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MHCTUTYT JIASEPHbIX U
CBAPQOYHbIX TEXHO/TIOT UM

«MepcnekTnsbl BHEAPEHMA TEXHONOTNN NPAMOTO /Ia3EePHOTO
BblpaLLMBAHNA B PAKETHO-KOCMUYECKYIO OTPaCab»

3am. anpektopa NWITNCT CINE6IrMTY
MO HAay4YHOW M MPOEKTHOWN AEATE/NIbHOCTU, K.T.H
E.B. 3emnakos




Conna ¢ BblABUKHbIM Conna ¢ ueHTpasibHbIM Te/I0M

HacagKom (BHewHero pacwunpeHusn)

BuinycKHOM NATPYBOK
ras000pa3Huii 8040p0A

T O xr/ow
XA 12 kr/ow -
me »
Cunoean pybawxa

marepuaa inconel 625 |

| Aamep-exnasbil

3968-5968°C
98 xr/ow

Kamepa cropaHua LCUSP

Typb6oHacoCHbIN
arperat KP4 LCUSP



LOX/Methane Testing of 3D-Printed Chamber Ox-Rich Staged Combustion Subscale Main
Methane Cooled, tested full power Injector Testing of 3D-Printed Faceplate

Reaference:

Gradl, P.R., Protz, C., Greene, S.E., Ellis, D., Lerch, B., and Locci., 1. "Development and Hot-fire Testing of Additively Manufactured
i+ - - “RCAN- P Copper Combusti bers for Liquid Rocket Engine Appicahons 53rd AIAA/SAE/ASEE Joint Propulsion Conference, ALAA
A_'ddltlvely. MaljudetUI ed GRCop-84 and C-18150 s e Fom s el
Combustion Chambers accumulated over 5700 Grad, £, Frots, C, Greene, S, Garcs, C, Bandsmeir, W, Hedina, C., Goodman, D, Baker, K., Bamat, G. Design, Development and
hot fi ti Hotfire Testing of Monolithic Copper and Bimetallic Additively Manufactured (AM) Combustior bers for LOX/Methane and
sec hotrire ume ; LOX /Hydrogen Applications Paper presented st 63nd JANNAF Propulsion Mesting/Sth Liquid n'q)ulsam Subcommrwee December 5-9, 2016.
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Additive Injector Development

100# LOX Propane |©
Injector Built 2012 1.2K LOX Hydrogen

Tested Nov 2013 First Tested June 2013 20K LPS Subscale Tested Aug 2013
>3900 sec hotfire (3) Subscale Injectors Tested

CH4 Gas Generator Injector |

Methane 4K Injector -

Printed manifolds and s LPS 35K Injector s Testing Summer 2017
parametric feature Welded Manifolds '
Tested Sept 2015 Tested Nov 2015 Ref: Brad Bullard 9
Sandy Elam Greene




Injector Development Supporting
20-35k-Ib, Test bed

Ref: Brad Bullard
Greg Barnett
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AM Turbomachinery - Liquid Oxygen
Pump, 35k-Ib, Test bed

Impeller T - Ref: Derek O'Neal / NASA MSFC



Turbomachinery — Fuel Turbopump

192,000 RPM
1,700 hp

:

Rotating Assembly

Ref: Marty Calvert / NASA MSFC
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Additively Manufactured Valves

Hot Hydrogen Gas @350°F and up to 2000 psig Aerospike Engine Multi-port Valve
Versions in Aluminum, CoCr and Inco 718 280 GPM, 750 psig
Reduced weight from 60 Ibs to 10 |bs TR ¥
B= R i .

