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1. Introduction

Additive Manufacturing (AM) is a generic term used
to identify a group of unconventional manufacturing
methods capable of producing three-dimensional parts by
polymerization, fusion or sintering of materials without the
need for tools and absence of wasted material®. The 1SO/
ASTM standard 52900 defines additive manufacturing as a
process that joins materials to form objects, from digital data
providing of three-dimension (3D) models®. AM methods
fundamentally differ from machining and other cutting
processes and are based on different principles compared to
welding or casting processes. They are broadly classified into
seven major types as shown in Figure 1. Among them, the
powder bed and directed energy deposition methods involving
either laser or electron beam source attract extensive interest
in the fabrication of metallic parts ©.

Figure 1 also shows the working principles of different AM
methods applicable for metal materials ® ®. Binder Jetting
(BJ) technology involves the layer by layer spreading of
powder materials which were subsequently joined by the
selective application of glue using an inkjet head. The major
advantage of this method is that the internal stresses are
usually minimal as it does not involve the melting of metal
powders. However, the need for post processing steps like
oven sintering, isostatic pressing etc. is a major limitation.
Selective laser melting (SLM) process uses a high energy
laser source to selectively melt and join the powder materials
spread on the powder bed platform. Electron Beam Melting
(EBM) process also works on the similar principle except
that the melting of powder materials was carried out in high
vacuum using a focused electron beam emitted from a heated
tungsten filament. While these methods are highly suitable to
produce dense parts without the need for post-infiltration, the
risk of uneven shrinkage and residual stresses are regarded as
key limitations. Directed Energy Deposition (DED) methods
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involve the localized melting and deposition of wire or
powder materials using laser or electron beam. Advantages of
DED methods include larger deposition rates and capability to
integrate features to cast or forged parts for repair purposes.
Poor surface finish and feature resolution are some of the
major limitations associated with DED.

Figure 2 shows the schematic of AM workflow that involves
five basic steps: (i) CAD design, (ii) STL file creation, (iii)
Slicing, (iv) printing and (v) post-processing. While all
AM methods follow this workflow, they essentially differ
by means of: (1) materials that can be used and their initial
properties, (2) how the layers are created, and (3) how the
layers are bonded to each other. However, these differences
eventually will affect the accuracy of build part, its properties
and performance ©,

AM enables the creation of complex internal structures
to serve two major purposes - (i) structural light weighting
through topology optimisation and lattice structures, and
(ii) mass and energy transport through internal channels.
Compared to structural light weighting, the mass and energy
transport through internal channels is critical for achieving
the desired performance. For example, the gas turbine
blade consists of several serpentine cooling channels and
geometric features (as shown in Figure 3) that are essential
for its efficient thermal management™. The same also applies
for other applications like heat exchangers, fluid power
components, injection molds, etc. where the functional
aspects of the product mainly depend on the internal
features. Therefore, the design and optimisation of internal
cooling channels in these applications pose rigorous design
and manufacturing constraints. For example, the cooling
performance of injection molding tool can be improved by
more than 80% by designing them as conformal channels
(carefully following the part geometry) which also reduces
the cooling time/cycle time by 60-70%. Although conformal
channels are very useful, their manufacturing pose unique
challenges and therefore the designs optimised for cooling
efficiency are difficult and even impossible to realize using
conventional drilling techniques. In this regard, AM methods
are remarkably useful as they allow the creation of organic
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Classification of additive manufacturing technologies
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Fig. 1 Classification of additive manufacturing (AM) technologies and schematics showing the family tree and working
principles of metal AM methods (Modified from References (4), (5))
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Fig. 3 Schematic showing gas turbine internal cooling (from Reference (7))

shapes and internal structures without significant impact on
the manufacturing cost. In particular, the laser-based powder
bed fusion methods that involves layer-by-layer addition
and selective melting of powder materials are capable of
producing high resolution features with good surface finish®:
©_ In view of the benefits as stated above, a case study on the
design, optimisation, and performance of an injection molding
tool with conformal cooling channels fabricated by laser
powder bed fusion method is presented in this paper.

2. Additive Manufacturing and Optimisation of
Conformal Cooling Channels

Additive manufacturing allows the integration of conformal
cooling channels with multiple features of different size range
through a range of build orientation. However, the technology
readiness level of AM is low compared to conventional
methods and the quality of AM built parts depend on multiple
design and process parameters. For example, factors like build
direction, build orientation, wall thickness, hatch strategies,
etc. are known to affect the surface roughness which is a
critical parameter for flow performance. Therefore, several
studies in the past have explored the effects of process and
design parameters on the surface roughness of internal
channels -9 As build direction and orientation are the
most critical factors, several articles have compared the
properties of internal channels built using three different
build direction (X, Y, Z) and the results showed larger surface
roughness on the external surface of channels built at an
angle 0-30°. However, it started reducing for angles from 30-
90°(9), Snyder et al.*”) reported a larger surface roughness and
convection coefficient for 0.5 mm diameter channel built at
45° compared to 0 and 90°. With respect to internal channel
surface, while circular channels had similar roughness
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for angles between 0-45°, rectangular channels had better
surface finish when fabricated at 45°(8- 9, In a related study,
the roughness values were found to be similar for upward
and downward facing surfaces between 60-90°, although
the sample dimensions used in this study were relatively
large for turbine heat transfer applications @9, In another
study, Mingear et al. @ reported a reduction in the surface
roughness when the channel axes were parallel to the build
plate.

The published works also highlighted the benefits of
AM built microchannels in terms of turbine cooling
characteristics (e.g., heat transfer coefficients, pressure loss)
and addressed the problems associated with uneven in-hole
surface roughness such as poor flow of coolant medium and
ineffective film cooling © @Y-@7, Stimpson et al.?? studied
the cooling effectiveness of AM built high temperature
nickel alloy coupons and highlighted the importance of
build direction and hole dimension. This study also revealed
the inadequacies of commercial AM processes to produce
very fine holes with predictable behavior. In a similar study,
Vinton et al. ®” reported reduced film effectiveness for an
array of cylindrical holes due to the poor surface roughness
achieved in AM process compared to an array of smooth
holes. Similar results were also reported by other researchers
@89 However, they also highlighted the benefits of design
freedom that allows the fabrication of difficult to make
hole geometries. Schroeder and Thoe G2 @D attributed the
increased turbulence and mixing of the coolant with the
mainstream to the increase in velocity of the core flow due to
in-hole roughness. These studies have reported a significantly
poor film cooling effectiveness for larger relative roughness
(Ra/D = 0.018) compared to smooth holes. Schroeder ¢?
also found that the use of spiral grooves have altered the
flow patterns in microchannels by swirling and secondary
flows. In another study, Krawciw et al. ©® evaluated the
adiabatic effectiveness of an AM built panel with arrays of
cooling holes of various shapes and the results from this study
revealed roughness as non- influential on the performance
for larger hole diameters. While these studies highlight the
importance of in-hole surface roughness, the performance of
AM built holes and the influence of AM process parameters
are yet to be explored in detail.

