10" FORUN

2ol dSH S

www.kimm.re.kr/forum

2023
S22 JIAHD|I= 23 » LIVE

=JiA=t) =4
JIAJI=

2023.
06.14.(%) 13:10

= g| HiEEt oAl Az o/

L]
fHC
]
(1]
L]
on

| 22|
el sl
Ministry of Science and ICT
[ ___J

nst ey



2023 === JIAHDIE 28

=& IS4l
AV IS




OHAGIAILIM?

S22 JI=IH ALY SRl et Jle =2 2f=J} HE SQHXID A= JH=20
SIRJ|HIATRIO0N FXI6H 2 "'E2E JIHD Iz E21L,01 SoH= 2 10FHE 0l
YSLICK

=2 JIHDIE Z2,2 201450 AIZI5H0] DHE MIAHIZQ! =LHQ| JIHIZ0F &F -

gh- o1 - 2t MEJHE0I Hi2tE = JIHIDI= 20t OI2H 01+E FUED, =7t OIH
ARAO| HNE QIot HH WSS MAIGHRESLIC

MIHI= K= 8K - ZHIE R 2282 E8, = 2ot AE KR 3= 231

JI= Q1= QI XIifhsH S 25 210

0
08t
2
»
@
%
30
I
C
]

off E=E JIHDI= E=2 012 AlCHCl Bkt SHHl =0t &
Qe ‘ZIHMED | =t JIHDIE 0l2k=s FHIZ
F

Ofol D2y &M Hers =0l WIFILICE

.|'|J I'I-)l
.Iﬁ
my
ail
rr
>

JIE BAID =22 Ol XEF Iz 2

OoF

i MERO= oo

'IO

b

Ny
To

HIo
Lol

o<

o ra

2pi0]
2l0]
Al
A

3|
gl
&

o
0z
=]
IS)
02



PROGRAM

) B

13:10 - 13:40 ('30)

=4

[ =+

13:40 - 14:10 ('30)

Global Trends in Manufacturing

HA

—

(0= MIT)

MEIDA

o

14:10 - 15:30 ('80)

@ HMC Robotics LAB's
Approach to Solving
Engineering Problems

—~

SIHAISAH EHEIAEE)

@ US Gas Turbine R&D
Operability, Emissions,
Efficiency

—— Prof. Dr. Timothy Lieuwen

(O1= Z=XI0HE!, I RIM2AT A F)

2023.06.14.(#) 13:10-16:00

02 E=

15:30 - 16:00 ('30)

HELT

(BILHAIS A EHEIARME




2023 E=2E JIHDI= 2

=)= S
JIADI=

I =01

[ =

Global Trends in Manufacturing

[

b
o

——
2
_—

OI= MHARE=HIZE

0H

Ll Elm (Y pESEImES




J|=oiAt 2023 =22 JIHDIE =
=IHED 1= J1IADI=

Abstract

Biographical
Information

0I= THAREMIZX STHHSE(MIT)

S ESmE

2005~ MITHIEH *o”“** 9151& Director

1989 ~ &M MIT JIHISE It

1984 ~1989  Sutek Corporo‘rlon BARE
1980 ~1984  OI= MIT HAKDIHZZESE)
1978 ~1980  FHLICH LEIRUMH MAKIIHISE)
1975 ~1977  CHEIUXILIOIZ JIHIAHITIA
1972 ~1976 M2 SHAOIHISED

Global Trends in Manufacturing

XI= FZLHN9 BRI == HE0IA MIZRol o
SHHECE HIAY Y= Z3IE 2lst Z™O0| K
=

CIXE ®eht EASE0lIZl= =22 HoFE:

2 2HUME OI=, S2 S £ N 230 L2ILIZel HIEY 28 & NElE 2lst
2t AIAEE 2THE D, OIS HIZQE R2|LI2I0| 32X [HS Wets DML,

Sl, HIZRO| J1ERl JIHIDI=0Ql 710§ 2et0ll CHoH =CQIStT

r

m



J| =0l 2023 S22 JIHJI= ZH 7
=IHED =101 J1IAHDI=

Global Trends

in Manufacturin
g 2023 Global Forum on Mechanical Engineering

Global Trends in Manufacturing

Jung-Hoon Chun

Professor, Department of Mechanical Engineering
Faculty Director, MISTI MIT-Korea Program
Massachusetts Institute of Technology
Cambridge, MA 02139

June 2023
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Manufacturing

“Value-added activity”

“Enrich the lives of people”

Laboratory for Manufacturing and Productivity
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Objective

Review status of manufacturing and
chart future courses for Korea.

Laboratory for Manufacturing and Productivity
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Global Trends
in Manufacturing

The Industrial Revolutions

B Industry 1.0 (~1750): Mechanization

B Industry 2.0 (~1850): Mass production

M Industry 3.0 (~1970): Automation

M Industry 4.0 (2011): Cyber physical systems

M Industry 5.0 (?): 2?7?7277
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Driving Forces for Changes

Rapid advances in sciences and radical new
technology developments, particularly the
information, communications and
transportation technologies.

