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Co30anue 08u2camenbHuIX YCMAHOBOK KOCMUYECKUX ANNAPAMO8 C 8biCOKUMU NOKA3AMENAMU IHEeP2em-
ueckoll dphexmusHocmu U MUHUMATLHLIMU MACCO2A0APUMHBIMU NAPAMEMPAMU ABNAEMCA AKMYANbHOU
HAYYHO-MEXHUYeCKoU 3a0aueti omeyecmeeHHo20 pakemno2o osueamenecmpoerus. Ilpu smom gviosuea-
fomes. mpeOo8aHus ONMUMUZAYUY CIOUMOCIU U 8DEMEHU NPOEKMUPOBAHUL, ONbIMHO-KOHCIPYKIMOPCKOU
ompabomxu U u320MoeIeHUs 0guzameineti, a Maxice IKON02UUECKOU 6e30naACHOCMU HA 8ceX IMANAX JHCUu3-
HeHHo20 yukia uzdeautl. B céasu ¢ smum npednazaemcs 6 npouzsoo0cmee KOCMUHeCKUx pakemHuix 0suaa-
meneti manou mseu (PAMT) ucnonvzosams nepcnexmugnvie nazepHvle mexnonozuu 3D-neuamu (a0oumus-
Hble mexHoI02UY) U3 Memaniuyeckoeo nopouwka no CAD-mooensam demaneil 0gueamernetl.

Texnonoaus 1a3epHo20 NAAGIEHU HA COBPEMEeHHbIX 3D-npunmepax no3eonsem uzzomagiueams ClOdNCHblE
MOHOTUMHbIE KOHCIMPYKYUU 0suzamereli 0e3 npumeneHist mpyoOOemMKux U pecypco3ampamubix onepayuti mexa-
HuYeckol obpabomku, ceapku, NAauky, a Mmaxice SHAYUMETbHO CHU3UMbL 00beM CecapHo-cOOPOUHbIX U KOH-
MPOTLHO-UBMEPUMETTLHBIX PAOOM U YMEHbUUMb GTUAHUE HEKOMOPbIX HENnPOU3800CMEEHHBIX (PAKMOPOE.

B cmamwe paccmompenst 60npocsl npakmuiecko20 npumeHenus nepCcneKmueHbIX mexHoa02uil npu co3-
Ooanuu PIMT. Ilpedcmagnenvl pe3yibmamvl 0SHEGbIX UCHbIMAHULL, KOMopbvle OYOym UCHOIb308aHbl OJA
VMOYHEHUsl panee paspadoOmanHblX PACYemHbIX Mooenel KUCI0poOH0-6000podHbix PIIMT npu cozdanuu
NepCneKmuBHbIX Pakemublx 0suzameneii KOCMU4eckux annapamos.

Obvexmom uccnedo8aHus AGIANCA paspadoOmanHblil U U32OMOGIEHHDBIU C UCHOTL308AHUEM A0OUMUBHOU MeX-
Honocuu sKcnepumermanvivlil oopasey PIIMT nHomunanvrnoti mseou 150 H Ha 2a3000pasHbix KOMROHEHMAX mMo-
NAUBA KUCTOPOO U 8000po0. Dxcnepumenmanviviti PLAIMT paccmampueaemcs kax npomomun 0gusames opu-
eHmayuu, cmaduIu3ayuL U 0decneyenUst 3anycKka KUCIopooH0-6000pOOHO20 pazeoHHo20 bnoxa. [lens pabomul —
uzyyenue s¢ghgpexmusnocmu panee He UCCIE00BAHHBIX KOHCMPYKMUBHBIX PeUenuti no opeaHu3ayul cmeceoopa-
308AHUSL U OXTIAAHCOEHUSL KUCTOPOOHO-8000po0H020 PIIMT, onpedenenue ux enusiHus Ha COBEPUIEHCIMEO paboye2o
npoyecca u meniogoe cocmosinue kamepol ogucamera. OcHesble UCHbIMAHUA NPOBEOEHbl 8 PedcUMe OOUHOUHBIX
BKIIOUEHUNl C ONUMETbHOCHIbIO, 00CMAmOYHOU 015 8bixoda Kamepvl PUAMT na cmayuonapruvlii meniosou pe-
JHCUM, C ONpedeneHUeM IHEPLEMULECKUX XAPAKMEPUCIUK U MENI08020 COCHOAHUS KOHCIPYKYUU.

