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Overview of NJFCP Program

Vision: Develop an experimental and analytical capability to facilitate OEM’s
evaluation of fuel physical and chemical properties on engine operability and to
streamline ASTM fuels approval process.
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Initially input 3 reference jet fuels (nominal, best
case, worst case) to refine rig tests and models.
Follow with fuels with unconventional
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Develop and deliver advanced
combustion models of jet fuels to
OEMs.
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OEMs incorporate advanced
models into unique engine models
to validate method.
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Research
Report
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NJFCP is relating fuel properties to combustion

Figures of Merit (FOM)

Program uniqueness:

* Integrated systemwide
approach involving all
stages of testing and
modeling areas for
identical conditions

* Real-time
communication and
share of info among all
6 areas
(experimentalists and
modelers) and OEMs

+ Brings state of the art
knowledge, computer
capabilities, and
engineering experience
together



Improved OEM Screening of Fuels with NJFCP Integration

Tier 2.5 Spray Rig CFR Spray
NJFCP: Initial Fuel Screening: Testing Model

-
Redesign/Reengineer » Testing and/or Modeling
» Fuel Development Route
Advanced CFR Combustor
Pathwa.y L S N ————— == Combqstion Chemistry Operab_ility
Determine initial estimate of Testing Model Screening

maximum percent blend of

new fuel with Jet-A f -
Referee Rig Combustion |[=
Testing Model

—
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EBOEING
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Rolls-Royce — :
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OEM Review & Testing Determined by
Tier3& 4 NJFCP Results
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Specification
Properties
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Fuels
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_' ) ) EnginelAP
NJFCP: Detailed Fuel Testing & Combustion Testing
Modeling at an extended range of conditions

Operability?

Benefits: Early fuel screening, targeted Tier 3 and 4 tests, and increased OEM confidence



Improved OEM Screening of Fuels with NJFCP Integration

-

Tier 2.5 N . Spray Rig CFR Spray
- NJFCP: Initial Fuel Screening: Testing Model

Redesign/Reengineer » Testing and/or Modeling

» Fuel Development Route
Advanced CFR Combustor
Pathway I = Combustion Chemistry Operability
 Determine initial estimate of Testing izt Screening

maximum percent blend of

new fuel with Jet-A f -
Referee Rig Combustion |[=
Testing Model

S SAFRAN —
EBOEING
* P:g_sl_:‘l 1 Honeywelle
=== | Research E:ﬂ;ﬁcgce Scope of Tier 3/4
Report OEM Review& Testing Determined by
Tier3 & 4 NJFCP Results

Specification Fit-For-Pu!pose
Properties Properties

Requirements

Savings from Optimized Testing if Fuel Passes Screening:
l * Fuel Usage Avoided: 6K gals

Expand & Employ Gained
Knowledge Base

« Test Costs Avoided: $2.3M
* Time Saved: lyr

* Overhead Costs Avoided: ?2?2?7
Assess: ;" , ‘m
Acceptable Advanced CFR AItLRBe(IZi)ght _" Componenthig Testing
Tier 4

X . OEM CFD
Combustor Cogl;:;:;on CIRJngl:ltnj IS of
ilitv? Candidate
Operability? ndice
rER

Savings from Avoiding Testing if Candidate Fuel Fails Screening: J
* Fuel Usage Avoided: 20K gals

Engine/APU

J TeSt Costs Avoided: $4M 1bustion Testing
« Time Saved: 3yrs ynditions
* Overhead Costs Avoided: ?2?27?7?

Benefits: Early fuel screening, targeted Tier 3 and 4 tests, and increased OEM confidence



Concept to Determine Blend Margin Using NJFCP

Modeling Route

Test neat alt. fuel FFP and
NJFCP learnings (DCN + ?)

'

Based on blending rules
determine max composition of
alt.-conv. fuel blend using
FFP properties and NJFCP
learnings

\4

Develop Fuel X model

v

Simulate Fuel X

models in OEM

and/or NJFCP
hardware

Model the blend in

configurations

SAJF/A2 blend
results within ‘A
fuel range?

NO | Reduce blend by
X% of alt. fuel

Recommend blend
for further
certification tests

\ 4

Testing Route

SAJF/A2 blend
results within ‘A

Test the blend in
selected NJFCP
experiments

A

No

fuel range?

