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@LE Protective Coating Against Fluid and
Particulate Erosion for Turbofan Blades

Benefits:

Based on 1% fuel savings for Mainline and
Regional commercial carriers:

* Fuel savings between 80M to 100M gal per year

* 750M to 1.0B kg CO, / year

« 700M to 1.0B g NO, / year

Risk

 Potential fatigue debit impact of coating Ti blades
* Insufficient coating durability

Mitigation

. Adjust coating process parameters

* Test & compare to eroded blades in operation

Objectives:

* Quantify performance degradation

* Optimize coating protection via component tests

* Demonstrate coating protection on operational a/c
Work Statement:

» Conduct engine tests on degraded & O/H! blades
Conduct CFD analysis on degraded & O/H! blades
Conduct fluid erosion tests at AFRL? SuRE? rig
Flight certify optimal coating candidate

Conduct flight service evaluation

I Overhaul 2 Air Force Research Lab 3 Supersonic Rain Erosion

Accomplishments / Milestones

* Engine test completed with used and new blades
» CFD* model completed on used blade

* SuRE test successfully completed

* Flight certification tests completed

Schedule:

 Blade Condition / Operational Analysis - COMPLETE
 JT8D Fluid Erosion Component Test - COMPLETE

* Other Engine Types Fluid Erosion Test - COMPLETE
* Flight Certification - COMPLETE

 Flight Service Evaluation — April 2018 to Dec 2020

* Computational Fluid Dynamics
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Presentation Notes
1.0 B kg of CO2 or 1 M metric tonnes ~ 211k cars

1.0B kg of NOx or ~ 63k cars

100M gal / yr ~ 188k cars or 2M barrels of oil




Phase I — Data, Test & Simulate

Blade Condition Analysis Engine Test Data CFD Analysis

 Following 1% stage fan blades inspected and analyzed:
- JT8D - BR715 - CFMb56 - PW4000
- V2500 - CF34 - PW2037 - CF6

* Engine test completed on inducted JT8D engine with:

* existing 1% stage fan blades
* serviceable condition 1% stage fan blades

* CFD Analysis completed on serviceable and used blades at following conditions:

e Take-off
e Cruise
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Phase I — Blade Condition Analysis

100%
« o 30%
Cc T
<
-— =
_é:om 60% ® Lo Erosion
:_E “g W Hi Erosion
o % 40% - M Lo Erosion
=
° >0% No Erosion
0 Bl |
0% T T T T T T T 1
D~ o
©
A o« B8 B2 38 8 8
= = £ 2 B £ T g
HE O m U » &~ & O

JT8D CF34 BR715 CFM56 V2500 PW2037 PW4000 CFe6

8 May 2019 FAA CLEEN II Public Presentation 5



Phase I — Engine Test

Thrust Specific Fuel Consumption (TSFC) Comparison
Eroded vs. Serviceable Fan blades

Same test planned
on PW2037 engine

1.1% at TAKE-OFE.---""
-- ~1.5% at T/O
0.9% at CLIMB
0.4% at CRUISE
Clean =repaired, serviceable fan blades JT8D Engine S/N 726044
Inducted May 2015

TSO = 3126 hours
Tests / Engine Service Manual:

PN773128
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Phase II — Fluid Erosion Test
@ AFRL — Supersonic Rain Erosion (SURE) Rig

Specimen Preparation

Specimen Tooling D

Droplet
Stream

3 May 2016
Uncoated Blade BlackGold® Coated
Specimen Blade Specimen oated Blade
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Fluid Erosion Tests @ AFRL

Optical images Uncoated PW2000 LE Surface

SEM Topographical images

\ Similar

depth
damage

Field part ~ 5,000 cycles & 14,000 hours
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Fluid Erosion Tests @ AFRL

Uncoated PW2000 BlackGold® Coated PW2000

Breach evident @ 3 passes

First substrate damage noticed after 23 passes
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Fluid Erosion Tests @ AFRL

Fluid Erosion Comparison Ti Strips

23 passes
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Fluid Erosion Tests @ AFRL