Knouesvie cnosa: paxemuwvlli 0gueamenv Mmaniou mseu, aooumusHvle mexuonoz2uu, Huxonenv 718,
CcmMeHO08ble 02He8ble UCHbUNAHUSL
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Creating the spacecraft propulsion systems with high energy efficiency and minimal weight and size pa-
rameters is an urgent scientific and technical task of the domestic rocket engine industry. At the same time,
requirements are put forward to optimize the cost and time of design, development and manufacturing of
engines, as well as environmental safety at all stages of the product life cycle. In this regard, it is proposed
to use advanced laser 3D printing technologies (additive technologies) from metal powder using CAD
models of engine parts in the production of space low thrust rocket engines (LTRE).

Laser melting technology on modern 3D printers makes it possible to produce complex monolithic en-
gine structures without the use of labor-intensive and resource-intensive operations of machining, welding,
and soldering, as well as a significant reduction in the volume of fitting and assembly operations, control
and measuring work, and a decrease in the influence of some non-production factors.

The article discusses issues of practical application of promising technologies in the creation of LTRE.
The results of fire tests are presented, which will be used to refine the previously developed calculation
models of oxygen-hydrogen LTRE when creating advanced rocket engines for spacecraft.

The object of the study was an experimental sample of LTRE with a nominal thrust of 150 N using gase-
ous propellant components oxygen and hydrogen, developed and manufactured using additive technology.
The experimental LTRE is considered as a prototype of the engine for orientation, stabilization and launch-
ing of the oxygen-hydrogen upper stage. The purpose of the work is to study the effectiveness of previously
unexplored design solutions for organizing mixture formation and cooling of an oxygen-hydrogen LTRE, to
determine their influence on the perfection of the working process and the thermal state of the engine
chamber. Fire tests were carried out in single switching mode with a duration sufficient for the LTRE
chamber to reach a stationary thermal regime, with the determination of the energy characteristics and
thermal state of the structure.

Keywords: low thrust rocket engine, additive technologies, Inconel 718, bench fire tests.

Introduction

One of the consistent trends in developing domestic and foreign rocket and space technology is the
widespread use of additive technologies (AF — Additive Fabrication, additivity — addition) [1-3], the
main essence of which is the sequential layer-by-layer build-up of metallic or non-metallic material in
accordance with the command-application program of 3D modeling. In the rocket engine manufactur-
ing, the most promising method of additive technologies is considered to be SLM (Selective laser
melting) technology of 3D printing, implemented in the form of laser melting of metal powder using
CAD models for the specific engine parts [4-6].

The selective laser melting technology makes it possible to create complex monolithic mixing
heads of rocket engines with nozzles providing minimal hydraulic and gas-dynamic losses, complex-
profile parts of turbopump units, cooling ducts of liquid rocket engine (LRE) chambers with artificial
roughness and other structural elements of engines.
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Therefore, additive technologies open up opportunities to develop rocket engines with improved
energy efficiency characteristics while simultaneously reducing the weight-dimension characteristics
of products.

Simultaneously, the rocket and space industry should deal with the assignment of forming a tech-
nological system for post-printing processing parts with a focus on innovative electrochemical and
electrophysical methods [7].

Analyzing the state of the problem

Analyzing the scope of application of additive technologies in the rocket engine manufacturing, it
is advisable to consider the possibility of manufacturing low-thrust liquid rocket engines (LTRE) us-
ing the SLM printing method.

