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DISTINCTIVE FEATURES OF SLM TECHNOLOGY APPLICATION
FOR MANUFACTURING OF LPRE COMPONENTS
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1 Oles Honchar Dnipro National University,11 Naukova street, Dnipro, Ukraine,
2Flight Control LLC, 115 Gagarina Ave, Dnipro, Ukraine

Abstract. In view of the growing competition in the modern market for rocket and space technology products, the
issue of maximizing the cost reduction of the process of its production is urgent. In particular, the rocket engine is
traditionally one of the costliest and technologically demanding rocket units, which basically reduces the problem
of reducing the cost of rocket production to the development of new, more technologically advanced and less costly,
approaches to manufacturing LPRE components. Thus, it is of increased interest to use a relatively young method
for producing parts by layer-by-layer melting of thin layers of metal powder by exposing it to high-power laser
radiation. This method is a part of the methods of additive technologies and is called SLM (Selective Laser
Melting). In order to assess the influence of the main features of the production of components, the study of
hydraulic channels manufactured with the additive SLM technology was carried out, and a load-bearing element
of the fastening structure was manufactured which geometry was obtained by applying topological optimization
methods. The aim of the work is to determine the main hydraulic characteristics of inner channels of typical
LPRE’s elements, as well as the limits of the technology applicability in terms of liquid-propellant rocket engines.
The possibility of manufacturing elements, including hydraulic paths, was investigated: regeneratively cooled
cylinders, throat inserts of a liquid-propellant engine, as well as experimental designs of film cooling rings were
adapted to be produced by means of SLM. The possibility of producing thrust frame, the shape of which was
obtained by the method of topological optimization, was investigated. Samples of designs of typical hydraulic
channels, as well as the constituent elements of the design of the rocket engine chambers, were manufactured. The
main hydraulic characteristics of the typical hydraulic channels, as well as the distinctive features of their
production using the method of additive technologies SLM, were determined. The thrust frame, which geometry
was obtained by means of topology optimization, was successfully manufactured.

Key words: ADDTITVE MANUFACTURING, SELECTIVE LASER MELTING, LRPE COMBUSTION
CHAMBER, HYDRAULIC CHANNELS, FILM COOLING, THROAT INSERT, CYLINDER, CARRIER.

OCOBJIMBOCTI BUKOPUCTAHHS TEXHOJIOI'TI BUTOTOBJIEHHSI
SLM AJ1s1 KOMITIOHEHTIB PP/]
C. 1II. Bekinos?, B. 1. Jlinoscekuii!, P. A. Mapuan?, O. €. Bonnapenko?,
Yninposcoruii nayionansnuii ynisepcumem imeni O. Ionuapa, eynuya Hayxoea 11, Juinpo,
Vkpaiua,
2Flight Control LLC npocnexm azapina 115, Juinpo, 49050, Yipaina

