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* Introduction — Turbomachinery and Additive Manufacturing (AM)
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Introduction

Liquid Rocket Engine Turbopumps

Marshall Space Flight Center

-

Complex Geometries

Blades/Vanes
Complex Flow Passages & Ports

~

J

[ Typical Design Goal \
Power Density
Power T
Maximize
Weight
\_ J )

High Shaft Speed

Large Temperature Gradients
High Pressure Loadings
Dynamic Modes

[ Typical Design Goal \
Reliability
T Maximize

NS Y

Complex hardware, designed near the limits of the state-of-the-art,
with predicted or demonstrated high reliability leads to...
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Introduction

—— Marshall Space Flight Center

Liquid Rocket Engine Turbopumps

* Long design and development lead time Fastrac Development Engine
. T Manufacturing Cost
* Analyses for design and reliability 8

* Test data needed to verify models
* Long hardware fabrication lead times

* Process development (castings, welds, etc.)

* Complex parts with many features

* |ncreased cost

Can we use Additive Manufacturing techniques to:
* Reduce manufacturing cost and lead time?
* Get hardware into test early enough to anchor models and provide a more robust design?
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Turbomachinery Branch AM Goals

Marshall Space Flight Center

* Develop design experience and techniques to take full advantage of AM process
benefits while understanding constraints

* Advance technology readiness level (TRL) of AM turbomachinery components and
materials, allowing for easier insertion into mainline programs.

* Demonstration of representative piece part designs
* Material property verification

* Develop and test a turbopump assembly that uses AM techniques to the greatest extent
possible.

SLM Impeller Material Testing Integrate AM into turbopump
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SLM Hardware Demonstrations

Marshall Space Flight Center

Two SLM vendors were tasked with building selected turbopump components with lot
test specimens from IN718.

Surface Z XY Fatigue z XY
Part Model Image Vendor Surface Finishing  WLS  Evaluation Tensile Tensile Surface Finish Fatigue Fatigue
*Y ‘TN\ v v
impeller é\;y A MMP 4 2 MMP 6 0
§ i Ext: Bead Blast
A B Int: Extrude Hone v 4 2 Bead Blast 6 0
‘ Ext: Bead Blast
) .
: v v
Pump Volute I ) A Int: Extrude Hone 4 2 Hand Polish 6 0
Ext: Bead Blast
B Int: Extrude Hone v v 4 2 Bead Blast 6 0
@ v v
Turbine Blisk %&\awy A MMP 4 2 MMP 6 0
Wf(mm.w-mw
B Bead Blast v v 4 2 Bead Blast 6 0
—ﬁaa-\ ) )
Turbine Nozzle \ \. A MMP 4 2 MMP 6 0
\“ B Bead Blast v v 6 0 Bead Blast 4 2
f" ' v
Turbine Stator . A MMP 4 2 MMP 6 0
B Bead Blast v 6 0 Bead Blast 4 2
Turbine Exit Guide | (@I A MMP v 4 2 MMP 6 0
Vanes . #
B Bead Blast v 6 0 Bead Blast 4 2

MMP: Proprietary Micro Machining Process

WLS: White Light Scan
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SLM Hardware Demonstrations

Marshall Space Flight Center

Impeller

Build Direction

Vendor B

Build Direction

Surface Finish:
Ext: Bead Blast
Int: Extrude Hone
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SLM Hardware Demonstrations

Marshall Space Flight Center

Impeller — White Light Scan (Vendor A)

Datum Surface

N

Datum
Surface

Avg. Deviation = —0.007"

Avg. Deviation = +0.001"

Avg. Deviation = +0.010"

Avg. Deviation = —0.010"

0.0300
0.0253
0.0207

0.0160

0.0113
0.0067

0.0020
-0.0020

-0.0067
-0.0113
-0.0160
-0.0207
-0.0283

-0.0300

Extra material is provided on external surfaces. Internal flow path surfaces are net shape.
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SLM Hardware Demonstrations

Impeller - Surface Evaluation

Build Direction

! : Top

Bottom

—
Cut Plane
RS

Vendor A — MMP

(Bottom Surface)

Vendor B — Extrude Hone
(Bottom Surface)
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SLM Hardware Demonstrations
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Impeller - Surface Evaluation

Build Direction

Vendor A — MMP

(Bottom Surface)

Vendor B — Extrude Hone
(Bottom Surface)
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SLM Hardware Demonstrations

Impeller - Surface Evaluation

Build Direction

S e

I————
Cut Plane

Bottom

Vendor A — MMP
(Top Surface)

Vendor B — Extrude Hone

(Top Surface)
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SLM Hardware Demonstrations

Impeller - Surface Evaluation

Build Direction

Vendor A — MMP
(Top Surface)
Vendor B — Extrude Hone
(Top Surface)
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SLM Hardware Evaluation

Impeller - Surface Evaluation

Nphaw361®  Betaw 27t

A—-MMP ATt
B — Extrude

28 nn

Nphaw361®  Betaw 27t

g i s 5ab8se¥s gaippeesicness
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[ e
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R, = 250uin

