e
)
e
s, W
e
ey rid 3l.
R
. e
P
s
i )
as )
I ]
4 cses
sss
. -
H- essss
2% - -
. H
¢ o ee
ssee
ssse

THE AIR FORCE RESEARCH LABORATORY "
LEAD | DISCOVER | DEVELOP | DELIVER #

Alternative Aviation Fuels
Evaluation to Support Certification

July 27, 2011

Tim Edwards

Air Force Research Laboratory
Propulsion Directorate




CAAFI’s Global Supply Chain Reach*

21 Airlines, Exec
Jets, Military,
airport orgs.

14 Aircraft, engine,

subsystem OEM'’s

45 fuel
producers

4 Oil service
providers

Air Transport

Aerospace =" Association
Industries

Association

Airports Council
International

Federal Aviation

Administration 15 Think Tanks,

Consultants

17 government
agencies / labs

3 International
Finance

8 Universities,
FAA Center of
Excellence

350 Sponsors/Stakeholders From All Continents

* Actual attendance at 9/30/09 annual meeting 230 people, 125 entities



USDA

Commerce

DOE

DoD - Services

DARPA

EPA

FAA

NASA

Aviation Biofuels Supply Chain

Economic and environmental sustainability analysis across entire supply chain

Feedstock
Production

=

Feedstock
Logistics

=

Biofuels
Conversion

l

Fuel Testing
& Approval

CE R,
Re, \}
SEaech

]

Large Scale
Deployment




Alternative Fuel Evaluation (ASTM
D4054, MIL-HDBK 510)

Specification Fit-For-Purpose Coment/ Rig Testing —

Engine/APU

Properties Properties operability, durability Testing
R&D Cert.
. ASTM :
Review
I
QQEIM/) SN | BOEING l
%L!:!T : Re-Eval Honeywell ASTM
INTERNATIONAL Reject > : p
Standards Worldwide AS Requlred Resea rch
@ Report
Specification
ASTM D7566 ’
Revision ASTM Balloting FAA & OEM Review
Process & Approval

CRC Emerging Fuels Group Federal Aviation

Administration

May 5, 2010
Mark Rumizen, FAA/CAAFI
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>

Fischer-
Tropsch

HEFA/
HRJ

Alcohol-
to-jet

PROCESS

Pyrolysis

Direct
fermentation

1 August 2011

Alternative Aviation Fuels

FEEDSTOCK
coal/NG plant oils/ sugars/ ligno-cellulosic
large volume animal fat starches large volume
certified,
n/a n/a demonstrated
at small scale
n/a n/a
s / STM Task d'ff'ﬂwﬁl\
n/d Force, FRL 3? S“ga'; aicono
nextcert 1~ pro uc'uy
target _
demonstrated / n/a upgrfadmg
at small scale n/a difficult
difficulty is direct
n/a n/a FRL 3 (?) production from

cellulosics




Negative Effect

Fuel Specification Properties
Relating to Engine Safety,
Performance and Durability
(ASTM D 1655/ Def Stan 91-91,
Mil-DTL-83133, Mil-DTL-5624)

No Effect/Positive Effect

Fit-for-Purpose Properties
CHEMISTRY
e Hydrocarbon Chemistry (carbon
number, type and distribution)
e Trace Materials

BULK PHYSICAL AND
PERFORMANCE PROPERTIES
Boiling Point Distribution
Vapor/Liquid Ratio
Thermal Stability Breakpoint
Lubricity
Response to Lubricity Improver
Viscosity vs. Temperature
Specific Heat vs. Temperature
Density vs. Temperature
Surface Tension vs. Temperature
Bulk Modulus vs. Temperature
Thermal Conductivity vs. Temp.
Water Solubility vs. Temperature
Solubility of air (oxygen/nitrogen)

ELECTRICAL PROPERTIES
* Dielectric Constant vs. Density
e Electrical Conductivity and

