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The paper provides an overview of space thermal propulsion (STP) systems using concentrated solar energy as the
main source of power. The paper considers solar thermal rocket engines of various configurations including those with
afterburning of hydrogen heated in the “concentrator — absorber” system (CAS) with various oxidizers. Together with
hydrogen the oxidizers form high-energy fuel compositions with a high value of ratio of components mass flow-rates
which allows reducing the dimension of the CAS. The extreme dependences of the engine thrust on the specific impulse
are shown for various values of the hydrogen heating temperature and the oxidizer-to-fuel ratio. The coefficients of the
regression dependencies for the efficiency of a two-stage absorber and an absorber with the maximum non-isothermal
heating having the highest possible energy efficiency are presented. The algorithms for calculating the main design
parameters of the STP system as a part of a spacecraft (SC) are given, taking into account the ballistic parameters of
the multi-turn transfer trajectory with multiple active segments applied to the STP systems having an energy-efficient
non-isothermal CAS. The engine configurations with thermal heat accumulation and possible afterburning of heated
hydrogen are also considered. Thermal accumulation allows accumulating energy in the solar-absorber during passive
movement in the illuminated portions of the transfer orbits regardless of the lighting conditions of the apsidal orbit
portions where the engine is turned on. Suitable heat-accumulating phase transition materials (HAM) such as the
eutectic alloy of boron and silicon as well as refractory beryllium oxide are selected for different phases of the
interorbital transfer to the geostationary Earth orbit (GEO). The main characteristics of different configurations of the
STP systems in the problem of placing a spacecraft (SC) into high-energy GEO orbits are shown. A model of the SC-
STP system operation is given taking into account ballistic parameters and the possibility of accumulating thermal
energy. It is shown that the oxidizer-to-fuel ratio in STP systems with thermal energy storage (TES) increases with the
decrease of the interorbital transfer time. The STP configurations with a two-stage TES showing a large energy-mass
efficiency at moderate values of the solar concentrator accuracy parameter are considered.

Keywords: solar thermal propulsion, solar high-temperature heat source, concentrator-absorber system, thermal
energy storage, hydrogen afterburning, ballistic efficiency.
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B cmamoe npusooumcs 0630p kocmuueckux meniosvix pakemuvix ogueameretl, UCNOAb3YIOUWUX KOHYEHMPUPOBAH-
HYI0 CONHEUHYI0 IHEePIU0 KaK OCHOBHOU UCMOYHUK MOWHOCMU. Paccmampusaromes conmeyHvle meniogvie paKemHole
osuzamenu (CTP/]) pa3uvix cxem, 8 mom yucie ¢ 00#CU2aHUeM HASPemo2o & cucmeme «KOHYEHMpamop — NPUEMHUKY
(KTI) 6000poda paznudnvlmu OKUCTUMENIMU, 0OPA3VIOWUMU C 8000POOOM BbICOKOIHEP2emuiecKue MmoniusHbie napvl ¢
BbICOKUM 3HAYEHUEM COOMHOUEHUSI MACCOBbIX PACX0008 KOMHOHEHMO8, YMO HO380JAEem YMEHbUWUMb PA3MEPHOCHIb
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cucmemwl KII. Tloxasanvl sKkcmpemanvHble 3a8UcUMocmu mseu 0gueamens Om YOeabHO20 UMNYAbCA NPU PA3TUYHBIX
BHAYEHUAX MeMNepamypsl Hazpeda 6000poda u kKodpguyuenma uzbvimrka oxucaumens. Ilpusoosmes ko3¢duyuenmot
peepeccuonubix 3asucumocmeti 0 KIIJ] osyxcmynenuamozo npuemMHUKa u nPUeMHUKA C NPeOeibHOl HepagHomeMne-
PAMypHOCMbIO Hazpesa, 001a0anuum nPedesibHO 803MOICHOU dHepeemuyeckou sgh@exmusnocmoro. Ilpusedenuvl aneo-
pummsl pacyema ocHosHuIx npoekmuwix napamempos CTP/] ¢ cocmage kocmuueckozo annapama (KA) ¢ yuemom oan-
JUCMUYECKUX NAPAMEMPO8 MHO208UMKOBOL Nepex0OHOU MPAaeKmopu ¢ MHOMCECNBEHHBIMU AKMUBHbIMU Ce2MeHmamu
npumenumenvro k CTP/] ¢ snepeemuyecku 661200101 HepagHomemnepamypHou cucmemoui KI1. Taxowce paccmampusa-
JOMCA cxembl 08Uamensi ¢ Menio8biM AKKYMYIUPOSAHUEM Menid U 803MONCHbIM O0HCUSAHUEM HASPEmOo20 8000p0Id.
Tennogoe akkymyauposanue no3goisem HaKaniueams IHEPUI0 8 CGeMONPUEMHUKE-AKKYMYIAMOpe 60 8PEMsl RACCUGHO-
20 0BUINCEHUSL HA OCBEUYEHHBIX YUACMKAX NEPEXOOHBIX OPOUM 6HE 3A6UCUMOCIU OM YCII08UL OCEBEUJEHHOCIU ANCUOATb-
HbIX Y4ACMKO8 0pOumbvl, Ha KOMOPbIX OCYWeCmeEIsemcs ekaouenue ogueamens. /s paziuuno2o epemenu meicopou-
manbHo2o nepenema Ha ceocmayuonapuyio opoumy (I'CO) swvibupaiomes yeirecoobpasnvle MenioaKKymMyaupyiowue
gazonepexoonvie mamepuanvt (TAM) muna semexkmuueckozo cniasa bopa u KpemHus, a maxice my2oniasKo2o oKkcuod
oepunnus. Iloxkazansl ocnosnuie xapaxmepucmuiu paznvix cxem CTP/ 6 3a0aue svisedenus KA na evicoxosnepeemuue-
ckue opoumor muna I'CO. [Ipusedena moodenv onepayuu cucmemol « KA-CTPL» ¢ yuemom bannucmuyeckux napamem-
PO8 U BO3MONCHOCBIO AKKYMYAUPOBAHUS Mennogou suepeuu. Iloxkazarno, umo xkospguyuenm uzbbimra oxuciumers
6 CTP/ c mennosvim akkymynamopom (TA) eéozpacmaem npu ymeHbuleHUU BPeMEHU MeHCOPOUMATbHO20 nepenemd.
Pacemompenwr cxemvr CTPI] ¢ osyxcmynenyamoim TA, nokazeieaiowum 60abulyio sHepeomMaccogyio spgpexmusrnocmo