AHoTanisg. 3 orJsiiy Ha 3pPOCTaHHSA KOHKYPeHUil HA Cy4YacHOMY PUHKY BHpPOOiB pPaKeTHO-KOCMIYHOI TeXHiKH,
AKTyaJbHUM € NUTAHHS MAKCHMAJILHOIO 3JellleBJIeHHs npouecy ii BUPpOOHHNTBA. 30KpeMa, paKeTHHIl IBUTYH
TPaAUUiiHO € OJHMM 3 HAHOLILII BUTPATHUX i TEXHOJIOriYHO BUMOIJIMBHMX BY3JIiB pakeTH, 10 B NMPUHLMII,
3BOJUTH 3a/a4y 3/1elleBJeHHs PAKeTHOr0 BHPOOHHITBA /10 OCBOECHHSI HOBHX, OiIbII TeXHOJOTIYHUX i MeHII
BUTPATHHUX, MiAXOAIB 10 BUroTOBJeHHS KoMmmoHeHTiB PP/I. Takum uymHoM, sABJsi€ HmiaABUINEHMIl iHTepec
BHKOPUCTAHHS BiTHOCHO HOBOIrO CIOCO0y OTPHMAHHSI JeTajleil HUISIXOM NOLIAPOBOro CILUIABY TOHKHX HLIapiB
MeTaJIeBOro MOPOMIKY 32 J0MOMOT0I0 BILIMBY HA HHOTO MOTY/KHOTO J1a3epHOro BunpominoBanns. Takwuii cioci6 €
YACTHHOIO MeTO/iB aIUTUBHUX TeXHOJIOriil i HasuBaeTbess SLM (Selective Laser Melting). /st ouinku BIUIMBY
OCHOBHHX 0C00JIMBOCTeil BHPOOHHUITBA KOMIIOHEHTIB, NPOBedeHO [IOCJHIIKeHHS TiIpaBJiYHUX TPAaKTIB,
BHTOTOBJIEHHX MeTO0M ATUTHBHUX TexHoJoriii SLM, a Takox BHUrOTOBJIEHUI CHJIOBHI eJeMEeHT KOHCTPYKIil
KpilIeHHsl, TeOMeTpisi AKOro OTPHMAHA IIJIAXOM 3aCTOCYBAaHHS MeTOAIB TomoJoridyHoi omrmmizamii. Mertoro
poGoru O0yJI0 BH3HAYEHHSI OCHOBHMX TiIpPaBJiYHMX XapaKTEePUCTHK THIIOBUX KOHCTPYKUiil ejemMeHTIB
riipaBJidyHUX TPaKTiB, a TAKOXK MekKi 3aCTOCYBAaHHS TeXHOJIOrii B pamMKax moOyI0BM PiIMHHMX pPaKeTHHX
JABHIYHIB. JIOCJi/ikeHO MOKIHBiCTH BHTOTOBJIEHHSI eJeMEHTIB, 1[0 BK/IIOYAIOTh B cede rigpasiiuHi TpakTH:
pereHepaTHBHO-0XO0JIO0KYBATbHI NIUIIHAPH, cekuii KpuTHYHOTO mepepisy PP/I, a Takoxk mocaigHi KoHCTpyKuil
nosiciB 3aBiCHOro 0xo0J101KeHHs. JoCailikeHO MOMKIMBICTH BUPOOHMUTBA CUJIOBOIO KpimjieHHs, ¢opMa SKOro
OTpMMaHa MeTOJ0M TOMOJIOTiYHOi onTHMi3anii. Burorosneni 3pasku KOHCTPyKHili THMOBHX ripaBiivyHHX
TPAKTIB, a TAKOK CKJIa10Bi eJleMeHTH KOHCTpYKIii kamep PP/I. BusHaueHo ocHOBHI rigpaBJiiuHi XapaKTepuCTUKHU
THHOBUX KOHCTPYKUiH TPakKTiB, a Tako: 0co0/IMBOCTi IX OTPHMAHHSI MeTOJAOM AJUTHBHHUX TexHoJiorii SLM.
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BuroroBiienunii ejeMEeHT CHJIOBOIO KpilUIeHHSl, KOHCTPYKULisl $IKOr0 OTPUMAaHA METOJOM TOMNOJOTiYHOI
onTHMi3aii.