A few articles have also quantified the impacts of geometric
tolerances and deviation on pressure loss and convective
cooling performance of internal channels. Snyder et al.t®
reported that the reasons for geometric deviation for negative
features like flow channels are similar to the poor surface
finish of AM built parts®®. Kamat and Pei ®V proposed an
algorithm to predict the deviation of diamond, circular, and
ellipsoid shapes built at 0°, with diameters ranging from
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4 - 12 mm. In this study, the measured diameter was larger
than the design intent for all the shapes. Similar results were
also reported by Snyder et al. ®9. In addition, this study also
highlighted larger deviation in circular channels built at 0
and 45° compared to 90° which had the smallest geometric
tolerances such as concentricity. Stimpson et al. ®® predicted
the Nusselt number in AM produced rectangular shaped
internal channels built at 45°. A reasonable agreement
between the correlation and experimental results for
rectangular channels built at 45° was also showed by Parbat et
al. 9, although the correlation was not thoroughly presented
for non-rectangular shape channels. In another study, Bunker
@9 highlighted the importance of film hole dimensions on
the boundary conditions and heat transfer capabilities and
manufacturing tolerances on the resulting boundary. All
these observations confirm the fact that it is critical for the
designers to have a set of standardised design guidelines that
are exclusively applied for the additive manufacturing of
turbine blades with internal cooling channels. For example,
the gravity effects during the printing of circular cooling
channels are compensated by designing a teardrop shape.

In general, the optimal design of conformal cooling channels
requires the implementation of basic design guidelines for
key design factors such as cross-section shape, size, offset
distance to cavity surface, pitch between adjacent channels
etc. that are applicable for internal channels to meet the
requirements on cooling performance, mechanical strength,
coolant fluidity etc.®. With respect to conformal channels,
the layouts can be classified into: (i) basic spiral and linear,
(ii) meshy, (iii) non-circular, (iv) bubbler, (v) modular, (vi)
lattice, (vii) dual-materials, and (viii) combination types®.
While the basic design layouts like spiral and linear channels
provide sufficient cooling capacity for simple part shapes,
complex types such as meshy and non-circular cross-
sections are used for complex-shaped parts. However, the
local complex structures require the combination of multiple
channels. Thanks to the design freedom offered by layer-by-
layer construction, AM enables the creation of organic shapes
and complex internal features without significant impact
on the manufacturing cost. While this freedom previously
existed in the digital design for animation, features like
NURBS or editable polygonal mesh that allows the creation
of more organic design are only available in the latest
versions of the CAD tools®. Another interesting benefit of
layer-by-layer manufacturing is that the possibility to realize
geometries from different optimisation schema viz. volume,
shape, and topology. Some of the popular optimisation
methods applicable for conformal cooling channels include
(i) empirical method based on experiments or numerical
simulation, (ii) design based on conformal cooling profiles,
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(iif) modular design, (iv) algorithm based intelligent design,
and (v) topology optimised design for the design of conformal
cooling channels.

While a range of continuous and discrete optimisation
tools based on SIMP or BESO algorithms (e.g., Altair
Inspire Optistrut and other traditional finite element tools
like ANSYS, ABAQUS, COMSOL etc.) are available,
industries tend to embrace flexible rules taking into account of
practical limitations with respect to geometric features, scale
limitations, deposition rates, production time, build volume,
support structures, part orientation, mechanical properties,
and structural anisotropy®: ¢, Since most of these factors are
related to the execution of design, new design frameworks
and guidelines are being developed specifically for AM and
the general DfAM guidelines address data format, build
envelope, part size, orientation, tolerance, wall thickness, pin
sizes, holes, staircase effects, etc.®”. While several research-
works in the past highlighted the needs for design rules and
guidelines for AM, only very few reports addressed on the
design techniques such as feature based functional design (e.g.,
functional integration, design potential), design for tolerance
(e.g., physical restrictions), design based on capabilities (e.g.,
speed, accuracy, material, repeatability) and attention to wall
thickness ©®. Therefore, identification of the fundamental
design philosophy and the development of specialized
design rules for are gaining global attention. In addition, the
prior identification of processing issues like deformation,
warpage, and stress concentration points is also critical for
the implementation of design rules. Although the complete
control of AM process requires significant advancements with
respect to design and materials properties, simulations help in
the early detection of possible issues with remarkable material
and time savings. They allow the optimisation of support
structures and process parameters and also identify the most
suitable printing orientation and location to overcome the
bottlenecks in printing process for the broader adaption of
AM processes. They also allow the integration with other
finite element tools to predict the behavior of printed parts
subjected to actual load and boundary conditions, taking into
account the process induced stress and deformations. All these
technological advancements in AM viz. material availability,
AM-specific design and simulation tools, printer hardware,
etc. are critical for the successful realization of customized
AM products and the intensified production of both critical
and non-critical spare parts®?,

3. Case Study: Additive Manufacturing of Conformal
Cooling Channel Inserts for Inject Mold Tools

At ARTC, the additive manufacturing industrialisation (AMI)
group delivers end-to-end solutions for AM technologies.
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The state-of-the-art facilities enable the printing of high
value components, the test bedding of manufactured parts,
and translation into protect-ready solutions. The list of
major equipment includes powder bed and powder blown
AM machines of different makes, heat treatment furnaces,
and different metrological and materials characterisation
tools for qualification. Some of the successful deployment
include aerospace parts such as hinges, brackets, automotive
manifolds, mold tools with conformal cooling channels, and
medical implants, made possible through the group’s deep
expertise in design, AM process development, and materials
qualification. More details can be found on the website,
https://www.a-star.edu.sg/artc/technology-themes.