npu yMepenHnblx 3HaveHuiax napamempa moyHocmu COJIHe4H0c0 KOHyenmpamopa.

Kniouesvie cnosa: conneunwvlli mennosou pakemm;zzl OG‘MZCImEﬂb, COJIHEeYHbL 6blCOK0meMn€pamyprllj UCMOYHUK
menua, cucmema «KOHYyeHmpamop — NpuemmHuxy, menuosoil AKKYMYJisimop, odooicucanue 6000])0()61, bannucmuyeckas

aghpexmusHocms.

Introduction. Modern cosmonautics is characterized
by the requirements to reduce the cost of placing SC into
high working orbits by developing new energy-efficient
interorbital transportation vehicles (ITV). Currently there
is a steady global trend of increasing the mass and
dimensional resources of a geostationary SC associated
with the payback period of equipment. Therefore the
development of highly efficient engines for ITV using
alternative energy sources including solar energy is a
highly topical problem.

Nowadays the levels of energy-mass perfection of
traditional chemical rocket engines (liquid-propellant
rocket engine (LPRE), solid-propellant rocket engine
(SPRE)) are close to the limit in many respects, and
engines with high specific impulses (nuclear rocket
engine (NRE), electric jet engine EJE) have restrictions
on the conditions of their use. One of the ways to increase
the efficiency of thermal rocket engines is to increase the
enthalpy of the fuel due to solar radiation as the most
accessible source of energy in near-Earth space. STP
systems can have a fairly simple configuration and better
energy characteristics compared to chemical rocket
engines.

Taking into account the high energy efficiency of
direct conversion of solar radiation into the enthalpy of
the working fluid it seems appropriate to study the energy
possibilities of using STP systems with a high-
temperature “concentrator-absorber” system (CAS).

The construction of a STP system requires the solution
of complex scientific and technical problems, such as the
development of an efficient high-temperature solar heat
source (CAS and thermal accumulation capability) with
the required energy-mass characteristics, optimal
matching of its characteristics with SC parameters and
ballistic parameters, ensuring engine orientation
conditions including CAS tracking for the Sun, and a
number of other tasks.
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On the basis of the analysis of Russian and foreign
works it has been shown that STP systems are considered
primarily as systems including an isothermal CAS [1-6].
Particular solutions and approximation formulas that do
not fully reflect the appropriate parameters of the CAS
when matching engine characteristics with the main SC
design parameters and ballistic parameters are given for
non-isothermal solar absorbers [7]. Only oxygen is
considered as an oxidizer for STP with afterburning.
Graphite [5] is primarily considered as a heat-
accumulating material (HAM) for a STP system TES; the
expedient characteristics of such an engine when it is
integrated into the SC are not shown and the
configurations with hydrogen afterburning with various
oxidizers are not considered in the works with the
proposed phase transition batteries [4; 8].

Simple hydrogen STP system. Let us consider the
issues of creating a single-component hydrogen STP
system with a CAS as a source of power. An STP system
is considered as an engine for ITV from a low orbit to a
high-energy one using the example of a geostationary
Earth orbit (GEO). The mathematical formulation of the
problem of placing a SC with a STP system to high
working orbits is presented. The main relevant parameters
of the STP system having the greatest impact on the
efficiency criterion, that is, on the maximum mass of the
payload (PL) M, on the GEO are selected. It is shown

that the relevant parameters include the tolerance
of the Aa mirror concentrator (accuracy according to
O. I. Kudrin [7]) and the heating temperature of the high-
temperature part of the absorber 7, assumed to be equal

to the hydrogen heating temperature 7, . It is shown that

they significantly depend on the interorbital transfer time,
while the optimum temperature 7, Hy decreases with a

decrease in the interorbital maneuver time, and the
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optimal parameter Aa. increases. The optimal ratios of
these parameters are revealed.

