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Honeywell

Automation &

_ Aerospace
Control Solutions Phoenix, AZ and
Minneapolis, MN Rolle, Switzerland

headquarters headquarters $38 . 6 B

in sales for 2015

53%

of sales outside U.S.

» Approximately 132,000 employees,
1,300 sites, 70 countries

» Morristown, NJ global

. corporate headquarters
Performance Materials P q

& Technologies

Morristown, NJ
headquarters
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Honeywell Turbine Engine Product Lines

( \ AGT1500

HTS900
\ HTF7000 J TPE331-12 155
731 Series TPE331-14
TPE331-10/11
CFE738
F124
T53
LF507 LTS101
TPE331-5
ATF3
B10-050-7 CTS800
Turbofan Engines Turboprop Engines Turboshaft Engines
3,000 to 10,000 Ib thrust for 575 to 1,600 shp for 500 to 5,000 shp for surface
commercial and military aircraft commercial and military aircraft vehicles, commercial and

military rotorcraft

Strong Product Mix, Over 75,000 Turbine Engines Delivered
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HTF7000 Business Jet Engine

State-of-the Art Performance
Quantum leap in Value: cost & durability

Versatile Technology: 7000-7500 lbs
thrust

Industry Leading Dispatch Reliability
Five Aircraft applications to date

> 1000 Engines in Service

>2 Million Flight Hours

Gulfstream G280

CLEEN Technologies Enhance Future Product Capabilities
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Honeywell CLEEN | Participation

CLEEN | Program (2010-2015)

« Honeywell developed CLEEN engine cycle builds on state-of-the-art
(SOA) technology with CLEEN | Technology to enable fuel burn reduction
* Program has successfully matured fuel burn reduction technologies to

technology readiness level (TRL) 6
- Compressor - High Temperature Impeller

- Turbine - Low Leakage Air-Air Seals
- Turbine - Advanced Materials

Honeywell CLEEN Il Continuing to Advance Engine SOA
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CLEEN Il Elevator Speech

* Honeywell's CLEEN Il program is maturing advanced
combustor and turbine technologies to reduce weight,
fuel burn and NOx emissions

Gulfstream G280
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CLEEN Il Technology Summary

CLEEN Technology | Goal Impact Benefits and Applications

Compact Combustor  Fuel burn * Reduced weight (fuel burn)
System * Reduced emissions
Emissions
» Super mid-sized class business
jet for turbofan

* Entry into service (EIS) 2025
Advanced Turbine Fuel burn » Improved turbine efficiency
Blade Outer Air Seal (fuel burn)

(BOAS) System
 Applicable to turbofan, turboshaft,
turboprop engines, and to large

auxiliary power units (APUSs)
*EIS 2025
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Project Accomplishments

e Systems Engineering

- Completed System Preliminary Design

- BOAS

- Preliminary BOAS System Design
Complete

- Performed Initial Materials
Characterization Testing

« Compact Combustor

- Complete Design and Fabrication of initial
Tech Demo test articles

 Program Management
- Submitted Program Task Plan
- Submitted Program Risk Assessment

- Submitted All Monthly Reports on Time

Completed Initial Technology Designs and Initiated Testing
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Project Next Plans

 Engines and Aircraft Systems Analysis
- Complete System Detailed Design
* Turbine BOAS Development
- Complete BOAS Rig Design
- Conduct Development Tests
- Complete BOAS Materials Down-select
« Compact Combustor Development
- Tech Demo testing, and refine design

- Design of adaptive rig hardware to support
validation testing at NASA test facility

« Demo Engine Design

- Initiate Engine Adaptive Hardware Design
* Program Management

- Continue Monthly Reports

- Participate in November Consortium

Technology Demonstration Testing
(2016-2017) TRL 4

Component System
Development Rig Tests
(2017-2019) TRL 5

Engine Validation Testing
(2019-2020) TRL 6

Technology Design & Demo Testing Continuing in 2017
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‘echnology Maturation Approach

2

Analysis and Technology Component System Engine Validation
Demonstration Testing Development Testing Testing
TRL 3 TRL 4 TRL 5 TRL 6
Technology Q | o4 | o1 | @2 | o3| 4ot | 02|03 | a4 @ |o2)|a| 4| @ |G| @ 4| 0| a2 Q3| o4
| | n urlam:e
PDR CDR Dev Test(1) Dev Test{2) :n;in Test
v AV vy L ﬁ
TI"IIL3~4 TRL 4-5 ] -TA::ETE TRL 6
SABER Compact Combustor + |+ | "t‘E.- T _'iﬂ__
TRL 3-4 TRL 4-5 J- TRL &
Advanced Turbine BOAS + + I+ + [:‘:']'-:-j l + E::‘] I -_-_-.r
Legend| TRL3 TRL4 TRLS TRLE‘ Technology Devj pment Rig Test-‘— Engine Test Build, Test andIAnaI\rslis [:'I::i

TRL = Technology Readiness Level

A Systematic Approach Toward Reducing Risk
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Engine and Aircraft
Systems Analysis

Objectives

* Define a ‘CLEEN II’ engine with
advanced technologies that enable
reduction in fuel burn and reduction in
NOXx emissions

Work Statement

« Complete PDR (complete)

« Complete DDR (future effort)
- Gulfstream Assessment
- Georgia Tech Assessment

21-15790(03)-2

Benefits

* Reduced engine thrust specific fuel

consumption (TSFC)
* Improved power-to-weight ratio

* Reduced fuel burn and NOx emissions

Risks/Mitigations

 Insufficient aircraft fuel
burn assessment/work
with Gulfstream and
Georgia Tech

Accomplishments/Milestones Since

Program Start

« Completed PDR and initiated Gulfstream
guantitative assessment of fuel burn for

engine/aircraft integration

« Georgia Tech continuing work to perform
independent assessment of fleet-wide impact