KmouoBi cioBa: AJIMTUBHI TEXHOJIOIL, SELECTIVE LASER MELTING, KAMEPA XKP],
TI'IAPABJIIYHI TPAKTH, 3ABICHE OXOJIOJAKEHHS, CEKIISA KPUTUYHOI'O NEPEPI3Y, HUJIUH/P,
KPOHIITENMH.
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AnHoTanus. BBuay Bospacramomeli KOHKYpeHIMH HAa COBPEMEHHOM PpbIHKe M3JeJHMii paKeTHO-
KOCMHYECKOH TeXHHKH, AKTyaJbHbIM SIBJsieTCSl BONPOC MAKCHMAJIBLHOIO Y/ellleBJIeHHsl Ipolecca ee
NpoHu3BOACTBA. B 4acTHOCTH, paKeTHBII ABHraTe b TPAAUIHOHHO SIBJISIETC OJHMM M3 HamoJiee 3aTPATHBIX H
TEXHOJIOTHYECKH TPe0OBATEJLHBIX Y3J10B PAaKeThbl, YTO B NPHHIMIE, CBOAMT 3a4avy yJelIeBJICHHs] PAKETHOIO
NPOHM3BOJCTBA K OCBOCHHI0O HOBBIX, 00/iee TeXHOJOTrHYHBIX H MeHee 3aTPATHBIX, IOAXO0J0B H3rOTOBJICHHS
komnonenToB JKP/I. Takum o0pa3om, npeiacTraB/sieT NMOBBIMIEHHBII HHTepec HCNOJb30BAaHHE OTHOCHTEILHO
HOBOI'0 CII0C00a MOJIy4YeHHsl ieTaslell IyTeM MOCJI0HHOr0 CIJIaBJIeHHsI TOHKHX CJ0€B MeTaJJIHYeCKOro NopouIKa
MOCPeCTBOM BO3eiiCTBHS HA HEro MOLIHOIO JIa3epHOro u3aydenust. Takoii cnocod siBisieTcss 4acThI0 MeTOI0B
AJUIMTUBHBIX TexHoJoruii u HaswiBaercs SLM (Selective Laser Melting). st oumeHKH BJIMSIHHS OCHOBHBIX
oco0eHHOCTell MPOU3BOACTBA KOMIIOHEHTOB, IIPOBEJEHO HCCIeJ0BaHHE THAPABIUYECKHX TPAKTOB,
M3TOTOBJICHHBIX METOIOM AUIMTHBHBIX TeXHoJoruii SLM, a Tak:Ke H3roTOBJIEH CHJIOBOIi 3JIeMEHT KOHCTPYKIHH
KpeIUIeHHsl, FeoMeTpHsl KOTOPOro IOJIy4eHAa IyTeM NpPHMeHeHHsl MeTOJ0B TOI0JIOrHYecKoil ONTHMH3AIMH.
Hennio paboTsl ObLIO ONpeaejeHHE OCHOBHBIX THAPABIMYECKHUX XAaPAKTEPUCTHK THNOBBIX KOHCTPYKIHMit
3/J1eMEHTOB IHIPaBJINYeCKHX TPAKTOB, a TAKKe I'PAHHIBI NPHMEHHMMOCTH TEXHOJIOTHH B PaMKAaX MOCTPOEHHs
JKUJKOCTHBIX PaKeTHBIX ABHrareseil. MccieqoBana BO3MOKHOCTb H3IOTOBJEHHS 3JIEMEHTOB, BKJIIOYAIOIINX B
ce0sl THAPAaBJIMYECKHe TPAKTHI: pereHepaTHBHO-0X/1aK/1aeMble HUJINH/IPbI, CEKIIMH KpUTHYeckoro ceyenust 2KP/I,
a TaKiKe ONBITHbIE KOHCTPYKIHUH TOSICOB 3aBeCHOro oxJyakaeHusi. McciaenoBana BO3MOKHOCTH MPOH3BOACTBA
Kpele:KHOro 3j1eMeHTa, ¢opMa KOTOPOro IOJy4eHa MeTONOM TomoJiormyeckoil onrummusanuu. M3roroienbl
06pa3l.ll)l KOHCprK[ll/lﬁ THIIOBBIX 'H/IPAaBJIHYECKHX TPAKTOB, 4 TaAKKe¢ COCTABJIAIOIINE IJIEMEHTbI KOHCTPYKIIHH
kamep JKP/I. Onpene/ieHbl OCHOBHbIE THAPaBIMYECKHE XAPAKTEPUCTHKH THUIOBBIX KOHCTPYKUHUH TPaKTOB, a
TaKKe 0COOEHHOCTH X MOJIyYeHHsI MeTOI0OM aUINTHBHBIX TexHoJoruii SLM. M3roToBiieH KpeneKHbIi 3J1eMeHT,
KOHCTPYKIHSI KOTOPOIo IOJIy4eHa MeT0J0M TOI0JI0OrH4ecKoi ONTHMH3a .