In terminology, liquid rocket engines are defined by GOST 22396-77 “Low-thrust liquid rocket en-
gines” as actuators of the control system of spacecraft with a thrust from 0.01 to 1600 N. LTRE are
divided into separate types according to various characteristics. In particular, according to their pur-
pose, they are usually classified into the following types [8]:

— orientation LTRE;

— stabilization LTRE;

— correction LTRE;

—revers LTRE and others.

The specific operating conditions of low thrust liquid-propellant rocket engines in space, the fea-
tures of their functional parameters and characteristics cause great difficulties in designing low-thrust
rocket engines [9]. The assignment of designing and engineering-technological testing the low thrust
liquid-propellant rocket engines is determined by the following factors:

— low propellant consumption;

— few mixing unit elements;

— complexity in creating regenerative cooling;

— difficulty in organizing effective mixture formation and ensuring high combustion efficiency.

The above mentioned factors, in their turn, create special problems in ensuring an acceptable ther-
mal state of the engine chamber, which is determined by the temperature reserve of the wall in the crit-
ical section zone, preventing overheating of the mixing unit and boiling of propellant components in
heat-stressed pulse modes.

Domestic liquid-propellant rocket engines use two-component and single-component propellant.
High-boiling self-igniting components are used as two-component propellant: unsymmetrical di-
methylhydrazine (UDMH — propellant) and nitrogen tetroxide (NT — oxidizer). The single-component
propellant is usually hydrazine, which is gasified by a catalytic exothermic decomposition reaction.
The scientific, technical and educational literature describes the physical, chemical and energy charac-
teristics of these propellants quite fully, and their advantages and disadvantages are known. The previ-
ous research highlighted their reliability and trouble-free ignition, stability of the working process in
various operating modes of the low thrust liquid-propellant rocket engine with these components.

Simultaneously, the rocket and space industry states new requirements for spacecraft (SC) and their
propulsion systems (PS). The industry focuses on the tasks of optimizing the cost and time of design,
development and production of engines, creation of propulsion and power plants for spacecraft with
minimal mass and dimensional parameters with high power density. The environmental safety factors
during ground testing, refueling, storage and operation of products are of primary importance.

Currently, research and design organizations, fields of the industry, with the involvement of scien-
tists and specialists from the Russian higher education system, create the promising propulsion sys-
tems for new generation spacecraft, including small spacecraft for various purposes, as well as those
using environmentally friendly propellant [12]. The scientific and technical groundwork in the direc-
tion of low thrust rocket engines using environmentally friendly propellant components is currently
based on the results of research conducted at JSC NIIMash [13], JSC A. M. Isaev Design Bureau of
Chemical Machine Building [14], PJSC RSC Energia [15], Bauman Moscow State Technical Univer-
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sity [16], Moscow Aviation Institute [17], JSC State Research Center “Keldysh Center” [18],
and others.

Concept of a promising low-thrust rocket engine

This article examines a fundamentally new model of a low-thrust rocket engine (LTRE) with the
following design and technological features and characteristics:

— propellant component are environmentally friendly gaseous substances (hydrogen H, and oxygen
O, or methane CH,4 and oxygen O,);

— engine chamber is made of heat-resistant alloy using SLM printing technology in the form of a
monolithic product;

— thermal protection of the chamber is provided by an internal cooling system by creating a wall
layer together with regenerative cooling by a gaseous component;

— control system ensures multiple switching on and off to the engine in accordance with the operat-
ing cyclogram without changing the thrust value and the ratio of propellant components.

In order to study the possibility of practical implementation of these theoretical assumptions, JSC
State Research Center “Keldysh Center” has developed an advanced model of a low thrust rocket en-
gine operating on gaseous propellant components: oxygen and hydrogen. The engine chamber is man-
ufactured using additive SLM printing technology made of Inconel 718 powder material [19; 20] as a
single part without welded or soldered joints.