-

N

H2 at 150°F . ‘ ' LK % 3 -
Throttling 25:1 M S 2.5" dia line, <8 Ibs : - : Cgrr;lglﬁxzﬂgzw“gnﬁc_es
rottling 2 _ ‘ ; psig
Micropolished [\ LOX, Pressures to 2200 psig : - Inconel 718, 7 Ibs

;\ Inconel 718

La \ ‘ : A" = Main OXidizer Val \(‘@ ‘ Main Fuel Valve /' (
Oxldlzer(T(;lTrg:;l)e Byp in - (I)Z‘;E)I’ alve i‘ ‘ Control Valve (MFV

4

; 16
Ref: Jim Richard, Dave Eddlemen, Travis Davis / NASA MSFC



Large Scale Additive Deposition
Nozzle Technology

Additive Wire-based Channel Closeout

Large Scale Deposition:
Blown Powder and Arc Deposition

NasA

- - -'A
- e

Refe‘enc&s:
Gradl, P. "Rapid Fabrication Techniques for Liquid Rocket Channel Wall Nozzles.” AIAA-2016-4771, Paper presented at 52nd
AIAA/SAE[ASEE Joint Propulsion Conference, July 27, 2016. Salt Lake City, UT.

Gradl, P.R., Brandsmeier, W. Alberts, D., Walker, B., Schneider, J.A. Manufacturing Process Developments for Large Scale

Regeneratively-cooled Channel Wall Rocket Nozzles. Paper presented at 63nd JANNAF Propulsion Meeting/Sth Liquid Propulsion
Cidhrammitteas Neramher 5.0 2N1& Phasniv A7



B— Examples of Blown Powder DED for Large Structures

K 14 Scale RS25 Nozzle Liner

Explaratory Rolishing
* Techniques for DED Processes

A B ——

i

“a

Bimetallic Nozzle with
L-PBF and DED (RAMPT Project)



Laser-wire Deposition

Laser Wire Direct Closeout (LWDC) Technology

Coolant Channel
\

N

-— /

Coolant Channel

* Laser Wire Direct Closeout (LWDC) is an additive
manufacturing technique that locally bonds filler e s ot Landi
wire to the channel ribs and provides a structural \”\ ) 4
jacket fabricated “in place” .

* Freeform welding process without need for
filler within the channels

* No material “drop-thru” into channels el

closeout shell

Welding Wire

Direct deposition to
previously welded
bead and partial to
channel land







Ni-Base
Inconel 625
Inconel 718
Hastelloy-X
Haynes 230
Haynes 282
Haynes 188
Monel K-500
C276
Rene 80
Waspalloy

Materials for Liquid Rocket Engines

Industry Materials developed for L-PBF, E-PBF, and DED processes (not fully inclusive)

Al-Base

AlSi10mg
A205
E357

6061 / 4047

Ti-Base
Ti6Al4V
y-TiAl
Ti-6-2-4-2

Bimetallic

GRCop-84/IN625
C-18150/IN625

Cu-Base

GRCop-84
GRCop-42
C-18150
C-18200
Glidcop
cu1lio

Fe-Base

SS 17-4PH
SS 15-5 GP1
SS 304
SS 316L
SS 420
Tool Steel (4140/4340)
Invar 36
SS347
JBK-75
NASA HR-1

Co-Base

CoCr
Stellite 6, 21, 31

MMC

Al-base
Fe-base
Ni-base

Refractory

W
W-25Re
Mo
Mo-41Re
Mo-47.5Re
C-103
Ta




Perceived Process Flow

Test Part

23
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Actual Process Flow

Each process step also includes a series of additional tasks in
order to properly design, build, or complete post-processing

24
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M TexHonormuyeckuit UHCTPYMeEHT

\ 4

TexHONOorn4yeckmn MHCTpymeHT MMJ/1B:

* OnTnyeckaa nasepHan royo0BKa

* Conso nogavyn meTan/iMyecKoro NOPOoLLKa

* Cuctema BuaeoHabawoaeHua

* (Cuncrtema MOHUTOpPUHTra

XapaKTepUCTUKMN:

* [pousBoguTenbHocTb A0 1.5 Kr/u

*  KWUM 85% (npun BannKe WMpuHom 3 mm)