The CAS of three main configurations is
considered: an isothermal one-stage system (OSS); a
system with two stages of heating hydrogen in the
absorber (TSS); a multistage system with non-uniform
heating of hydrogen (MSS). Formally the problem
statement is as follows:

T; = fix
v =arg max | My, (y)|x = fix |, (1)
yeV¥,Z
x, = fix

where y =<7 ;Aa > is the vector of the STP relevant

parameters belonging to the set of alternative values W
and Z and subject to optimization to ensure the maximum
M, at fixed values of the interorbital transfer time 75

and phase coordinates of the initial and final orbits x,,x, .

The algorithm for selecting the relevant parameters for
maximizing the mass of PL is considered in detail in [9].
The model takes into account the masses of SC and the
engine according to known regression dependencies [10].
The accuracy of determining the PL mass is sufficient to
make a decision on the choice of the preferred alternative
among competing ITVs. The results of calculations on the
example of various solar absorbers are shown in fig. 1-6

[11] as applied to the “Soyuz-2-1b” launch vehicle (LV).
Here the conventional diameter of a mirror means its
full dimensions (mid-mirror) collecting solar radiation
into a focal light spot falling on a radial-type solar
absorber.

If the efficiency of the isothermal (one-stage) absorber
is determined simply by using the well-known formulas
given in [7; 12], then for engineering calculations of the
two-stage absorber efficiency the regression dependencies
are proposed which are determined by the power series
coefficients a; = f{ T, ):

N =2Xar-Ad’, i=0..k )

The values of the coefficients of the series depending
on the heating temperature of hydrogen are presented in
tab. 1.

STP systems with a non-isothermal CAS. The
uneven heating of hydrogen in a non-isothermal absorber
corresponds to a Gaussian diagram of the solar energy
distribution in the focal light spot. For extremely uneven
heating of the coolant in the absorber in the absence
of radial heat transfer an assumption was made about
the axisymmetric exponential distribution of the radiant
flux in the focal light spot, which corresponds to the
experimental aberrograms of real parabolic mirrors
[7; 12-14].

Fig. 1. The dependence of PL mass on the GEO
on the concentrator tolerance for an isothermal absorber

Puc. 1. 3aBucumocts maccel ITH na I'CO
OT MmapameTpa TOYHOCTH KOHILIEHTPaTopa
VTS PAaBHOTEMITEPATYPHOTO IPUEMHHUKA

Table 1
Cocefficients for determining the two-stage absorber efficiency

T K 2000 2200 2500 2800 3000 3200

ag 0.9160 0.8269 0.7877 0.7369 0.6891 0.6432

a —0.3210 —0.9587 —0.0803 —0.3021 —0.4621 —0.2234

a 0.6896 —0.2633 —0.4654 0.0623 0.7874 1.1895

a —0.0013 0.0362 0.2233 —0.0955 —0.7816 —2.7105
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Fig. 2. The dependence of the mirror conventional diameter
on the concentrator tolerance for an isothermal absorber

Puc. 2. 3aBucuMocTh YCIOBHOTO UAMETpa 3epKaia

OT IIapaMeTpa TOYHOCTH JUIsl pABHOTEMIIEPATyPHOT'O
[PHEMHHKA
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Fig. 3. The dependence of PL mass on the GEO
on the concentrator tolerance for a two-stage absorber

Puc. 3. 3aBucumocts maccel ITH va I'CO
OT MapameTpa TOYHOCTH KOHLIEHTpaTopa
JUTSL IBYXCTYIIEHYATOr0 MPUEMHHKA

Fig. 4. The dependence of the mirror conventional diameter
on the concentrator tolerance for a two-stage absorber

Puc. 4. 3aBucHUMOCTb yCIOBHOTO AMaMETpa 3epKana
OT IapaMeTpa TOUHOCTH AJIs JBYXCTYIIEHUaTOr0 MPUEMHHUKA
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Fig. 5. The dependence of a two-stage absorber efficiency
on exit temperature for different values of Aa. (denoted as Da)

Puc. 5. 3aBucumocts KII/I nByxcTyneHuaToro npueMHUKa
OT TEMIIEpaTypbl Ha BBIXOZE JUIS PA3JIMYHBIX 3HAUCHUH Ad.
(06o03HaueH kak Da)

The temperature distribution over the radius of such
an absorber can be described by a differential equation
according to O. 1. Kudrin [7]:

-1.21°
cos’® )’

AL = 28T, 1T (r) -

where T is the temperature of the absorber (assumed to be
equal to the heating temperature of hydrogen); r is the
relative radius of the absorber; ag is the effective
absorption coefficient of solar radiation; B is a complex
that takes into account the reciprocal self-radiation of the
absorber, the optical parameters of the concentrator and
the characteristics of solar radiation:

3)

T,
- 2.4—32530*8 rexp
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Fig. 6. The dependence of the absorber first stage
temperature on final hydrogen temperature

Puc. 6. 3aBucuMocTh TEMIIEpaTyphl IEPBOI CTYNICHH
IIpUEMHHKA OT KOHEYHOH TeMIIepaTypsl BOIOPOIa

€40, sin’ (a, +Aa)

3,m, sin”(20)

Here e is the effective emissivity of the absorber;
o, = 32’ is the apparent angular size of the Sun at the
level of the Earth’s orbit; o, is the Stefan-Boltzmann
constant; Q is the opening angle (aperture) of the mirror;
I, = 1360 Br/M® is the surface power of solar radiation
(solar constant) at the level of the Earth's orbit; n, is the
reflection coefficient of the mirror surface of the
concentrator.

