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FEATURES OF THE ADAPTATION OF 3DPRINTED
REGENERATIVE COOLING CHANNELS OF THE LPRE THROAT
INSERTS

For modern LPRESs there is a general tendency to find new approaches to decrease
manufacturing costs as well as increasing engine efficiency. This is grounded on the fact that
classically, the design of LPRE components represents assemblies which consist of several
complex parts joined together by means of specific technological processes. Particularly,
throat inserts production often requires advanced machining of both inner wall and chamber
jacket which are brazed to ensure the integrity of the obtained part. One of the possible ways
to simplify the complex manufacturing technology of the throat inserts is the application of
additive manufacturing methods. For instance, SLM (Selective Laser Melting) technology
allows to partly exclude complex machining, welding and brazing from production cycle of
the throat inserts. As a result, classically manufactured assembly transforms into single 3D-
printed part and consequently, this has positive impact on system reliability while the time
expenses reduce significantly.

The possibility of using the additive printing process for the manufacture of throat
inserts of liquid-propellant rocket engines is investigated in this paper. A design was chosen
for comparison based on the analysis of existing typical real designs of liquid-propellant
rocket engines. The designs of the throat inserts are to be manufactured by means of SLM
technology. Several 3D models with varying geometry features of cooling channels were
designed. The obtained results made it possible to analyze new metal throat inserts of the
liquid-propellant engines and compare them with those which were manufactured using
traditionally used technologies. Comparative analysis allows us to study the main features of
the SLM-manufacturing of the throat inserts of the liquid-propellant engine and propose the
main ways of adaptation of the geometry of the cooling channels while taking into account the
technological limitations of the chosen additive manufacturing method.

Key words: additive manufacturing, selective laser melting, LRPE combustion chamber,
hydraulic channels, throat insert.

Jas cyyacHux 7KPJl icHye 3arajibHa TeHJAeHLisA NMOMYKY HOBHX MiAX0iB /10 3HMKEHHS
BHPOOHHYHMX BHUTPAT, a TAKOXK NiABHINCHHS edexkTuBHOCTI ABUTyHIB. Ile 00ymoBiIeHO THM,
10 KJACMYHO KOHCTPYKUiA komnoHeHTIB 7ZKP/l € arperaromM, mo CKJIagalOTbCA 3 IeKLIbKOX
CKJIA/ITHUX YACTHH, 3'€/IHAHUX MK C000I0 32 JONMOMOIOI0 NMEBHHMX TEXHOJIOTIYHUX HMPOLeCiB.
3oxpema, BUTOTOBJICHHSI CeKIIii KPUTHYHOIO Mepepizy 4acTo norpedye CKIAIHOI MeXaHiYHOI
00po0KM SIK BHYTPIIIHBOI CTiHKH, TAK | COPOYKH KaMepH, IO NPHUIAIOTHCH IS
3a0e3nmeyeHHs1 UHIiCHOCTI oTpuMaHOoi aerani. OJHUM i3 MOXKIMBHX CHOCOOIB CIIPOLIECHHS
CKJIA/THOI TeXHOJIOTII BUTOTOBJICHHSI CeKLill KPUTHYHOIO Nepepi3y € 3aCTOCYBaHHA aIMTHBHHUX
MertoaiB BupooHuinTBa. Hanpukian, texuosiorin SLM (Selective Laser Melting) mo3soasie
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YACTKOBO BHKJIIOYHMTH CKJIAJHY MeXaHIYHYy 00po0KY, 3BaplOBaHHs Ta NasiHHS i3 BUPOOHMYOT0
HUKJIY CeKIii KPUTHYHOro mnepepidy. B pe3yiabraTi KJIaACHYHO BHUIOTOBJIEHE CKJIAJAHHS
NepeTBOPIOETHCA Ha OJHY /JeTajlb, HaApykKoBaHy Ha 3D-npuHTepi, i, oT:Ke, e MO3UTHBHO
MO3HAYAETHCA HA HAAIIHOCTI CMCTEeMH, 4 TUMYACOBi BUTPATH 3HAYHO CKOPOYYIOThCSI.