The camera was manufactured due to the Cooperation Agreement among JSC “State Scientific
Center of the Russian Federation “M. V. Keldysh Research Center” and the Federal State Budgetary
Educational Institution of Higher Education “Reshetnev Siberian State University of Science and
Technology” with the participation of the university’s industrial partner OOO “Polychrome” (Kras-
noyarsk). The entire printing process is implemented on the ASTRA 420 3D printer, developed and
manufactured at this enterprise.

Fig. 1 presents the general view of the engine chamber. The combustion chamber (CC) has a spher-
ical shape to ensures a uniform distribution of heat flows and temperature gradient throughout the en-
tire volume of the sphere if the heat capacity of hydrogen is high. The internal diameter of the combus-
tion chamber is about 33 mm. The critical section diameter is 12 mm. The supersonic part of the noz-
zle has the shape of a cone with a half-angle of 20°, the expansion ratio of the nozzle F = 11. The re-
generative cooling path has 16 channels, the thickness of the fire wall is 0.6 mm, the height of the
cooling channels is 1 mm, the thickness of the fins is 0.8 mm. The mixture formation scheme provides
for the supply of the entire oxygen consumption through one nozzle with a diameter of 8 mm, located
along the central axis of the chamber.

The design of the low thrust rocket engine is calculated for
operation at a combustion chamber pressure pepan, from 7 to
10 kg/cm?, a total propellant consumption my from 30 to 40
g/s and a ratio of propellant components K,, from 3 to 4.5,
the calculated thrust value is 150 N.

Methodology and 3D printing technology of the LTRE
chamber

The technical capabilities of the ASTRA 420 3D printer
make it possible to achieve relatively high speeds of volu-
metric construction of parts with the necessary adjustment of  Fig. 1. General view of the LTRE chamber
the laser power in the dynamic modulation mode of the laser
spot [21-23].

Therefore, when developing the methodology and technology to manufacture an experimental
model of the LTRE chamber, the main task was to maintain a balance between maintaining optimal

Puc. 1. O6muit Bug xamepst PAMT
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energy-physical parameters that ensure the specified quality of the product and reducing the overall
printing time according to the program of the scientific experiment.

Based on the results of testing the technology for printing products of similar sizes made of Inconel
718 metal powder, to manufacture the studied sample of the experimental chamber, the operating
mode parameters are determined and presented in Table 1.

Table 1
Operating mode parameters

L L .
Laser power, W aser beam speed, ~aser beam Shading step, pum Idle speed, mm/s
mm/s diameter, pm
300 600 190 150 600

To produce the parts with different spatial configurations, the general and individual approaches were
analyzed. It was decided that for each printing case it was necessary to use individual patterns, which
represented a separate path of the laser beam with the corresponding segmentation into layers. Areas
with a thickness of up to 1.5 mm were scanned without changes, with continuous shading. The remain-
ing area was cut off and scanned in a checkerboard pattern, in small sections without changing the over-
all printing speed (Fig. 2).

When preparing the low thrust rocket engine project for printing, more than 40% of the entire time
turned out to be spent idling the laser beam through the empty center of the combustion chamber. This
happened because all the shading was considered as one element, which was filled track by track, with-
out skipping empty areas without shading. The same also applies to other products that have a similar
configuration — a cavity with a volume greater than the surrounding metal wall (Fig. 3).

To optimize operation time, additional segmentation into equal parts around the central axis was
used. Since all areas were considered independently of each other, they were scanned one by one
without moving through the chamber cavity. Simultaneously, the required scanning angle was main-
tained over the entire area (Fig. 4).
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Puc. 2. CermenTanus u3genus Puc. 3. IllTpuxoBKa HUIXHIPUIECKUX Puc. 4. CerMmeHTHpOBaHHOE
U NaTTepHBI [1€4aTu u3Aenui: U37ENUE C YKa3aHHBIM XOI0M
. . 1 — cKaHUPOBaHUE U3JEIUS; JIA3epPHOrO JIyya
Fig. 2. Product segmentation and 2 — XoMoCTOl X011
printing patterns Fig. 4. Segmented product with a
Fig. 3. Shading cylindrical products: specified laser beam path