In this case study, the print feasibility of conformal cooling
channels was evaluated for a plastic injection molding tool.
The impacts were assessed in terms of production cycle data
and cost. In the first stage, conformal cooling channels were
designed based on a mold tool for a specific product. Figure
4 compares the design of conformal cooling insert with the
conventional insert. The redesign was carried out based on
the results of ANSYS Fluent simulation which identified the
hot spots in conventional inserts. In the conformal cooling
configuration, the cross-section shape was modified with an
aim of overcoming the hot spots and to improve the cooling
efficiency. However, the area of cross section was maintained
due to flowrate requirements. In addition, the design rules
specific for AM were also taken into account when designing

the channel shape to ensure that the cooling channels are self-
supporting. The redesign was also verified using MoldFlow
plastic injection molding simulation which confirmed a more
uniform heat distribution and enhanced cooling effects. The
finalized conformal cooling channel design was also reviewed
for printability. Support structures were added for overhang
regions in the slider and cavity inserts as shown in Figure 4c,
while the geometry of core insert did not require any support
structures. Necessary offsets were also included for post-
processing tolerance.

The fabrication of conformal cooling inserts was then carried
out using an EOS M290 machine based on laser powder bed
fusion technology. Standard OEM recommended parameters
were used. As the core insert consists of straight channels at
the bottom and conformal channels only at the critical areas,
a hybrid schema as shown in Figure 5 was proposed for
manufacturing. While the critical areas alone were fabricated
by AM, the rest of the channels were machined. After
successful fabrication, the inserts were sent for heat treatment,
wire-cutting from the build plate and further post processing.
The inserts at the different stages of the fabrication are shown
in Figure 6.

After post-processing, the functional performance of
conformal cooling insert was evaluated in comparison
with conventional inserts by injection molding trials
after installation into the mold base. While the first trial
conventional inserts had burnt marks due to insufficient

core insert

cavity insert

slider insert

(a) Conventional

(b) Conformal Cooling

(c) support structure

Fig. 4 (a-b) Design of conventional & conformal cooling channels for slider insert, and (c) overview of

support structure generation
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Fig. 5 Hybrid manufacturing schema for the manufacturing of core insert

cooling. This was sorted out in the optimised designs where
the air trapped in the screw thread area was reduced through
air vents. Further, it was observed that the injection molded
products using the conventional inserts were relatively warm
at the ends than the rest of the body. However, the injection
mold products with conformal cooling inserts had better
temperature distribution which reduced the cycle time and
improved the cooling efficiency. The reduced cycle time is
expected to translate into monetary gains due to increase
machine availability with reduced cycle time (Figure 7).
With regards to tooling cost, it was found that the conformal
cooling inserts that were to be additively manufactured would
cost more than conventionally manufactured inserts. While
the part produced using conventional insert had a weight
of 7.05 g, it was reduced to 7.103 g when using conformal
cooling inserts, thus indicating better compactness for
products produced using conformal cooling inserts. Similarly,
the dimensional measurements also confirmed slightly better

dimensional conformance for the conformal insert compared
to conventional insert although the visual examination of
products produced using both the inserts did not exhibit any
signs of distortion.

4. Summary

Additive manufacturing allows the integration of conformal
cooling channels with multiple features of different size
range through a range of build orientation. The successful
implementation requires careful assessment of design
and manufacturing guidelines as the quality of AM built
parts depends on multiple design and process parameters.
Therefore, the proper selection of design factors, method
layout, and fabrication process is crucial to achieve the
expected cooling performance using conformal channels.

The design factors include cross-sectional shape and size,
surface area, distance to cavity surface, and pitch between
two adjacent channels are critical as they affect the cooling
rate and time, temperature gradient, mechanical strength
of mold, and coolant pressure drop. With respect to design
methods, five different classes are employed and the layouts
for conformal cooling channels are classified into eight major
types. While the basic design layouts like spiral and linear
channels provide sufficient cooling capacity for simple part
shapes, complex types such as meshy and non-circular cross-
sections are used for complex-shaped parts. However, the
local complex structures require the combination of multiple
channel types.

Although conformal channels reduce the cycle time and
geometric deviations, the manufacturing of more complex

AM process

Heat Treatment

Wire -cutting

Core insert

Cavity insert

Slider insert

Fig. 6 Inserts after different stages of manufacturing (AM fabrication, heat treatment, and wire-cutting)
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Fig. 7 Projected cost savings for part production using AM conformal inserts

designs pose unique challenges to realize using conventional
drilling techniques. In this regard, additive manufacturing
allows the integration of conformal cooling channels with
multiple features of different size range through a range of
build orientation. As the flow and cooling efficiencies of
conformal cooling channels depend on the surface finish
of internal channels, the role of key process and design
parameters on the surface roughness were summarized. The
benefits of AM built micro-channels in terms of turbine
cooling characteristics were also discussed. Similarly, the
impact of AM processes on the geometric tolerance and
pressure loss or convective cooling performance were also
highlighted. A case study demonstrating the print feasibility
of conformal cooling channels was presented for a similar
application, plastic injection molding tool in which the
impacts were assessed in terms of production cycle data and
cost.
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Fig. 1 Control of geometry and materials property by PBF
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Fig. 2 Concept of high-performance functionalization of materials by anisotropic design of microstructure [after T. Nakano™*]

Fig. 3 Control of crystallographic orientation by laser beam scanning strategy
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Fig. 4 Ni-based superalloy turbine blades fabricated by selective
laser melting (PBF-LB). (source: final report for the SIP
Innovative Design/Manufacturing Technologies“”)
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Fig. 6 Orientation maps of IN718 Ni-based superalloy fabricated
by SLM (PBF-LB) under various conditions. [after
Gokcekaya O. et al"™]
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Fig. 3 Schematic of multi-scale and multi-physics simulations for SLM process.
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Fig. 6 Snapshots of solidification microstructure distributions
obtained by the non-equilibrium MPFM at Al concentration
(molar fraction) at (a)5 x 10° K/s and 5 x 10% K/m, (b) 1
X 106 K/sand 1 x 107 K/m, (¢)5 X 106 K/s and 5 X 107
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Fig. 7 The procedure to evaluate the simulation error E. (2) Cross-sectional SEM image of the single bead with laser

scanning, (b) binary image, and (¢) coarse-grained image of the bead. (d) The visualization of the melted zone
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Fig. 9 Outline of the proposed framework for determining appropriate selective laser melting (SLM) process