Kiawuessblie ciioBa: AJJJIMTUBHBIE TEXHOJIOTUM, SELECTIVE LASER MELTING, KAMEPA
KP/, I'nAPABJIMYECKHUE TPAKTBI, 3ABECHOE OXJIA’KJIEHHUE, CEKLUs1
KPUTUYECKOI'O CEYEHUS, HUJIUH/P, KPOHINTENH.

Introduction production and design of the constituent
The most complex and advanced elements. In particular, using additive
technologies are traditionally used while manufacturing has a range advantages for
designing and manufacturing of liquid- solving complex technical problems. In this
propellant rocket engines. It is quite difficult work SLM (Selective Laser Melting) process is
and sometimes even impossible to create considered as the main way of manufacturing
relevant designs without these technologies. LPRE combustion chamber components.
Moreover, work products obtained using these The process consists in sequential layer-
technological processes not infrequently are by-layer melting of powder material by means
expensive and also the manufacturing process of powerful laser radiation and allows: to obtain
is demanding and time-consuming. [1, 2, 3]. parts with complex geometry, internal cavities
Thus, in order to cheaper the LPRE production, and cooling channels; to exclude the
it would be worthwhile to search for new manufacture of complex equipment and devices
approaches towards manufacturing of designed due to the absence of the need to use a number
parts. One of the means which can significantly of technological processes; reduce the weight of
increase the manufacturing of the LPRE the resulting product and, in some cases,
designs is appliance of alternative ways of replace a complex assembly unit with one part;
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reduce manufacturing costs due to the
insignificant effect of the number of
manufactured parts on the duration of their
production. [4, 5].

It should be noted that at present, the
study of rapid prototyping or 3D printing
technology is receiving increased attention
[6,7]. However, the complexity of the
implementation of this technology is due to the
lack of statistical data on the use of SLM
technology in the manufacturing of elements of
liquid-propellant rocket engines, in particular,
there are no standards regulating the quality
system. In addition, the characteristics and
quality of the obtained products directly
depends on many factors: like the printer itself,
the quality of the powder, etc., which creates
additional problems.

Thus, taking into account the advantages
of the SLM process, the ability of introducing it
for the manufacture of LPRE chamber
components was considered. Despite the
obvious advantages, it is important to assess the
technology's limits of applicability, which are
restricted by the specific requirements of the
aerospace industry.

Formulation of a problem

The objects of the study were the typical
elements of the LPRE design. On the basis of
the equipment of FlightControl Propulsion [8],
these elements were manufactured and
experimentally tested with the identification of
the features of the SLM technology appliance.
The limits of applicability of the technology
within the framework of the liquid-propellant
rocket engines design were studied, and the
influence of the technology on the main
hydraulic characteristics of typical hydraulic
channel designs was determined.

Solution of the problem
The solution of the problem was obtained
based on experimental study of the specimens
of typical LPRE elements which were
manufactured using SLM technology.

Experimental study
Typical elements that compose the rocket
engine chambers are injectors, nozzles,
collectors, as well as cooling channels of the
housings. In order to study the features of the
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application  of additive = manufacturing
technology, samples of typical designs were
made: orifices, centrifugal opened and closed
injectors (see Fig. 1) [6]. Being one of the most
important, hydraulic repeatability was chosen
as the main purpose of research. For the designs
of liquid-propellant engine flow paths, a scatter
of 5% can be considered as satisfactory
repeatability of hydraulic characteristics.

Figure 1 — Manufactured specimens

Orrifices

The range of application of the orifices
for LRPE designs is immense: bypass openings
of the collectors, straightening devices,
component bypass openings, etc. Since
geometrically, in comparison with other
geometrical figures, cross-sectional area of the
circle is the largest, provided that the hydraulic
diameters are equal, it was of particular interest
to determine the smallest diameter of the
manufactured orifice, at which the flow
characteristic from sample to sample would
change within 5%. For this purpose, 88 samples
of injectors of various sizes were 3D-printed
(see Table 1). The determination of the mass
flow rates was carried out by the weight
method, in which, a liquid with a set inlet
pressure is passed through the flow path of the
research object for a certain amount of time.
Flowing through the hydraulic channel of the
object, the liquid fills a measuring container,
which is weighed after filling. For each instance
of the injector, the hydraulic tests with a set
inlet pressure was repeated at least three times.
The weight of the moistened measuring



container is taken into account each time before
a new experiment.

