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SGT-8000H series: ~ 1,000,000 Fired SIEMENS
Hours Fleet Experience on Four lngenuity for life
Continents

EUROPE 50 Hz
3(2)
Poland 1(1) P

ASIA 60 Hz |
1(1)
15 (15)

Germany

Philippines

South Korea

Turkey 4 (4) w
- T
ASIA 50 Hz
AMERICA 60 Hz T T \ ‘ & < China 2 (0)
Mexico 7 (0) = — Hong Kong 1(0)

Egypt 24 (24)

USA 19 (15) Japan 2 (0)
Malaysia 6 (4)

Pakistan 2 (0)

Thailand 2 (0)
8 Siemens H-CIaSS 6 6 unitS Numbers of sold units (thereof in commercial operation)
are under contract are in commercial operation Status: September 2018
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Evolutionary Design Based on the
Architecture of Siemens H- and F-Class:
Decades of Proven Technology Come Together

SGT-8000H series SGT5-4000F

SIEMENS
lngenuity for life

SGT6-5000F

DNA

Single tie-bolt Hirth- Air-cooled/
serration/steel rotor 4-stage turbine

Can annular
combustion system

Hydraulic Clearance
Optimization

New
HL-class
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Siemens HL-class — Competitive
Engines for Challenging Markets

US - Lincoln county //
Customer Duke Energ

«  First SGT6-9000HL

» 4 years of testing and
validation starting 2020

+ Real market condition with

customer

AMERICA
USA

Additional selected

2

.

-

Siemens HL-class
are under contract
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UK — Keadby 2 //

Customer SSE

*+ Combined customer profit
focus and Siemens
validation time for a few
month before hand over

Selected

Co-development with BP of
6 GW gas to power project
Won 2017 auction to
construct first 3 GW,
Investment > 2 bn USD
Therein 3x1 6-9000HL
plant competitive in auction

Several units
are technical selected

Andrew North
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First SGT5-9000HL s 50 & 60 Hz



Background — Technology SIEMENS
Introduction and Current lngenuity for Life

Development Status
Proof of Concept Hardware

Accelerated cross

flow enables:

» Shortened flame

* Further reduced
residence time

* Increased pre-

flame mixing
Standard Ultra Low
Head End Residence Time Residence Time
Axial Stage Axial Stage

* Proof of concept hardware demonstrated potential for high
efficiency GT with low NOx emissions through ultra low
residence time secondary stage

» Enabler for 65% efficiency

Substantial improvement in NOx emissions demonstrated
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Background — Levers for Increased SIEMENS

Firing Temperature with Low NOx lngenuity for Life
——Baseline
I — Better Mixing, Medium Airsplit
NOX Red u Ctl on — Better Mixing, 65% Residence Time Reduction, Medium Airsplit
En ab | ers: — Better Mixing, 65% Residence Time Reduction, High Airsplit
S —~ - Better Mixing, 65% Residence Time Reduction, High Airsplit, Optimized PZT
> 3 ,
: £ ' )/
1.High rate of 2 ' /
entrainment of dilution g" | ’/ .
. . ~ DOET
gases into axial stage | 2 : 7@ Ll
flame o i
~ | ” |
=

2.Minimal axial stage —

residencetime _— E

3.High air-split | n > 65%

4.High performance _— 1700°C
primary zone TIT(C)
combustor

Combined approach puts 65% CC efficiency target within reach
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NOx Reduction Phenomena Utilized SIEMENS
’b\g'ev\uf\‘y{orufe
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Constant TIT Conditions

Maximizing pre-flame entrainment of the cross flow combined with optimized X-

stage fuel fraction leads to significant NOx reductions
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NOx Reduction Phenomena Utilized SIEMENS
’b\g'ev\ut‘\‘y{or(ife

CO increases with decreasing residence time while NOx decreases > critical to

| identify minimum residence time
I e B —————————— | — """"""" """" = Sweep 1
: i —B Sweep 2 —_

1o SR E— e e rrrrrrrr ——CurveFit_| S
I~ X
o 50 =
& A\ A A N A S R R
240 | BN«
® w0 L b 8
230 | e MN e L g
= TN 7T Tk
§ 20 1 o
o a s : ‘ 3 ' s : - Z
8 10—t e e SNV |