Rawm 50 5

Mgh Ra gin 2000 1000

125 63 3.2 1.6 B A 2 A 05 025 012

METAL CUTTING
sawing

planing, shaping
drilling

milling

boring, turning
broaching

reaming

ABRASIVE
grinding

barrel finishing
honing
electro-polishing
electrolytic grinding

lapping
superfinishing

CASTING

sand casting

perm mold casting
investment casting
die casting

FORMING

hot rolling

forging

extruding

cold rolling, drawing
roller burnishing

e e A e
. e
T e
[
polishing T N [
S I 4
I
N
]

OTHER

flame cutting
chemical milling
electron beam cutting
laser cutting

EDM

Ragm 50 25
Ragin 2000 1000

common ——
less frequent N

"~
-]
(-3
w
w
~
o
@«
-
(%]
n

A B
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SLM Hardware Demonstrations

Marshall Space Flight Center

Pump Volute — Design Considerations
e SLM Constraint — Unsupported ceiling radii should be minimized

Typical volute cross sections are designed for hydrodynamic performance.

Symmetric Overhung Circular

Demonstration volute is designed as a compromise between hydrodynamic
performance and SLM manufacturability.

Minimize unsupported ceiling radius

= -

Build Direction
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SLM Hardware Demonstrations
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Pump Volute

Vendor B

Surface Finish:
Ext: Bead Blast
Int: Extrude Hone
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SLM Hardware Demonstrations

Marshall Space Flight Center

Pump Volute

Vendor B P ’ : :
Surface Finish: |

Ext: Bead Blast
Int: Extrude Hone

. . -
Bottom Bo&qm.

Approved for public release; distribution is unlimited.




SLM Hardware Demonstrations

Pump Volute — Surface Evaluation

Vendor A — Extrude Hone
(Top Surface)

T LB e

Build Direction

Vendor B — Extrude Hone
(Top Surface)
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SLM Hardware Demonstrations

Pump Volute — Surface Evaluation Ry ~200uin| R, =1254in

Mgh Ragwin 2000 1000 500 2500 1S 63 32 16 8 4 2 5 m
Vendor A — Extrude Hone ST CoToE | — 1

sawing

Vendor B — Extrude Hone planing, shaping
drillin

ml]lm:

boring, turning

Alpha=351°  Beta=27° i broaching

A — Top ' - reaming

a0 ABRASIVE
grinding
barrel finishing

- ——

30

20

electro-polishing

o electrolytic grinding
10 polishing
20 lapping

superfinishing

-30
40 CASTING
sand casting N
perm mold casting
investment casting
die casting

Alpha=351°  Beta=27° im FORMING
hot rolling

T
forging
v extruding
2 cold rolling, drawing
[
S

-50

roller burnishing

OTHER

flame cutting
chemical milling
electron beam cutting

-40 2
laser cutting
5 EDM
G Rapm 50 25 125 oj .lz 16 8 4 2 1 05 .025 012
=70
o Ragin 2000 1000 500 2s5d ks 63 32 16 8 4 2 1 5

common | ] A B

less frequent .
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SLM Hardware Demonstrations

Turbine Blisk

Vendor B

Surface Finish:
Bead Blast
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SLM Hardware Demonstrations
P — e e e e

Turbine Blisk — White Light Scan -
Avg. Deviation = —0.025" 0.0425

0.0350

0.0275

Vendor A
(Bottom Surface)

0.0200

0.0125

0.0050 _

-0.0050
-0.0125
-0.0200
-0.0275
-0.0350
-0.0425

-0.0500

Vendor B
(Bottom Surface)

Avg. Deviation = —0.018"
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SLM Hardware Demonstrations

e ——————————————————— Marshall Space Flight Center_
Turbine Blisk — White Light Scan ooso0 B
. Avg. Deviation = +0.010" 0.0425 "
0.0350 .
0.0275 =
0.0200
0.0125
0.0050
-O‘OOSOl
-0.0125=
-0.0200.
-0.0275.
Vendor A -o.oaso.
(Top Surface) -0.0425.
-0.0500
__________________________________________________________ .
Vendor B
(Top Surface)

Avg. Deviation = +0.010"
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SLM Hardware Demonstrations
e — Marchall Space Flght Center

Turbine Blisk — Surface Evaluation

Vendor A — MMP

Approved for public release; distribution is unlimited. 22



SLM Hardware Demonstrations

Marshall Space Flight Center

Turbine Blisk — Surface Evaluation

Vendor B — Bead Blast
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SLM Hardware Demonstrations

Marshall Space Flight Center

Turbine Blisk — Surface Evaluation

Vendor A — MMP
Vendor B — Bead Blast

Stylus profiling of Blisk Blade (EM10-Tribology)

Rapgm 50 25

R, ~90uin||R, ~63uin

125 63

32 | B8 A 2 1 05 025 .012

electro-polishing
electrolytic grinding
polishing

lapping
superfinishing

Rough _ Smooth
Rawin 2000 1000 500 250 125 |3 32 16 8 4 2 | 5§ —
METAL CUTTING
sawing
planing, shaping
drilling
milling
boring, turning
broaching
reaming
ABRASIVE
grinding
barrel finishing
honing