* LWwnpwnHa Banuka: ot 0,8 go 5 mm

* JloKanbHaA ra3osan 3alLMTa BaHHbI pacn/aBa

* MaKcumanbHasa MOWHOCTb a3epa A0 5 KBT

* bbICTpOCMEHHbIe conna

* [lepeHanagka Ha CBapKy, TepMoobpaboTKy

* OnuuoHanbHO: BO66nEp, Bumwennep



CpeaHerabapuTtHaa yctaHoBKa [1/1B:

MaHunynatop: poboT + 2x 0oceBon NO3ULIMOHEP

MakcumanbHbIn pasmep nsgenuna: @ 1300 mm, h=800mm

[Mpon3soanTeIbHOCTb HA cnaaBax Ti: 0o 1 Kr/u
NMpounssoagnTenbHOCTb Ha cnnasax Fe, Ni, Co: 0o 1,5 kr/u
KoHTponnpyemas atmocdepa yncroro AproHa (<100 ppm 02)
BonokoHHbIN nasep J/1C-3: 3 KBt

MopoLWKOBbIM NUTaTENb: 2 X 5 7




MexaHn4ecKana CTPyKTypa KoHTponunpyemasa atmocdepa aproHa (<100 ppm 02)
MakcmanbHbIn pasmep nsgenma: @ 2200 mm

* Po6oTr M20iB/25 (KoHTponnep R30iB-Plus) BonokoHHbIN nasep J/1C-3 (3 kBT)

e [lByxoceBou nosmumoHep Technorobot TR4501-150 TeXHONOrNYECKMIN MHCTPYMEHT C KOAKCMaIbHbIM COMIOM

e JlnHenHana ocb Gudel TMF-1 MopoLWKOBbIM NUTaTENDb: 2 KONObI NO 5 A.




Perceived Process Flow

Test Part

23



B/IVSAHWUE TEPMUYECKMX HAMPAXEHWUM HA FEOMETPUIO %\EALMB
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MO,CI,GI'IVIpOBaHVIe Haﬂpﬂ)-l-(eHHO-,D,ed)OpMVIpOBaHHOFO COCTOAHMA
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YMeHblUeHMe 3aaHHOro pajuyca oUCR T IN S8 7 A6 4 3 28 0
Ha 5 MM Coordinater,mm  Coordinater,mm  Coordinate r, mm PapnansHble nepemelienua Ug, mm

KoppeKTnpoBsKa ynpasastoLiem
Nporpammbl Ha OCHOBe
pe3ynbTaToB MOAEIMPOBaAHMUA

200 200 300 400 500 600 700
Radius R, mm

[MporHo3upoBaHue «ycagKku»

ToyHOCTb NOCTpoeHua +/- 0.2 MM Ha
paauyce 420 mm (kBanutet 9-10)







Micnonb3oBaHWe AMHAMUYECKOM NoaN

"
A\ .
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XecTkaa nognoxka
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HAMPAXEHHO-AE®OPMUPOBAHHOE COCTOAHUE I'IPVI BbfP !4’BA\|"|MM OBOJIOHEK
NPOU3BO/IbHON ®OPMbI } . VN

Pa3smepbl: 500x100%200 VAR P3Mepr: 150%x150%200

PacueTHas mogenb 060SI04KN CIOXKHOMN

: ¢opmbl U3 cnnasa BT6

77 Stress: -250 -200 -150 -100 50 0 50 100 150 200 250 300 350 ZZ Stress: -250 -200 -150 -100 50 0 50 100 150 200 250 300 350 &\ 2 '
OcTaTo4Hble HanpsXXeHUA No OCU z Npu BbipawmBaHum obonoyvek us cranu 08X18H10T

Onsa obecnevyeHmns He0GXo0AMMON TOYHOCTU U3rOTOBJIEHUSI 000I04€EK
npon3BosfibHOU (hOpMbl HEOOGXOAMMO He TONbKO KOMMNEHCUpPOBaTb
ycagKky MeTarnJia B Mpouecce Kpuctannumsauuum, HO M MOBbIWATb
NOKanbHYH XEeCTKOCTb KOHCTPYyKUuuuM (Hanpumep, 3a c4yeT pebdbep
Xectkoctu). [aHHaa 3agaya He MoOXeT ObITb pelleHa 6e3
MCNONIb30BaHMA METO40B KOMNbLIOTEPHOro MogenMpoBaHue .







