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B cmamve paccmampueaemcs nepcnekmusHoe HAnpaeieHue pPa3eumust HCUOKOCHHbIX PAKEMHbIX 0gueamenetl
(PKPI]) — ucnoav3osanue mpexKkOMNOHEHMHbIX 08Uueamenvuvlx ycmanosok (V). Humepec x OauHol memamuxe
8bI36AH, UCX0051 U3 PAOA NPEUMVIYECTS, KOMOPble 603MONCHO NOAYUUMb NPU UCNOTb308AHUN OAHHOU KOHYenyuu
JKP/l, a umenno: skoHomusi maccel pakemvi-nocumenss (PH) 3a cuem ucnonvzosanus 60nee niomuozo
Vene8o00pOOH020 20PIHe20 HA HAUATLHOM YYACHKE 6blBeOCHUs, BbICOKUE 3HAUEHUS VOENbHO20 UMNYIbCA HA
BbICOTHBIX YUACIKAX 8bIBCOCHUs U3-30 UCTIONb308aHUs Ooiee Iphexmueroti napwl komnonenmos monausa (KT):
HCUOKULL KUCIOPOO + JHCUOKULL 8000PO0; CHUJICEHUE CMOUMOCIU 6bl8COeHUsT NOJIe3HOU HagpysKu, 6nacooapsi
UCROMBb306AHUI0 €OUHOT OBULAMEITbHOTL YCIMAHOBKU 0151 0DOUX YUACMKO8 8bIBCOCHUSL.

Iposeden ananumuueckuii 0030p pearu308anHHblX cxem mpexkomnonenmuvlx JKPI],  paspabomantvlx
6 Poccuu u 3a pybescom, ebloeieHbl UX OCHOBHbIE NPEUMYECMEA U HeOOCIAMKLU.

Ha ocnosanuu 0emanvrou npopabomku psoa cxemuwvlx peuwienuit JKPJI, pabomarowux Ha mpexxoMnoHeHmHOM
Monauge, NPeoaaecaemcs KOHYenyusi O08YXPEHCUMHO20 OOHOKAMEPHO20 MPEXKOMHOHEHMHO20 — 08u2amers,
BbINOIHEHHO20 NO 3AKPLIMOU cXeme ¢ Oodcucanuem 2enepamopnozo 2aza. Okuciumens — HCUOKULL KUCTOPOO,
eoprouee — kepocun mapku PI-1 u owcuokuii 8000poo. Ha nepsom pedsicume Osueamens pabomaem Ha mpex
KOMNOHEHMAXx, 00/ HCUOKO20 8000po0a 8 MonausHol cmecu 4 % om obwezo pacxooa komnonenmos. Ha emopom
pedicume osueamens pabomaem Ha KT: scudxutl Kuciopoo + sHcuoxkuti 6000poo.

Ipeocmasnenvt  pe3ynomamol  MeEOPEMUKO-AHAIUIMUYECKO20 UCCICO08AHUSL N0 OYEHKE  ONMUMAIbHBIX
NPOEKMHbIX napamempos osueamens. Llenvio uccne0oeanus s61A10Ch NOHUMAHUE KAYeCMBEHHOU KApMuUHbl
GNUSHUS PABTIUNHBIX NAPAMEMPO8 MONIUSA HA MEPMOOUHAMUYECKUE CEOUCMEA NPOOYKIMOE C2OPANHUSL MONIUBHOU
cemecu u aghpexmuenocms osueamens. Ilo pesyromamam ucciedosanust OnpedeieH ONMmuUMAIbHbll NPOYEHMHbLI
coCcmag KOMROHEHMO8 MONIUBA.

Paspabomana mamemamuueckas mooenv 015 pacuema cmamuyeckux napamempos. Ilpueedenvl pesyivmamuol
pacuema  3Hepeemuueckou  yesasku. IIpoeeden  cpasHUmMeNvbHulil  AHAIU3  MACCOBbIX  XAPAKMEPUCUK
CHPOEKMUPOBAHHOU 08ULAMENBHOU YCIMAHOBKU.