CLEEN Il

System Analysis

Gulfstream G280

2015 2017 2019
7 N I I —

Task 1 - PDR Amah
PDR »
Tas 2 - DDR e
DDR '
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Compact Combustor

Objectives
 Reduce NOx emissions

* Reduce weight and fuel burn, through
engine design changes enabled by
integration of Compact Combustor

Work Statement

* Technology Demonstration (in process)
Combustor System Devel

Development Engine TestdINRIQFESSHKort)
NASA Rig Test (future effort)
Engine Validation Test (future effort)
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Benefits
* Reduction in weight and fuel burn
* Lower engine emissions

Risks/Mitigations
» Operability - Rig test validation at Altitude cond.

« Emissions - Test validation at full engine cycle
operating conditions in NASA facility

¢ Combustor Durability - Demo Engine cyclic test

Accomplishments/Milestones Since
Program Start

* Completed design, analysis and fab of Tech Demo
test configurations

* Completed concept definition of combustor system
and Demo Engine integration

* Complete design CLEEN-II combustor rig

Compact Combustor | 2015 | 2016 | 2017 | 2018 | 2019 | 2020

Technology Demo

Comb System Devel

Dev Engine Tests

NASA Rig Testing L

Engine Test (TRL 6) ' X
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Compact Combustor Technology Demonstration

* Approach

- Apply advanced computational fluid Fuel Spray
dynamics (CFD) large eddy simulation ~ Atomization
(LES) and Honeywell developed sub-
models to design and predict CLEEN I
combustor aero-thermal performance
and emissions.

- Technology demonstration testing to Turbulent
evaluate atomization, aerodynamic Mixing
design, fuel placement and zonal
stoichiometric control.

 Advanced Design Tools
- Modeling turbulent mixing via CFD LES

- Modeling of fuel breakup and
atomization. Aerodynamics |

- Integrated modeling of aerodynamics gﬂd MIXIngg,L
and fuel mixing, chemical reactions emistry
(including pollutants) and heat transfer. ~ Heat Transfer

Leveraging Honeywell Advanced Analysis Tools
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Leveraging Additive Manufacturing (AM)

Breakthrough, Disruptive Technology

* Enables innovative technology designs

» Rapid Prototyping supports design
optimization and Tech Demo testing

* Reduce engineering development cycle

Phoenix Manufacturing Capabilities
» Direct Metal Laser Sintering (DMLYS)
* Multiple powder materials
* In-house post-processing
» Heat treat, HIP, flow testing
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Advanced Turbine BOAS System Technology

O\

Benefits
* Fuel burn reduction

Ceramic
BOAS . . .
. Risks/Mitigations

« Insufficient material durability/rig and

engine test
* Insufficient performance/alternate
BOAS design
Objectives Accomplishments/Milestones Since
- Improve HP turbine efficiency Program Start
« Preliminary initial sub-element testing
Work Statement underway
« Complete Design (in process) « Material Testing and Characterization
« Complete Fabrication (in process) underway
* Complete Dev Engine Test  (future effort) BOAS
- Complete TRL 6 Engine Test (future effort) | [Pesigné Analysis
Material Testing
BOAS Rig Test
Dev Engine Tests
Engine Test (TRL 6) ¢ |
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BOAS - Thermal Gradient Rig (TGR)

Shroud Surface Temperature

CMCT (F) vs time (s)

e

/ e Tmin
/ e Tmax
0 100 200 300 400

time (s)

 Evaluate the characteristics and failure modes of CMC under stress induced
by a thermal gradient.

« Repurposed existing mechanical research rig for thermal mechanical testing.
 Rig operating conditions and requirements defined

« Design and analyses complete

 Test plan complete and Instrumentation requirements defined

BOAS - TGR Initial Testing Underway
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Honeywell’s Next Gen EB-PVD TBC

Low-K Thermal Barrier
Coating (TBC) Attributes

* 33% Lower conductivity
- > 2x component rupture life
- > 4x TBC spallation life

« 3x Higher toughness

* 4x Sintering resistance

* Phase stable above 2,800°F

* EB-PVD validated in CLEEN I

* Air plasma spray (APS) validation
in CLEEN Il

eramic coating
xternal surface
 turbine airfoils
ponent, and
‘and hot

Ailr Plasma Spray Technology Progressing to TRL 4 in 2017
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Technology Validation Testing

* Development Engine Test (1)
- HPT BOAS Technology assessment

* Development Engine Test (2)

- Compact Combustor liner wall
temperature map and lifing assessment

* NASA ASCR Combustor Rig Test

- Compact Combustor emissions and
liner wall temperature assessment
at full engine cycle conditions

 Endurance Engine Test
- Engine Emissions assessment

- Endurance Engine test to validate Compact
Combustor and BOAS Technologies to TRL6
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Summary

« The Honeywell CLEEN Il program is progressing well to
mature the Compact Combustor and the Advanced Turbine
BOAS to reduce fuel burn and NOx emissions

- Engines and Aircraft Systems Analysis
= Completed system PDR.
= Continuing required design and analysis to support DDR in 2017.

- Turbine BOAS
= Preliminary BOAS System design complete.
= Continuing BOAS Rig Design.

= Plan to complete development testing and down-select the BOAS material
configuration in 2017.

- Compact Combustor
= Continuing technology development and Tech Demo testing in 2017.

= Completed Honeywell adaptive rig hardware design. Fabrication in
process.

= Continuing design of NASA combustor rig test configuration.
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