1 — scanning of the product; 2 — idling

Optimized print time was 46 hours, compared to 75 hours with conventional shading. Upon visual
inspection of the product, no obvious tendency of the external relief to porosity was detected (Fig. 5).
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Preparation of the experimental LTRE to the bench
test

The current state of the theory and practice of developing
rocket engines does not allow to create new products that
differ from previous analogues in many parameters and cha-
racteristics without conducting experimental research and
bench tests close to the actual conditions of their operation.
The main purpose of testing is to obtain reliable information
about the condition of the tested product, which is subse-
quently used to solve scientific, design and technological
problems. Therefore, testing is a vital part of programs and  pyc. 5. Kamepa PJMT. Bua c6oxy u cBepxy
projects to develop highly efficient and reliable engines.

Experimental LTRE preparation to the bench test con-
sists of installing the necessary fittings onto the engine to
ensure propellant supply, ignition of components, and securing the product on the bench. Fig. 6 dem-
onstrates the assembled LTRE design solution.

Fig. 5. LTRE chamber. Side and top view

Puc. 6. Dxcnepumenranbuelii PJIMT:
I — cBeua 3aXUTraHust; 2 — KOPIyC; 3 — U3MEPEHUE JaBICHUs B KaMepe CTOpaHuUs;
4 — kaMepa CropaHus ¢ COIIOM; 5 — TIoflaya BOIopo/a; 6 — popcyHKa KUCIOpoa; 7 — mojiaya Kuciopoaa

Fig. 6. Experimental LTRE:
1 — spark plug; 2 — housing; 3 — the combustion chamber pressure measurement;
4 — combustion chamber with nozzle; 5 — hydrogen inlet; 6 — oxygen injector; 7 — oxygen inlet

Engine chamber 4 has got an M14x1.5 connection for supplying hydrogen to the cooling tract. Hy-
drogen, passing through the cooling channels, moves along the walls of the combustion chamber to its
initial section, leaves the cooling tract, mixing with oxygen.

Housing 2 has a M14x1.5 connection to join the oxygen supply solenoid valve and a threaded
M18x1 socket for installing the C/I-5S5SAHM spark plug /. The pressure in the combustion chamber is
taken through the M12x1.25 fitting 3.

Test unit

Tests of the developed experimental unit of the oxygen-hydrogen low thrust rocket engine were
conducted at bench 7 of JSC State Research Center “Keldysh Center”. Fig. 7 presents the pneumohy-
draulic scheme of the experimental unit.
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The unit ensures the supply of the required oxygen and hydrogen flow rates to the LTRE and the
determination of their actual values by using flow-metering nozzles operating at a supersonic pressure
drop.

To supply gaseous propellant components, the pipelines are used with a diameter of dg; = 10 mm.
The tests were carried out in continuous modes according to the cyclogram with simultaneous sending
of commands to open the propellant solenoid valves and the spark plug. The spark plug switched off in
0.2 s after the start. The duration of the LTRE fire activations was 1-45 s.

Supplying gaseous propellant components to the engine inlet is carried out from cylinders with
pressure reduction to the values provided for in the test program.

During the tests, the recorded data are the values of the pressures of the propellant components in
front of the flow-metering nozzles Py “O” and Py “Prop”, after the nozzles (that is the pressure at the
entrance to the LTRE) Pgng “O” and Peng “I™ and in the combustion chamber pc, as well as the tem-
peratures of gaseous oxygen and hydrogen.

Using chromel-alumel thermocouples, temperatures were measured on the outer surface of the cham-
ber T; — T,. Fig. 8 demonstrates the LTRE equipped with thermocouples and installed on a test bench.