Krouegvle cnosa: JKPI] na mpéxxomnonenmuom monuge, mamemamuyecxkas mooenv JKPJ], I[1I'C, maccosbvie
XApaxkmepucmuxu, ea300UHAMULecKue napamempeol.
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The article considers a promising direction for the development of liquid-propellant rocket engines
(LPRE) — the use of three-component propulsion systems. The interest in this topic is based on a number of
advantages that can be obtained by using this LPRE concept, namely: saving the mass of the launch vehicle (LV) by
using a denser hydrocarbon fuel at the initial launch site; high specific impulse values at high-altitude launch sites
due to the use of a more efficient pair of fuel components (FC): liquid oxygen + liquid hydrogen; reducing the cost of
removing the payload, due to the use of a single propulsion system for both launch sites.

An analytical review of implemented three-component LPRE schemes developed in Russia and abroad has
been conducted, and their main advantages and disadvantages have been highlighted.

Based on a detailed study of a number of circuit solutions for liquid-propellant rocket engines running on
three-component fuel, the concept of a two-mode single-chamber three-component engine made according to a
closed circuit with afterburning of generator gas is proposed. The oxidizer is liquid oxygen,
the fuel is RG-1 kerosene and liquid hydrogen. In the first mode, the engine runs on three components, the share
of liquid hydrogen in the fuel mixture is 4% of the total consumption of components. In the second mode, the
engine runs on FC liquid oxygen + liquid hydrogen.

The results of a computational and analytical study of the optimal design parameters of the engine are
presented. The aim of the study was to understand the qualitative picture of the influence of various fuel
parameters on the thermodynamic properties of the combustion products of the fuel mixture and the engine
efficiency. Based on the results of the study, the optimal percentage of fuel components was determined.

A mathematical model for calculating a three-component LPRE has been developed. The results of calculation
of energy coupling are presented. A comparative analysis of the mass characteristics of the
designed propulsion system is carried out.

Keywords: LPRE on three-component fuel, mathematical model of LPRE, PHS, mass characteristics, gas
dynamic parameters.

Introduction. In recent years, the space launch market has expanded with the emergence of numerous
new aerospace private companies in Japan, China, Brazil and other countries, but the cost of launching a
payload remains quite high. This is due, among other things, due to the one-time use of the most expensive
component of the launch vehicle (LV) - the engine, which is lost when the stage is thrown away (except for
the returned LV stages by SpaceX, Blue Origin).

One of the options for reducing the cost of launching the payload is the use of one propulsion system (PS)
for two stages. To implement this concept, it is advisable to use three-component liquid-propellant rocket
engines (LPRE). In the first injection section, these engines operate on fuel components (FC) - liquid oxygen



+ hydrocarbon fuel, and in the subsequent injection sections, they use a more energetically efficient fuel pair
- liquid oxygen + liquid hydrogen.

The advantages of LPREs operating on three-component fuel include: economy of the launch vehicle
mass due to the use of a denser hydrocarbon fuel at the initial stage of launching; high values of specific
impulse in further launch phases due to operation on a highly efficient pair of FC - liquid oxygen + liquid
hydrogen; reduction in the cost of launching the payload, which is possible due to a single PS for two stages
of the LV.

The disadvantages of these PSs are: lack of infrastructure for testing and operation of LVs with LPRES
operating on three-component fuel; complication of the design of the control system; relative efficiency
losses due to the need to maintain two modes of engine operation.

Description of the implemented circuits of three-component LPREs. In the world practice, several
concepts of LPRESs operating on two fuels have been considered in relation to a single-stage LV.

In [1] the PHS of a two-mode propulsion engine with thrust of 3160 kN is presented (Fig. 1). Liquid
hydrogen and RJ — 5 (synthetic fuel with a density 35% higher than that of kerosene) are used as fuels. The
main feature of this engine is the presence of 4 gas generators (GG), which makes it possible to simplify the
propulsion control and divide the flight into two modes: the first mode is the operation of the engine on the
components liquid oxygen + RJ-5, the second mode is the operation of the engine on the components liquid
oxygen + liquid hydrogen. Another distinctive feature of this engine is the cooling of the chamber with an
oxidizer — liquid oxygen, throughout the entire active phase of the flight.
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Fig. 1. Pneumohydraulic scheme of an oxygen-hydrocarbon LPRE with an additional hydrogen subsystem



Puc. 1. [TneBMorunpaBnudeckas cxema JXPJl Ha KHCIOPOI-yTIIEBOJOPOTHOM TOTUIUBE C JIOMOJHUTEILHON BOIOPOTHOM
MOACUCTEMOM