Response to Static Dissipator

GROUND HANDLING / SAFETY
« Effect on Clay Filtration
o Filtration (coalescers & monitors)
* Storage Stability
- Peroxides
- Potential Gum
Toxicity
Flammability Limits
Autoignition Temperature
Hot Surface Ignition Temperature

COMPATIBILITY
« With Other Approved Additives and
Fuels
* With Engine and Airframe Seals,
Coatings and Metallics

Acce

Revised 12/24/07

ptible

Unacceptable

Reject Fuel or
Additive
File Report

OEM Approval
Incorporate into Fuel
Specification with FAA
Concensus

"| Turbine Blade Metallurgy and Coatings

Turbine Hot Section *

Oxidative or Corrosive Attack On | agtack——

(Burner Rig Test)

\
No Attack

Component Test
Required?

Yes

Component Tests *

FUEL SYSTEM
Fuel Control
Fuel Pump
Fuel Nozzle

COMBUSTOR RIG TESTS
Cold starting, sea level to 10,000 feet
Lean Blowout
Aerial Restarting
Turbine inlet-temperature distribution
Combustor Efficiency
Flow path carboning/plating
Emissions
Aucxiliary Power Unit altitude starting

No Anomalies

Engine Test
Required?

Yes

Engine Endurance
Test *

No Effect

——Anomolies—p

?

* Testing must be performed at P&W, GEAE , RR or Honeywell due to proprietary concerns

ASTM Standard
Practice D4054—
Qualification and
Approval of New
Aviation Turbine

Fuels and Fuel
Additives

Evolving...



\ / .
\ Data Collected in Research Reports

-2

e Used to support commercial
specifications (data also used for
military certification)

- i - H COMPARATIVE EVALUATION OF
* Some DOD unique: diesel SEMI-SYNTHETIC JET FUELS

engines, afterburners...

FINAL REPORT

e Addresses whether “drop-in” fuels
fa" Within eXPerience base Coordinating ;r:f:aiﬁlr'l Council, Inc.

3650 Mansell Road, Suite 140
Alpharetta, GA 30022

Ld [ ] [ ]
e Coordinated with Commercial | |
Universal Technology Corporatlon
. . . ey . 1270 North Fairfield Road
Aviation Alternative Fuel Initiative Dayton, OH 4432
FPrepared by
860 Clifford A. Moses
Consultant
New Braunfels, Texas
840
-~ CRC Project No. AV-2-04a
E 820
g Funded by
z - U.S. Air Force Research Laboratories
@ goo e L * CRC WW survey | Contract F33415-02-D-2299
E . T W sasol IPKiJet A through Universal Technology Carporation
* B ssuPs
750 .". - M shell GTLIJP-8) ||
. .'('/ . B SwooTLoeta September 2008
-
760 ./
. -
T40
2 2.05 2.1 2.15 2.2 2.25

DIELECTRIC CONSTANT 7



Baseline Fischer-Tropsch Fuels

* Form basis of Research Report to support specification

35 C-17, B-1, F-15
C‘5, B'2, C'1 30, F'1 6, HH' F_22’ KC_1 35R ] |So-parafﬁns
%0 60, T-6, A-10, RQ-4 = N-paraffins
Sasol IPK
~4% n-paraffins Shell GTL

~26% n-paraffins

25
Sasol Oryx (GTL-1)

20 n | ~72% n-paraffins
R B-52, T-38 _
3 Syntroleum S-8 | _ Sa§ol Oryx
<Er. 15 {1{~22% n-paraffins aln '502;‘3/' |zed(Gf'If'.L-2) -

-~ o N-pararrins
10 - 1L
: [

0 - I
O OO DSOS AD N DD O WSS 0o D
P PN NNNPRORNNG QNN PNNN PN RN N

(SR Ch &) o (SR C AN GRS ¢

HYDROCARBON NUMBER



D 7566 Progression

FAA

. o But will we ever
(Option 2 — Annex By Composition) R TET @
ACI-NA
Near-Term Final
Current Status Projected Projected
Process | Comp Feedstock —)| Process | Comp =—p| Process | Comp ———)-| Comp
FT SPK Coal \
FT SPK Biomass 7 FT SPK m—p| FT SPK
FT SPK Nat’l Gas
FT SKA
HEFA SPK Camalina SPK
HEFA SPK Algae \
HEFA SPK Jatropha > AT SPK [ HEFA SPK
HEFA SPK Tallow / HEFA SKA
SKA
ATJ SPK