The boundary conditions are written as 7(r = 1) =
= Tgare = 20 K, that is, the temperature at the periphery of
the absorber is equal to the temperature of the hydrogen
evaporated in the tank. Then T(r = 0) = T,y is the exit

B= “)
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(final) temperature of heated hydrogen achieved in the
central part of the absorber.

In equation (3) there is a “conventional temperature”
Teona characterizing the ratio of the increase in the
hydrogen temperature provided that all the concentrated
solar energy is used to heat it. The ratio of the actual
temperature of hydrogen at the outlet (minus the
temperature of the hydrogen coming from the tank) to the
conventional temperature determines the efficiency of the
heating process. Conventional temperature depends on the
area of the mirror concentrator and the mass flow rate of
gas. The area of the mirror is determined, in its turn, by
the efficiency of the CAS, which depends on temperature
and its optical-geometric parameters including the
parameter Ao. Therefore, the determination of the
absorber efficiency and the final gas temperature is an
iterative process requiring the specification of the initial
conventional diameter of the concentrator and the flow
characteristics of the engine.

Differential equation (3) in the general case has no
analytical solution. In his work O. I. Kudrin [7] shows
only two particular solutions restricted by a narrow
application scope. In the present work equation (3) is
solved numerically by Runge — Kutta — Fellberg method
of order 4 and 5.

Comparing the approximate formulas for the
efficiency of a non-isothermal CAS mentioned in the
works of O. I. Kudrin [7] with the results of numerical
integration one can note that the approximate formulas
give a good result only for sufficiently accurate mirrors
and not too high absorber temperatures. However, such
values are not optimal from the standpoint of maximum
PL mass when using stepped absorbers and they depend
on the flight time. To determine the efficiency of the non-
isothermal absorber one can propose more accurate
dependences based on the results of the numerical
integration of equation (3). Approximation formulas that
allow simple determining the efficiency of a non-
isothermal absorber depending on the tolerance at
different hydrogen heating temperatures Ty, are

determined by the coefficients a; = (T}, ) of the power

series (2) (tab. 2).

Fig. 7 presents the results of numerical simulation of
the process of heating hydrogen to 3000 K. The
dependences of the conventional temperature on the
tolerance Ao are shown in fig. 8. It can be seen that the
allowable value of the parameter Ao decreases with
increasing the final hydrogen heating temperature. The
excess of this parameter leads to a substantially non-linear
increase in the conventional temperature and, as a result,

to sharp decrease in the efficiency of the CAS
accompanied by the increase in the size of the
concentrator and its mass.

Fig. 9 presents the absorber efficiency values
depending on the initially specified temperature refined
during the iterative recalculation when integrating
equation (3) for different values of the parameter Aa.
The nature of these curves depends, among other
things, on the conventional temperature indirectly
determined by the parameter Ao. Under the condition
of the STP system thrust constancy the increase in Aa
leads to decrease in the hydrogen temperature at the
outlet (fig. 10).

In tab. 3-5 [11] it is shown that the optimal hydrogen
temperature and the optimal accuracy of the solar
concentrator decrease, and the size of the solar
concentrator increases with decrease in the time of the
interorbital transfer.

At the same time, the requirements for the angular
accuracy 3 of the dynamic tracking of the Sun position by
the CAS which can be provided with modern technical
means are reduced.

Fig. 11 shows a flowchart of the algorithm for optimal
matching the STP characteristics with a non-isothermal
absorber with the main design SC parameters (upper
stage) and trajectory parameters that provide the
maximum PL mass at a given interorbital transfer
time [13].

STP systems with afterburning of heated
hydrogen. Let us consider a STP system where hydrogen
heated in the considered CAS is afterburnt by oxidizers
which together with hydrogen form high-energy fuel
compositions with a large stoichiometric mass flow rate
of the components, which makes it possible to reduce the
consumption of heated hydrogen for a given thrust and
thereby reduce the required mirror size [15]. In addition to
oxygen, fluorine (stoichiometric ratio with hydrogen
K., = 18.86) and hydrogen peroxide (K, = 12.09) are
considered as oxidizers.

Such a STP system with afterburning can be
considered as a liquid rocket engine with increased
enthalpy of fuel. In contrast to a purely chemical engine
in a STP system the thermal energy of heated hydrogen
accounts for a significant proportion in the total enthalpy
of fuel, therefore the heating value of the fuel affects the
specific impulse to a lesser extent, and the choice of
oxidizer can be carried out with better reason taking into
account the value of the ratio of the components mass
flow rates. In addition, the increased density of the fuel
H,+ F, or H,+ H,0, facilitates placing the spacecraft into
the original reference orbit.