The supply of fuel components to the combustion chamber (CC) and gas generators (GG) is carried out
using three booster pump units (BPU) and three main turbo pump units (TPU). RJ-5 and hydrogen are fed
directly to the GG. The oxidant taken after the first stage of the oxidizer pump cools the engine chamber,
after which it is bypassed into the oxidizing GG [2]. The oxidant entering the second stage of the oxidizer
pump (the second stage of the pump is not shown in the diagram) is supplied to the reducing GG. The
working fluid of the turbine of hydrocarbon fuel and hydrogen TPU is a reducing generator gas. The oxygen
turbine TPU operates on an oxidizing generator gas.

Disadvantages of this propulsion system concept:

— decrease in the reliability of LPRE due to the large number of units that make up the engine;

— difficulties in organizing reliable cooling of the chamber with an oxidizer [3].

In [4], the PHS of the domestic two-mode three-component LPRE — RD-701, developed by NPO
“Energomash” as part of a project to develop a multipurpose aerospace system (MAKS) is presented. The
engine thrust in the first mode is 4000 kN, in the second mode — 1590 kN (Fig. 2). Liquid hydrogen
(throughout the entire active phase of the flight) and RG-1 kerosene (in the first mode of engine operation)
are used as fuels. The main feature of this engine is the presence of two separate TPU circuits, which allows
the use of autonomous development of individual elements.
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Fig. 2. Pneumohydraulic scheme of a two-mode LPRE — RD - 701, running on three-component fuel



Puc. 2. ITeeBmoruapasanueckas cxema asyxpexkumuoro JXPJI - PJ] — 701, paboraroriero Ha TPEXKOMIIOHEHTHOM
TOTLTUBE

The fuel components are fed into the chamber and the gas generator by means of three BPU and two main
TPU. The oxidant is fed directly to the GG. Kerosene is fed directly to the mixing unit (MU). Liquid
hydrogen, taken after the first stage of the hydrogen pump, cools the engine chamber and is supplied to the
MU. The remaining liquid hydrogen (the second stage of the pump is not shown in the diagram) is taken
after the second stage of the hydrogen pump and supplied to the GG. Turbines of two TPUs run on oxidizing
generator gas.

Disadvantages of this PS concept:

— the presence of a three-component injector head,

— the need for a kerosene pump to operate to drive the BPU hydrogen turbine throughout the entire active
phase of the flight.

There are other concepts of three-component engines, the most interesting are the concepts [5-7].

The proposed scheme for the implementation of a three-component LPRE. The engine is a two-mode
LPRE operating on a three-component fuel, having 3 BPU located on each component supply line
(hydrogen, oxygen and kerosene), 2 three-component GG (oxidizing gas generator (OGG) and a reducing
gas generator (RGG)) with pre-ignition of the working fluid from the starting fuel (SF), 2 TPU, a chamber
representing a Laval nozzle, consisting of a cylindrical, subsonic and supersonic parts, an intensive multi-
circuit regenerative - flow cooling system (CS).

Based on the analysis of the existing circuit solutions of three-component LPREs, taking into account
their advantages and disadvantages, an PHS is proposed for a two-mode LPRE operating on three-
component fuel (Fig. 3): in the first mode, the engine operates on the components - liquid oxygen + kerosene
+ liquid hydrogen (the proportion of hydrogen in fuel mixture - 4% of the total mass of fuel consumption), in
the second mode - on the components - liquid oxygen + liquid hydrogen.

A characteristic feature of the proposed PHS is complete gasification of the components. This solution
has a number of following advantages: it allows to obtain high pressures in the CC in two modes of
operation; due to the passage of a larger mass through the turbines, the thermal load on the TPU drive is
reduced; the rate of passage of chemical reactions in the combustion chamber increases, which in some cases
increases the specific impulse of the LPRE. Also, in order to maintain a constant pressure drop across the
turbine of oxygen-kerosene TPU, in the second operating mode of the engine, part of the generator gas is
discharged in front of the turbine directly into the gas tube.
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Fig. 3. The proposed PHS for LPRE operating on three-component fuel

Puc. 3. Tlpemnaraemas [1I'C mist )KPJI, paboraroriero Ha TpEXKOMIIOHEHTHOM TOTLTHBE

The fuel components are supplied to the CC and the GG by means of three BPU and two main TPU, one
of which supplies liquid hydrogen, the other - liquid oxygen and kerosene. The turbine oxygen - kerosene
TPU is fed by oxidizing generator gas produced in the oxidizing gas generator. The turbine of the hydrogen
TPU operates on a reducing generator gas produced in a reducing gas generator. The total consumption of
liquid oxygen and kerosene is fed directly to the gas generator. In turn, the full flow rate of liquid hydrogen
is supplied to the engine regenerative cooling lining, after which it is transferred to the drive of the BPU
hydrogen turbine, and then to the GG.