parameter range considering defects and crack occurrence .
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to the laser scanning speed .
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Table 1  Chemical composition of TiAl4822 used in SLM and EBM processes in at.% and mass%
Al Cr Nb Fe C O N H Ti
0 EBM 49.1 1.92 1.95 0.03 0.03 0.24 <0.03 0.04 Bal.
aLte SLM 49.6 1.82 2.20 0.03 0.02 0.17 0.003 - Bal.
0 EBM 344 260 4.70 0.04 0.008 0.10 <0.01 0.001 Bal.
Mm% siu 347 246 531 005 0.007 007 0001 - Bal.
FWIRETH 5, S 61T, FEMKM L —%— (VCSEL) T OFMH» LU (Tay 2#) ZHWT,
W& D B> ok (Heating 2) %17-72. &8, 4 950 C, MO AEELOX 10 s CTHIRABRZ 1T 720
& L Zzas-builtht D% B, 9997%TH Y, +o%k 9 7 ABRIET50 C, IS T v iREER (R=01), %
FER L EBITE . —7, HBIZHW72EBMH I3, 170 720 SBRHT O EIEH O RAIHLIR 2 2 A8 - B
ArcamttBA2XIZ T &2 90 L 720 A2X13 TiA14822 (HITACHI High-Tech S3700N) (ZCHHEL, ML
BT AAMZ EBLT 572012, T F THREMICH L DRERICOWTEL L 72, EBSD (Electron Back
WHENTWD, A2XIISLMFIFRIZ /S 7 — Xy N Rl Scatter Diffraction, TSL Solutions, OIM) % ¥ Sk £ 8
FERHLTBY, SREAVPERTHL I L, Hin X OHERAH D 5347 D 72 9D 12 Fefiti L 720
TONR=A7 L — bOTVMBKIEZ M2 T D720,
EELE R GBS 2 2 LA REE SR TWw
%o SLMICH W 5 TIAU4822K KIZH AT b~ A4 Xk
Lo THEL FAT M~ A AFdMo—# % 1T
R EEEEMEICEN XYY —Xy FIEIZKRD
ONBE T RBEREZATIMREMRIIHLI L .
A TE%, Table 112, AREBTHW B RKOLFAK Separate
RS MEICBWTH, SLIMTIZEBM & 1 A7 control
HAEATIANT LD F— R B 7200, BRSO 4 system
mUTOb %R L7z, ST L, EBMTIE, e
Arcamtt DOHEFE T B SR FE45 ~ 150 pmD K % H
W7z, SLMEEBMIZBWT, B2 REONEKZ MM
T AHHEME LT, EBMTIEER 7 1t AW I3 in#k
S, BEE S B Rz /a5 BRET 5 TIRICB W
T, HRHAL OB P BRI R BT 5720, X -
DRKEBRRBEOHENA—=AH5 SRS N TV Y, e
SRERF 12 6 mm X B 9 mm X & 45 mm#% A9 5 H it “" Heating 2
MEBEEL, ZOB7 A VIREMIIC XD 5REB I
IML%AT > 720 EBMOGEHiIZIE, 40x40X57 mm® 7
Oy 7 IREH T @& b AR T A Y RCEMN T
IO RE A ER L 720 SLMB X UEBMIZB VT, e
WA OB, BEARIREAEAS19.6 mm, WFIETRG =
#t2.8 mm, A%30 mmé& L7z, 4 M, #)® TSLM®Das- .
builthf DFFE % G-I 3 % 72, Y= v by T U
SFT—MRIICHENE S N B EHEME (HIP) ALPLR 2/l
HIZ—PiEL T, 4B, FIRAIEERR ORE
Jif &R Ce Lo SLMB L UEBMIZBWTZ TR Fig.1 The machine was designed by modifying M290 (EOS
BIRIEME B X O OB 217w, g L7z, FlE GmbH Electro Optical Systems) and was equipped with
SEXIZSHIMADZU AG-10TEJ BestErik % Hvy, 750 C a high-temperature modification unit that features cooling
BT AR X100 sl L, %, Do e e o it e
2, BEEOREH RS20, Tay 7 (46x12x49 view of the heating system. VCSEL: Vertical Cavity
mm) &M (6x9%x45 mm) ZEEHE, Ky 72 KRK—v Surface Emitting Laser. Courtesy AM Metals GmbH.
EosIRRBR 274X Yy MCX VWO L7, M
JE TN R LC0° 5 MR 7 1 v 7 % VER LR
B2y mLem A, B X ORI L
— 25—
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Fig. 2 Crystal grain size distribution of (2) SLM and (b) EBM
specimens.
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TROOFmMTMMBAEELZ AL Tnwb I b, #
RO HMEEEE, WHREESLKN/NE WEBM E, &
HHEEPRKEWREROSLMOMICMET L EEZ N
%o HMETWME (TEM) BIg8I2B VT, SLMIZT
WL Zzasbultf Iz 7370 v —F—nr 5y
I DRERENTe T2, 79 v ZAEICIE, BEORL
PHER I N2, SO OITHERL D, BENT T3
s v —=F—=0r v 7IEICHES LRI RIE
ENsze LAL, SAIM7at 25 onEasHEfEcs
WTC, ¥ 7370rF—=5—0r 59 7B LH0D,
BRIARIZBIT A RBEE R 7 7 v 7 R KGR S Lk
Mo tztzsh, AW THEA L 72SLMIZTiAl48220 1&
CBWTTHIEHOBIREE LTE2HBSL, RIRLT
W WAHS, SLMAM OTEMBIEE TIETisAl (a2) OREE
BB IR, y R OKRE S L) DIFFITIEN
ZEDPHL NI Ro7 y EERBINIZB VT, &%
BE B DERR S 720 Kuob &, SLMIZBWT, &
BT L — =12 & 5 2nzh & @ HIE LA D B2
LW BWT, MR IRI 2 M0 B 2 LR
FEREL DI ERER E 2 D 155 LML TWwb, SLM
BT HRX=Z2T L — FOPAIMEAIREIZS0 TTH Y,
EBM®1060 C & L, MENIOMEAR AL Y K
EL D720, WNPEBEELZ )R T WIS H 5,

Table 2 Area fraction of main phases, y and a2, and average grain diameters in SLM and EBM