Table 2
Coefficients for definition of non-isothermal absorber efficiency
Ty K 2500 2800 3000 3200 3500 3800
ay 0.8304 0.8189 0.8149 0.8108 0.8047 0.7935
a —0.0233 —0.0209 —0.0487 —-0.0919 -0.1978 —0.3459
a —0.0723 —0.1549 —0.1988 —0.2426 —0.2875 —0.3045
as 0.0024 0.0207 0.0311 0.0435 0.0573 0.0624
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Fig. 7. The dependence of hydrogen heating temperature
on the absorber relative radius

Puc. 7. 3aBucuMocTh TeMIepaTypsl HarpeBa BOIOPOAA
OT OTHOCUTEJIBHOIO pajnyca IPUEMHHIKA

Fig. 8. The dependence of conventional temperature
on concentrator tolerance

Puc. 8. 3aBucuMOCTb yCIIOBHOM TeMIIEpaTyphl
OT IIapaMeTpa TOYHOCTH KOHLIEHTpaTopa
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Fig. 9. The dependence of extremely non-isothermal
absorber efficiency on the specified outlet temperature

Puc. 9. 3aBucumocts KI1/I npenensHo-
HEPaBHOTEMIICPATYPHOIO MPUEMHHKA OT 3aIaHHO
TeMIIepaTyphl Ha BBIXOJE

Fig. 10. The dependence of hydrogen temperature
on concentrator tolerance for different specified initial
heating temperature

Puc. 10. 3aBucuMOCTb TEMIepaTypsl BOAOPOAa
OT TapamMeTpa TOYHOCTH JUISl Pa3HBIX 3a/IaHHBIX
HavyaJbHBIX TEMIIEpaTyp HarpeBa

Table 3
Characteristics of spacecraft with a STP system for an isothermal absorber
Mission Absorber Concentrator Conventional Payload Mass Angular
Time, Temperature, Tolerance Mirror on GEO, accuracy f3,
days K Aa, deg. Diameter, kg degrees
meter
60 2200 0.64° 20.8 1640 1.25°
40 2100 0.7° 23.7 1510 1.3°
20 1900 1.0° 33.0 1270 1.6°
Table 4
Characteristics of spacecraft with a STP system for a two-stage absorber
Mission Absorber Concentrator Conventional Payload Mass Angular
Time, Temperature, Tolerance Mirror on GEO, accuracy f3,
days K Aa, deg. Diameter, meter kg degrees
60 3000 0.77° 24.0 2180 1.39°
40 2800 0.9° 27.6 2050 1.53°
20 2600 1.1° 37.9 1810 1.74°
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Table 5
Characteristics of spacecraft with a STP system for non-isothermal absorber
Mission Absorber Concentrator Conventional Payload Mass Angular
Time, Temperature, Tolerance Mirror on GEO, accuracy f3,
days K Aa, deg. Diameter, kg degrees
meter
60 3800 0.86° 25.4 2600 1.48°
40 3600 1.0° 30.4 2480 1.64°
20 3200 1.4° 41.9 2230 2.0°
Trajectory Design < =| Optimization of 1/(t) }‘—l 1
. |1
Mission Time STP_T}_"_""St AV =0t
nitial mass of Spacecraft /—| THz(initial) _
THa(initial) Il \
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/‘ Optical Parameters ¥ y N
Ny ) Tax
—A . The Mirror Area|, :
M H2 Flowrate MprL
¥ Q—‘
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Area ofthe Mirror| " l Payload(PL) Mass
r'y Y
Integration of T(r) T
i . SCMassezBalance
H2 Flowrate : £ STP Mass " - —
£ THa(i)
lsﬁ'{'} Fuel TankMass
A 4 N o Iy
CAS Efficiency/« v
> Filled FuelMass
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t

THz, Isp, AreaandMass ofthe Mirror

Initial Data for PL Mass Calculation

4

Fig. 11. The algorithm of optimal agreement of STP characteristics with SC

Puc. 11. Anroputm ontumansHOro cornacoBanus xapakrepuctuk CTPJL ¢ KA

Opportunities of using oxygen and fluorine as
oxidizers for a STP system as applied to the “Proton-M”
launch vehicle are compared. As it can be seen from
fig. 12, the mass efficiency of the space stage with the
fluorine-hydrogen STP provides a gain in PL mass
of more than 25 % with an oxidizer-to-fuel ratio o = 0.1
(K,, = 0.19) in the case of an isothermal absorber, when
appropriate values of a < 0.15 compared with the use of
an oxygen-hydrogen booster with an oxygen-hydrogen
liquid-propellant rocket engine KVD-1 when using light
inflatable film mirrors. The use of an extremely non-
isothermal absorber allows increasing the mass efficiency
of the engine and significant expanding the range of o

values at which a steady gain in the PL mass is
maintained.

The graphs in fig. 13 show noticeably smaller
paraboloid concentrator sizes in the case of a fluoride-
hydrogen STP compared to an oxygen-hydrogen one. The
difference may be over 25 %.