The disadvantage of the proposed LPRE scheme on three-component fuel is the need to develop a three-
component GG.

A more detailed design of a three-component OGG and RGG and their cooling systems will be carried
out at further stages of the engine development. It is planned that both single-zone, two-zone and multi-zone
GG designs with and without the use of a ballasting component will be considered, such GGs are used both
in the domestic engine building and in the petrochemical industry. The working process in the GG is more
complicated and complex than in the combustion chamber of a liquid-propellant engine.

Extremely important in the development of GG of any concepts and standard sizes is:

— the associated task of cooling;

— heat and mass transfer processes of growth and evaporation of droplets in a gaseous medium;



— taking into account thermodynamic nonequilibrium for complex chemical compounds of fuel
component (FC) reaction;

— design of a highly efficient mixture formation system using a gas component or spreading of fine
droplets with ignition from an ignition system;

— taking into account the delay rate and relaxation times of individual reagents during chemical reactions
of FC combustion;

— obtaining a stable working process at the outflow after the MU with a high completeness of the
combustion of FC;

— the intensity of the flow of the working process with the FC presence times of short and average
duration in the entire volume of the GG;

— relative consumption of GG;

— the task of ballasting with the involvement of an additional excess or main component of the fuel;

—regulation and maintenance of a stable PC ratio for a multi-mode engine;

— obtaining a reduced temperature of the generator gas to drive the turbine for the purpose of thermal
protection of the nozzle guide vanes and turbine blades;

— obtaining the expected operability of the generator gas to provide the built-in in the processes of the
design and coordination turbine power;

— the issue of reliability with reusable GG;

— increasing efficiency by complicating the design of the GG and the use of active heat and mass transfer
physical methods of flow control (flow recirculation, additional turbulence, local and heterogeneous systems
of vortices that improve efficiency, forced deceleration of the gas-dynamic flow by obstacles of various
profiles in order to increase the residence time and the rate of achievement of a chemical reaction, injection
or insertion of long-range jets into a gas wake (wall, boundary layer, or main stream) ) or forced mixing of
the mixture with the installation of wall-mounted intensifiers, turbulators and developed surfaces.

Formation of a mathematical model using thermodynamic equilibrium and frozen approximations and
models describing all of the above features is extremely important for modeling work processes in GG.

Design features of three-component LPREs. When carrying out thermogasdynamic calculation of the
combustor and nozzle for two modes of engine operation, a significant difference in gas-dynamic profiles
was obtained (Fig. 4). The profiling of the nozzle only along the gas-dynamic profile of the first operating
mode leads to a significant increase in losses and a decrease in the specific impulse in the second operating
mode of the engine. In turn, the profiling of the nozzle along the gas-dynamic profile of the second operating
mode leads to an increase in the total mass of the propulsion system.

To minimize losses due to maintaining two modes of operation of the propulsion system, it is proposed to
profile the nozzle along the gas-dynamic profile for the first mode of operation, and in the second mode of
operation to use an uncooled retractable nozzle attachment with a break in the contour [8] or a similar
profiled nozzle attachment repeating the geometry of the supersonic part of the profile. This solution will
allow obtaining the maximum efficiency of the starting mode, high values of specific impulse at high-
altitude operation, and will also lead to a decrease in the dimensions of the product and a decrease in the
mass of the engine chamber due to the use of a carbon-carbon composite [9] (CCC) retractable nozzle
attachment.
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Fig. 4. Comparison of gas dynamic profiles