YueT Tepmoaedopmaumn npum reHepaumm ynp
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Be3 koMneHcauuu ycaakm 0 So i 20
1 : CIRC (980.6694,28.4798) ;
CreHka HwkHuin onaHely BepxHuit onaHel - CIRC(983.2167,28.4562)
. 3 CIRC (986.1447,28.4675)
Ugm: -15.7 mm il 4 CIRC(980.9153,29.5195)
y 5 CIRC (983.4457,29.5473)
6 CIRC (986.3680,29.5891)
7 CIRC (982.7799,30.5992)
8 CIRC .9169,30.5424)
9 : CIRC .7799, 31.6663)
10 .9169,31.7681)
11 - “IRC (983.0311, 32.8075)
12 - *IRC (986.1677,32.9077)
13 - “IRC (983.2809, 33.9494)
14 - “IRC .4192,34.0531)
15 3 “IRC .5301, 35.0969)
16 - “IRC .6693,35.2060)
17 - :IRC . 1774,36.2595) ; PacquHaﬂ
8 “IRC (986.9162,36.3695) ;
19 : *IRC (984.0218, 37.4339) ; TpaeKkTopuAd
20 - “IRC (987.1597,37.5422) ;
21 - *IRC .2633,38.6179) ; pripaMBaHas R= 980 mm
22 o IRC .3989,38.7274) ; ———
23 - “IRC .5008,39.8140) ; 4
24 - “IRC .6336,39.9244)
25 : “IRC .7340,41.0217)
26 “IRC (987.8633, 41.1336)
27 : IRC (984.9623,42.2414)

28 - *IRC ( .0877, 42 .3552)
29 - “IRC .1855,43.4732)
30 . 2IRC .3069,43.5860)

Mony4yeHHoe
nsgenve

[Mpnmep ynpasnsoLwen nporpamMmmel
NPOMBbILLNIEHHOrO poboTa,
noslydeHHOM B pesyrnbrate pacyeTta
OnTMMarbHOWN TpaekTopun
BblpaLlMBaHUsA
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U3penune: Konbuyo HapyKHoe oT gsuratena NA-14
MakcumanbHaa gnametp: 2070 mm.

BbicoTa: 250 mm.

MaTepuan: nopolwok BT-6

Macca Hans1aBNeHHOro maTtepuana: 86 Kr.

KUM: >70 %

Bpemsa BbipawmeaHuma: 128 yacos
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Macca cniowHoro BapuaHta  Macca BapyaHTa C BHyTpeHHeil  ~
16 Kkr ﬂ)epmou 7 Kr

CHuXeHMe maccbl pabouero Koneca 6onee uem B 2 pasa
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TuTaHOBbIN Wap-6anoH EMKOCTbIO 5 UTPOB:

* TonwmnHa CTeEHKN —4 mm

* Matepunan — BT-6

* BblpawmeBaeTca c ogHOro ycTtaHoBa

* 0,=1100 MMa, 0y, =1050 MMMa, 6=10.3%

AR N
NpAmoe NasepHoe BbipaLLMBaHME Lua-p-6§n}qpﬂ~a§:\

. o,
\ T

QO \ 54 w/
ALY 1%y N

Bpemsa BblpawmeaHma — 6.5 yacos
Bec uctpayeHHOro nopowka — 3.5 Kr
Bec BblpalleHHOW 3arotoBKN — 3.1 Kr
KUM -
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[ﬂfMTq MPAMOE NASEPHOE BbIPALLMBAHUE

(728
o
-

Macca uspenusa: 16,5 Kr
Macca 3arotoBku: 41 Kr
Pa3smepbi: 520 x h210
Matepuan: Inc718

Bpemsa BbipawmeaHma: 96 u.