The analysis of the obtained experimental
data allowed to determine that the minimum
diameter of the 3D-printed orifices, at which the

dispersion of the hydraulic characteristics
would lie in the range of 5% (see Table 1), is @1
mm.

0

00

Specimen 2

Specimen 1

Specimen 3

Figure 2 — The design of the manufactured specimens

Tangential holes

Tangential holes are one of the most
common examples of hydraulic paths for
liquid-propellant  rocket engines. It s
practically impossible to imagine the high-
quality operation of devices for creating film
flows without tangential holes, such as
centrifugal injectors and film cooling rings of

liquid-propellant engine chambers [9]. In order
to determine the hydraulic characteristics, as
well as ensure the future design of reliable
elements, samples of tangential hole rings with
different geometric cross-sectional shapes, as
well as in a certain range of unit sizes, were
designed and manufactured using the SLM
technology (see Fig. 3, Table 2).

Table 1 — Unit sizes of the manufactured orifices

dc, mm I/dc Quantity, pcs
0.5 1 5
0.5 2 5
0.5 6 4
125
0.6 1 5
jﬂ 06 2 4
0.6 6 5
_dc

! I I s (8 0.8 0.5 5

& N
y 0.8 1 4
/ 0.8 2 5
, 0.8 6 5
1 0.5 5
1 1 5
1 2 5
1 6 5
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The tangential hole outlet

Fluid inlet

Ring N°1

Figure 3 — The pilot design model for tangential holes study

Four identical samples were made for Table 3. The average mass flow rate was
each unit size (designated by the characters determined as
. 1 .
01..3,T1..3, E1..3 and D1... 3 for each gy =~ n P, kg/s

cross-sectional shape respectively). The inlet
pressure pex was kept constant. The obtained
average values of mass flow rates for the

where h? — is the mass flow rate of each
ring with tangential holes with inlet pressure p;
n = 4 — number of rings with holes of the

manufactured samples are shown in the same size and shape.
Table 2 — Shapes and sizes of the cross-section areas of tangential holes specimens
2
Ne a, mm F=" 4a ,mm? Pa
T
o1 1 0.79 / \)
( ¥
02 15 177 NV
03 2 3.14
Ne a, mm F, mm? i
T1 1.93 0.79 5 w0 o3
=
T2 2.9 1.77
T3 3.87 3.14 !
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The end of the table 2

No a, mm b, mm F, mm? " \
‘ ag
El 0.83 0.3 0.79 \\\ '
E2 1.17 0.5 1.77 \-J /’
E3 1.67 0.6 3.14
Ne a, mm b, mm F, mm? 0
D1 0.07 0.48 0.79
D2 0.11 0.72 1.77
D3 0.14 0.95 3.14 .
w

Results of tangential holes hydraulic tests

The deviation 6 of the average mass flow

Table 4 shows the deviations of the rate from the average value was determined by

obtained flow rates from the average values the formula:

presented in the table 3. 5=

Table 3 — The average values of the mass flow rate

Pax, M, kg/s
kgf/cm?
o1 02 03 T1 T2 T3 El E2
1 0.045 0.121 0.240 0.049 0.128 0.241 0.036 0.115
3 0.079 0.216 0.421 0.087 0.240 0.438 0.063 0.222
5 0.102 0.280 0.542 0.116 0.316 0.566 0.082 0.290

10 0.145 0.398 0.763 0.169 0.459 0.805 0.118 0.433

15 0.178 0.489 0.926 0.213 0566 0.987 0.146 0.533
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|mi ;

mcp

E3

0.219

0.394

0.519

0.751

0.918

g,

D1

0.052

0.091

0.118

0.170

0.210

- 100%

D2

0.138

0.241

0.312

0.443

0.542

D3

0.233

0.409

0.529

0.745

0.904



Table 4 — The maximum obtained values of the deviations of the mass flow rates from the

average value

PGX]
kgf/cm?
OL 02 03 T1 T2

1 6.67 7.63 0.73 515 11.11
3 667 220 1.01 6.36 4.8
5 6.86 233 106 2.80 3.56
10 740 245 0.88 459 245
15 6.74 235 097 7.29 278

As can be seen from the Table 4,
satisfactory repeatability was obtained for the
most of the specimens. It should be noted that
the 3D printing was carried out on different
printers; EOS 400 and Sisma 300 (parts
material Inconel 718). Other things being

equal, specimens printed on Sisma 300 printer
had better hydraulic repeatability. Figure 4
shows the hydraulic testing process of E1 type
samples with a water inlet pressure of 5
kgf/cm?.

