
specified point in the impact areca from the condition of minimum costs for compensation of

environmental damage { C” [lz. (x,y)1}.
4 Interaction of I4S,; and IASzv
The interaction between I4S,; and A4S, , like any information exchange between complex technical

systems, has an iterative character, which can be divided into several stages and levels, both with the
readiness of each of the IAS and the current tasks to be solved by each IAS.
1. At the current level, the primary task is to create an /4S  and to create a database for each impact

arca of the most acceptable WS points of fall from the condition min min{ C™* [R (x,y)].

2. Stages of interaction IAS will be determined by the creation terms of both mathematical models,
software products, and material systems that implement them, in particular, the /4S  database, the degree

of readiness of the ABDS.
3. The received information is necessary for conducting research within the framework of the
IAS, IASf; for the following purposes:

a) the synthesis of various programs for the LV movement control in the launching phase, without
taking into account the limitations on the WS impact areas (calculation Eop[ (x,¥));

—

b) an estimate of the distanceAR between ﬁopt(x, y)and the recommended WS points of fall,

obtained in the /4S , from the condition min {C;* []2. (x,y)1}:

¢) development of proposals for changing the design and construction parameters of the WS for the
maneuver implementation on the trajectory of descent.

— ) ——
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4. The hierarchy of each IAS, the levels of interaction of the /A4S, and IAS
In Fig. 3 shows a general schematic diagram of information flows between the /AS, and IAS,

Existmg J45,, Exiztmg mformation flows Existing J4S,

“J Additional created
/ systeml4ss

y

Figure 3 - The general schematic diagram of information flows between A4S, MSIV, MSia,IASf,,S

Realization of the presented concept of increasing the ecological safety of the launch vehicle with the
main LPE will significantly reduce the ecological load on the environment in the impact areas of the
Baikonur cosmodrome due to a drastic reduction in the arcas of impact arcas (controlled descent of the
WS), a significant reduction in the probability of vegetation fires (due to the almost complete recovery of
liquid residues fuel), the choice of the safest (from the ecological point of view) points of the WS fall on
the territory of the designated impact area. The volumes and costs of the IASl_a,IASf,fcreation will be

determined at the next stages of the research.

5 Conclusions

1 The analysis of modern tendencies of increase of ecological safety of LV with LPE is carried out.
The main factors affecting the level of environmental damage in the impact area of of the WS are given.

2 The concept of reducing the technogenic impact in the impact areas of the Baikonur Cosmodrome
for non-reusable non-escaped WS is formulated, based on the operational recommendations of the A4S, to

the 74S, , the composition of the information for exchange between the JAS, and /A4S, is determined.
3 Proposals have been developed for the development of the design methodology for 4S5, to assess
the technogenic impact of LV launching on the selected fall arca integrated into the general information

analytic system of the Baikonur cosmodrome.
4 Proposals for the/4S, creation to improve the ecological safety of LV with main LPE in the impact

areas are developed on the basis of upgrading the control programs for LV launches at the active phase of
the launch trajectory, the programs for controlling the movement of the WS at the atmospheric portion of
the descent trajectory, and the use of ABDS.
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B.T. Cyiimen6aen’, B.H. Tpym.sikos?, I.T. Epmoamma’, JK.B. Cyiiven6aesa', A.M. Banbimes’

"MHCTHTY T HE(OPMALIMOHHBIX H BEIMHCTHTETLHBIX TeXHOTOTHH, AMaTsr, Kasaxcran
* OMCKHIf TOCYIApCTBEHHBIH TEXHIUECKHH yHIBEpCHTET, OMCK, Poccms

PA3PABOTKA BU3HEC-IPOIECCA HHO®OPMALIMOHHO-AHAJIUTHYECKHUX CHCTEM
KOCMO/JPOMA BANKOHYP U IPOEKTHPOBAHHUS PAKETBI-HOCHUTEJISI
JUISI HOBBIIIEHUS YKOJOT'MYECKOM BE3OIACHOCTH
B PAMOHAX ITAJEHHUA OTPABOTABIIHUX CTYIIEHENA