Macca unspenusa: 4,7 Kr
Macca 3arotoBku: 12 Kr
Pasmepsbl: 570 x h100
MaTtepuan: Inc718

Bpemsa BbipawmeaHma: 24 y,
4-x oceBaA cTpaTerma
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Macca nspgenusa: 4,2 Kkr
Macca 3arotToBKU: 7 Kr
Pa3amepbl: 520 x h130
MaTtepuan: Inc718

Bpemsa BbipawmsaHma: 13 y.

Macca nsgenusa: 104 kr
Macca 3arotoBku: 120 Kr
Pasmepbl: 3544 x h1298
MaTtepuan: Inc718

Bpemsa BbipawmBaHma: 130 y.




U3rOTOBJIEHUE BblCOKOTO‘-IHbiX%Q‘I"Of@BOK ,D,ETAJ'IEM

AETOHALUUOHHOIO I'IPFIMOTO‘-IHDI‘C\BO&D,YLLIHO-

MNMpamoe nasepHoe BbipaluBaHue BxogHoe ycTpomUcTBo TonnuBHbIN KONNEKTop
BbICOKOTOUYHbIX 3aroTOBOK (temnepartypa akcnayatauumm 2 950 °C) (aaBnenue Tonnmsa 100 atm.)
JlazepHanA cBapKa BXOAHOroO yCTPOMUCTBA MNonHopasmepHblii gemoHcTpatop AMNBPA,

Toktnueckoe PaketHoe Boopyserve

ITAO TMKB «COKO3»
AO Kopnopauus

1 ¢

T.-i“‘q-”_
AL Vr7AL

- -
MHCTUTYT NASEPHbLIX W CBAPOYHBIX TEXHONOIM MW
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LleneBoe nspgenne

Macca 3arotoBku: 6.6 Kr

Pasmepbl: 160 x h150

MaTtepuan: bpX08 + ctanb
MuHMManbHaA TONLWMHA CTEHKN 1.1 mm

”\,Q“«SS Y‘“[Tﬂ[;’

JemoHcTpaTop

Macca 3arotoBku: 0,7 Kr

Pasmepbl: 3100 x h30

MaTtepuan: CuNiAl + Inc625
MuHMManbHaA TONLWMHA CTEHKM 1.1 mm



Co3gaHne bBumeTannmyeckoro u3sgenus
nyTemM HanaaBKM pyballKM U3 HUKeNeBOoro
CNNaBa Ha BbIMNO/IHEHHYIO. TPAAULMOHHbIMU
AU aaaUTUBHBIMUM CNOCOBaMM 3aroTOBKY:

MaTepunan 3arotoBku — bpX08
Hannasnaemolt matepman — Inconel 718
HannasneHHbIn cnont —oT 1.5 mm
Bpema nsrotosneHmna — 1.5 yaca

KUM — 80%

3awmTa OT OKUC/NEeHUA C NPUMEHEHUEM
KOHTpPO/IMPYyeEMOMN aTMmocdepbl

Pe3ynbTaTthbl:
CBapHOe coegmHeHUe C MUHMMANbHbBIM
nponaasieHnem OCHOBbI
OTcyTCTBME NOP M HECNAB/IEHUN
BblCOKaa reomeTpuyeckasa TOYHOCTb 3a
CYET yyeTa HaNPAXKEHHO-
AePopMMPOBAHHOIO COCTOSIHMS.