Figure 4 — The process of th hdraulic testing
of a specimen

Film cooling rings
The film cooling rings are important
elements of the internal cooling of the rocket

5, %

T3 EL E2 E3 DL D2 D3
1037 556 412 171 165 072 1.94
0.63 435 766 577 1602 052 177
0.88 275 646 424 1592 096 161
081 276 208 233 1659 079 188
0.76 325 230 24 1657 078 191
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engine combustion chamber. With the help of
the ring a thin coolant film is formed on the
surface of the gas wall of the chamber. The
coolant film takes the heat flux from high-
temperature combustion products, evaporates
and then forms a protective low-temperature
gas layer near the wall. Usually for
manufacturing of the film cooling rings by
means of classical production methods, there is
an array of technological processes needed as
the design of the film cooling consists of a
large number of parts. For instance, these
processes are: a precise adjustment, welding,
and sometimes soldering. It was decided to
design and manufacture samples of typical
designs of film cooling rings using SLM
technology, which geometry was adapted for
3D printing as a single part.

Results of hydraulic tests of the film

cooling
According to the test results, pilot
designs of film cooling rings shown

satisfactory performance in various range of
flow rates as well as internal flow path
configurations. During operation of all
samples, a thin uniform liquid film was
formed, which remained stable over the entire
surface of the inner wall. Thus, the fact was
established that it is possible to successfully
use 3D-printed film cooling rings in the



designs of LPRE chambers instead of classical
welded structures. Photos of the testing of the
film cooling rings are shown in the table 5.

36
gls

123
agls

Table 5 — The results of the hydraulic testing of the film cooling specimens

Regenerative cooling channels

Of particular interest was the possibility
of manufacturing throat inserts and cylinders,
which are usually the main components of the
LPRE chamber body. First of all, based on the
technological limitations of 3D printer (which
mainly allows to manufacture unsupported
horizontal surfaces up to 1 mm) the possibility
of adapting the geometry was examined. The
data obtained earlier on the minimum sizes of
the hydraulic channels of the internal paths was
taken into account in order to ensure the
hydraulic characteristics to be in the range of
acceptable hydraulic  repeatability. The
hydraulic characteristics of the throat inserts
and cylinders of various configurations were
obtained for the subsequent collection of
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statistics and the possibility of predicting the
hydraulic characteristics of the following
designs. Figure 5 shows the manufactured
sample of the throat insert.

Figure 5 — LPRE throat insert specimen




Four samples of the throat insert with the
same geometry of the flow channels were

Table 6 — Main operating modes and expected

manufactured. Table 6 shows two modes in
which the tests were carried out.

ressure drops

Mode Mass flow rate, kg/s Expected pressure drops, kgf/cm?
Mode 1 0.620 17.2+4.6
Mode 2 0.295 3.9
The resulting inlet pressure deviations Ape, — Apyp .
from the mean value are presented in the 6= APgp ~100%

Table 7. The pressure deviations

determined by the formula:

were

where Apg, — is the value of the pressure
drop expected for the particular design.