Y naniii poGoTi 10CTIAAKYETHCS MOKINBICTD 3aCTOCYBAHHS NPOLeCY AAMTUBHOI APYKY
JJIS BUTOTOBJIEHHSI ceKUid kputuyHoro mneperuny 7KPJI. Ha mincraBi anagizy icHyn4mx
THNOBUX peajJbHUX KoOHCTpykuiii 7KPJI Oyna oOpaHa KOHCTpPYKUisi AJisi NOPIBHAHHA |
BHUIOTOBJIEHHSI i1 aguTuBHUM MeToaoM SLM. Po3pobiieno kiibka 3D-moneseil 3 pi3Hoo
reoMeTpi€clo 0X0JI0IKYHUYNX KaHadiB. OTpuMaHi pe3yiabTaTH [103BOJMJIH NPOAHANIZYBaATH
HOBi MeTaJieBi AeTaJi cekuiii KpUTHYHOrO nepeTtuHy KP/I i mopiBHATH iX 3 BUTOTOBJIEHUMH
0 TPAaIMUiHHO 3aCTOCOBYBAHUX TEXHOJIOTiIH. AHAaJi3 NOpPiBHSAHHA, /J03BOJIIE BUBYMTH
OCHOBHI ocoOsmuBocTi SLM-BUrOoTOBJIEHHSI CeKIid KpuTu4yHOro meperuny KPJ i
3aNpoNOHYBATH OCHOBHi cmoco0u ajaanTanii reomerpii 3 ypaxyBaHHSIM TeXHOJIOTTYHHX
00MeKeHb AJUTUBHOI IPYKY.

KurouoBi cnoBa: aoumueni mexnonocii, selective laser melting, kamepa x#cpo, 2iopaéniuni
MPAaKmu, cexyis KpUmu4Ho2o nepepisy.

Juasi coBpemennbix KP/l cymecTByer o01masi TeHAeHIUS K MOUCKY HOBBIX MOJAX00B K
CHHMKEHUIO NPOU3BOJACTBEHHBIX 3aTPaT, a TaKKe NMOBbIIICHUIO 3(P(PeKTUBHOCTH ABHUraTese.
ITO0 000CHOBAHO TeM, YTO KJACCHYECKH KOHCTpPYKuMs KommnoHeHTOB KPP/l mpeacraBisier
co0oii cOOpKH, cocTOsIIME M3 HECKOJBbKHX CJOKHBIX 4YacTell, COeJUHEHHBIX MeXK1y co0oi
MOCPEJACTBOM OIpeJdeeHHbIX TeXHOJOTMYeCKHX mpoueccoB. B 4YacTHocTH, M3roToBJIeHHe
CeKIMii KPUTHYECKOI0 Ce4YeHUsl 4acTo TpeldyeT CJIOKHOW MexXaHHM4YecKOW 00paloTKM Kak
BHYTPEHHEH CTEHKH, TaK W Py0alIkM KaMepbl, KOTOPble¢ NMPUIIAMBAIOTCH 1A ol0ecriedeHus
LEJOCTHOCTH TOJY4eHHOH aeTaju. OAHMM M3 BO3MOKHBIX CIOCOOOB YNPOLIEHHUS CJIO0KHOM
TeXHOJIOTHUM W3IrOTOBJIEHUS] CEeKIHMH KPUTHYECKOI0 Cce4YeHUsl SIBJsIeTCSl NpPUMEHeHue
aJIMTUBHBIX MeTO0B npou3soacrBa. Hanpumep, Texnonorust SLM (SelectiveLaserMelting)
MO3BOJISICT YACTHYHO MCKJIIYHUTH CJI0KHYI0O MEXaHH4YeCKYI0 00pa0oTKy, CBapKy M NAiKy W3
NPOU3BOJACTBEHHOI0 HMKJA CEKIHIl KPUTHYECKOro ceveHus. B pesyabrare Kiaccmuecku
U3rOTOBJIEHHAs1 cOOpKa NMpeBpamiaeTcs B OHY JAeTajlb, HaneyaTaHHyl Ha 3D-npunTepe, u,
cJ1e/I0BaTeJbHO, 3TO MOJOKMTEJbHO CKa3bIBAETCH HA HAJAEKHOCTH CHCTEMbl, 2 BpeMeHHbIe
3aTpaThl 3HAYUTEIbHO COKPAIAKOTCS.