CASTING

sand casting

perm mold casting
investment casting
die casting

FORMING

hot rolling

forging

extruding

cold rolling, drawing
roller burnishing

OTHER
flame cutting
chemical milling

electron beam cutting

laser cutting
EDM

e

Ragm 50 25
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Ragin 2000 1000 500 250
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SLM Material Test Specimens

T Marshall Space Flight Center _
Tensile Test Results |

[}
|y
W AMS 5664

X-Axis

Ultimate (ksi)

Vendor A Builds

1. Turbine Nozzle =

2. Turbine Exit Guide Vanes £ o

3. Turbine Stator o -
4. Turbine Blisk ':—_)

5. Impeller

6. Pump Volute

Vendor B Builds

7. Turbine Nozzle

8. Turbine Exit Guide Vanes
9. Turbine Stator

10. Turbine Blisk

11. Impeller “-
12. Pump Volute

[}
mxy
W AMS 5664

Elongation (%)

[ H
mxy
| MAMS5664

RA (%)

1 2 3 4 5 6 7 8 9 10 11 12
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SLM Material Test Specimens
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Fatigue Test Results

Max Stress (ksi)

200
180 -

\

\

\
160 - X
N
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CRUgLY

o
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g
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100 ++ + + o+
[ |

80 -
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40
1.0E+04 1.0E405

Cycles to Failure

1.0E+06

1.0E+07

= = MMPDS Curve, R=0.10

0 A1(2)

2

A-2 (2)
A-3(2)
A-4 (2)
A5 (2)
A6 (2)
A-AB (Z)
A-M (Z)
B-7 (XY)
B-7(2)
B-8 (XY)
B-8(2)
B-9 (XY)
B-9 (2)

> B-10(2)

B-11 ()
B-12 (2)

Legend

Vendor A

A-1: w/Turbine Nozzle (MMP)
A-2: w/Turbine EGV (MMP)

A-3: w/Turbine Stator (MMP)

A-4: w/Turbine Blisk (MMP)

A-5: w/lmpeller (MMP)

A-6: w/Pump Volute (Hand Polish)
A-AB: As-Built

A-M: Machined

Vendor B

B-7: w/Turbine Nozzle (Bead)
B-8: w/Turbine EGV (Bead)
B-9: w/Turbine Stator (Bead)
B-10: w/Turbine Blisk (Bead)
B-11: w/Impeller (Bead)
B-12: w/Pump Volute (Bead)
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Conclusion

I Marshall Space Flight Center

The SLM hardware demonstrations help fulfill Turbomachinery Branch, AM Goals:

* Develop AM design experience v

Advance TRL of AM turbomachinery components and materials

» Demonstration of representative piece part designs v’

Continue to improve process (surface finishing, removing supports and powder,
dimensional tolerance).

» Material property verification v/

Continue to grow material property database. Build lot test specimens with all parts.

Develop and test a turbopump assembly that uses AM techniques to the greatest extent
possible. (The next step)

The SLM demonstration hardware met most of the design intentions. With a few
process improvements, these geometries can be integrated into a turbopump assembly.
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BACK UP
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SLM Hardware Demonstrations

Turbine Nozzle

Vendor B

Surface Finish:
Bead Blast
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SLM Hardware Demonstrations

Marshall Space Flight Center

Turbine Nozzle — White Light Scan
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SLM Hardware Demonstrations
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Turbine Nozzle — White Light Scan
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SLM Hardware Demonstrations
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Turbine Nozzle — White Light Scan
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SLM Hardware Demonstrations
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Turbine Nozzle — White Light Scan

Vendor B oo A
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Marshall Space Flight Center

Turbine Nozzle — Surface Evaluation

i %5

R AN

..rr\n

MMP

Vendor A —
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SLM Hardware Demonstrations
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Turbine Nozzle — Surface Evaluation

Vendor B — Bead Blast
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SLM Hardware Demonstrations
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Turbine Nozzle — Surface Evaluation [ Measured Ra values ]
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SLM Hardware Demonstrations

Turbine Stator

¢ N
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Vendor B

Surface Finish:
Bead Blast
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SLM Hardware Demonstrations
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Turbine Stator — White Light Scan
Vendor A - LPS01240
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SLM Hardware Demonstrations
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Turbine Stator — White Light Scan

Vendor A — LPS01241
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SLM Hardware Demonstrations
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Turbine Stator — White Light Scan
Vendor B — LPS01240
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SLM Hardware Demonstrations

Marshall Space Flight Center

Turbine Stator — White Light Scan
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Turbine Exit Guide Vanes

Vendor B

Surface Finish:
Bead Blast
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SLM Hardware Demonstrations

Turbine Exit Guide Vanes — White Light Scan

Marshall Space Flight Center
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SLM Hardware Demonstrations
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Turbine Exit Guide Vanes — White Light Scan
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SLM Hardware Demonstrations
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Turbine Exit Guide Vanes — White Light Scan
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Turbine Exit Guide Vanes — White Light Scan
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