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Towards a 65% CC system
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} DOE targets are driving a step change in GT combustion technology
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SIEMENS
Towards a 65% CC system

Exhaust
A

5 o « Plant output and efficiency
improved by raising the top of
Pump the cycle

HRSG « i.e. Higher firing

I Condenser o ! temperature and pressure.

Y6 7 [ ]
v - Plant output and efficiency
Compresaet {@ improved with better
utilization of GT Exhaust

energy.

1 T Air
Brayton Cycle Rankine Cycle * i.e. Higher bottoming steam
temperature and pressure.

65% CC efficiency targets Firing Temperature > 1700°C
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Siemens Solution to Program Challenge:
Combustion Development

SIEMENS
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Combustion Technology “jumps” are required to shift NOx curve right
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Siemens Solution to Program Challenge:

Combustion Development

Enablers:
* Increase premixing quality SGis o o Aot ‘
+ Decrease residence time Premixed Combustor .
- Diluents % |
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Parallel Combustion approaches for NOx reduction
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IEMEN
Siemens Solution to Program Challenge: > >

Combustion Development

Enablers:
*  Reduced Cooling & State of the Art
Leakage Air Premixed Combustor |
: New
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Flame Temperature

* Focus of this program is on Cooling & Leakage Air Reduction for Low NOx
* Lower required flame temperature for a given TIT - Reduced NOx
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Enablers: Advanced Transitions (AT)

Compr. " A-HE | Turb.

AHE + AT
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Reduced cooling &
leakage air between flame
and turbine rotor

* Developed during DOE-H2
program (DE-FC26-
05NT42644)

* Allows for reduction of
cooling air

Advanced

Transition (AT)
* Low NOx at J-class
conditions

» System residence time not
optimized for 65% CC
operating conditions

} Advanced Transition (AT) 2> Reduced Cooling air consumption

-

rd
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Introduction

" Objective: Concept schematic
= Phase 2: Design a CMC inlet for

Siemens Advanced Transition

= Benefits:

= Reduction in Cooling Air 2> NOx
reduction or RIT increase

= CO reduction (eliminate wall quenching)

= Reduced aero losses
* Due to cooling air mixing
* Due to cooling air ducting

* Premise: Syetom Q) thermel bartien)
= Existing Siemens’ CMC material e
= No through-wall cooling (backside only) \¢g Operated in Solar Centaur 50™
= Shape conducive to CMC manufacture ", PRl o5 cosnours 00 cyces
= Durability demonstrated in 25K hr test ' - ' e
= Readily tested in combustor rigs |1 T ——

representative of AT inlet
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Benefits: Cooling Air Reduction
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Cooling & Leakage Reduction, %

-80%

-90%

CMC
Inlet

CMC Inlet
& Exit

-

Baseline

-60% -

-41%
Developed under
DE-FC26-05NT42644

-56%
Phase 1

Goal

Concept

Viability

Conventional Advanced Advanced
Combustion Transition (Metal) Transition with
Turbine CMC Cone

-76%

Phase 2 Goal

Advanced
Transition (full
CMC)

65% Efficiency GT — Technology Projections

SIEMENS

Phase 2 objectives:

Validate CMC
Cone concepts
developed in
Phase 1 viarig
testing.

Develop design
concepts for full
CMC Advanced
Transition

- NOx emissions reduction at High Firing Temperatures
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Siemens’ Hybrid CMC Technology

Coating: FGI
(Friable Graded
Insulation) -
Siemens patented
material consisting
of thermally stable
hollow ceramic

spheres closely ‘
packed in a ceramic
matrix binder. Y

CMC offers:

- Reduction in cooling
vs. TBC/metal

Increased surface
temperature limit

The HYBRID concept is a Siemens
patented approach

The Siemens system is a HYBRID system: Oxide
CMC coated with a unique TBC - FGI

This keeps the oxide CMC at lower temp while
providing overall system high temp capability

This hybrid system overcomes a lot of the issues [ kit ak

reviously perceived for oxide CMCs strain-tolerant, notch-insensitive
Y yp behavior up to 1200°C
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CMC Technology Status

Benefits: TRL5-6 Reached on Key Engine Components

e Ultra-low cooling requirements

» Oxidatively stable constituents Solar Turbines

combustor liner.
25,000+ hrs
(completed 2006)

Blade Tip
Seals engine
tested

Airfoils demonstrated
in rig testing

* [ow cost
e Millions of engine operating hours (tiles)
® >25,000 hours proven in combustors

Siemens’
ol Advanced
Transition

Combining two high pay-off technologies individually developed & tested
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CMC Component Testing Summary

= Bench testing
= Mechanical, thermal, fatigue,
impact, etc.

* Rig testing
» Simulated engine conditions
= Durability under combined
loadings
= Subscale & Full Scale
components

= Engine testing
= Customer site / durability
= BTF engine

Combuétor ) Rlng Segment
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Hybrid Oxide CMC Combustor Liner

SIEMENS

Siemens Hybrid Oxide CMC
system (FGI thermal barrier)

Filament wound combustor
outer liner (made by COIC)

Operated in Solar Centaur 50™
engine.