3 | i 3 : | | —~-sweep2
0 i i i i i ‘ i i i -=-Sweep 1
0.7 0.8 09 1.0 14 1.2 1.3 1.4 1.5 1.6 1.7 ; : | i i i \
Vertical Azymptote at T, = 0.77 0.9 1.0 1.1 1.2 1.3 14 1:5 1.6 1.7
ms - Minimum Residence Time tau X-stage [ms] tau X-stage [ms]
Limit for complete Burnout

A key enabler for low NOx emissions at high firing temperatures is to minimize

the X-stage residence time — CO trend versus residence time used to determine
residence time limit
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Demonstrated Results SIEMENS
B0 e e — 3 lngenuity for Life

i| —m—Standard Residence Time

|| —4—Very Low Residence Time

35 ‘ """"""""" """"""""" — A& Extremely Low Residence Time

S O A =

. L

20 o
> 2X | | | i | i
' Reduction

15

NOX dry @ 15% 02 [ppm]

10 -

NOx performance is better than the standard residence time system by over a
factor of 2
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Future Work SIEMENS
’b\g'ev\ut‘\‘y{orufe

Combustion dynamics

Upcoming Milestones Fuel - /%‘——-u—

Prior to Engine

| Mkl T LA
Readiness: T BTV L L
1.High combustion [ ovinectors | 45injectors |
dynamlcs When aXIaI Total Pressure Drop 10.5% 7.9%
stage fuel nears
Static Pressure Drop 30% 27.2%

optimum level

90° DCS jet 45° DCS jet

2.High pressure loss
across axial stage
flame

Remaining obstacles necessitate additional design variants for mitigation while

maintaining high performance characteristics
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([_):ce)rr]nski)tustlon Dynamics at High Power SIEMENS
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Self-Excited Instability Experiments at Purdue

o Multi-element rocket combustors have exhibited
self-excited instabilities in array configurations

o Wide range of propellants, injector configurations,

— 30 Head Probe . . R
g geometries, chamber pressures, instability
Imax 0.4 4 = 0 5 3
a 30 —==  amplitudes, and frequencies
a5l . 03
I )
2 00 - _813 Bottom Window Oxidizer inlets with
g 0'0 independent flow
02 = 3 control
g on "l — Oxidizer Inlet Posts
© X1
9 04 -'g‘. "/z 1 Swirl co-axial
0.0 05 10 15 = {= 80.00 ms injectors
XD ' High frequency
Single element, fully-premixed, air/methane flame atp,. = 120 psiand 1.5 MW thermal power Spin-Mode ~ Pressure ports
o Single-element combustors show 0027w T [y Somoustion

three distinct instability regimes:

+ 1L instability ~370 Hz [p’ = 0.8-1.3%]

* Intermittent 1L and 1T instability
behavior [p’ = 2-6%]

» Spinning instability [p" = 7-10%]

Choked exit nozzle

9 element, O2/methane, swirl co-axial
combustor (pc = 145 psi, 1T = 2.6 kHz)

Unrestricted © Siemens AG 2018
Page 12 2018-11-01

Andrew North



SIEMENS
lngenuity for life

Axially-Staged, High-Pressure Combustion Dynamics Experiment
o Objectives:

» Develop an experiment to study combustion dynamics in a canonical staged combustion system, at
engine-relevant flame conditions.

* Replicate the complex instability coupling mechanisms that manifest intermediate and high-frequency
dynamics with realistic acoustic and hydrodynamic scales
o Requirements:
* 10 bar mean chamber pressure and 1-2 MW thermal power.

» Hardware modularity to accommodate variation in 1) cross-flow Mach number at secondary injection, 2)
Axial location of secondary injection, and 3) flow angle of secondary injection.

» Diagnostics: dense array of high-frequency pressure transducers, high-speed chemiluminescence
imaging (20-100 kHz), high-speed PIV (10-100 kHz), and high-speed PLIF (10-40 kHz)

(Potential) Secondary Back-Pressure
Fuel Injection Location Nozzle 1

Air

Primary. Injection ==p- .F.'roducts

£
¥
1
I
I
I
1

" External Premixer Inlet Duct

A 4

Combustion Chamber

Unrestricted © Siemens AG 2018
Page 13 2018-11-01 Andrew North



Conclusions SIEMENS
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1. The next generation axially staged combustion
system has demonstrated the potential to enable
65% CC efficiency with < 25 ppm NOX

2. The NOx reduction is the result of high entrainment
of the cross flow, minimum residence time, and
optimization of air and fuel split to the axial stage

3. Future work is needed to reduce combustion induced
thermoacoustics as well as to reduce the pressure
losses introduced by the axial stage
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Thank You

Questions?
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