SKA Task Force = oy
May 26, 2011 @ S Federal Aviation

Administration

Mark Rumizen, FAA/CAAFI



<  Barriers to 100% Synthetic Jet

» Baseline — 100% SPK/HRJ (n-paraffins + iso-paraffins)

Currently Outside of Aircraft Impact Potential Solutions
Experience Base

density (low)
seal swell (low)

range, fuel gauging,
fuel leaks

known issues: seal swell,
density
potential issue: lubricity

synthetic aromatics (except
Sasol) and cycloparaffins

boiling range (narrow),
synthetic aromatics and
cycloparaffins

potential issue: combustor
operability

synthetic cycloparaffins
and/or aromatics

expand seal swell and
lubricity experience base to
include synthetic aromatics
and cycloparaffins

expand combustion
experience base to include

narrow boiling/single
component fuels, synthetic
aromatics and cycloparaffins

10
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I JMMJ | F-T SPKjbIend stock) generic FT SPK

HRJ - hydrotreated fats/oils (blend stock)
11 C12

4751 JP-8
oL Iuﬁhlmww L current fuels JP-8, Jet A

Cg Ci3 Cia Cis

G C16 Cy7 Cis Cig HRJ

il “MMM Biofuel A
5 1 ° i More

Challenging!
~ | Biofuel B

11



\ J
A\ Y4 Fuel Compositional Evaluation

4 .’\

» Kerosene fuel characterization by compound class req’d for alt fuel evaluation
* ASTM D2425 (mass spec): AF/industry results led to inclusion in spec
* GC X GC (2-D GC) holds promise for better results
* Collaborations with SwRI, NIST, NRL, UOP o

Weight % n-Paraffins 8
7 . .1 | 039 | <0.003 ]
2009 | 41 | 108 K
4751 [-%

n-Cq E 6
nCo nCy M 7468 (39187) -.g
n-Ciz o —

mmw [ M-Cu n-Cis n-Cis n-Cyy nCppn-Cye s 4l

Cycloparaffins [3
‘ 2

n-C7”'Cﬁ h :
f P
7467 (39247) ‘ i
M LILM‘ 4909 (F-T SPK) \ . S

Ml"ﬁ JH b U"M\L LWWW“' b 06 8 10 12 14 16 18 20 22 24 26 28 30 32 34
J [ 4751 (JP-8) Cycloparaffins, mass%

Lo L oL b g ¥ Wm | 4

. " ” ” * | '
| il !
i i

rrrrrrrr

JP-8 (4751) |

6.0 secs

> 100 min 12



Elastomer Compatibility

* Extensive investigation of SPK fuels indicates performance of elastomers with alt
fuels primary issue — key to specifying composition of fully-synthetic fuels

MIL-HDBK-510

&  Reference JP-8s -E3— 1,2,4-Trimethylbenzene
Phase 0 Tests - s Mean - =& = 1,3,5-Trimethylbenzene
- :ézzp"t?éfl Compatibility - — - — 90% Confidence Interval - - & — 1-Methyl-2-ethylbenzene
Chemically . for makin Report - - —— 90% Prediction Interval ----7---- Propylbenzene
Characterize Fuel *Risk Assessment 9 oT
LA usage est Results 15
or Additive decision * Risk Levels
2 A A * Consequences T
v -
Risk level determined to be NS e
unacceptable for fuel report, Restricted o 4
more testing required Use —_10+ i
-
Unrestricted % g
Use ; z
Phase | Tests (%]
Metallic Short List
()]
®Risk Assessment
Non-Metallic Short ® Risk Assessment E
List S 5
@)
Phase lll Tests >
4 N Large Scale Functional
Risk level determined to be Tests
unacceptable for fuel report,