SLM EBM
TiAl () 99.9 992

L INTE (y
iR [90] Ti3Al (a2) 0.1 08
IR R [ m] 69 187
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Table 3125 IRFME— 2 /R 972, RIS 1302 %0
T LTHB L, o729, EBM®as-builtht (2
HIPALEL % Jifi L 7241 KL (HIPed#) O 7 — #0324
& LT L7z, HIPALEE X, 1200 C, 140 MPa T4k
M& L7z AKHBYE, EBM®as-builthf i2B VT, £
40 pmDZELLHAEL B 2 EH3H A, HIPRBIZ XY
29 L72ZiLosa L, BEMINARE A~ DS EEA R X
HI xR LTWAD, 72, HIPAEIC XD, Pk
A EEAI25 WIEIMT AT E L\ L T b, BEEHED
HIPH & OB DTkl &~ OWFZE R h3d 5197,
HIPALEL % fiti§ 4 2 B, fEROFHk TH CHRAFT %
ZHLOMOTH S, AMIZBWTYH, HIPLEIZ X 5%
TEIRE D R FEOARIE B X ORI O Y35 25U 5E T H
HIEEKHSIEHELTWS, SLMMOFIRIEE L,
EBMIZ & 2 HIPed# % 1.0 5610 MPa% /"L, AM®DK
EGRPETH S 2ROV T HMO TR E R FHEE R
L7z FRIZMTNITOWT, SLM#MIZ, EBM# D83k &
%Y, FEWICERIIEGRMELZA L7z, SEME w7z
W OFIZE D S, SLMAMIZEBMICHEL LT & 0 2EPE:
WL B 2 DG h o720 EBMMIZ~ERIMEIEL »
R BT DR ABEIEDS L S5 —T5, SLMAM O i
FHETH D, R SR O 4 7R L 72", SLM
M OGIRRESEBMM & ) bENL L H ML LT, Hall
PetchHl, §7%&b%, LHEMEEMENIBT 28R
DINSWIZETRENRE K B v ) HBIBIRISER
5T ENBITOoND, TFHMBRESCI pmE KN
INEWVSLMA I, BREBLOMUOBKREL Rtz E
A bo F72, EBMM S —EEHG T a MIPMAET 5 DI
&L, SLMMIZ y MAZEMWTH L Z 00 5b &
EEMET 5y (TiAD, a2 (Ti3AD, lamellardic B
W, addAHERDOIOE A L, ERYGREE & MM
BND, THITHL, yZIEHSRLIOKEX AT 572
O, aX D SIEMENDH D LSNP, SLMM I, y i
BXETHY, aMMOMRTFIZEBMAIZ AT
EHIT/NE W, L7225 T, HHLEK b SLMM ASEBMAT
WCHBLTRELRMOUEZRLIZEHO—DTHS LER
51 %, Mercer & Soboyejo? 1, Ti-48AlZ D s THall-
PetchHI~ D& % FHERIGIZH 5 2212 LT b, IS
I, BERIS TR S 7217 TR, Ttizown
THRMICBWT, FEHIPWLT 22 & 2fErO T
5o Thbbh, FHRENI VNS WEEIIBWT, i
OWREL L AEAEZRL TS, E5IZ, SLMMT

X, EBMMTRONSG X9 7%, y /N2 FEduplexti®
At e R OBER A 7% < ERISER S 5 i38h 4
izl vy Lo T, TNSHDOERNMDS, SLMMIZ
EBMMIZHAREREE, Move S ICENFEEZ RIS
DEFZZBNL, T2, 750 TIZBWT, SLMMIZHIP
ZHLTWARWIZH222b 53, HIP% jii L 72Castht
BLUEBMM & W ENTZES A 7 VIESFTREEZ R L2
(Fig. 3)o Z#ug, F & L CSLMAM 23l 20 25— ki A &
bzl EZI LN,

600

Horiiontal
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Fig. 3 S-N diagram at 750C , R = 0.1. SLM specimens include
one horizontal specimen, others are the vertical
specimen.

Fig. 412950 CIZBIF 2 HIE) - BT AN EZ R T,
BT ADP04LL T OF, BN EMAS (strip) @
HBEL rolze —HT, BOTAD04L LOKE, it
ek ay 7o) LB Ol E L ko
72o AR XA L 728 O BB O AD219 % ThH - 720
—JiT, Ty 7813420 L EDRFROT AR IR LT
A5, MOGIO LIRMEICE LR E 259 (Fig 4 (b)),
BIMYEDFEIT 5 2 ERHS NI o720 REBRTHE
H U 72SLMZE B OVEREFEM 0 725, ASTEVE 77 & % il
TRARARIIN S T, SLMM OBHEEHEICOWTH
M xEITo 72 ZORAE, BRFEAHRIZ008 mass%Tdh
D, EEBKEIZIZFETH Y (Table 1), ABFZETHE
JA U 7-SLME i fifi 1%, SO BRAL 2 12530 L
45 2 LRSI NIz, BENITIE, SLMaETEEE T,
RIEET ADFHRATELZERL, EEREZRZENT
DB TIE B Wiz, BEZNTHERZ1T 9 EBMICI
NBEEHEDL L 2L WD 55, ZhTh, &E
531 215 5 ERA QWA TH L EF R b,

Table 3 Comparison of tensile properties between SLM and EBM

SLM (As-built)

EBM (As-built)

EBM (HIPed)

0.2%iit 3 [MPa] 554
oY [%] 5.75
Gl [MPa] 610
ST [%] 6.06

357 327
0.69 1.76
434 408
0.89 1.95
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1. Introduction

GE Gas Power is committed to creating world class,
lower-carbon solutions for the energy transition. Additive
manufacturing (AM) enables the delivery of affordable,
reliable, flexible, and sustainable products for power providers
around the world®. GE Gas Power has over thirty Direct
Metal Laser Melting (DMLM) printers for development
and production at our campus in Greenville, South Carolina
(USA) and is in volume production of over fifteen combustion
and hot gas path components to reduce emissions, lower
fuel consumption, and increase power output®. The
value of AM is achieved through increased component
performance, reduced cost through parts combination and
process elimination, and faster speed-to-market product
introduction. For example, GE recently introduced the AM
produced 9HA.02 DLN2.6e advanced pre-mixer combustion
system that expands fuel flexibility on both rich and lean
fuels, accommodates 50 % hydrogen capability, and extends
turndown, the load range possible while in low emissions
mode, to a park mode below 15 % load®. On the 7HA.02,
GE introduced an additively produced, high performing
stage 2 turbine shroud that helped achieve world class 64 %
combined cycle plant output and efficiency®. These are high

Fig. 1 Additively produced 9HA.02 DLN2.6e advanced pre-mixer and
THA.02 stage 2 turbine shroud for superior gas turbine emissions
and performance.
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impact, high customer value driven applications that will
positively impact gas turbine power production for the next
twenty years.