Conclusion

 AFRL’s SuRE rig test closely reproduced damage observed
on field blades

e BlackGold® coating provided protection

e Projected improvement of = 8X based on first breach point observed
on uncoated (3 passes) and coated (23 passes) test specimens

PW2000 Uncoated 35 passes PW2000 Field part
~ 5,000 cycles & 14,000 hours

Similar depth damage
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Phase III -

Air Worthiness Certification Tasks
[

* FAA Certification Plan Approval
* FAA Test Plan Approval

* Weight Analysis

* Metallographic Analysis

» Stress Analysis

* Frequency Analysis

« High Cycle Fatigue Tests

* Mechanical Property Tests

* Impact (Jelly Ball) Tests

e Ice Adhesion Analysis

* Compressor Wash Analysis
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Phase IV - Fliaht Demonstration
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TC studied application.  Response was can’t do as a Major Alteration and needed to supply a Certificate of Conformance via Delta.  This changed the approach that we had originally envisioned.  Many documents had to be reissued, quality hurdles to pass on DTO side, more documents required.

TC can accept STCs done in U.S. and any repairs.  No provisions for Major Alterations.  MCT is an AMO.  AMOs only authorized to do repairs and NOT major alterations.  Cross-border agreement tells TC do not have to accept data for a Major Alteration.  Onus on DTO to assure that everything done to DTO’s quality system.  They own Maj Alt data and contracting MCT to apply coating.  Shifts from MCT’s assurance via MCT qual system.  Now DTO assures that CoC per quality system.

Coatings produced by MCT were not meeting drawing => had to implement cleaning system to remove overspray => 8 week delay.

First few photos are pre-overspray removal.


Phase IV - Flight Demonstration
Field Enﬁine OR Status
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~ Phase IV - Flight Demonstration
InsEections Comﬁleted

Planned Inspection Intervals (Hours)

1st Engine Installed

11 Apr 18 500 750 1,000 1,500 2,000 2,250 2,500
Engine # ESN Actual Inspections (Hours)
1 718045 549 744 912 1,426 1,845 2,299

26-Jun-18 | 25-Jul-18 | 24-Aug-18 | 3-Dec-18 | 12-Feb-19 | 12-Apr-19
2 725536 571 823 1062 1,608

8-Aug-18 | 27-Sep-18 | 2-Nov-18

3 725558 284 Engine removed off-wing due to in-flight shutdown

No Longer Tracking

4 709968 Engine built. Awaiting on-wing install.

Two (2) coated blades installed.

5 718150 242

Two (2) coated blades installed.

Nine (9) Inspections completed to date
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Phase IV - Fliaht Demonstration

Phase IV — Flight Demonstration
Fan Blade Inspections

e BlackGold® coated 15t stage turbofan blades installed on four (4) JT8D
engines for flight operations on MD88 aircraft

— Inspections = every 250 to 500 hours

JT8D 15t Stage Fan Blades Uncoated
Fan Blade

BlackGold®
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Phase IV - Fliaht Demonstration

Inspection Progression ~_ ShipNo:
d . Engine S/N: 725536
2"¢ Engine

Coated Uncoated

359hrs

500hrs

800hrs
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Phase IV — Flight Demonstration

Engine Inspection @ 912 hours Ship No: 9008

Engine S/N: 718045

Coated Mold imprints @ 912@

D
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Phase IV - Flight Demonstration

Inspection at 1,845 hours, 12 Feb 19

\Q/ Uncoatgy

\C/ coated
uncoa"ed

8 May 2019 FAA CLEEN II Public Presentation

19



Phase IV - Flight Demonstration

Inspection at 2,299 hours, 12 April 2019

8 May 2019

Uncoated
@ 10X

Coated
@ 10X
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Phase IV — Flight Demonstration
3D Scans of “Dental Mold” LE Blade Specimens

* LE molds placed in erosion area from
tip towards root.

* Molds scanned with white-light 3D
scanner.

* Damage depth measured along LE
from scanned image and processed
with appropriate software.

JT8D Fan Blades with Molds

e —

3D mold scans
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Uncoated AFRL 3D Scans vs MET

 AFRL specimens - damage depth measured using both optical
microscopy of metallographic cross sections (MET) and 3D scans of

repli-set molds.