P
. e * o . .
more testing required ia Flight Tests 0 [¥i Possible intereference from oxygenated contaminants

\ \ \
> 0 5 10 15 20 25

Aromatic Content, %

Phase Il Tests

Complete Lab Testing

Risk level determined to be
unacceptable for fuel report,
more testing required

Root Case Analysis

®°Risk Assessment

Component Testing

1 August 2011 13



V|
&/ Flow Rig Testing
<Q"

* Functional test used to analyze potential for fuel line
leaks with 100% SPK and blends of JP-8 and SPK

* Rig allows for flowing of fuel through 1-inch lines
containing both variable and fixed cavity couplings

* High-temp. aging + low temp. leak-checks

14



) -t
v Hot Section Materials Compatibility &,

3 4
=
I

e Similar testing by RR/LW, GE, P&W

* P&W oxidation results (1850 F): “Utilization of FT Either as a Blend or 100%
Demonstrated No Observable Debit in Materials Performance”

* RR/LW: “no significant difference was evident for all materials tested in the two

fuel environments”

| Jet A Fuel, 1000 Hrs, Rig X502-B
e T T S —




y
&/ Lubricity/Fuel Pump Evaluation

* Alternative fuels typically have low lubricity — potential issue

for aircraft fuel pumps
* Questions about standardized test’s (ASTM D5001 BOCLE)

applicability to current pumps
* Need for lubricity additive during transition to Jet A?

* Initial data with ground fuel pumps appears to indicate 50/50
blends not an issue

500 hr Stanadyne (HMMWYV pump) at SwRI —
50/50 and 100% HRJ pass with CI/LI; HRJ w/o
additive fails at 25 hours

A
\

—
o
-
w
w
-
@
—

16
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&% Combustion Emissions

« Improved aircraft engine particulate

measurements, through SAE E31 and

ICAO collaborations:

— NASA AAFEX, WPAFB campaigns

— AEDC, UTRC/P&W, NASA
— EPA
— ORNL
« Estimate: 80% of health effects near

bases and airports due to particulates

» Alternative fuel emissions

- Emissions study conducted with multiple partners on modified
NASA DC-8 (CFM-56) — Jan '09
— Multiple F-T fuel blends (Sasol, Shell, 50/50, & 100%)

« Particulate emission reductions proportional with F-T blend %

3 pC-8 AEDC, NASNG: Aerodyne .
/ \ Missouri \ s e g

NASA/LaRC =4

-, e
AFRL Emissions

“Trailers EPA"-

* F-T, HRJ for CAAFI, AFCO

* Developmental fuels to support
R&D

Samele miee

e o

PM Dilution Chamber

1 August 2011



* Microbiological growth a

problem in field
* In-house program

characterizing field “bugs”

expanded to compare effect of

alt fuels

1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00

Colony Forming Units (CFU) per mL

Cladosporium resinae

¢ POSF 4877 Jet A-1

| Em gm M ot '
A Tl 3 ‘; b ad
M ° m POSF 5014 50/50

W
X Blend

A POSF 5172 FT

L

x POSF 5642 FT

X POSF 6152

Camelina
. ® POSF 6153 Tallow

20 30 40 50

Day

18



Y Toxi . L
\/ Toxicology Evaluation (AFRL/RH lead)

<€Qr

8]
— K

D

\iﬂ///

» Develop appropriate study design for each toxicity
test proposed:

» Dermal irritation test
» In vitro genotoxicity tests
» Acute inhalation study

» In vivo genotoxicity test in tandem with inhalation
rangefinder study

» 90-day inhalation toxicity study
» Sensory lrritation Assay (RD¢)
» Test 100% in each study except for dermal