Annoramus. [IpoBenéH amanm3 cymecTByrommx wuH(opMamuoHHO-aHATHTHUYCCKHX CcHCTeMBl (MAC) xoc-
moapoma baiikoryp MACkx u mpoektuposanusa paker-Hocurenach (PH) MACpH. ITokazaHsI OCHOBHBIC HCTOYHHKH
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BO3HHKHOBEHHSI TEXHOTCHHOTO BO3AcHcTBHA nmyckoB PH ¢ mapmesbsivu JKPJl B paifoHax mageHus OTpabOTaBIIHX
crymeneit (OC). TIpeamoskena koHuemusa moacpamannu cymecteyrommx MACka mw MACpH, obecneunBaromas
CHH)KCHHC TCXHOTCHHOI'O BOSI[GfICTBI/DI A1 OOHOPA30BBIX HECIACACMBIX OC, OCHOBAHHAA HA ONCPATUBHBIX
peroMeHAanusIX co3naBacMbix MACpn u o obecneueHuro moxapos3pesodezonacHocTn OC, CHIDKCHUS Pa3MEPOB
mwromanu maaeHusa OC, Bo3moskHOocTH ManéBpa OC 11 m3MeHEHH padoHa maacHus. Pa3paboTaHbl MpeanoKeHI
mo MozaepHu3anuu cymecrsyromeii MACKT u KOHIETIIME MPOSKTHPOBAHUSI OAHOPA30BbIX PH, mcxoms u3 ycnosui
TIOBBIMICHUS SKOJIOTHICCKON OE30TMACHOCTH.

KimioueBbie C/10BA:TEXHOTCHHOE BO3JACHCTBHE, PAMOHBI MAJCHUS, HHPOPMAIMOHHAS aHATUTHICCKAS CHCTEMA,
0TpabOTABHIAS CTYNICHb PAKETHI-HOCHTEILI, KOMIIOHSHTHI PAKETHOTO TOTIIINBA

B.T. Cyiimentaes', B.H. Tpym.sikos?, I.T. Epmoammna’, )K.B. Cyiiventaesa', A.M. Banbimen'

! AKIIAPATTHIK JKOHE ECENTEy TEXHOJIOTHATIAP HHCTHTYTHI, Avarhy, KasakcTan
> OMOBIMEMITEKETTIK TEXHHKANBIK YHHBEPCHTETi, OMOBI, Pecei

«BAHMKOHBIP» FAPBIII AHJIAFBIHBIH AKIAPATTBIK-TAJIJIAY K YUEJEPI YIITH
BU3HEC-YJEPICTI JAMBITY JKOHE KYJIAY AMUMAKTAPJA OTEJTEH CATBIJIAPABIH,
IKOJOTHAIBIK KAYIICI3IKTI )KAKCAPTY YIIIH 3bIMBIPAH TACBIMAJIJIA Y IIBLIAPABI
JKOBAJIAY

Annoramus. BaWKOHBIP FApBII AWIAFBIHBIH KA3ipri 3aMAaHFBI aKMAparTHIK-Tangay skyiemepin (ATX) sxone
ATX,, ymmepy ammaparTapblH >k00anayasl Tammay >KYpri3ingi. 3bIMBIPAH KOBFANTKBIITAPhl 0ap YIIBIPY
anmapaTTapeIHBIH OTCITCH caThiiapaarsl (OT) aHTpomoreHIiK oCepiHiH Herisri ke3aepi kepcerinmreH. ATXK-meH
JKaCaJIFaH >KEJCJT YChIHBICTAPABI Herisre ana oTsIpbir, OC-HBIH 6pT XKOHE JKApbUIBbIC KAYIICI3AITIH KAMTaMAacChI3 Ty,
OK-HbIH Kynay alMAaFblHBIH KEJCMIH a3aiiTy, Kyjaay alMarbiH e3repry ymiH OC-Tel MaHEBp »acay, Oip perTik
Kayincizmikreri ©C-ra aHTPOTIOTCHAIK 9CEPiH TOMCHACTY Al KAMTAMACHI3 eTCeTiH KoamaHbIcTarsl ATK,, skore ATXK,;
SKaHFBIPTY TYKeIpbiMaaMacel. Konmawsictarel AT, *KaHFBIPTY KOHE SKOJOTHUIBIK KAYINCI3AIKTI KETLIAipyre
HeTi3AenreH Oip peTTik OipmikTepai >k00aIay TYKbIPEIMAAMACH! OOMBIHIA YCHIHBICTAP J3IPICH L.

Tyiiin ce3aep: TEXHOJIOTCHIIK dcepiep, KyYIay aifMarbl, aKIMapaTTHIK-TATAAY SKYHECi, 3bIMBIPAH TACBIMAILAAY -
IIBIHBIH, 6TCITCH CATHICHL, 3bIMBIPAH/IBIK OTHIH KOMIIOHCHTTEPI
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