Leading Edge Damage Comparison

3D Scan vs Metallographic Analysis
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SEM of Uncoated
AFRL Specimens

11passes 23 passes  3bpasses

Metallographic analysis and 3D scans of molds show same trend.

Metallographic analysis gives a higher mean; 3D scans may be losing some detail.
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Phase IV - Flight Demonstration

Uncoated Damage vs Height

Damage Depth (microns)
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Maximum Damage of flight demo blade at 912 hrs
is in the middle-span region near the mid-span shroud
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Phase IV - Flight Demonstration

Uncoated Damage AFRL vs JT8D-219 Field

Leading Edge Damage Comparison
AFRL vs Field
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Uncoated JT8D flight demo blade at 900 hours = to AFRL specimens with 35 passes of exposure

Field erosion damage observed at 2000 hours exceeds damage observed during AFRL testing
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Phase IV - Flight Demonstration

Coated vs Uncoated Mid Span

3D scan of uncoated field blade LE mold Uncoated Flight Demo
900h 900h

AVG Damage:

900h = 147pum

2000h = 401pm 2300h 2300h
3D scan of coated field blade LE mold Coated Flight Demo
900h 900h

Coating Breaches

2300h 2300h

Coating Breaches

Coated blades much smoother than uncoated blades.
Coating Breaches are now more frequent after 2000h
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Phase IV - Flight Demonstration

JT8D compared to other Engines

May 2019

Depth (Microns)

LE Damage of Various Engines
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Leading edge damage on CFM56-7B and PW2037 fan blade similar to JT8D @ 900 hrs
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Phase IV — Flight Demonstration
Correlating JT8D data to PW2037

~350 pm pit dep
PW2000 Field part ~ 5,000 cycles & 14,000 hrs
Average tour =~ 15,000 hrs => estimated pit depth ~ 375 ym

~300 um pit depth

May 2019

PW2037 1%t Stage Fan Blade with coated LE
could protect throughout engine tour
FAA CLEEN II Public Presentation
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CFM56 averages 9.61 hours / day * 360 days / yr average ~ 3,460 hrs / yr @ 10,610 / 3,460 = 3.07 yrs or 3 yrs, 1 mo;
Hence, either ~ 30% through 10 year tour OR 37.5% through 8 year tour.
Coating improvement factor on -8D based on similar pit depth => 2,000 / 900 = 2.22
Assuming same deterioration rate => 2.22 * 10,610 = 23,578 hours
Total hours @ 8 years = 3,460 hrs * 8 = 27,680 hrs  OR 23,578 / 27,680 = 85% of tour before coating breached
Total hours @ 10 years = 34,600 hrs OR 23,578 / 34,600 = 68% of tour before coating breached


Phase IV Schedule

Estimated remaining inspection schedule

* Engine # 1~ 2,300 op hours.

— 2,500 hours by 1 June 2019
— 3,000 hours by 15 August 2019
— 4,000 hours by 15 January 2020

~ 6,000 hours by 15 November 2020 Operational Hours as of 3 May 2019
* Engine # 2 = 1,608 op hours
— 2,500 hours by 1 Sep 2019 Estimates based on an average of

— 4,000 hours by 15 April 2020

= 5,700 hours by 31 Dec 2020 Delta’s MD-88 fleet scheduled for

* Engine # 4 ~ 250 op hours sunset at the end of CY2020
— 500 hours by 1 June 2019
— 1,000 hours by 15 Aug 2019
— 2,000 hours by 15 Jan 2020
— 3,000 hours by 15 Jun 2020
— 4,000 hours by 15 Nov 2020

— 4,300 hours by 31 Dec 2020

* Engine # 5 awaiting on-wing installation
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CLEEN II Program Summary

e Blade Condition and Operational Analysis complete:

— LE erosion documented
— Engine test confirmed 1.1%+ TSFC increase

e Coating Component Level Tests complete:

— For JT8D, PW2037, CF6 and Ti strips

Flight Certification Tests Complete

Flight Demonstration Engines

— Over 5,000 op hours
— Visual and measured results confirms coating protecting LE
— Project over 16,000 op hours by end of CY20

Installing four (4) completely coated engines to
track fuel savings benefits
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