Puc. 4. CpaBHeHue ra3oiuHaMUYICCKHUX npoduieit

Analysis of the effect of different admixtures of hydrogen and kerosene on a chemical compound of
the form: liquid oxygen + mi-kerosene + ma-liquid hydrogen, energy parameters of the fuel mixture
and engine efficiency. An urgent direction in the study of jet propulsion is the study of the parameters of
known propellant pairs of rocket fuel with various small additions of another component to the fuel or
oxidizer. Moreover, chemical kinetics [10; 11] of rocket fuel, which occurs during the combustion reaction
in the LPRE chamber with the use of such mixed additives, can significantly increase the efficiency of the
engine by changing the thermodynamic parameters of combustion products. Taking into account all of the
above and using modern methods of mathematical modeling or modern applied programs, the calculation of
dissociated chemical equilibrium reactions of the form m;* G + my* G, where m; and m; are mass or mole
fractions of substances, is an easy task. It is undeniable that this statement is valid only for dissociated
equilibrium chemical reactions, with non-dissociated nonequilibrium chemical reactions [12], the situation is
more complicated.

To assess the optimal design parameters, an analytical study was carried out. The aim of the study is to
understand the qualitative picture of the influence of distributed fuel parameters on the thermodynamic
parameters of the fuel mixture and engine efficiency. As a result of technical study, the optimal design
parameters for a three-component fuel mixture were selected.

In all calculations, it is assumed that the engine thrust, pressure in the combustion chamber, the relative
area of the combustion chamber and nozzle, temperature and pressure at the inlet to the combustion chamber
of liquid oxygen, liquid hydrogen and kerosene are fixed parameters that do not change during the analysis.

Table 1 and fig. 5 show the changes in the ratio of FCs, stoichiometric ratio of FCs and the chemical
formula of the gross reaction of fuel combustion with a different admixture of liquid hydrogen to RG1
kerosene. The temperature Ty is given in table 1 corresponds to the design section in the cylindrical part of
the chamber near the mixing unit.



Table 1
Influence of the chemical compound m; - RG1 + m; - H, on the chemical reaction of fuel combustion,
the ratio of FC, stoichiometric ratio of FC

Chemical formula for the
ms, % my, % Tey, K Km Kmo gross reaction of fuel
combustion
85 15 3829.786 3.267 4.083 Oo.860 H1.125 Co.256
80 20 3812.777 3.448 431 Oo.816 H1.172 Co.217
75 25 3798.047 3.629 4537 00779 H1.210 Co.184
70 30 3785.133 3.811 4.763 00.749 H1.242 Co 158
65 35 3773.702 3.992 4.99 00.723 H1.269 Co.135
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Fig. 5. Changes in the temperature in the cross section of the mixing unit, the ratio of FCs and the stoichiometric ratio of
FCs at different percentages of liquid hydrogen admixture in kerosene RG1

Puc. 5. I3MeHeHne TeMIlepaTypsl B CEYCHUH CMECUTENbHOMN To10BKH, cooTHOImeHHs KT u crexnomerpuyeckoro
cootHomeHus: KT npu pazHoM NpoLEHTE NPUMECH KHUJIKOTO BogopoJa B kepocuHe PI'1

Based on the presented dependences, it can be concluded that with a larger admixture of liquid hydrogen
in kerosene, the ratio of FCs and stoichiometric ratio of FCs increases, and the temperature in the CC
decreases.

Analysis of the chemical formula of the gross — reaction of fuel combustion shows that with a different
admixture of liquid hydrogen to liquid kerosene, the number of atoms in the oxygen molecule decreases from
0.86 to 0.723, hydrogen increases from 1.125 to 1.269, carbon decreases from 0.256 to 0.135. Accordingly, it
can be concluded that it is 85% of kerosene and 15% of hydrogen in fuel that are most interesting from the
point of view of chemical kinetics and energy of rocket fuel, because the number of reacting atoms in the
chemical reaction of the composite fuel prevails over the rest of the considered mixture combinations.
Consequently, from the point of view of chemical kinetics and energy of rocket fuel, the option with 85%
kerosene and 15% hydrogen in fuel is of greatest interest.




Due to the fact that in the future the CS of an engine operating on three-component fuel will be
considered, a detailed analysis of the thermophysical, thermodynamic and gas-dynamic parameters affecting
fuel heating, convective mass transfer, thermal protection and cooling of the engine was carried out, brief
conclusions of which are given below.