Global competition
New trade frictions/barriers

Unforeseen threats

Laboratory for Manufacturing and Productivity
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Global Trends
in Manufacturing Manufacturing in the US

(2022 Bureau of Economic Analysis + Bureau of Labor Statistics)

® OQOutput: 2.5 trillion dollars

® 16.8% of the world output

® 10.7% of the US GDP

® 13 million employees

®m Slow growth rate and declining economic sector

® Weak in consumer goods such as textiles and apparel

m Strong in “durable/high value goods” such as computer and
electronic products, machinery, motor vehicles and aerospace
manufacturing

® Higher-technology industries are the only sector still expanding
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Global Trends

in Manufacturing Manufacturing in Germany

(2021 World Bank + German Government Ministries)

® Qutput: 0.8 trillion dollars

® 5.0% of the world output

m 18.9% of the national GDP

m 7.8 million employees

® Moderate growth rate and high relevance for economic welfare

m Strengths in a diverse range of industries, including the
automotive, mechanical, chemical and electrical industries driven
by large companies combined with strong SMEs

®m High relevance of new technologies, including Al, Industry 4.0 and
advanced manufacturing processes for future growth
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Global Trends

in Manufacturing Manufacturing in Korea

® OQOutput: 457 billion dollars (2021)

® 3.0% of the world output (2020)

m 28.0% of Korean GDP (2022)

m 3.7M employees (2022)

®m Slow growth rate and leveling-off economic sector

® Weak in high-end equipment and advanced materials such as
semiconductor equipment, aerospace, pharmaceutical and
biomedical industries

®m Strong in consumer goods and heavy industries such as electronic
products, automotive, shipbuilding and steel

m Digital transformation is a major issue
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Global Trends

in Manufacturin
' = uring Value-Added in the Semiconductor Industry

(Market size: $S620B in 2022)*

M Design: 53%
B Foundry: 24%
W Packaging: 6%
M Equipment: 11%
H Other: 6%

[ B ]
F2EHIZE SIS (MIT) Illll * George Calhoun, Stevens Inst. of Technology

(=]
Hl
=
>

Laboratory for Manufacturing and Productivity




Global Trends
in Manufacturing

2023 =22 JIHDIE =&
=IHED =101 J1IAHDI=

Equipment Market Share

B Semiconductor: 20%

B Machine tools: 65%

Laboratory for Manufacturing and Productivity
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Enabling Technological Areas for the
Competitive Manufacturing Industry

M High purity materials
M High precision components

M High value-added equipment

I I I o -
I I Laboratory for Manufacturing and Productivity




Global Trends
in Manufacturing

A= . ]

= [H

A

t

ul

>

P>

F=HIE SO (MIT)

2023 S22 J|HII& X
FIHEEDIS JIAD IS

Suggested Public Policies

M Effective STEM education to build up
the human resources for the future
manufacturing industry

B Strong research, innovation and
development infrastructure/cluster

Laboratory for Manufacturing and Productivity
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Global Trends
in Manufacturing

MIT Education and Research Enterprise

M Education: Discipline-based hands-
on approach

B Research: Broad-based, ground-
breaking applications

B Development: Innovation clusters

I N -
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Myths

Royalties are a significant source of revenue for
the University

Expect a quick return of technology transfer
investment

Companies are eager to accept new technology
from universities

You should broadcast availability of technology
for licensing

The technology transfer office finds the licensee

Laboratory for Manufacturing and Productivity
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Reality

With the exception of the rare “blockbuster”,
licensing revenue is small

Don’t expect product royalties for 8-10 years
Most companies want quick time-to-market

Publishing lists of available technology is not
very effective

The inventor is the best source for leads

Laboratory for Manufacturing and Productivity

21
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Global Trends

in Manufacturing Exclusive Licenses 2010-2017

Other Large Co.,3%

Sponsors, 2%

Other Small Co.,18%

Former Startups,16%

Startups, 61%

DIE I]HAI'$}\‘"§ 'Z-EH:H <d:’—-!J._II.(M IT) I I I I I Laboratory for Manufacturing and Productivity
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Global Trends

in Manufacturing
Observations on Successful Innovations

B Fundamentally grounded individual ideas
B Development by teams

B Synchronized R&D pipeline for continuous
innovation and risk management

B Rapid innovation cycle for long-term
success
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Global Trends
in Manufacturing Innovation/R&D Process
Problem/Need
Idea Synthesis Analysis/Test
Proposed Solution
HEE
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Global Trends
in Manufacturing Innovation Cycle Time

Risk

Acceptable
Risk

Ti me Source:

Sunlin Chow
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Global Trends

. . Role of Manufacturing in Innovation:
in Manufacturing

Technology Multiplier

Market <:;| Conceptual <:;| Design for
Unit I I
Manufacturing

Processes

Assembly and I
Joining

Factory,

Systems &
Hu= Enterprise

[ B
0= IHAIEMIZ ZDCHSRMIT) M

Laboratory for Manufacturing and Productivity
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Technology Multiplier