To strengthen the value proposition for future products,
GE Gas Power partnered with the Mechanical Engineering
department at Clemson University to innovate new and
creative AM build plate techniques. The ability to improve
support structures to reduce residual stress deformation drives
increased yield and decreases product cost. Traditionally,
support structures were minimized to save material and
print time. However, applying support structures with an
understanding of geometric feature behavior allows them to
decrease build-induced part deformation, thereby reducing
cost and development time while increasing the overall
quality of the component.

2. Materials and Methods
2.1 Study Objective

In a short initial trial, two ad hoc support strategies were
applied to a small, concave component with thick-to-thin
transitions and the resulting effect on displacement was
measured®. The resulting reductions in distortion served as
the basis for the current study. Four common part features
were identified through employee interviews and support
structure guidelines were generated to support the part
features regardless of their position in components. Rather
than basing design decisions on purely process-driven
limitations, the design of the novel supports instead took
into account the mechanical requirements of the part and
the need to prevent distortion arising from repeated thermal
expansion and compression that is known to occur as layers
are printed during the build process®. The design guidelines
were generated to help standardize the application of supports
to reduce development time and costs while delivering
consistent and successful prints.

2.2 Features of Interest

While AM enables many complex geometric opportunities,
four common geometries were initially selected for study of
displacement behavior and for design of support solutions.
Interviews with eight engineers and technicians at GE Gas
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Power identified the most challenging part features to print.
This pool of interviewees provided a holistic understanding of
DMLM challenges from both the design and manufacturing
points of view. Analysis of the interviews allowed for the
selection of four features based on number of times identified
and for the naming scheme based on the language used by the
interviewees.

The selected features were modeled into testable geometries
that allowed for lightweight simulation and effective test
prints while remaining representative of feature behavior
in end-use parts. The first feature, the bottom surface
(Fig. 2a), was created as a 72 x 12 x 9 mm part based on
an existing geometry commonly used to calibrate part
simulation software. The roof feature (Fig. 2b) was defined
as having an opening surrounded by three vertical walls.
Its dimensions were 45 x 43 x 27.5 mm with a 25 mm deep
recess surrounded by 1.5 mm thick side walls and a 2.5 mm
rear wall. The overhang feature (Fig. 2c) was built with 5
mm thick horizontal surfaces but with only one 1.5 mm thick
vertical wall. The overall size was 40 x 25 x 30 mm. The
build of the hole feature (Fig. 2d) produced a 15 mm hole
with 3.5 mm of material at the horizontal edges and 7.5 mm
of thickness at the top, for a total envelope of 26.25 x 22.5 x
15 mm.

Support structures were leveraged to reduce part
displacement. First, a process-limit defined support strategy
was used as a baseline. This was based on the traditional
approach to supporting parts for print, addressing DMLM
process restrictions while using the minimum amount of
volume to reduce print time and costs®”. This baseline was
constant across all four geometries and is shown in orange in
Fig. 2. All supports used in this strategy were thin plates with
toothed attachments to the part. The dimensions of the plates
were based on machine capabilities, and the toothed ends
maximized ease of removability of the supports.

b) < | d)

Fig. 2 The four geometries with their baseline supports shown in orange:
a) Bottom Surface; b) Roof; c) Overhang; d) Hole

2.3 Hardware Solutions

Commercial dual-laser, high-volume DMLM machines with
customizations were used to print the test geometries. Print
parameters defined by GE Gas Power were held constant
during the prints, and all parts were printed on the same
build plate. The operating requirements of power generation
parts demand unique properties, so a high y’, nickel-
based superalloy was used. The use of DMLM allows for
components to be made with the design freedoms associated
with AM while also creating very low porosity parts that, after
heat treatment, rival the density of wrought parts®.

In order to quantitatively compare the printed parts to the
nominal CAD models, a blue-light scanning method was
employed. Rather than making contact with the part like
in many traditional tribology approaches, this process uses
light reflected back to the camera from the part to create a
3-dimensional surface representative of the printed parts®.
The measured point-cloud was then overlaid onto the original
CAD file used in the print to evaluate distortion at specific
points on the printed part. This direct comparison between
support approaches determined their effectiveness in reducing
undesirable shape change.

2.4 Software Solutions

Because of the expensive nature of a print-and-check
approach to DMLM, simulation software has become an
increasingly popular solution®. With the ability to tune the
software to match both machine parameters and material
properties, the use of these software solutions can output a
variety of results including stress experienced during the build
and the resulting distortion amounts. For this work, the stress
output was analyzed to design supports capable of addressing
specific stress concentrations, and the distortion output was
used to gain a better understanding of the effects the supports
had on the resulting part. The displacement output is shown
in Fig. 3 for the baseline hole feature in comparison with the
printed part.

Displacement [mm)]
0.254
0.203
0.152
0.102
0,051
0.000
0051
“0.102
0,152
0203
a)

0.254

b)

Fig. 3 Comparison between a) the blue-light scan of the baseline
hole and b) the simulation prediction with their area of major
disagreement shown with the red arrow.
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3. Results
3.1 Support Design Guidelines

The design of support structures for each geometry needed
to balance process limitations and mechanical strength. The
traditional approach to applying support structures to parts
was driven solely by process limitations and production
objectives, including minimizing material and build time and
maximizing removability®(t?- The spacing of the supports
at the maximum bridging distance allowed by the machine
complemented these goals. However, this study introduced
a novel approach to supporting, which was based on a
need for mechanical reinforcement. Leveraging the results
of simulations and an increased understanding of feature
behavior, supports could be placed strategically to directly
address movement by the part during build (e.g., from thermal
growth). Fig. 4 shows supports placed in a roof geometry to
balance the mechanical and the process needs according to
anticipated deformation, shown by the dotted white lines.

e
/ Mechanical \

{
I Process Process I
|

Fig. 4 Behavior of the print addressed by mechanical supports, with the
remaining part supported by process-based supports.

The two different approaches were explored for each
of the four geometries in order to create support design
guidelines that would minimize the amount of costly print-
and-check steps needed and that would eliminate subjective
understanding of part displacement based on engineer
experience. Instead, the guidelines would standardize the
practice of support design, regardless of engineer’s experience
level.

3.1.1 Bottom Surface The bottom surface featured a
geometry often used to stress-test materials and machines
in order to calibrate simulation software. Its long horizontal
surface was susceptible to the uneven cooling of thick-
thin transitions leading to tension in the top layer creating a
bowing of the part. For guideline design, the bottom surface
was described as having two vertical walls connected by a
raised horizontal surface. For support design, the entirety

of the part was susceptible to curling, making mechanically
driven supports necessary along the entire length. The
supports span from the part to the build plate (Fig. 5a).
Based on these needs, two example supports were created.
They alternated checkered columns and plates along the
length of the bottom surface in order to have one of the
shapes in tension and one in compression. Initial simulations
showed that only the plate-majority supports improved part
displacement, so the column-majority support was not further
utilized.