Fig. 6 shows a graphical dependence of the gas constant on the temperature of the combustion product
(CP) with a different admixture of liquid hydrogen in kerosene.
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Fig. 6. Dependence of the gas constant on the CP temperature for different percentages of liquid hydrogen admixture in
kerosene

Puc. 6. 3aBucuMOCTh Ta30B0 OCTOSIHHOM OT Temnepatypsl 11C mpu pasHOM IPOLEHTe MPUMECH )KHUAKOTO BOJIOPOAA B
KEpOCHHE

Fig. 7 shows the dependence of the temperature of the CP on the performance of the gas with a different
admixture of liquid hydrogen in kerosene.
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Fig. 7. Dependence of gas efficiency on the CP temperature at different percentages of liquid hydrogen admixture in
kerosene

Puc. 7. 3aBucuMocTh pabOTOCIIOCOOHOCTH ra3a oT Temmeparypsl [1C npu pa3HOM MPOIEHTE PUMECH JKUIKOTO
BOJIOPOJIa B KEPOCHHE

Fig. 8 shows the dependence of the gas density on the temperature of the CP with different admixtures of
liquid hydrogen in kerosene.
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Fig. 8. Dependence of the gas density on the CP temperature at different percentages of liquid hydrogen admixture in
kerosene

Puc. 8. 3aBrcHMOCTD IOTHOCTH ra3a ot Temnepatypsl [IC npu pasHOM IPOLEHTE MPUMECH JKHIIKOTO BOAOPO/Ia B
KEepOoCUHe



A detailed analysis of the results obtained showed that the gas constant, although it increases with a larger
admixture of liquid hydrogen in kerosene, the largest complex Lf, which characterizes the performance of
the gas, corresponds to 15% of the admixture of liquid hydrogen in kerosene.

It is this option that is most interesting both from the point of view of the chemical kinetics of the rocket
fuel, the energy parameters of the CPs, and from the point of view of the growth of the complex, which
characterizes the operability of the gas.

Analysis of the influence of the parameters of the fuel mixture on the efficiency of the engine. Fig.
9-11 show the dependences characterizing the efficiency [13] of the engine. These dependencies can be used
as a "tool" for small complex assessments of the efficiency of such mixed fuels at the previously considered
circuit solutions, thrust and pressures in the combustion chamber. Dependences for other ranges of
distributed parameters of the technical system (pressure in the chamber, draughts, heating in cooling system,
etc.) give quantitatively different results, but are approximately and qualitatively similar.

A similar efficiency assessment was carried out in [14] for the mass fraction of liquid hydrogen that
occupies the entire fuel mixture.

It is assumed that the hydrogen impurity does not occupy the entire fuel mixture, but only a part of the
fuel compound. In terms of percentages for the entire fuel mixture, 15 % of the liquid hydrogen in the fuel
mixture corresponds to 4 %, and 35 % corresponds to 7 % of the liquid hydrogen in the fuel mixture.
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Fig. 9. Dependence of the flow rate from the Laval nozzle on the temperature of the CPs on the nozzle section at
different percentages of liquid hydrogen admixture in kerosene

Puc. 9. 3aBucumocTs cKkOpocTH UcTedeHHS U3 coruia JlaBans ot Temreparypsl [1C Ha cpese cornia mpu pasHOM
MIPOIICHTE TIPUMECH >KHJIKOTO BOJOPOJIa B KEPOCUHE
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Fig. 10. Dependence of the total fuel consumption in an LPRE operating on three-component fuel with different
percentages of liquid hydrogen admixture in kerosene

Puc.10. 3aBucumocth cymmapHoTro pacxona romusa B XKP/I, paboTaromiero Ha TpéXKOMIIOHEHTHOM TOIUIHBE, TIPH
Pa3HOM MpPOLIEHTE MPUMECH JKUAKOTO BOJIOPO/a B KEPOCHHE
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Fig. 11. Dependence of the specific impulse in the void of an LPRE operating on three-component fuel at different
percentages of liquid hydrogen admixture in kerosene

Puc. 11. 3aBucumocTs ynensHOro nmmyibca B myctote JKPJI, paboTratomero Ha TpEXKOMIOHEHTHOM TOILIMBE, IPU
Pa3sHOM IIPOLEHTE MPUMECH JKUAKOTO BOJIOPO/a B KEPOCHHE




Therefore, although the specific impulse in the void increases with a larger admixture of liquid hydrogen,
the mass fuel consumption and the exhaust velocity decrease. Also significant is the fact that with a greater
admixture of liquid hydrogen, the mass of fuel in the tanks increases.