SV BRK -09-015

Puc. 7. [IneBMoruapasindeckas cxema 3KCIIEpUMEHTAIbHON yCTaHOBKU

Fig. 7. Pneumohydraulic diagram of the test unit

The parameters obtained as a result of the LTRE tests are used to determine the consumption com-
plex B using the relationship:

where F_ is the critical cross-sectional area of the engine nozzle; ry is the total mass flow rate of pro-
pellant, which consists of the oxidizer flow rate 1, and the propellant flow rate riyrop.

The coefficient of the consumption complex ¢g is defined as the ratio of the experimentally ob-
tained value P to the theoretical Br, obtained as a result of the thermodynamic calculation for the val-
ues of K, and pc corresponding to the mode of the test performed:
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B
7,

The coefficient @p is determined by the quality of mixing and combustion and characterizes the
perfection of the operation process in the combustion chamber.

With the maximum values of measurement errors of pressure and temperature sensors, the total er-
ror in determining the mass flow rate of each of the propellant components does not exceed 0.7 %, the
maximum error in determining the experimental value of the flow complex, taking into account the
accuracy of determining the diameter and flow rate coefficient of the nozzles, is no more than 2.2 %.

Puc. 8. Oxcniepumentansubiii PIIMT, ycTaHOBICHHBIN Ha CTEHAE

Fig. 8. Experimental LTRE mounted on a bench

Results of experimental research
Table 2 summarizes the data on all tests of the low thrust rocket engine. In total, 12 fire tests were
conducted within the framework of the experimental program.

During the tests of the experimental LTRE, three variants of the oxygen injector were investigated
(Fig. 9).

/ #26
o NG hole
( % l\‘ L"\
\ ® \ S
\ 1 S
L /L
N1 N3

Puc. 9. Cxembl BapuaHTOB ()OPCYHKH KHCIOPOIa

Fig. 9. Diagrams of oxygen injector options

Injector option Ne 1 is a single 8mm diameter hole located on the chamber axis. Option Ne 2 has 6
holes with a diameter of 2.6 mm, directed at an angle of 45° to the camera axis. Option Ne 3 is derived
from option Ne 2 by adding a 6.5 mm diameter hole aligned with the camera axis.

Fig. 10 shows the dependence of the coefficient of the consumption complex on the ratio of propel-

lant components, indicating a significant influence of the type of oxygen injector on the perfection of
the operation process.
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Table 2
Test results

Test C?: . t Pie Pene P Pexg e P i K o B 0

Ne % ign “0” “O” | “Prop” | “Prop” ¢ prop z " 4

E s [10°Pa [ 10°Pa | 10°Pa | 10°Pa | 10°Pa g/s | gls | gs - - | ms | -
1 1 30.1 40.3 7.8 19.7 6.4 29.6 | 10.1 | 39.6 | 2.94 | 0.37 | 1806 |0.71
2 5 30.6 40.3 7.8 19.6 6.5 30.0 | 10.1 | 40.1 | 2.98 | 0.38 | 1812 | 0.71
3 | Nel| 45 342 42.7 8.6 20.7 7.1 33,5 | 10.7| 44.1 | 3.14 | 0.40 | 1800 | 0.71
4 20 | 31.2 40.4 8.4 19.4 6.4 30.8 | 10.1 | 40.9 | 3.04 | 0.38 | 1762 | 0.69
5 20 | 35.1 32.9 8.8 16.1 6.5 346 | 83 | 429 | 4.19 |0.53 | 1714 |0.70
6 |Ne2| 7 314 40.3 10.7 19.8 9.1 31.0 | 10.1 | 41.1 | 3.06 | 0.39 | 2500 | 0.98
7 31.6 25.2 8.0 12.7 5.8 314 | 6.4 | 37.8 | 490 |0.62 | 1729 |0.72
8 11 30.7 40.2 8.8 19.4 6.9 30.5 | 10.2 | 40.7 | 3.00 | 0.38 | 1900 |0.74
9 Ne3 30 | 322 37.1 8.8 18.0 6.8 31.8 | 94 | 41.2 | 3.40 | 0.43 | 1859 |0.74
10 30 | 349 34.0 9.1 16.7 6.9 346 | 8.6 | 432 | 403 | 0.51 | 1802 |0.73
11 30 | 36.2 314 9.2 15.6 6.9 359 | 7.9 | 439 | 452 |0.57 | 1768 | 0.73
12 27 37.9 30.1 9.2 15.1 7.0 37.6 | 7.6 | 452 | 495 |0.62 | 1736 | 0.73