Enable to

M Learn faster
M Innovate faster
® Shorten the time to market

M Produce complex products

Laboratory for Manufacturing and Productivity
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Global Trends
in Manufacturing
V4 — . ”
success — Fhard X Fsmart X Fpassmnate
Thank You!
Jung-Hoon Chun
jchun@mit.edu
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@ HMC Robotics LAB's ® US Gas Turbine R&D (3)
Approach to Solving Operability, Emissions,
Engineering Problems Efficiency
BISE Prof. Dr. Timothy Lieuwen
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HMC Robotics LAB's Approach to
Solving Engineering Problems
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HMC Robotics LAB's
Approach to Solving Engineering Problems
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Robotics LAB's
Approach to
Solving
Engineering
Problems
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Robotics LAB
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HMC
Robotics LAB's

Approach to HMG 2EEAE Atg #A|

. ZHEIA AIIZE THS 95l CPS 7|Hte] 25 MH|A A || 15 Advanced Service
Solving 7 N
E n g i n ee ri n g Integrations of Computation, Networking, and Physical processes with Robotics I
prOblemS 01 D E3}E Service Agvar.lced : Internalized == Differentiated
— ) " ervice SwW HW
Indoor / Outdoor Last-mile Logistics (2& % HHE)
Industrial / Medical Human Assistance (Atl/2]2 22 x| 2 At of|tl) N N ——
Untact Informatic Service (H &2 L HEIIX HE AH|A)
Autonomous EV Charging (17|t Xt5 £7H) ‘
Personal Mobility (HQ! 0| & &)
02  Ljx{etE sw Sensing & Human Feedback
Embedded / Cloud Al (2I12X]|5) |

Intelligent Front / Backend SW (X|5& x| 2 Zajju)
Autonomous Mapping & Navigation (X| =2t X}80|Z)

03  xpHSIE HW | | |

— Automation Internalized Differentiated
Wheeled (HH3) =8t sSwW HW
Legged (Ct2]) N N )

Manipulation (Eat £)

SIHXISkt EHEIAME 42




HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

SIHXISkt EHEIAME 42

2023 =22 JIHDIE =&
=IHED =101 J1IAHDI=

Robotics LAB

DnL : Drive and Lift
MobED : Mobile Eccentric Droid

Advanced Open Mobile Platform

I DnL (Drive & Lift) 2& 7|HHe| 12XtR = 2HIY 2R EHE
| AWIS&D / SE& XIH| Ko / Zoj2 2=

| Chyot % BEDIO| Hetg Bo RS AulA g
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MobED based on DnL for Stabilization

Cart | Broadcast | Entertainment | Logistic | Support | Stroller | Action Cam

WBC-video &%
2

Overcoming obstacles

Balancing

35
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HMC
Robotics LAB's PnD:
Approach to Plug & Drive
Solving
Engineering
Problems

Modular Open Mobile Platform

H/XS/HS/MME S8 PnD 28 M2
Z0| 37|2t Helof| i3t XIS =& 2 St

£E 30Kph / £ 30 kg (HHE{2] 23
%

2|5t Al PnD Z31Z PluD (Plug and Drive Droid) H&%

09 Bt uly 4

rr LR o2

[SmallSize]
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DAL-e:
Drive you, Assist you, Link with you - experience

Untact Service Robot

37
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Variants based on PnD for Mobility of Things

DAL-e Hotel Delivery | Outdoor Delivery | Maintenance Help Mobility | Personal Mobility | Micro Mobility | Mobile Manipulator

e——e Motor
@&—— @ Suspension

——@ ("/10" Wheel

38
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HMC

Robotics LAB's
Approach to
Solving
Engineering

X-ble MEX:
Lower Extremity Medical Exoskeleton

Human Assistance

| ttkAl OfH| 2kXtol B3l 9l XiZ 7| of (SCI 2+ OtH| 2tx} J4)
Problems e b e

| QE21/XK21/27|/AS LE2LH2|7| /22 3] x|

| MEZQoFZHN Sl (M= Y o 517} F 5, '23.01)

DF71715 @I 215)7Hd = @M 2EsHTY g

Y 57t +0.09 (L) Bl LE gy +4.74 (m/min)
7 M4 202 25} +0.75 O ezt =
(ml/min/kg)
4853744 -2.20%1 LELOIS AN S 441m
622t0lE A3 £t +28.52(m)
@2 AR 7HA Nz
ox +0.16 (g/cm2)
Ex
HElZ +0.34 (g/cm2)
LHAMEE | T -0.24 (mg/dL)
LER 2R Z7F +0.11 (g/dL)
Q)28 PHU=LE5H
ST NHa
BHESH
MEX
FUH &5 YL (1-7) 0.5 Clinical Trial with

ssz

Hanyang University

SIHXISkt EHEIAME 42
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X-ble Industrial :
Industrial disease prevention

Human Assistance

|AZa &3
| 2kg of5tel =
| gis| xe -

2 o oY {1

o o of B

X ble Shoulder

X ble Waist
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ACR:
Autonomous EV Charger

Autonomous charging

| Xt ZX} H2|XF AA| X5 5 7t
I 52l'8 7|dh SH M J| 5 THL
*RGB-D 7|2t 7|8t SHF HE YL ZX FF J|5 WY
: ZT R SE(3) QAL £Z - 9Ix| 2% 10mm O|UY, 2t X} 2° O|Lf
| HZ2to|A A H|of (Force to Displacement Control)
| 714t5EE 10 kg
| /8% 71 5(1P65)