The calculations show a lower mass efficiency of the
STP use with H, + H,O, fuel in comparison with the use
of fluorine or oxygen. The area a where the gain of STP
with hydrogen peroxide over LPRE remains depends on
the type of a CAS. The choice of the appropriate value of
the oxidizer-to-fuel ratio at which the concentrator size is
significantly reduced with an acceptable decrease in mass
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efficiency is very important. This takes into account the
degree of temperature non-uniformity of the absorber and
the type of the concentrator.

STP optimal thrust. On the basis of M. S. Kons-
tantinov’s works [16; 17] it is shown that the values of the
characteristic velocity for each pair (j;/,) with optimized
3-segment many-revolution transfer can be used for
further calculations for reactive accelerations j from 2.5
to 12.5 mm/s* with I, from 600 to 900 s, which is typical
for SC with STP.

However, in the case of STP with afterburning the
same specific impulse can be provided by various
combinations of the hydrogen heating temperature and the
ratio of its mass flow rate to the flow rate of the oxidizer
[18]. The energy-mass efficiency of a SC with such an
engine can vary greatly. High-temperature heating (up
to 2600-2800 K) is more advantageous with components
mass flow-rate ratios in the range K,, = 3.2-4 in order
to achieve a moderate value of the specific impulse
I, = 600 s. The nominal mirror diameter can be
significantly (up to 40 %) reduced and the PL mass can be
increased by 35 % for a low-temperature CAS (heating is
not higher than 2000 K). In this case, the possible PL
mass equal to 1950 kg is more than 1.8 times greater than
that for the liquid-propellant booster of the “Fregat” type
(the SC mass on the GEO is 1060 kg). Refined mass
calculations of PL on the GEO were carried out for the
optimized trajectory (fig. 14).

Taking into account the minimized (each time) values
of the characteristic velocity it is possible to find the local
maximum of the PL mass for each specific impulse value.
For example, the specific impulse /, = 600 s corresponds
to the optimal thrust of 100 N, and for /, = 900 s the
optimal thrust is 70—80 N.

STP with TES. Let us consider a STP system with a
CAS including TES which accumulates heat energy in the
illuminated passive portions of each transfer orbit and
gives it to hydrogen when the engine is turned on in the
apsidal portions of the transfer orbits. This simplifies the
task of selecting powered portions regardless of the light
conditions and simplifies the desired guidance of the CAS
to the Sun. The analysis [8; 19] showed that the feasible
HAM should be searched between high-temperature
HAM such as beryllium oxide and less refractory
substances such as the eutectic 3BeO*2MgO. The eutectic
boron alloy with silicon B*Si [8] belongs to such
substances with an intermediate melting point and a high
energy intensity.

A mathematical model of SC with STP operation has
been developed to calculate and optimally match the
engine characteristics with the “CA-TES” system, the
main design SC parameters and orbital parameters [20]
taking into account the thermophysical properties and
transient processes in HAM [12; 21]. The mathematical
model is designed as a software package and consists of
five blocks (fig. 15).

The block (A) includes deterministic external factors.
The ballistic block (Bb) includes algorithms for solving the
ballistic problem of determining the total flight time and
the dynamic problem of determining the cost of the
characteristic speed of the maneuver. Block (B)
determines the main design SC parameters and
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calculation of the PL mass. Block (I') includes calculation
of energy-mass and geometric characteristics of STP with
the “CA-TES” system and the possibility of hydrogen
afterburning. Block (/I) includes coordination of the main
design parameters of the STP and the SC and their
optimization together with the parameters of motion
control for identifying the extremum of the objective
function of the operation (maximizing the PL mass) under
the restriction of flight time.

The analysis of the operation of a SC with STP
showed that the following parameters of the “CA-TES”
system can be chosen as relevant ones at the stage of
exploratory research: (a) the ratio of the energy intensity
TES Q, to the area (or mass) of the mirror F; (or the ratio
of the masses of the concentrator and TES M, /M, )
and (b) the accuracy parameter of the mirror Aa.

Formally the problem of choosing the optimal relevant
parameters of STP with TES in a SC is as follows:

T = fix
X, = fix
=arg max | M S 5
v g\ue‘l’,U r(¥) x, = fix ®)
T, = fix
where y=<Aoa,M,/M,> is the vector of optimized

is the
temperature of the absorber-accumulator taken to be equal
to the melting temperature of the HAM under
consideration, M, /My, is the ratio of masses of the

relevant parameters of STP with TES, T

concentrator and TES, x,,x, are the phase coordinates of
the SC, T is the interorbital transfer time, ¥, U is the

set of alternatives. The mathematical model of
optimization of the main design parameters of the “SC-
STP” technical system with the TES is shown in fig. 16.
The optimal mass ratios of the concentrator and TES
are different for different HAMs, and they increase as
their melting temperature increases. For example, for the
eutectic 3BeO*2MgO the optimum M, /M, is 0.2,

while for the B*Si alloy the optimum value M, /M, is

0.3-0.4, and for the refractory beryllium oxide
M,/ Mp= 09 (fig. 17). The effect the concentrator

tolerance on the PL mass is shown in fig. 18, whence it
follows that there exist ranges of the parameter Aa
optimal values depending on the melting point of
particular HAM [19]. As the melting temperature of
HAM increases, the optimum parameter Ao decreases
(the optimum concentration of solar radiation increases),
since greater accuracy dramatically augments the specific
mass of the mirror reducing the PL mass due to the
increase in engine mass, and the decrease in accuracy
diminishes the efficiency of the CAS which requires
larger area and mass of the mirror and also leads to a drop
in the PL.