3.1.2 Roof The roof geometry had a horizontal member
supported by three vertical walls. As the horizontal portion
was deposited on top of the vertical members, the vertical
walls pulled inward, and the least restricted end furthest from
all three vertical walls curled upwards. This was a result
of the cooling of the top of the geometry creating inward
movement of the lower portions. Supports spanned within the
cavity created (Fig. 5b). Because of the inward movement of
the top of the vertical walls, a mechanical support was needed
to bridge between them and provide resistance to the inward
compression. The lifting of the center of the upper horizontal
portion was also to be mechanically addressed with a support
conducive to bracing tensile loads. Remaining areas of the
geometry could be supported based on process limits as those
were areas of low mechanical need (Fig. 4).

Two approaches were taken for example supports. A first
configuration with solid material in the shape of a Y was
employed to brace the inward compression and vertical
tension. In a second approach, a beam was added across the
top of the roof cavity to resist the compression orthogonally
and to keep the upper horizontal member from curling. The
remaining volumes were supported based on process limits to
minimize print time and material use. In a similar effort, both
the “Y” and beam approaches were modified and attempted
with volume reducing holes and/or plates. This would not
only reduce the volume of material needed to print the
supports but also aid in the removability of the supports after
print. Only the “Y” configuration is depicted in Fig. 4b.

3.1.3 Overhang Overhangs were described as a single
vertical wall connecting bottom and top horizontal members
at or near a 90° angle. In a manner similar to the bottom
surface, the top unrestricted member of the overhang was
susceptible to curl as the uneven cooling rate of the part
created a top surface in tension. To combat the curling
phenomenon, supports spanning part-to-part were needed
to address the tensile mechanical need at the free end of the
overhang and a process limit need closest to the vertical
wall. In attempting to satisfy these needs, two examples were
developed (Fig. 5c). In the process limit half of the support
design space, thin plates similar to the baseline were used.
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At the free end, one approach used a checkerboard pattern of
circular cross-section columns (named “cylinder”) and the
other used a square cross-section (named “box”). Both were
equal in volume and spaced according to process limits.

3.1.4 Hole Finally, the hole geometry was simplified as
Kirsch’s solution®). The hole geometry was defined as a
circular cavity extending completely through the body. This
shape resulted in an alternating tension-compression pattern
around the 90° marks of the circle. The shrinking of the top
layer of the geometry as it cooled conflicted with the bottom
of the hole constrained by the build plate. This created tension
at the horizontal 0- and 180-degree areas and compression
at the vertical 90- and 270-degree areas. It was determined
that mechanical supports were needed at the vertical and
horizontal edges of the hole. In the central portion, the large
volume could be filled with process-limit based supports
instead. As an example, a box and a cross approach were
taken (Fig. 5d). The box connected the vertical and horizontal
portions of the circle through vertical and horizontal members,
with plates in the middle. The cross instead connected them
through diagonal members joining in the center, with empty
space allowed by process limits at the diagonal portions of the
hole.

a) Bottom Surface

Plate

¢) Overhang b) Roof

Box

Cylinder Beam-Plate
d) Hole

Cross Box

Fig. 5 Successful, innovative support strategies (in orange) of the four
geometries.

Beam-Hole

3.2 Deformation Reduction The parts were all printed
and measured to assess the impact of the support structures
on the distortion. For the bottom surface geometries, the
parts were partially cut from the build plate using wire
electrical discharge machining (EDM). The resulting vertical
displacement was measured from the build plate with a
vertical gauge. The support strategy using a plate-majority

approach with columns in compression in the middle reduced
the vertical curl compared to the baseline by 0.95 %.

Subsequently, the remaining parts were all removed from the
build plate using wire EDM, and the supports were removed
by hand. Blue light scanning was used to quantitatively
measure the distortion of each printed part compared to the
baseline and to yield maximum and average values. Each part
was printed twice, and the average of the maximum distortion
for each pair was compared to the baseline. These results are
summarized in Table 1.

The average distortion was lower than the baseline for all
advanced support strategies. The maximum distortion was
reduced in all cases except one - the boxed overhang supports.
The bottom surface showed a 6.06 % reduction in maximum
distortion with an 11.10% increase in support volume. In
the roof geometry, the beam support with holes reduced
maximum distortion by 58.59 % while only increasing
material volume by 23.90 %. The cylinder overhang support
reduced average distortion by 11.21 % and increased support
volume by only 10.90%. The best hole support result was a
24.59 % reduction in average distortion but with a 51.50 %
increase in material use. The removability of the supports
was also compared, and the results are summarized in Table
1. Supports without an entry for a change in distortion were
not able to be removed, emphasizing the importance of
manufacturability in support design.

Table 1 Summary of results for the printed parts in comparison with the
baseline support strategies.

Geometry | Swppot | Max | ave | YO | poovabimy
Change
Baseline -
Bottom Surface Plate -6.06% 11.10% see
Block -13.40% (1]
Baseline - - - (11}
Hole Box -15.15% -24.59% | S51.50% [ ]
Cross 24.24%  -2131% | 96.40% L]
Baseline - - .
Overhang Box 11.93% -5.71% 9.50% (1]
Cylinder -367% -11.21% 10.90% soe
Baseline - - . (1T}
Y 37.30% [
Y-Plate =23.30% L]
Roofl
Beam 52.40% -
Beam-Plate | -4949%  -13.65% 3.60% (11
Beam-Hole | -58.50% -32.10% | 23.90% L]
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4. Discussion
4.1 Implications of Reducing Distortion in Parts

Recent advancements in materials, methods, and machines
have put AM on a pathway to directly compete on cost with
traditional manufacturing methods. Build plate design and
improved support structure techniques enable novel part
combination for reduced assembly operations as seen in Fig.
6, and the reduced distortion directly improves yield and
reduces cost. While each component has unique geometry
requiring specific support geometry, the fundamental strategic
approaches to design for bottom surfaces, roofs, overhangs,
and holes combined with advancements in compensation
modeling provide the AM engineer the tools necessary to
quickly design initial build plate strategies. This increases
dimensional quality earlier in the design-build phase of a
development program and reduces the total development cost.
Fast and effective dimensional control early in the design-
build phase provides the AM engineer more time to focus
on total part quality, throughput, and downstream finishing
processes. High quality dimensional AM components that
meet or exceed traditional forging and casting processes
allow AM to directly leverage traditional downstream supply