£33 014

Charging port recognition

41
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Autonomous
Navigation

Mapping & Localization / Path Planning / Perception

[ MM g8 7[Hte] 225t ol = QA 7| =1t X2 0|5 7|&
: LIDAR + RGB-D camera + ToF (w/ Deep learning)
| ML b &/ EE MH|AZ 2|3t 3D LiDAR 7|tk
| SLAM / L{H|AH|0]4d 7| & i
| Dense data 282 9|5t RGB-D 7|t Visual SLAM 7| & JHgt

i5.7m, '-
* Semantic Mapping
-afolct/uHelA HrEY e D!

ed Navigation
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Autonomous SW Architecture

Sensors
RGB or RGB-D

|
2D/3D LiDAR

|

Infrared Camera
|
GPS
|
IMU/Wheel Odometry
|
Radar
|

a

Mapping & Localization
|

Sensor Integration & Configuration
Scan matchers for registration
Data Structure

VN

Al Perception

Sensor Integration
Formatted Data Generation

Neural Network Optimization

Navigation

e Cost Evaluations
e Global Path Generation

e Local Path Generation

> B
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HMC

Robotics LAB's
Approach to
Solving

E ng i nee ri ng | HRI(Human-Robot Interaction) AlA% U s 2 o172

P ro b I ems : Detection/Tracking, OCR, Semantic Segmentation, Action Recognition

: Multi-task Learning, Domain Adaptation, KD, Few-shot Learning

Robotics
Vision Al System

Al Research specialized in Robotics / Optimization : Small but Effective

o

I THE/CHE AN 7|8 2 QIX| 2| E oY
CEHER - ST UM, HERR - AE/EX| AN, U EH|0IE] - x| XpM| £

: Calibration, VIO, Visual Localization, 2.5D Local Map Generation

| Embedded Solution - ¥ 188 1= gt SW/HW Z| X35}
1 3ol Azkst 9l 2| XM 5HE 2I5t Pruning, Quantization, TRT, DLA, VPI &3
1 H|0{7|/GPU/VPU/NPU 2|4t o7 |8llX 7|, £&8X¢Ql Inference Pipeline 7%

[Human & Robot Interaction] [Scene understanding]

Drivable Area Prediction

3‘ =X PFM Detector DA Segmentation 2.5D Semantic Map Generation
oS

(==

Drivable Area Segmentation

SIHXISkt EHEIAME 42



HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

G

SIHXISkt EHEIAME 42

2023 S22 J|HII& X
FIHEEDIS JIAD IS

Robot
Fleet Management System

Robot Fleet Management Solution for Various Types of Robots (Delivery/Patrol/Guide/Charging)

F

Q

Ju
~

bal
el

IZ/H0[E FS/2UE T & 2F U2| 7|5 S

2R SE/5Y T
| QHt/HlS/HES/HI IR SH 28 5 TR 22 MH|A HS
| 22 MH|AH 2| XS Monolithic/MSA 1Z2 Mg
| QUE{Ll 7]t ChE AL AL SA| RUE{- T MAIZH AT 0] Obs robot management & monitoring
|h2% 21 %L 2% COEIS 2S5 L M50 MH|A HM \
e - 3 0. &
—— T
.. O
.ol ool oot il
4 P! »e e
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MSA based SW Architecture
Modularization & Connected

Sensors
‘ [

Operating Fleet Manager
| |

Teleoperation, Connected Information management, OTA

. 4

Micro Service Architecture Mapping

N N N

Service Task Manager

Scheduled Automation, Scenario Execution, Interrupt Handling

Sensor Configuration/Integration

Localization Perception Navigation
|\ | | Q

(Classification, Detection, Tracking, OCR. Segmentation, :--)




HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

2023 222 JIHDIE =
=IHED =101 J1IAHDI=

HMG 2X E|

|>

48

H + BDAL + A FAL A MA| 25
=Lk

BDAIRIS 871M S¢ U IS RHEIA 4Y S¢/ZAS ST YA B2H ZHEAUEYI 15

Human Interacting Robot

Robotics LAB

Robotics Network

CPS Environment & Human Interacting
[N

| REMIEH M Z 55 H7HE X-ble, Spot, Holuf&, MAnjd 2%
R 5
Environment Interacting Robot