1.0 (pB
A
0.9
0.8
< S S o0
0.7 A, © o
0.6 O Injector +02 Nel
A TInjector .02 Ne2

0.5 < Injector |02 Ne3 |—
0.4

2.0 2.5 3.0 35 4.0 4.5 K 5.0

Puc. 10. 3aBrucuMocTh KO3 PHUIMEHTA PACXOTHOTO KOMIUIEKCA
OT COOTHOIIECHHS] KOMIIOHEHTOB TOILTHBA

Fig. 10. The Combustion efficiency dependence from the mixture ratio

The first 5 tests were carried out with injector option Ne 1.

Fig. 11 shows the change in the recorded parameters during test Ne 3 with a duration of 45 s. Tem-
perature records 7 — 7T} indicate that the combustion chamber reaches a steady-state thermal regime
within ~15 s.

It is noted that when using the oxygen injector option Ne 1, low completeness of propellant com-
bustion is achieved, characterized by values of the consumption complex coefficient of no more than
¢@p = 0.71. The measured temperatures were also low and did not exceed 200 C. The characteristics
obtained using injector Ne 1 are not acceptable for oxygen-hydrogen low thrust rocket engines. The
low completeness of propellant combustion is probably explained by the stabilization of the flame at
some distance from the outlet section of the oxygen injector, which, given the short length of the com-
bustion chamber, significantly reduces the volume in which propellant combustion occurs.
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Puc. 11. U3menenue napamerpoB padbotet PIIMT B mporiecce uctbitanus Ne 3
(dbopcynka Ne 1, iy =44 1/c, K= 3,1)

Fig. 11. The operating parameters changes of LTRE during test Ne 3
(injector Ne 1, my = 44 g/s, K,, = 3.1)

In order to improve the characteristics of the low thrust rocket engine, oxygen injector option Ne 2
was installed in test No 6.

The new injector configuration has significantly changed the operation process in the LTRE cham-
ber. The coefficient of the consumption complex increased to a value of g = 0.98, which indicates a
practically uniform mixing of the propellant components and their combustion throughout the entire
volume of the combustion chamber. Oxygen directed through 6 holes actually destroys the hydrogen
curtain, resulting in an intense increase in the measured temperatures on the outer surface of the com-
bustion chamber during test Ne 6 (Fig. 12). Test Ne 6 was stopped at the 8th second, when the 7, tem-
perature at the initial section of the chamber reached 1,100 C, which is close to the limit for the In-
conel 718 material. Further tests with injector Ne 2 were not performed, since longer firing would in-
evitably result in burnout of the chamber.
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Puc. 12. M3menenue napamerpoB padotet PIMT B mporiecce uctbitanus Ne 6
(dbopcynka Ne 2, iy = 41 r/c, K, = 3,1)

Fig. 12. The operating parameters changes of LTRE during test Ne 6
(injector Ne 2, s = 41 g/s, K,,= 3.1)
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For further testing, a central hole with a diameter of 6.5 mm was additionally made in injector Ne 2.
The resulting injector Ne 3 was installed in the LTRE design during tests Ne 7—12.

The injector Ne 3 configuration made it possible to obtain a more acceptable combination of com-
plete propellant combustion and thermal state of the structure. Tests of the LTRE with oxygen injector
Ne 3 were carried out with a successive increase in the ratio of propellant components (Table 2). The
duration of tests No. 9—12 was set equal to 30 s, which ensured that the measured temperatures of the
combustion chamber reached steady-state values.

An increase in the ratio of the propellant components was accompanied by a corresponding in-
crease in combustion chamber temperatures (Fig. 13).