B nanHoii padote mccienyercsi BO3MOMKHOCTH TNPHMEHEHHMs Mpouecca aAIMTHBHOM
Nne4yaTu I M3rOTOBJICHHS ceKuMil Kputuyeckoro cedyenusi KPJl. Ha ocHoBanum anaimsa
CYLIeCTBYIOIIMX THIOBBIX peajlbHbIX KOHCTPYkuui 7KPJI Obli1a BbIOpaHa KOHCTPYKIUS JJIA
CPaBHEHMS] M M3IOTOBJICHMS ee aJAMTHUBHBIM MetoaoM SLM. Pa3paGorano Heckoabko 3D-
Moje/Iell ¢ pas/IMYHON reoMerpuei oxvakaammMx kKaHauoB. IlosrydyeHHbIe pe3yJbTaThl
NMO3BOJIMJIM NPOAHAJIM3MPOBATh HOBbIC METAIMYECKHE NETATH CEeKIU KPUTHYECKOro
ceyenuss KPJI m cpaBHUTL HX ¢ M3rOTOBJEHHBIMH IO TPAaAULMOHHO TNPUMeEHSIEMbIM
TeXHOJIOTUSIM. AHAJIU3 CPaBHEHMs, MO3BOJIsieT H3YYMTb OCHOBHbIe ocoOeHHocTH SLM-
U3IrOTOBJIEHUS CeKIUi KpuTHueckoro cedeHuss KPJ[ um mpeniokuTb OCHOBHBbIE CIIOCOOLI
aJanTanuy reOMeTPHHU € y4eTOM TeXHOJOTHYeCKUX OrPaHMYeHHI aJIMTUBHOM NeYaTH.

KiwueBble caoBa: adoumusnvle mexnonocuu, Selectivelasermelting, xamepa oicpo,
2udpasIuyecKue mpakmel, CeKYUsi KpUMu4eckoeo ceyetus.

Introduction. Typically, there are a number of components which consist of
LPRE, for instance, turbopump units sensors, valves, combustion chambers. Wherein
the cost of the later is often more than 50% of the total cost of the engine itself. This
due to the fact that for the manufacturing of the classical combustion chamber design,
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a number of complex technological processes is applied. The examples of the
processes are stamping, milling, rotary drawing, brazing, different types of welding,
assembling and heat treatment which follows each production stage as well as
obligatory control of the obtained parts. This leads to significant increasing of the
labor intensity and the need of the special costly equipment. Therefore, for the
modern rocketry, particularly for LPRE, it is of increased interest to search for
solutions in order to reduce the cost of production of chambers, as well as increase
their efficiency. One of the possible means is application of the additive
manufacturing technology for LPRE regenerative cooling channels production.
Particularly, it is known that throat is subjected to the maximum thermal loads while
operation and often requires intensification of the heat transfer from the wall towards
coolant. For instance, these are the artificial roughness performed on the surface of
the inner wall of the cooling channels, coolant velocity incrementation by means of
the decreasing the number of channels which leads to the necessity of spiral channels
performing, etc. The described design features are complex to be performed with
classical means of manufacturing. In turn, there is no complication of the additive
manufacturing technology as well as manufacturing cost in case of the fulfilling of
the requirements mentioned above. In this paper the possibility of the application of
SLM technology for throat inserts manufacturing is studied, the main features of the
manufacturing process are described and the recommendations are given in order to
obtain the successful instances of the 3D-printed geometry adaptation of the LPRE
regenerative cooling channels.

Statement of the problem.With the aim of the introduction of the additive
manufacturing means for LPRE parts production the task was set: to design and
SLM-manufacture low-thrust LPRE throat inserts with regard to the technological
restrictions and following all the specific requirements of the aerospace field.

Design description.

The characteristics of the throat insert are represented in the table 1 and were
chosen as the initial data for designing.LPRE throat is usually one of the most
thermally loaded areas and for that reason is manufactured with regenerative cooling
channels with the significant intensification of the heat transfer from the “hot” wall
towards liquid to ensure the reliable operation of the engine.As a result of the
preliminary cooling analysis, it was designed several variants of the cooling channels
which differ from each other by the width, spiral angle, ribs thickness, etc. The
following materials were considered as the main for the manufacturing: austenitic
stainless steels as AISI 316L, 12X18H10T or 12X21HS5T, nickel-chromium alloys as
Inconel 718 and Haynes 230.
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Table 1
The main characteristics of the LPRE throat insert
Parameter Value Units
Propellant components
fuel ‘unsymmetrical i
dimethylhydrazine
oxidizer nitrogen tetroxide -
Oxidizer/fuel mixture ratio, kn, 2.25 -
Combustion chamber pressure, p. 20 kgf/cm?
Throat diameter, d 29 mm

The choice took into account the heat stability and heat resistance of the
material, as well as the presence of metal powder required for SLM production.
According to the complex of the described characteristics, Haynes 230 is the best
material, which ensures the reliable operation of the part up to 1100 °C, while the 3D
printed material is not inferior in properties to the classical one.