-, HYUNDAI -

Da
BostonDynamics
=» -

MOTOR GROUP «




HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

2023 222 JIHDIE =
=IHED =101 J1IAHDI=

Robotics LAB

Robot Intelligent Society =
BHEIAQL MH|AJ} CPSE HAE X|SALS| 2&

Handle MobED

T w9

Corner Module

Logistics Surveillance

z

E-Board
L Mobility

Ride

DAL-e Delivery

Service

Al

EV Charging Manipulator

Autonomous
EV charging

[CPS]
Cyber
Physical
System

Spot & Atlas

b

| Q

Inspection

Spot

S

HMGICs Patrol Robot Quadruped Robot

*

2

N

|

' Medical
Assistance

X-ble Rearm

%ﬂ

X-ble MEX

Humanoid Robot Hand

Industrial
Disease
Prevention

X-ble Shoulder

5
o3
®
=
@
Q

49



HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

2023 == J|HJIE T 50
IHHED|E 8 JIHDDI=E

Intertwined HW/SW 12|11, Q17IS 2|5t Mobility AMH|A

=2 M|4|<9] Digitalization Discretized States, Mapping, Localization

N
x| ©to] 7|&= Perception for Semantics

N
o U2 =t Global & Local Planning

A
o7l ®| 2} ei-= HW & Optimal Interaction/Stabilization/Navigation

N

Data-logging, Task/Fleet Manager




HMC

Robotics LAB's
Approach to
Solving
Engineering
Problems

2023 222 JIHDIE =
=IHED =101 J1IAHDI=

R i

Il

ol




2023 S2 JIHDIE 2
S E SR
A IS

2ajel 4SH 8

www.kimm.re.kr/forum

ZHAMAM

US Gas Turbine R&D
Operability, Emissions, Efficiency

Prof. Dr. Timothy Lieuwen

0= ZXIOHSIHHS W(ZXIOEY), HILRIBZATA AF

Regents’ Professor/Executive Director,
Strategic Energy Institute at Georgia

Institute of Technology




Prof. Dr.
Timothy Lieuwen

OI= Z=XIOHSDHHE W (ZEXIOFE),
HILAXIMEAAL AF

Regents’ Professor/Executive Director,

Strategic Energy Institute at
Georgia Institute of Technology

2023 =22 J|HDI ¥

FIHED|=

t JIHDIE

Abstract

Biographical

Information

201 ~ &M EXIOE! HILKIXZFA A AF

2018 ~ 8 EXIOIE! e ZRF IS MItnie

2011 ~2017  ZXOHE SSLFSSHL e

1999~2011  ZXIOE! &E32FSsH Zule/SRuls

1997 ~1999  Georgia Institute of Technology
BFAKDIHISE

1995 ~1997  Georgia Institute of Technology
HAKTIHISE

~1995  Calvin College &tAKZE}

53

US Gas Turbine R&D
Operability, Emissions, Efficiency

JHAEEI2 HEN EEHATISHH 2Xsh= S22 HILHX 2ANAM HAXOI Asts Leist Z40|CE 2L ML
AAEINIA JIAEEIQ| JIXl= Az CHFEQ| &tfet M2 L =X EJts8 MYUIHRIC SIt= Qlol LS 88
ZIOICE OI0H [TH2t, Ol2H JHAEE! AEHE O1Z il JHKl= SiE R0y, JIS 914 & 20| Qlo ZEE 2101,

oHS SAS2 MIZAL S CHYe! Ol= T2t XIRCE £3k|= R&DE Fot ALK

A= J|E (IR DHKIQl HIS0 Z-X0l Seks OIE 2A0ICH

i
Ol2iBt 210 FAS2 A4, A=T| ST|Nst, HEll S, AIAE CHOILHAR! KO, HIOIEI & 2l 718 =0



B MM 2023 222 J|HJIE Z&
FIHEEDIS JIAD IS

US Gas
Turbine R&D
Operability,
Emissions,
Efficiency

US Gas Turbine R&D

/ Operability, Emissions, Efficiency

Tim Lievwen
Regents' Professor and David S. Leuwis, Jr., Chair

Executive Director, Strategic Energy Institute

Prof. Dr. Timothy Lieuwen

OI= Z=XIOIS NS W(Z XIOFEY),

HILAXIHZoI T A AZ ' g
Regents’ Professor/ Georgla
Executive Director, ‘ Tech.
Strategic Energy Institute at

Georgia Institute of Technology



US Gas
Turbine R&D
Operability,
Emissions,
Efficiency

Prof. Dr. Timothy Lieuwen

0= Z=XIOtBIICHSt (= XIOFEL),
I KIRZII A AZH

==\ =T 4L Lo
Regents’ Professor/
Executive Director,
Strategic Energy Institute at
Georgia Institute of Technology

2023 2= J|HIIE ZE 86
IHHED|E 8 JIHDDI=E

US Energy System

Energy
Sources Energy Energy
Carriers/ Users

Renewables Storage
Nuclear

Fossil Fuels Industrial
Transportati

Copyright T. Lieuwen, 2023

" 5 GI. Georgia
BT e Tech

L/




US Gas
Turbine R&D
Operability,
Emissions,
Efficiency

Prof. Dr. Timothy Lieuwen

0= Z=XIOtBIICHSt (= XIOFEL),
I KIRZII A AZH

==\ =T 4L Lo
Regents’ Professor/
Executive Director,
Strategic Energy Institute at
Georgia Institute of Technology

2023 222 JIHDIE =
=IHED =101 J1IAHDI=

US Energy System - What will the net-zero CO_.. system
look like?