Hannaska pyballkn bumetananyeckoro

-.t‘
TADS .
\{

22




» . .
” N «
=
ol Y
- @

PE3YNIbTATBI MEXAHWUYECKMX MCI‘IBITAI@MHA KOTOPbIX

77 MATEPUA/IOB $ L =
nns rocTt
Martepuan Mpoussogurenn
o MNa ¢y, MMa 6% o MNa ¢,, MMa 6% CraHpaprt
BT1-0 OO0 «HopmuH» 675 620 23 370-570 - 13 Mauta 11-60, FOCT 23755-79
BT6 AO «Komnosut» 1026 925 14 885 - 8 Nviet otoskk., TOCT 22178-76
BT20 AO «Komnosut» 1160 1100 10 930-980 - 6-12 Nvct oToxk., TOCT 22178-76
TN5 000 «I'K CMM» 805 739 15 640 590 8 OCT 5P.9071-88
3N698 AO «Komnosut» 1100 781 24 1100 - 13 OCT1 90330-82
Inconel 718 AO «Komnosut» 1293 1086 18 1100 - 8 NInCT r.K., TY14-1-1582-75
BB751 OAO «BUMIC» 1115 982 9 - - -
Inconel 625 Hoganas 865 489 28 870 450 44
12X18H10T 000 «ChepaM» 615 339 42 530 236 40 Juct r/k FOCT 7350-77
08X18H10T 000 «ChepaM» 631 295 57 509 206 43 Jluct r/k TOCT 7350-77
316l 000 «ChepaM» 588 410 57 490 196 40 Juct ToncTelit, FOCT 7350-77
09X16H4b AO «MNonema» 1451 1167 13,5 1030 - 13 Juct ToncTbiit, FOCT 7350-77
MP-09X14H4b AO «lMNonema» 1451,4 1167,0 13,5 - - -
MP-28X3CHMB®A | AO «lNonema» 1667 1069 11 1570 - 7 Nuctbl r/k TY 14-1-4461-88
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P AuToDESK POWERMILL  /\ AE/IKAM-M

Autodesk PowerMill Ukimate 2013 [ Mzamesisemuidl npoesT * Mpoext npomexyTouroro kopnyca] MHOFOOCEBAS OBPABEOTKA
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MmnopT reomeTpun Bcex
PacNPOCTPAHEHHbIX CTAaHAAPTOB
MNocTpoeHne TpaeKkTopumn
06paboTKK

PepaKtnpoBaHue TpaeKTopun,
COPTUPOBKA MO CNOAM,
Ha3Ha4yeHMe nopsaka 0b6paboTkm
Ha3HayeHne TeEXHONOrnMYeCKnx
NapamMeTpoB: MOLLHOCTb /1a3€epa,
pacxos ra3oB M NOPOLLKA
Cumynsauma asurKeHuA poboTa ¢
YYETOM reOMETPUM KaXKa0omn
OTAE/IbHOMN YCTAaHOBKM

MpoBepKa aAsukeHns poboTa Ha
CTOZIKHOBEHMUA
NocTtnpoueccmnpoBaHune
YyNpaBAAoLLLEN NPOrpPaMMbl U
OTNPaBKa ee Ha yCTaHOBKY [1/1B
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BOo3MOXHOCTMU:

TOHKOCTEHHbIE TeNa BpaLeHus
ToncTocTeHHble Tena BpaLLeHUA
TOHKOCTEHHbIE Tena C/I0XKHOM Gpopmbl
MaccurBHble 31eMeHTbl C Pa3IMYHbIMU
TMNAaMU LUTPUXOBKMU

KoMbMHauma TOHKOCTEHHbIX U
TONICTOCTEHHbIX 3/IEMEHTOB, B TOM YUC/IE U
O4HOBPEMEHHOE NOC/IOMHOE NOCTPOeHNE
TOHKas HaCTPOMKA TEXHONOIMYECKUX
napamMeTpOB U KaK CneAcTBME TOYHOEe
ynpaB/ieHUe TONLWMHOM CNOA U LWNPUHOM
Ba/IMKa B NpOLLeCCe BblpalLMBaAHUA
Cumynaumna n NnpeaoTBpaLLeHUA
CUHrynapHocTen poboTa

CMHXPOHHAA MHOrOKOOPAMHATHasA
o0bpaboTka — 6+2+1
(poboT+N03MLMOHEP+INHENHAA OCb)
HacTpoiKa suerku 1 noctnpougeccopa nog,
Ka*KAyt YCTaHOBKY

lNepeHOCMMOCTb Nporpamm mexay
YCTaHOBKamu