= 25,404 hours /109 cycles;
= Bakersfield, CA
= Still serviceable

Surface & CMC temperatures
representative of AT inlet

This test demonstrated CMC durability in a turbine engine
environment for representative component lifetime
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CMC Manufacturing Options

Fabric Lay-up : Filament Winding

!7 A ] ‘u“‘- _'77 =

 Both manufacturing approaches are feasible for most AT inlet concepts
« Concepts with out-of-plane features more conducive to fabric lay-up
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CMC Ring Segment Engine Test

e - .

T

Features:

Reduced Cooling from metal
baseline design

Tip seal improvement features
Retrofittable design

High temperature sealing

Full engine set: Tested successfully for > 50 hours
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Siemens Project Team

Integrated Project Team I
I Contract Management / Master Engineer I
Materials & Technology High Pressure Combustion Testing
CMC & TBC Siemens AG - Clean Energy Center
Combustion Design CMC Behavior
E Advance transition design & testing Siemens Corporate Technmogy
g
E Manufacturing Development & Industrialization CMC Manufacturing Vendor
E Advanced manufacturing development COIl Ceramics, Inc.
g
= Advanced Seal Design Design & Analysis Contracting
E CMC - Metal interface FTT - Florida Turbine Technologies
Design Tools Material Testing
Mechanical integrity & lifing methods Cincinnati TestLabs
Advanced Transition Manufacturing siemens L}
SEl - Charlotte Vendor D

Siemens has assembled a multi-disciplinary team of internal experts and

external vendors and partners to successfully execute this program.
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2017 2018 2019

Qtr3 Qtr4 (Qtrl Qtr2 Qtr3 Qtr4 Qtrl Qtr2 Qtr3 Qtrd4 | Qtr1 Qtr2 Qtr3 Qird

2.1 Program Management & Planning
4 2.2 Prototype and Test of CMC AT Inlet
2,21 CMC Material and Sub-Component Fabrication
- 2.2.2 Material and Sub—Cumponéﬁt testing
TRL4 CMC AT Inlet
» 2.2.3 Prototype Manufacturing
- 2.2.4 Engine Condition Testing at CEC
»2.25 TestAnalysis and Design Iteration
TRLS CMC AT Inlet '
42.3 Design of full CMC AT
2.3.1 Initial Design and Brainstorming
2.3.2 Basic Design Phase
» 2.3.3 Detailed Design & TRL3
TRLS full CMC AT
buffer
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Technology Development

PHASE 1

Concept Feasibility

Loncept X1

" = -_— PHASE 2

.
. Technology Development & Testin
b 3L = I — y P 9

concept X2

————— e —

I |
Conceptual Design

Engine Testig
} Technology Progression for Future Phases identified
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CMC AT Concept Down-selection Process

Results of Downselection
27-Feb-2015

a e gyt Mt Pgd ™ we gt =
T et ted e 4 eal st wred bor
- g et mas e oa "
Aggr v * ' aher
¥V segp- - 87y PP e

Rod ~gr Vv s * gow

Weighted Rankings

Five of nine basic construction
types selected for further
evaluation

3

'Structural CMC’s ——>Heat Shields

Weyghted Aftribute Matria

Based on 9 Basc Configuration Categories

Milestone Sept 2015 > Two Concepts
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Heat Transfer > CMC with backside cooling

Shell Air Circulation Radiation Cooling

Comparison of Approaches for High Temperature Components

| Hot gas temperature Solar Centaur 508 Engine

- [ -
'3 ' g s Cross Section of Centaur 50S Engine | Jﬁ
- 3 - e Showing Position of Combustor Liners E[.- A
St - i g Gl i v 3 i |\
L }
Heat Flux Heat Flux Heat Flux
<200 kWim? >500 kWim? >1,000 kWim?

Cooling media temperature (backside cooling only)

Relative temperatures

!

Hybrid Ox- SiC-SiC State-of-the-

xGRe WEBC  ArtMetaTEC Radiation cooling method proven effective in
Insulating characteristic of Hybrid Oxide CMC previous combustion tests

enables use of low cooling coefficients
(similar to levels in engine midframe)

Two Cooling Options:
1. Shell air circulation - feasibility shown with 1D heat transfer

2. Radiation cooling - used on Solar combustor liner design
Both eliminate active (chargable) cooling
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Supporting CMC Data & Remaining Challenges

Coupon Test Data

Orthotroplc 8 avmomascr  Thermal Properties
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GENOA Prediction:
Failure at 1900# Load

Predictions for CMC Box
1 Thermal and Pressure Loading simulation

; Bi-Linear
Linear Model | Model
- h
X
-

¥ Test Result:
X, Failure at 1850# Load

ff Z Box #1 Load-Deflection
7 Curve (after damage by
thermal gradient test)

Load (Ibs)

Linear Elastic
| FEA Limit Y
|

Box #2 Load-Deflection Curves
from first fatigue cycles.