19



Thermal Stability

Conditioning Tank

ARSFSS F119 Configuration oY Automatule

HV - Hand Valve
FCV - Flow Control Valve

T ‘ FCV AV PCV - Pressure Control Valve
PLamn: er Servo #2 Bypass Circuit : ; <
<
> Recirculation Control T
AV AV HV FCV
Wing Tank |=| <—— Servo #2 I <— a < ﬂi — a_l—. = Flow
Valve Pressure Divider
AV 1\ PT303 alve
Air-Cooled T
— Fuel-Cooter (S:E:::z Pre-FCOC Fuel-Cooled
Recirculation f
Transfer Pump Feed-Back Control pev Oil-Cooler
sl wiL
o Flow Meter Burner
Flow Meter HP Filter E'>301 - /I\ - 1‘ Feed
<— FT702 ' Arm
AV Pressure
Body Tank PCV PT302 HP Pump Feed-Back
Heat Loads
< Pressure Control
PT301
BoostP Nozzle
ol LP Filter - T Flow Meter Screen
FT302 .
> — Airframe mﬂ—m HP Filter
Heat Loads Return <« <«
Tan k Water-Cooled Water-Cooled
Fuel-Cooler Fuel-Cooler

ARSFSS SCHEMATIC.ppt

1 August 2011 20
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Combustor Operability

a‘o\
Test Program
Rig Tests
rob Sgergﬁr;“ﬂaizn Fass Firther - Fuel System
» Atomization
» Fuel pump
¥ » Fuel control
: Fit For
ral Prpose Combustor Rigs
Frope tties » Cold start (sea level to 10,000 ft)
({FFF]
» Lean blowout
I » Altitude relight
sTurbine inlet temperature
Fail | Component . . .
-:urFHﬂ_ig dlst_rlb_utlﬂn
Test » Emissions
» Combustion efficiency
¥ » Flow-path carbon deposition

» APU altitude relight

*Tests identified but not defined
* No test conditions or acceptance criteria

Fall | Engine [Pass

1 August 2011 AlAA 2010-7155 21



OEM Proposed Combustion
Rig Evaluation

Eonsaning -
& kay o0 oharastsricBo:

S i € General Electric
€ Honeywell
@ Pratt & Whitney

# Rolls-Royce Liberty Works R Rolls-Royce
‘ Williams m Williams International

Honeywell

T B SpocMILDTL-E3133F

Fit for Purposs per MIL-HDEK-510
L GCMS Compositional Analysis

Testing protocol development
requires baseline/reference fuels

mmmm !_ﬂ — « Category A — Best/worst/average JP-8/Jet A
E S e ?*- « Category B — Current alt fuels (good/bad)
N » Category C — Test fuels pushing spec limits
DEI] a— [IE[F I
) 5 In Progress:
Review Data With OEMs / SPOs, Fast Track * Define Category C

* Volumes
» Coordinate with AFOSR combustion prog.

22



Baseline Jet Fuels

- Best/worst jet fuel may vary with metric (cold start, LBO, relight, ...)
* Need to understand experience base with current fuels
* In many cases, no experience with best/worst jet fuels

* Thus, limits uncertain (what is a “fail”’?)

Nominal JP-8
B Worst JP-8 .

A

Best JP-8 "
No-Ignition

Experience
Range

-

Avg of 5 attempts

on test fuel
> >

Aach # Loading Parameter

1 August 2011 23
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5 10 15 20 25 30

F-T SPK (blend stock)
Ll Ll bt s

C C HRJ - hydrotreated fats/oils (blend stock)
9 10

5469 ‘u ¢,
Ce C13 Cia Cy
C
C7 16 C17 C18 C19

Mono-methyl isomers (methyl-tridecanes)
I‘Ll

Produced at Shroyer
JCA022-029a Park — mimics

potential “alcohol-to-
jet” and synthetic

biology fuels

min 8 10 12 14 16 18 20

24



Summary

* International collaborative effort has been enabling
alternative aviation fuel development

— Partnering over entire fuel life cycle required
(production to deployment/use)

« U.S. Government interagency collaboration also key
enabler

 Funding challenges will limit pace of program

25
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