Energy
Sources

Energy
Users

Energy
Carriers/
Storage

Industrial
Transportation
residential

Renewables
Nuclear
Fossil Fuels

pyright T. Lieuyven, 2023
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US Gas

Turbine R&D Overview of R&D Work
Operability,

Emissions, * Cycle innovations

o o * Oxyfuel - Allam, etc.
Efficiency * Rir breathing - Efficiency

* Carbon capture

* Combustor: Fuel
* Operability |
* Pollutant emissions .
* Fuel flexibility Air
* Turndown

* Turbine

Prof. Dr. Timothy Lieuwen « Increasing TIT, life
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Regents’ Professor/
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US Gas

Turbine R&D Premixed vs Non-Premixed Flames
Operability,
Emissions, * Premixed flames
- 5 * Mixture stoichiometry at flame can be
EfflClency controlled Fuel
* Method used in low N0, gas turbines Air l

* Non-premixed flames
* Fuel and air separately introduced into

combustor Fuel
* Mixture burns at (=== |
* i.e., stoichiometry cannot be controlled |
* Hot flame, produces lots of NOx and soot (if Air — —

burning a hydrocarbon)
Prof. Dr. Timothy Lieuwen
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US Gas

Turbine R&D Combustor/Fuel Interactions
Operability, -
Emissions, 'OPBel“‘b'l:_'t(‘j-t g
o o * Blowov static Cost/
EfflClency StObilitqu) Complexity Turndown

* Flashback and
autoignition / W \
* Combustion Combustion

Blowoff
|n5tobilitq (“dqnomic Instabilities \ /

sta bi li tq "J \ Emissions /

NOy, CO, CO,

*Pollutant Emissions

Prof. Dr. Timothy Lieuwen
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Regents’ Professor/
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US Gas

Turbine R&D Combustor/Fuel Interactions
Operability, L
Emissions, *Operability:

* Blowout (“static stability”)
* Flashback and autoignition
* Combustion Instability (“dynamic stability”)

Efficiency

*Pollutant Emissions

*Fuel Flexibility

Prof. Dr. Timothy Lieuwen
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US Gas
Turbine R&D Blowoff
Operability,

Emissions, pressure make flame

e o
Efficiency stabilization more
. nT February 26", 2008, the FRCC Bulk Power
pf o b le mo tl c I nd u Stry gysteunisgfgeri:gcizr}; s?/sterg?ﬁsttu ;anczci:nit;ated (l))yea1 38

AdV| sory kV transmission system fault that remained on the system
for approximately 1.7 seconds. The fault and subsequent

June 26, delayed clearing led to the loss of approximately 2,300 MW

2008 of load concentrated in South Florida along with the loss of
approximately 4,300 MW of generation within the Region.
Approximately 2,200 MW of under-frequency load shedding
subsequently operated and was scattered across the
peninsular part of Florida.

* Low N0, /high velocity/low NERC

Background:

Indications are that six combustion turbine (CT) generators
within the Region that were operating in a lean-burn mode

/ (used for reducing emissions) tripped offline as result of a
phenomenon known as “turbine combustor lean blowout.” As
the CT generators accelerated in response to the frequency
excursion, the direct-coupled turbine compressors forced
more air into their associated combustion chambers at the
same time as the governor speed control function reduced
fuel input in response to the increase in speed. This resulted
in what is known as a CT “blowout,” or loss of flame, causing
the units to trip offline.

Prof. Dr. Timothy Lieuwen
0= Z=XIOISDHHS I (Z XIOHEY),
HIAXIB 22 A AF

Regents’ Professor/

Executive Director,

Strategic Energy Institute at
Georgia Institute of Technology
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US Gas

Turbine R&D Flame Stabilization and Blowoff

Operability,

Emissions,

EffICIency * Flame shapes
controlled by local /
flame stabilization 7
phenomenon H E E E

* Controls combustion (a) (b) (c) (d)
g\tS‘:ObllltLl. heat loading,

Prof. Dr. Timothy Lieuwen
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US Gas
Turbine R&D Blowoff
Operability,

Emissions,
Efficiency 5
o Flame
*H_. addition o™,
significantly extends 3 °° wg“‘,‘,z“{‘ ,
blowoff limits <02 ¢ 2082300 , ol
0.4  NoFlame ,
k 20 40 60 80 100

%H

Prof. Dr. Timothy Lieuwen
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US Gas

Turbine R&D Combustor/Fuel Interactions
Operability,

Emissions, *Operability:

Efficiency * Blowout (“static stability”)

* Flashback and autoignition
* Combustion Instability (“dynamic stability”)

*Pollutant Emissions

Prof. Dr. Timothy Lieuwen
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Regents’ Professor/
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US Gas
Turbine R&D
Operability,
Emissions,
Efficiency

Flashback

* Upstream propagation
of a premixed flame 250
into a region not

Methane/H /air
-l 1atm, 298 K P

designed for the flame

—_———

— - — 5CH,95H,

10 CH,/90 H,
20 CH,/80 H,

to exist

35CH,/65 H,
50 CH,/50 H,
65CH,J/35H,
80 CH 20 H,
90 CH,M0 H,

* Several mechanisms
exist for this to

Laminar flame speed (cm/s)

95CH,/5 H,
hoppen 100 CH,
0.4 0.8 1.2 1.6
Equivalence ratio
Prof. Dr. Timothy Lieuwen Fuel Pressure of 1 atm and initial temperature of 298 K. Data
0= ZXIOHSDICHEL M(E KI0HEY), | oo courtesy of E. Petersen and Mathieu
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US Gas
Turbine R&D Autoignition
Operability,
Emissions,
Efficiency