Disp (mm)
Progressively more accurate prediction using increasingly sophisticated material models.

Sub-Element Testing 2
System and Attachment
Behavior

L]

* * S+ > > > b

Attachment features
Geometric features
Coating adhesion
Wear

Thermal stress
Abradability

Impact

Sealing

Etc.
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Remaining Design / Materials Challenges

» Sealing methods for high temperature

 Metal-to-CMC Interfaces:

» Wear resistance (anti-wear coatings)
Contact stresses / inserts / compliant layers

Jonathan Shipper/ Siemens Energy Inc.
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Micromechanics Modeling (MAC/GMC)

Post-Test

=——actual 0/90

1D Stressvs Strain
——Predicted 0/90

0/90 orientation /
| |
ctual 45/45

+/- 45 orientation N

Stress

Strain

» Constitutive model (fiber & matrix properties)

» lteratively best-fit to a series of test data (different geometries)

» Matches stress-strain behavior of simple (uniaxial) and complex shape (multiaxial stress)
test data

Model calibrated and matches test data

Works interactively with FEA
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CMC Structures and Numerical Modeling

Bi-Directional Design Hi-Fidelity Damage

Simulation

Optimization

NXR CAD

I
Production Layup

ANSYS ACP

Workbench

 Advanced Simulation Methods Calibrated to Lab and Sub Component

Testing to Provide Accurate and Robust Design Rules.
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TBC Testing

Objective:
Simulate TBC failure under pseudo engine Monitor cold side Cooling Air Jet
condition (high heat flux, backside cooling) temperature

1k

Application of HHFT:
+ Down select coating
» Characterize CMC/Coating system behavior H

Heat shield
Protection

Monitor hot side TBC coated sample

temperature -
- Heat input

(Flame or laser)
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Combustor Rig Testing

Siemens Clean Energy Centre
Advanced Transition test rig

CMC Advanced Transition Inlet section will be tested in this dedicated rig
facility (full scale; full pressure; full flow; full temperature)
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" Answers for Energy.

Jay Morrison

Program Manager - Ceramic Matrix Composite
Advanced Transition for 65% Combined Cycle
Efficiency

Siemens Energy Inc.
4400 Alafaya Trail
Orlando, FL 32826
Phone: +1 (407) 736-2000

E-mail:
jay.morrison@siemens.com

Thank You. Questions?
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Hybrid Ox-Ox CMC Rationale

SIEMENS
Oxide CMC Material Challenges for Design

[ Hybrid Oxide CMC addresses most of these Challenges. |

SIEMENS

Reference ASME GT 2007-27532

SIEMENS
Moderate Strength
In-plane strength of oxide CMCs 350 v v . . .
is significantly lower than non- sk ot
oxide CMCs Hi-Nicalon MI-$IC/SC

* However —> practical design
limits for long term use are
comparable

* Also > strain limit for oxide
CMC is much higher than
many non-oxide materials

Sress (MP2)
i
S
3
§
>
]
S

o6 09 12 15 18
Strain (%)

[ In-plane properties “workable” ]

SIEMENS
Creep/Stress Rupture Concerns

Compartion of Hytes O1-Or CMC 1o BB wEBC
e St

e v e Iem [ ww owa sueerroeen
T T T N Y IO T —
e e -

e £ =

i
| w e
-
.

Simplistic design case under
representative engine conditions
shows benefits for Hybrid Oxide
CMCin:

- Life (S/R, LCF, HCF)

- Cooling air usage

::5!2227 Parsons 2007 - Giasgow Siemens PG
Sep 2007 ZV:;rgm
Page 15 Parsons 2007 - Glasgow Siemens PG
SIEMENS ST —=
Low Thermal Conductivity
Low Interlaminar Properties: SIEMENS
Ideally, there would be no heat loss Positive Aspects of Matrix Microcracking
in hot gas path—adiabatic—no
cooling needed 'B:v.lgxf ;iluupe Ln;gidw ':;agun.-"m SIEMENS
- allure was atmu wer H T
Balance between insulation and % « Still had significant load carrying capability SR TemijeTatne A partng
cooling differs among high g - g:sple l;arge scale damage (graceful —~
i € mage -
temperature material options £ | - Ukinets oad ~10X interiaminar damage il
Hybrid Oxide CMC can resultin § X initiation load £
lower heat fluxes - lower cooling; a3 . ] - ; o \\ =1
less heatloss; improved engine st i | v Lu ‘ 12 N frees
performance; low effective oxide - ac"': i "I T o Im'“” l - 3 £ 23 = ﬂl:
CMC average temperatures which ~ e | [ T e
minimize creep & SIR effects "o:mcuﬁ e WREDE AR MAMTOR L Solution: Lop Time ptours)
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