Throat insert classical design represents assembly unit, which includes the
following parts: the inner wall and the jacket [1, 2, 3].0n the inner wall the milled
channels are performed on which the jacket is installed. Then, both parts are joined
together by means of brazing which requires costly equipment as well as deep
knowledge of the complex technological process. [2, 3, 4]. In some cases, when the
cooling system fails to withstand significant thermal loads, it is possible to intensify
heat transfer between the hot wall and the coolant by means of performing
regenerative cooling channels spiral (to increase the coolant speed in channels by
decreasing their number). Such complex geometry requires milling machine
application with the following obligatory control of the geometry parameters of the
part. There is always an instrumental uncertainty for machining process which
influence significantly on an inner wall thickness while manufacturing. Moreover,
there is a need for a special equipment for the component inlet as well as reliable
measuring system while carrying out the hydraulic testing. In the process of the
manufacturing in terms of brazing, there always a necessity in heat treatment in order
to lower the internal stress after the brazing. Furthermore, all brazing seams are
subjected to the obligatory quality control.
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Solution to the problem.

The main problem of the SLM additive manufacturing technology is the
necessity of the adaptation of the initial “classical” design geometry of the cooling
channels, as there is a need in building self-supported surfaces in the inner cavities.
Another problem is the study of the limits with acceptable hydraulic repeatability of
the cooling channels along with the even distribution of the coolant among the
channels.

Based on the experience of previous work, the following restrictions were
chosen: the minimum linear dimension of the channelw was 1 mm, the minimum
wall thickness was 0.4 mm. The manufacturing of the parts was carried out on two
3D-printers: EOS M400 u Sisma 300. All the work on SLM manufacturing of the
specimens along with the study of the features of the 3D-printed LPRE throat inserts
were performed on the FlightControl Propulsion equipment. Not only does the
chosen technology allow to exclude the necessity in milling and brazing, but also
allows not to produce special devices for hydraulic testings of the obtained parts. In
this case all the complex necessary cavities, which provide the input and output of the
component, can be integrated as a single piece in the part. Another advantage of the
SLM-manufactured parts is that the geometric parameters have relatively small
discrepancy, which implies on their geometric repeatability. The main advantage of
the 3D-printed design is in its integrity: the known designs of the sophisticated LPRE
units can be transformed into a single part. In this case, the manufacturing time
mainly depends on the 3D-printing time and is less than the time which should be
spent while manufacturing by classical means of production.With SLM-technology
it is possible to realize virtually any cooling channels configuration. According to [1],
one of the possible ways of the intensification of the heat transfer is obligatory
turbulization of the flow with special turbulizers (see Fig. 1).

—_—
Nnes/ Turbulizer

(e

Figure 1. Flow turbulizer
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Such design elements represent great complexity for “classical” manufacturing,
but not for SLM-technology.

However, despite the described advantages, SLM-technology limits the
geometrical shape to be printed. Thus, starting from specific length, the horizontal
surfaces should be “supported” with special supporting elements. According to [1],
there is a limitation on the length of the “unsupported” horizontal surface while
building SLM-process: the maximum length is limited with 1 mm. Otherwise, the
metal layers distort under the influence of the thermal loads and prevent new layer
from the proper recoating. Because of that, there is a division on self-supported
surfaces (45° - limit value for self-supported surfaces) and those, which require
supporting structures. Moreover, the roughness of the 3D-printed surfaces
significantly depends on the surface angle during the printing. The lesser the angle of
the downward oriented surface, the rougher this surface is. The described dependence
Is called the stair-step-effect and is one of the distinctive features of the SLM-
technology (see Fig. 2, 3) [5, 6]. In terms of hydraulic, rougher surface means that
larger friction loss takes place so more inlet pressure needed for ensuring the required
mass flow rate through the cooling channels while operation.

All of the above features must be taken into account when designing new parts
or adapting existing technical solutions for the use of SLM technology.

o

Desired geometry 7
W

/7

;
A ( Individual layers

/ |

[

Fig. 2. Stair-step-effect
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Individual layers

65°

Fig. 3. Dependency on the surface angle inclination
on the intensity of the stair-step-effect

The adaptation of the initial design is carried out based on the analysis of the
unsupported surfaces creation. As the initial step, the orientation of the part during
the building process was chosen. The orientation of the axis of symmetry of the part
during printing is chosen collinear to the vector of the printing direction. However,
the initial configuration of the cooling channels does not allow to print the part
without application of the supporting elements inside.