Energy characteristics of the proposed PHS. Energy coordination of the parameters of a LPRE
operating on three-component fuel was carried out according to the methodology [15]. Thermodynamic
calculations of oxidizing and reducing gas generators were carried out based on the recommendations [16].

Table 2 shows the results of calculations of the energy correlation of the parameters of the proposed PHS
of a two-mode LPRE operating on three-component fuel.

Table 2
The results of calculations of the energy coupling of the parameters of LPRE operating on three-
component fuel
Parameter I mode Il mode

Engine thrust in vacuum, kN 1060 420
Combustion chamber pressure, MPa 29.4 14.8
Specific impulse in the void, s 386 473
Temperature in the combustion chamber, K 3858 3617
The ratio of the components in the combustion chamber 3.45 6.349
Pump heads, J/kg RG-1 67507 -

Ho 821659 386400

07) 48411 23850
Turbine pressure ratio TPUrG-1+02 1.762 1.762

TPU 131 1.236
TPU speed, rpm TPUgc-1+02 35224 35723

TPUh2 150400 71065
Gas temperature in the gas generator, K GGaoxidising 893 898

GGreducing 1100 802
The ratio of the components in the gas | GGoxidising 52 96
generator GGreducing 0.16 0.89

Calculation of the mass characteristics of a propulsion system running on three-component fuel.
Evaluation of the perfection of the LPRE design is carried out by calculating the mass characteristics, which
are widely used when choosing the optimal parameters of aircraft, propulsion systems and individual units.
To determine the mass characteristics of an engine running on three-component fuel, a mathematical model
was created, which is based on the dependences taken from [17]. Tab. 3 contains the results of calculating
the mass characteristics of a LPRE operating on three-component fuel.

Table 3
Results of calculating the mass characteristics of a LPRE operating on three-component fuel
Unit name Mass, kg
Mixing unit 4
Blast tube 26
Combustion chamber and nozzle with a nozzle attachment and extension 644
mechanism

TPUgrc-1+02 252




Unit name Mass, kg

TPUn2 118
BPUrc-1 11
BPUw: 14
BPUo2 27

Other engine units (valves and control units, gas generators, pipelines, frame,

347
parts of the general assembly)

Total dry weight of a three-component engine 1443

To confirm the efficiency of using a LPRE on three-component fuel, a comparative assessment of the
design perfection of the propulsion system was carried out.

The specific gravity was compared — the ratio of the mass of the filled LPRE to its void thrust in the main
mode, of various engines with the proposed three-component LPRE. The comparative evaluation involved
liquid propellant rocket engines close in thrust to the considered prototype of a LPRE operating on three-
component fuel. The results are shown in Fig. 12.

Comparative evaluation of the LPRE design perfection
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Fig. 12. Comparative evaluation of LPRE design perfection

Puc. 12. CpaBHuTeNbHAS OLIEHKA COBEpILIEHCTBA KOHCTPYKInH JKPJ]

As can be seen from the graph, LPRES operating on three-component fuel are superior in their specific
mass to LPREs based on “liquid oxygen + liquid hydrogen” components and are slightly inferior to some
LPREs based on “liquid oxygen + kerosene” components.

Conclusion. Various schemes and design options for LPREs operating on three-component fuel are
considered, their advantages and disadvantages are revealed. A PHS is proposed for a LPRE operating on
three-component fuel, with full gasification of the components (the “gas-gas” scheme). Calculations are




performed: thermogasdynamic, combustion chambers and gas generator, nozzle geometry with a break in the
contour, energy coupling of parameters, mass characteristics of the investigated LPRE.

Based on the results of the calculations, it can be concluded that propulsion systems operating on three-
component fuel, in terms of their energy and mass efficiency, are not inferior to propulsion systems running
on two-component fuel. Taking into account the unification of the engine for the first and second stages of
the LV, the use of three-component LPREs is more economically feasible. However, the development and
testing of a three-component LPRE and a specialized LV require a large amount of work [18], which
requires large financial investments. Nethertheless, research in the field of LPREs operating on three-
component fuel, and the creation of a LV in the future can significantly reduce the cost of launching the
payload.
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