Reducing the time of the mission trip leads to a sharp
decrease in the mass efficiency of the upper stage with the
STP which is explained by significant increase in the
mass of the CA and TES systems (fig. 19, 20).

STP with TES and hydrogen afterburning. Let us
consider the effectiveness of the use of STP with TES and
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afterburning of hydrogen heated in TES with oxygen and
fluorine. The problem has the following formalized

where y =<a,Aa,M,/M,,> is the vector of optimized

relevant parameters of STP with TES, Tjis the

formulation:
temperature of the absorber-accumulator taken to be equal
Iy = fix to the melting temperature of the HAM under
y=arg max | My, () Xy = fix ©) consideration, x,,x, are the phase coordinates of the SC,
yevue| x, = fix ’ T is the interorbital transfer time, W, U, = is the set of
Ty = fix alternatives.
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Fig. 12. The dependence of PL mass
on oxidizer-to-fuel ratio when using different oxidizers
for hydrogen afterburning
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Fig. 13. The dependence of the convention concentrator
diameter on oxidizer-to-fuel ratio when using different
oxidizers for hydrogen afterburning

Puc. 13. 3aBucumocTb auamerpa mapaboIouIHOTO
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Fig. 14. The dependence of PL mass on the GEO on STP thrust:
hydrogen temperature is 2800K, concentrator tolerance is Aa. = 1°,
time of placing on the GEO is 30 days
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Bpems BeiBeaeHust Ha ['CO — 30 cyTok
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Structure of Multi-Level Mathematical Model of “Spacecraft-STF” Operation

Model of “Spacecraft-STP” Operation

(A) Model of (B) Operation Ballistic (B) Spacecraft
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" 4
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Fig. 15. The block-diagram of a mathematical model of a “SC-STP” technical system operation
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Fig. 16. The mathematical model of optimization of the main design parameters
of the “SC-STP” technical system with TES
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Fig. 17. The dependence of the PL mass on the mass ratio
of the concentrator and TES for high-temperature HAM
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Fig.18. The dependence of the PL mass
on the concentrator surface tolerance
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Fig. 19. The dependence of the TES mass
on the time of placing into the GEO

Puc. 19. 3aBucumocts maccsl TA oT BpeMeHH
BeiBeieHus Ha ['CO

The results of calculations according to the presented
mathematical model (fig. 16) showed that when choosing
an eutectic alloy of boron and silicon as HAM the
appropriate value of the ratio O,/F, is about 3.2 MJ/m’
with the optimum value of the accuracy parameter
Ao = 0.5° and the selected rational value of the angular
aperture of the mirror paraboloid ® = 60° [20; 22]. This
corresponds to the ratio of the energy intensity Q, to the
mirror mass of about 2.8 Ml/kg which ensures the
maximum of the operation objective function — the PL
mass. The quantitative estimation of the allowable
reduction in the dimension of the “CA-TES” system is
clearly demonstrated in fig. 21, 22 in the coordinates
{Mp; ; Dx} (from right to left according to the indicated
points — the increase of o from 0 to 1 in increments
of 0.1).

It is shown that there are various ranges of reasonable
values of a for the considered oxidizers corresponding to
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Fig. 20. The dependence of the PL mass on the time
of placing into the GEO

Puc. 20. 3aBucumocts mMaccsl ITH oT Bpemenu BbiBejeHUS
Ha I'CO

the largest PL (fig. 23). The results of similar calculations
for the case of using beryllium oxide as HAM [2] are
given as a comparative example in fig. 24.

Here the ratio Q./Nus = 22-24 MI/KW (Q./Fx
= 7,5 MJ/m®) corresponds to the optimal interorbital
transfer with the choice of the concentrator tolerance
Ao = 0.25°. The results of the comparison show higher
efficiency of the boron-silicon alloy with the same values
of the oxidizer-to-fuel ratio over the entire considered
time interval of the interorbital transfer. Compared to the
promising combined ITVs that use high and low thrust
engines for “raising” a SC on the GEO the gain in PL
mass can be up to 450 kg with the same interorbital
transfer time of 60 days.