« Spontaneous ignition 10005/ cH,Hyair

30 atm, 9 = 0.5

of mixture in upstream 100
region not designed for

m
E
o 10
. = 1.0 CH/J0.0 H,
the flame to exist = 1 0.95 CH,/0.05 H,
3 0.9 CHJ0.1 H,
— Occurs when 3 01 0.8 CH//0.2 H,
autoignition time is $ osensonn
; e 001 0.35 CH,/0.65 H
shqrter thap premixer 5 02 o
residence time 0.001 0.1 CHJ0.9 H,
0.05 CH,/0.95 H,
0.0001 | .
1.2 14
Prof. Dr. Timothy Lieuwen Fuel . ‘
Equivalence ratio of 0.5 and pressure of 30 atm
Ol= Z=XI0tS DHCHEHI(ZXIOfEL), l Copyright T. Lieuwen, 2026 ourtesy of E. Peterson and Mathieu
HIHRIZZ AR A AF Air —
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US Gas

Turbine R&D Combustor/Fuel Interactions
Operability, 3
Emissions, * Operability:

* Blowout (“static stability”)
* Flashback and autoignition
* Combustion Instability (“dynamic stability”)

Efficiency

* Pollutant Emissions

Prof. Dr. Timothy Lieuwen
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Basic Feedback Cycle

« Large amplitude acoustic ‘ ‘

oscillations driven by
heat release oscillations

* Oescillations occur at 400
specific frequencies,
associated with resonant
modes of combustor

300

200

N

0

Fourier Transform

0 100 200 300 400 500 600 700 800 900 1000
Copyright T. Lieuwen, 2023

Frequency (Hz)
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Rayleigh Criterion and Combustion Amplification of

Sound

* Combustion source term:

y—1) .
cDA:( )plql
VY Py

* Time average of product of two fluctuating quantities depends on

phasing

\
/ \
o \\ 7
\ /t\
\ /
/
~
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/ AN
/ \

/ \

/. AV

\\ //\/\
NP 0=180°
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\

sin (ot )sin (wt+0)

sin(a)t)sin(a)t+6'):;cos6

62900/
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US Gas o — - :
Turbine R&D Combustion instabilities do not exhibit monotonic

dependence upon fuel or operating conditions

Operability,

Em.IS.SIonS. * Instabilities can occur
EfflClency when: 1 (\
° cos(tconvectn>m 08 /
* Eonvect = Lime required for mixture 0.6 I \ l \ l
to convect from fuel injection point 8 ’ \ I \ I
to flame 2 0.4
* F= natural combustor frequency 8 - I \
< 0.2 I \
0
-0.2

Prof. Dr. Timothy Lieuwen Toonvect
Ol= ZXIOFSCHEr W (Z=XIOHEY),
HIHRIZZ AR A AF
Regents’ Professor/

Executive Director, y 5 Gr Georgia
. . ‘\4 ly
Strategic Energy Institute at BENT.ZINN)N_ Tech.

COMBUSTION/ILABY

Copyright T. Lieuwen, 2023

Georgia Institute of Technology




B MM 2023 22 J|HJIE T 72
IHHED|E 8 JIHDDI=E

US Gas

Turbine R&D Example: Fuel Injector Location

Operability,

Emissions, 12

o o TR 9

Efficiency £ : -
TS
g4 X
E TS

g 10 12 14 16 18 20 2 24 26

X (inehes, upstream of Mame )

=]

« Similar examples for combustor length, fuel/air ratio,

Prof. Dr. Timothy Lieuwen H2 fraction in fuel. etc
0l= Z=XI0tS DCHSH(Z= X OfEY), ’ Copy:\ght T. Lieuwen, 2023

I RIN 2R A AE From Lovett, J., and Uznanski, K., Prediction of

Regenfs Professor/ Combustion Dynamics in a Staged Premixed
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* Key effect of H_.. on

dynamics is through 1
alteration of flame 05 I(\
shape/location ' I \ l \ I
o 0.6
2 .. \ ]
2 knstabIeI
< 02 \\ I
0 O
Stable
-0.2
Condition 1 Condition 2 0 2 4 6 8 10 12 14 16
Tconvect
— 7 Example where dynamics

] ]
ReaCtan_t’S 45 ReaCtallt'S ﬂht T. Lieuwen, 2023 made worse
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* Key effect of H... on
dynamics is through
alteration of flame

o o
(o)) (o]
T ——
"
"
T ——

shape/location 2 \ I \ l
« Cannot make definitive 2 o4
comments on whether g Unstabli
dynamics will be “better” < 02
or “worse” with H_.., x I
except for near LBO 0
dynamics Stable
0.2
0 2 4 6 8 10 12 14 16
i s F
Condition 1 Condition 2 Feonvect
— 4 Example where dynamics
—

Reactan_t§ := Reactarﬁs

made better
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US Gas

Turbine R&D Combustor/Fuel Interactions
Operability, 3

Emissions, * Operability:

Efficiency * Blowout (“static stability”)