Inner wall
High roughness and not

Ribs self-supported surfaces
(3 outof 9 High roughness
are shown)

B.ulldl.ng ' Not self-supported
direction ! surfaces
W /ﬁase plate /

Fig. 4. Printing orientation of the specimens

For this reason, the adaptation of the channels’ geometry was performed. The
second angle of the rib y was introduced. This angle can be called the compound
angle (see Fig. 5). This angle regulates the incline of the printing surface relative to
the base plate of the 3D-printer. It allows to ensure the printablity of the part and to
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decrease the roughness of the obtained surfaces. The varying area of the y depends on
technological restriction of the SLM-process and calculates for each case
individually.

—45>y>45°

Self-supported surfaces
and lower roughness

Fig. 5. Compound angle in the throat insert specimen

The following is recommended for the geometry adaptation of the throat inserts
of the LPRE with regard to the technological restrictions of the SLM-process:

1.

2.

To introduce additional, compound angle y, which is defining from the
point of view of 3D printing of self-supporting surfaces;

To limit the maximum height of the cooling channels in the throat area up to
1 mm on condition that spiral angle does not meet the self-supporting
surface-angle requirements.

If possible, add fillets of the surfaces of the ribs of the cooling channels
with the inner and outer walls, since this reduces the amount of overhanging
surface.

Decrease the inner wall thickness in order to increase cooling system
efficiency. Recommended minimum thickness of the wall for SLM parts is
0.4 mm.

Provide technological orifices for powder removal during post-printing
operations.

Results. As a result of the experimental study of the technology 2 specimens of
the throat inserts were successfully 3D-printed. Two variants of the design were
manufactured.The first variant remains geometric parameters which are the same as
for the milled design.The second variant was manufactured with the purpose of
studying the boundaries of the application of the SLM-technology.The comparison of
the main geometric parameters of the specimes is shown in the table 2.
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Table 2
Geometric parameters of the specimes
Specimen Number of ribs Ribs thickness Inner wall thickness
Variant 1 9 1.25 mm 0.7..1.5mm
Variant 2 22 0.4 mm 0.4 mm

The manufactured parts allowed to obtain sufficient information about the main
features of the SLM-process. The second variant was created on the edge of the
technological abilities of the 3D-printer as the thickness of the wall and ribs is
extremely small. The comparison of the manufactured specimens is depicted in the
Figure 6 (variant 1 is on the left, variant 2 is on the right).

Fig. 6. The comparison of the obtained specimens.

The possibility of polishing the additively manufactured surface of the profile
“hot” wall was also tested. As a result, the required surface quality was achieved,
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which did not differ from the polished surfaces of traditionally used materials. In
order to investigate the possibility of manufacturing special turbulizators, a channel
with artificial roughness was successfully performed (see Fig. 6, the part on the left).

Conclusions. The results of the experimental study of the SLM-manufacturing
of the LPRE throat inserts allows to make the following conclusions:

- the application of the SLM-technology allows to significantly increase the
reliability of the obtained parts. This is due to the exclusion of such labor-intensive
technological processes as brazing, milling, stamping, etc. from the manufacturing
cycle of the throat inserts.

- SLM technology allows to reduce manufacturing time significantly. The
manufacturing time of the 3D-printed throat inserts is 168 hours, whereas the
manufacturing time of the design by means of the “classical” technologies
approximately 330 hours.

- for SLM technology, an increase in the number of parts produced at a time
does not mean a proportional increase in production time. In this case, the
manufacturing time per part increases insignificantly.

- quality of the 3D printed parts shows, that the roughness of the obtained
surfaces significantly depends on their angle during the printing process, which must
be taken into account while designing of the 3D-models.

- adaptation of the designed part for SLM technology must first be carried out
based on the analysis of unsupported surfaces in the product and is a mandatory
preparatory operation.

All work on the study of the possibility of manufacturing the throat inserts was
carried out by FlightControl Propulsion in the period from 2018 to 2020. It should be
noted that due to the peculiarities of SLM technology, the adaptation of the geometry
of the internal channels of the throat inserts is a complex engineering problem, which
was solved by FlightControl Propulsion. The results of the study were successfully
implemented in the chamber of the ML250 engine, designed for the lunar lander
"Blue Ghost" by Firefly Aerospace, a member of the NASA "Artemis" program.
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