Test No. 11 (Fig. 14, 15) demonstrated the design operability with a propellant component ratio of
K, = 4.5, which allows to achieve high energy-mass perfection of the PS). A further increase in the
ratio of propellant components to K,,= 4.95 in test Ne 12 (Fig. 16) resulted in burnout of the combus-
tion chamber wall at the 24th second. The burnout (Fig. 17) occurred in a section that had only bound-
ary cooling with hydrogen.
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Fig. 13. The maximum temperature dependence on the outer surface
of the combustion chamber on the mixture ratio
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Fig. 14. The operating parameters changes of LTRE during test No. 11
(injector No. 3, iy = 44 g/s, K,, = 4.5)
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Puc. 15. Ornesas pa6ora PIMT na ucnbiranun Ne 11 (riiy = 44 1/c, K, = 4,5)

Fig. 15. Hot fire of LTRE on test Ne 11 (ri1y = 44 g/s, K,, = 4.5)
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Fig. 16. The operating parameters changes of LTRE during test No. 12
(injector No. 3, iy = 45 g/s, K, = 4.95)

Puc. 17. Dnementst PIIMT nocne ucnbITanuii

Fig. 17. The LTRE elements after testing
The pressure drop along the hydrogen line Piy, “Prop” — pc (Fig. 18) in the studied range of hydro-

gen consumption from mp,, = 6.4-10.7 g/s amounted to 6.9-13.7 - 10° Pa. The main contribution to
the hydraulic resistance of the propellant line is made by friction losses in the cooling channels. High

331



Siberian Aerospace Journal. Vol. 25, No. 3

hydraulic resistance of the cooling tract in oxygen-hydrogen low-thrust rocket engines is undesirable,
since it may require an increase in the supply pressure of the propellant components to the engine. Fur-
ther, in order to limit pressure losses along the fuel line, it is necessary to rationally profile the flow
part of the cooling tract, as well as reduce the roughness of the walls of the cooling channels after
manufacturing using the 3D printing method.

Peng “Prop” —Pc, 10° Pa

>

4 5 6 7 8 9 10 11 jp p, gfs

Puc. 18. 3aBucumocTs nepenaaa JaBiIeHNN O JHHAHA BOJAOPOAA
0T pacxoja BOAOPOAa

Fig. 18. The pressure drop dependence along the hydrogen line
on hydrogen flow rate

Conclusion

As a result of the tests, the researched basic design of the oxygen-hydrogen low-thrust rocket en-
gine, manufactured using the additive 3D printing technology, with features such as a combination of
regenerative and boundary cooling, mixture formation with counter-current supply of oxygen and hy-
drogen and a spherical combustion chamber, demonstrated operability at a sufficiently high ratio of
propellant components .

The main disadvantage of the studied scheme is the insufficient completeness of fuel combustion,
characterized by the values of the coefficient of the consumption complex of no more than ¢z = 0.74,
whereas to obtain a specific impulse of thrust Js;= 3950 m/s, this indicator should be no less than @g=
0.88.

This fact, as well as the need to have reserves for the permissible ratio of propellant components,
do not allow us to recommend the scheme without changes for further development.

Nevertheless, the conducted research made it possible to study the properties of the LTRE chamber
manufactured using additive technology. The obtained experimental data will be used to refine previ-
ously developed calculation models of oxygen-hydrogen low-thrust rocket engines and in the devel-
opment of an improved design of an oxygen-hydrogen low-thrust rocket engine.

It is noted that in the design of an oxygen-hydrogen low-thrust rocket engine with regenerative
cooling, when the coolant — hydrogen — flows from the nozzle to the initial section, the maximum tem-
peratures are realized not in the region of maximum heat flows in the critical section of the nozzle, but
at the exit from the cooling tract, where the coolant temperature reaches its highest values.

Therefore, it could be concluded that the use of additive technologies opens up opportunities for the
implementation of promising design and engineering solutions in the field of space propulsion engineer-
ing.
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