* Flashback and autoignition
* Combustion Instability (“dynamic stability”)

* Pollutant Emissions
* NOx
*CO
* Soot/particulates
* SOx

Prof. Dr. Timothy Lieuwen
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US Gas .. .
Turbine R&D NOx Emissions — Basic

Operability. Considerations
Emissions,

Efficiency 3

* Heating up air (N +0_.) B
leads to NO production, 20 — S ]
even from mimmimmtmoy, gls 2

renewable fuels o
10, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
* Hydrogen addition changes: Sz e N
* NOx production pathways 15 a0 s

* Sensitivity to mixedness T [ms]
* Sensitivity to turbulence

Prof. Dr. Timothy Lieuwen
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US Gas

Turbine R&D H,/CH, Sensitivity in Premixed Limit
Operqblllty' * Need for validated mechanisms
Emissions, : | ‘ —
e o 45 o 15mnis 145
Efficiency
=iy —
S E 35t 5Q
g o 5
S 3r i
é g 25 ;:;
EEN g
2o o
2 2
1 11
0.5 10.5
0 : : : 0
0 25 50 75 100
Prof. Dr. Timothy Lieuwen Fuel Composition (% Hy)
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US Gas
Turbine R&D Introduction

Operability, . o :
Tl * Ammonia (NH_.) is being investigated as a possible carbon-
Emissions, free alternative energy source

Efﬁ Ci en Cy * Fuel-bound nitrogen introduces added NO, penalty

* Staged combustion is a strategy employed to help reduce NO,
emission

* Natural gas systems use lean primary stage with secondary fuel
injection and short second stage that consumes all the fuel
* RAL (Rich-Quench-Lean) used in systems with high turndown and
fuel-bound nitrogen
* Previous studies™ have observed emissions as low as =#==2= 5om N0,

emissions, however, specific operating conditions and minimum achievable N0,
is unknown

* Previous studies™ also showed large amounts of H_.. produced in rich
ammonia flames (over Em=immnmin 5om)

Prof. Dr. Timothy Lieuwen

=X = SHI(R El
|:||=q _I_IIOI“SEI‘[H%J—T'—(—I—IIOI‘—!), Copyright T. Lieuwen, 2023

0‘" |:| II E Efg-_ﬂ-ﬁ\_ ig 'R.C. Rocha, M. Costa, X.-S. Bai, Combustion and Emission Characteristics of Ammonia under
, Conditions Relevant to Modern Gas Turbines, Combustion Science and Technology 193 (2021) 2514-
Regents’ Professor/ 2533.
Executive Director, & Georgia
Strategic Energy Institute at ~*1 Tech

Georgia Institute of Technology
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Background Question:

* A useful benchmark:

emissions from ammonia combustion?

* What do combustors optimized for ammonia look like?

Copyright T. Lieuwen, 2023

Gr Georgia
Tech
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US Gas
Turbine R&D
Operability,

5 225
NO Contribution
B NOnain, eq 1200
[ NOpaj
nain, unrelaxed |, oo

° °
Combustor Pressure = s
EmISSIons' s o ey e 150 Main Stage Equilibrium ’15“1
o o Sensitivities g
Efficiency
* High pressure allows main stage to Optimization Result 17 ;

approach equilibrium faster, ok \.. 50

decreasing NO
N0 emission Minimum NO for varying

+  As low as ==== ng/) (===2= pom) NO .0 25 56 7.5 100 12.5 15.0 17.5 20.0 combustor pressure at (a)

Pressure (bar)

main,unrelaxed and overall |

emission achievable (1)) = Emm et e (b]
(a) Texit = 1750 K globql = e mene e
* Bigger discrepancy in N0 emissions at e e 225 OQIMl s mmn .} ['rglobol
lower pressures between temperature . NOusin, eq {200 = mémmim mg)
conditions 200 1 NOuain, unrelaxed |
B NOsecond 175,;
Main Stage Equilibrium |¢S
~150F [S)
S’ 1125 2
5180- 17 é
%:’.mization Result 1 ;
. . 5o 150
Prof. Dr. Timothy Lieuwen Jas
DI:T; EII OI"g'J-I.I'I:Ha—-!'J._II.(EII OI‘E—‘l!), 09.9 é.épy”b.ﬁt Tl%r%ngrih%éég 1?9 17‘.5 2?0 A
R BFOITIA AXE
(HIL‘lIL_—: =TI 1o (b) Texit = 1900 K
Regents’ Professor/
Executive Director, Georgia
Strategic Energy Institute at Tech
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US Gas

Turbine R&D Overview of US R&D Work
Operability,

Emissions, * Cycle innovations

Efficiency * Oxyfuel - Allam, etc.

* Rir breathing - Efficiency
* Carbon capture

* Combustor:
* Operability
* Pollutant emissions, including optimized designs for
ammonia

* Fuel flexibility
* Turndown

Prof. Dr. Timothy Lieuwen * Turbine

0I= =XIOFEDIHS I (EXIOfE), * Increasing TIT, life o Lemmen, 200

HIHXIH AR A AF
Regents’ Professor/

Executive Director, Gr Georgia
Tech

Strategic Energy Institute at
Georgia Institute of Technology
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