Table 7 — Deviations of pressure drops from expected

Nel Ne2 Ne3 Neq Nel Ne2 Ne3 Neq
m, kg/s 0.295 0.62
Apup, kgflcm? 39 17.2+4.6
7.368 8.26 9.431 8.448 | 30.227 | 31.504 | 40.058 | 36.516
Ap, kgficm? 7.369 8.256 9.431 8.448 | 30.204 | 31.54 | 40.054 | 36.484
7.374 8.255 9.43 8.452 30.23 31.54 | 40.054 36.45
Apep, kgf/cm? 7.37 8.26 9.43 8.45 30.22 31.53 40.06 36.48
4, % 89.0 111.7 141.8 116.6 75.7 83.3 132.9 112.1
Cylinders In the table 8:

In order to determine the possibility of
manufacturing the LPRE cylinder design using
additive technologies, 3 samples with different
configurations of the flow channels were
manufactured (see Fig. 6, Table 8)

Figure 6 — 3D-printed specimen of the LPRE
cylinder

IT — channel cross-section perimeter, mm;
F — channel cross-sectional area, mm?;
de — equivalent (hydraulic) diameter.

d,=——, mm

I1

The tests were also carried out for two
operating modes shown in the Table 9. The
results of the hydraulic tests in the form of the
obtained inlet pressure deviations from the
mean value are presented in the Table 10.

Based on the results of manufacturing and
further hydraulic tests of throat inserts and
cylinders (see Fig. 7, 8), the features of adapting
the geometry of existing designs to
technological limitations in SLM-
manufacturing of parts were determined. It can
also be seen from Table 10 that the smallest
deviation from the expected pressure drop took
place for the version with a circular cross-
sectional shape, which is explained by the
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maximum hydraulic diameter de among the
manufactured samples.

Table 8 — Geometric parameters of the cross-sections of the cylinder cooling channels

Ne Channels quantity F, mm? I, mm de, mm Cross-section.
n, pcs.
1,15 40
1 44 1.47...1.6 5.97 0.98...1.07
1.5
RO.3
-
™~
23 44 1.56 6.23 1 o
1.15
$1.42
3 44 1.6 4.4 1.42

Thrust frame

A special form of the structural element
of the thrust frame was created. Since 3D
printing technology allows to obtain elements
with unique properties and geometry, it was
decided to carry out topological optimization
of the existing thrust frame. The figure 9 shows
the original design of the thrust frame.

Figure 7 —Hydraulic testing process of the 3D-
printed specimen of the cylinder

Figure 9 — The initial geometry of the thrust
frame

Initially, the thrust frame was a thick-
_ - : walled structure milled from sheet metal.
Figure 8 — Hydraulic testing process of the 3D- Although the thrust frame fulfills the task, it
printed specimen of the throat insert
121



has significant weight. Thus, the new geometry
obtained by means of topological optimization
methods both performs the task and reduction
of weight ~ 50% takes place compared to the
original one. Topologically  optimized
geometry of the thrust frame is shown in the
Fig. 10. A photography of the printed thrust
frame for attaching the LPRE chamber is
shown in the Fig. 11.

Figure 10 — Optimized geometry of the thrust
frame

Figure 11 — 3D-printed thrust frame installed
on the mixing head

Scientific novelty

This work presents for the first time the
results of the experimental studies of the
prototypes of liquid-propellant rocket engine
components  manufactured with SLM
(Selective Laser Melting). The features of
application of the SLM manufacturing
technology for LPRE components are
revealed, namely:

- the determination of the main hydraulic
characteristics of typical design of elements of
hydraulic channels, as well as the limits of
applicability of the technology within the
framework of the liquid-propellant rocket
engines, was studied;

- the possibility of manufacturing of the
elements including hydraulic channels, was
investigated: regeneratively cooled cylinders,
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throat inserts of a liquid-propellant engine, as
well as experimental designs of film cooling
rings were manufactured for this purpose;

- the possibility of producing a thrust
frame, which shape was obtained by the
method of topological optimization, was
studied.

- the main hydraulic characteristics of the
typical design of SLM-manufactured cooling
channels were determined.

Conclusion

The application of additive technologies,
in particular SLM, has significant potential in
the aerospace industry. Thanks to the work
done, it is possible to determine the main
boundaries for ensuring the minimum
dimensions of acceptable hydraulic channels
for the elements of liquid fuel rocket engines,
successfully adapt existing technical solutions,
and create parts with unique geometry and
mass characteristics, which cannot be achieved
using classical methods of manufacturing of
liquid fuel rocket engines.
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