Fig. 6 GT26 lance injector demonstrating assembly reduction.

chain machining and tooling methods, thereby reducing
development time and cost. Although the results from this
study showed a net increase in the support structure material
used for each build, the elimination of part-altering distortion
results in a higher yield of AM components capable of
service.
4.2 Implications of Creating Standardized AM Guidelines
Standardized AM support structure guidelines will result in
long-term quality and consistency by implementing proven
strategies to create high quality build-to-build and machine-
to-machine dimensional results. Standards and design
practices drive higher part quality in volume AM production
and are important to drive consistency in AM development
processes. This removes reliance on individual AM engineer
expertise but does not fully eliminate it. Guidelines give the
AM engineers a knowledge management-based foundation to
enable them to quickly make necessary adjustments based on
the component geometry and build plate requirements®4-(9),
Design practices reduce the build plate design time for early
career AM engineers and provide structure and consistency
for new talent to enter the industry and make an impact as
soon as possible®®, An example guideline generated in this
research is shown in Fig. 7.

5. Conclusion

GE Gas Power is industrializing additive manufacturing
to create a new generation of lower carbon, high efficiency
gas turbine products. Fundamental AM research and process
improvements such as the build plate design example are
small but important steps for the continued growth and
industrialization of AM components such as the 9HA.02

Bottom Surface

Description

o External part gap

o Two stress concentration points -
o Two open sides

esign Envel

The boliom surface will bow down in the middle. Supporis
should be placed fo address the mechanics needs of
compression in the middie and tension on the ends cioses to the
vertical walls

Example Solutions

“.:.:_:.:.: e
L, * " o " " o o "

%% s e p—
=-'l'o'l'-'_

Columns are placed in the middie 10 preven! compression from
bowing

Fig. 7 Example guideline generated for the bottom surface.
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DLN2.6e advanced combustor and the 7HA.02 stage 2 turbine
shroud. AM is also opening new pathways in research and
design for engineers to create novel components capable of
burning very high levels of hydrogen while managing the
risk of burning such highly reactive fuels. The combination
of highly efficient and low carbon burning gas turbine
components enables GE Gas Power to create a new generation
of lower carbon power generation products and allows power
producers to adapt to a future decarbonized world.
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Fig. 9 Effect of monitoring feedback (change in melt pool
brightness)
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Fig. 10 Effect of monitoring feedback (change in laser output)
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Fig. 6 Examples of high accuracy building
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Fig. 1 An artist’s illustration of H3 launch vehicle launched
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Fig. 4 H3 launch
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Table 1 Specification of H3 launch vehicle
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Fig. 8 First stage battleship firing test
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Fig. 9 Tanegashima Space Center launch complex
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Table 2 LE-9 engine specification
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Fig. 11 LE-9 engine system (expander bleed cycle)
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Fig. 13 LE-9 engine firing test using AM components
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Fig. 1 Schematic image of LMD
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Fig. 2 Optimization of LMD processing conditions
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Fig. 17 Nozzle tip design utilizing CFD analysis
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(¢) Outer View (Seen from the opposite side of (a))

Fig. 3 Fuel Pump
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(a) View of Down-Skin

(b) View of Up-Skin

Fig. 7 Test Piece to Check Surface Properties about Angle
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Fig. 8 Dependency of Under-Skin Surface Properties about Angle to Powder Bed Layer
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(a) Outer View (from ‘View VA’ in (b))

View VA

(a) Magnified View of Pads

View VC (b) Outer View

Sectional

viewSA

(¢) Outer View (from ‘View VC' in (b)) (c) Magnified View of Fuel Channel

Fig. 9 Outer View of Trial Production Fig. 10 Cut View (from ‘Sectional View SA’ in Fig. 8 (c))
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Fig. 11 Dimensional Inspection Results of Trial Production
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A Study on Development of Supersonic Turbine Stages with High Efficiency Aided
by Sensitivity Analysis

I 3R

KAWASAKI Satoshi

/N ) ERR

ODASHIMA Tatsuya

A 1

FUNAZAKI Ken-ichi

ABSTRACT

This study deals with an attempt to develop a new methodology for improving aerodynamic efficiency of
supersonic turbine stages for rocket turbo-pump system. A key technology employed in this study is a sensitivity
analysis based on ANOVA (Analysis of Variation) decomposition and Sobol” indices, which is applied to an analysis
of the database formerly obtained by Namba et al. ¥ during the optimization process of turbine blade profiles in
a rocket turbo-pump. In this case a surrogate model is constructed from the database using Radial Basis Function
Network (RNFN) since a huge amount of data are necessary to calculate the Sobol’ indices. It is found from the
investigation based on the Sobol’s indices that two parameters belonging to the 1° rotor and 2™ stator have dominant
impacts on total-to-static turbine efficiency, which are the ones that control camber lines near the trailing edges. Two
and three dimensional flow analyses using a commercial flow solver are then executed to elucidate the reason why
those two parameters can bring about higher turbine efficiency. Furthermore, structural static analyses are made to
confirm that there surely appears a trade-off relationship between the turbine efficiency and structural soundness.

-4 $itTEm -
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Key words : Rocket, Supersonic Turbine, Sensitivity Analysis, Sobol” Index, High Efficiency
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Table 1 Comparison of Sobol first-order sensitivity indices
obtained by LHS and QMC

Parameter LHS QMC
25-8 30.3% 30.4%
1R-B 29.1% 29.0%
1R-Lr2 4.65% 4.66%
1R-Lm 3.88% 3.68%

1R-Lte 2.67% 2.63%

Table 2 Sobol second-order sensitivity indices

Parameter Sensitivity indices
1R-LtE - IR-y 4.83%
IR-Lti - IR-y 2.64%
1R-Lte - 1R-« 1.25%
1R-Lt2 - 1R- Lt 1.10%

1R-Lr2- 1R-y 1.04%
1R-Lt1 - 1R- Lt 1.02%
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Fig. 5 Impacts of two dominant parameters on the turbine
total-to-static efficiency
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Fig. 9 Mass-averaged entropy increase obtained in 2D flow
analyses for three cases with different combinations of
dominant control parameters
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Table 3 2D loss coefficients for all combinations (deeper shade
means larger loss)
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