STP with two-stage TES. In order to reduce the TES
mass it may be advisable to use TES with two heating
stages [8]. The efficiency of such a system is greater than
that of an isothermal system; therefore in such a STP
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system it is possible to use, for example, refractory
beryllium oxide BeO in a high-temperature stage with a
significantly less accurate mirror having lower specific
mass. Combinations of phase transition HAM with high
latent heat of melting, for example, lithium hydride LiH
in the low-temperature stage (melting point is 961 K,
latent heat of melting is about 2540 kJ/kg* K) and BeO
(melting point is 2804 K, latent heat of melting is

2840 kJ/kg*K) [3] are selected for construction of such an
STP system. As it follows from the graphs in fig. 25-27,
the PL mass on the GEO does not have an extremum
within the ratio of the mirror mass to the TES mass
0.05-1 for the range K, = 0-1.6 and for the case
K,, = 0 it has a significant gain in PL mass on the GEO
over other types of STP when the time of interorbital
transfer is 60 days.
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Fig. 21. The PL mass and the concentrator conventional
diameter for different time of placing into the GEO while
afterburning hydrogen with fluorine
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Fig. 22. The PL mass and the conventional diameter
of the concentrator for different time of placing into
the GEO while afterburning hydrogen with oxygen
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Fig. 23. The dependence of the PL mass on the time
of placing into the GEO while afterburning hydrogen
with oxygen and fluorine. HAM is the alloy B*Si

Puc. 23. 3aBucumocts maccel [TH oT BpeMeHu BhIBeCHHS
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TAM — cruiaB B*Si

Fig. 24. The dependence of the PL mass on the time
of placing into the GEO when using beryllium oxide
as HAM and afterburning hydrogen with oxygen

Puc. 24. 3aBucumocts Maccsl I[TH oT BpemeHu BbIBeieHUS
Ha ['CO npu ucnosb3oBanuu B kauectse TAM okcuna
OCpHILINS U JIO)KUTAHHH BOJIOPO/Ia KUCIOPOIOM
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Fig. 25. The dependence of PL mass on the GEO
on the ratio of the mirror mass to the TES mass
for the values of K, = 0-1.6
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Fig. 27. The dependence of the ratio of TES energy
intensity to the absorber thermal power on the ratio
of the mirror mass to the TES mass

Puc. 27. 3aBucuMOCTb OTHOIIEHHS YHEProeMKocTH TA
K TEIUIOBOH MOITHOCTH HPHEMHUKA OT OTHOIICHHS
Macchl 3epkana k Macce TA

Conclusion. Rocket engines of configurations using
solar energy in the CA system are considered. Numerical
solutions are obtained for the problem of temperature
distribution over the radius of the extremely non-
isothermal absorber which made it possible to compile
refined regression dependencies to determine its
efficiency. The authors also obtained regression
dependences for determining the efficiency of a two-stage
absorber convenient for engineering calculations. The
possibilities of improving the engine performance while
using such absorbers to improve the flight efficiency of
the SC are determined. Techniques for optimal matching
the STP characteristics with various types of CAS and the
main design SC parameters and ballistic parameters in the
problem of interorbital transfer to high working orbits
using the example of a GEO for different homing time
have been developed. The dependences of the optimal
temperature of hydrogen heating in the CAS on the time
of SC placing into the GEO are revealed. It is shown that
the optimal temperature of hydrogen and the optimal
accuracy of the solar concentrator decrease, and the size
of the solar concentrator increases with the reduction of
the multi-turn interorbital transfer time.

Besides oxygen, fluorine and hydrogen peroxide are
also proposed to be used as expedient oxidizers. Together
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Fig. 26. The dependence of the concentrator
conventional diameter on the ratio of the mirror mass
to the TES mass for the values of K, = 0-1.6
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with hydrogen they form high-energy fuel compositions
with a large stoichiometric ratio of components flow-rates
as applied to the STP configuration with afterburning. It is
shown that when afterburning with these oxidizers the
dimension of the CAS can be significantly reduced. The
authors present the analysis of the flight characteristics of
the SC with STP with hydrogen afterburning, including
those with heating in a stepped CAS. It is shown that
there are extremal dependences of the STP thrust on the
specific impulse.

The expedient combinations of the concentrator
accuracy parameter and the ratio of the solar concentrator
mass to the TES mass for the HAMs considered are
shown. It is shown that the ratio of the mirror mass to the
TES mass can be expressed by the ratios of the TES
energy intensity to the thermal power of the absorber or to
the concentrator diameter as determining the time of the
interorbital transfer. The optimal values of these
parameters providing the maximum possible PL mass are
given. The problems of optimal coordination of the
characteristics of the STP with TES and the main design
SC parameters and ballistic parameters in the transfer to
high working orbits are posed and solved using the
example of the GEO for different transfer time.

Mathematical models and software algorithms have
been developed for the operation of the “STP with TES —
SC” technical system and the optimization of its main
design parameters. The expedient values of the
concentrator tolerance and the ratio of the TES energy
intensity to the absorber thermal power or the
concentrator diameter when afterburning the heated in
TES hydrogen with oxygen or fluorine were selected as a
result of the calculation using the proposed model. The
problems of optimal coordination of the characteristics of
STP with TES and afterburning hydrogen with various
oxidizers together with the main design parameters of the
spacecraft and ballistic parameters in the transfer to high
working orbits have been posed and solved. It is shown
that the expedient values of the oxidizer-to-fuel ratio for
the considered variants of STP with TES increase with
decreasing time of the interorbital transfer.

Mass-geometric and energetic parameters of STP with
a two-stage system “CA-TES” are considered. They show
the possibility of using high-temperature TES such as
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beryllium oxide to provide a high specific impulse at
moderate values of the solar concentrator tolerance. In
this case the PL mass can be significantly increased
compared with other types of STP at acceptable solar
concentrator tolerance.
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