Yes

Reduce blend by
X% of alt. fuel

\ 4

Recommend blend
for further

the following:

+ Tests and modeling
configurations

Route(s)

certification tests

A Year 5 could focus on

« Additional FFP properties

*  Overall screening flow and
dominant Screening




Proposed Approach to Develop Fuel
Screening

*Yr3& Yr 4 of NJFCP
« Mature Experimental Test Methods

* Mature Modeling
* Develop Correlation to OEM Designs

* |dentify Methods with Sufficient Maturity at
End of Yr 4 for Fuel Screening
 Testing
* Modeling

* Develop Yr 5 Plan to Mature/Refine Fuel
Screening Process
» Assess Limiting Blend Margin
« OEM Consensus Required Regarding “Value Added”



NJFCP: Program Budget and

Contributors

$K
Agency Year-1 Year-2 Year-3 Year-4
FAA* 2500 1353 2000 950
NASA - 1103 1315 1,300
AFRL** 1971 1650 1000 1,000
DLA Energy 750 500 500 500
NavAir 200 200 400 0
ARL - - - 650

Grand Total 5421 5191 5215 4400
*OEMs are supporting program through cost-share.
*AFRL spends additional funds (that are not

included here) to procure/distribute fuels and
develop/maintain rig.

Additional Contributions

« AFOSR (in-house activities)

* DOE (in-house activities at National

Labs and possible support to secure

fuels for testing)

NASA (in-house activities)

NIST (in-house activities)

NRC Canada (in-house activities)

DLR (In-house activities, JetScreen

Program)

Univ. Sheffield (in-house activities,

JetScreen Program)

« Cambridge Univ. (in-house activities)

* Univ. South Carolina (Supported by
AFRL and NASA)

« Univ. of Toronto (in-house activities)

« Univ. of Dublin (in-house activities)



Program Sponsors, Contributors, Performers &

Industry Members

STEERING COMMITTEE

(Federal, OEMs, University Pls)

Fed Gov't
-FAA
-AFRL -Funding
-AFOSR -Scientific
-NASA Foundation
-DLA Test Facilities
-Navy -Fuels
-DOE
-ARL
-NIST

International: NRC, DLR, Univ. Sheffield
Univ. Toronto, Cambridge Univ., Univ. Dublin

Guidance

NJFCP
ASCENT Universities:

GaTech, UDRI, UIUC,
Stanford, Purdue, OSU

Non-ASCENT: uconn,
NCSU, Univ S. Calif., Univ S.
Carolina, UCSD, UVa, UIC

Other Contributors:
NASA, AFRL, NIST, ARL, NRC
Canada, DLR, OEMs, Sandia

Lab, LLNL, Univ. Sheffield,

Cambridge Univ., Univ. Toronto

-Chem/Kinetics
Modeling

-Engine Operabilit
-Fuel Evaluation
Methodology
-Reduced cost

T T

Guidance

ASCENT Advisory Committee Members

(CAAFI, Boeing, Shell, Gevo)

Industry

-Honeywell

-GE

-Pratt & Whitney
-UTRC

-Williams
-Rolls-Royce
-Fuel Producers
-Parker Hannifin

A strong community of hundreds of international (JetScreen) participants from 40 entities
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Original ASCENT Project PIs and Key
Contributors

50 STANFORD

UNIVERSITY

Area 1: Ron Hanson (Stanford), Dave Davidson (Stanford),
Shock Tube and Flow Reactor Studies.

Area 2: Hai Wang (Stanford), Chemical Kinetics Model
Development and Evaluation.

Area 2.5: Tianfeng Lu (U. Conn), Wenting Sun (Georgia Tech),
Stephen Zeppieri (UTRC), Computational Acceleration.

Area 3: Tim Lieuwen (Georgia Tech), Jerry Sietzman (Georgia
Tech), David Blunck (Oregon State), Tonghun Lee (Illinois
Urbana-Champaign), Advanced Combustion.

Area 4: Suresh Menon (Georgia Tech), Matthias Thme Mol  University of
(Stanford), Venkat Raman (U. Michigan), Combustion Model Connecticut
Development and Evaluation.

Area 5: Robert Lucht (Purdue), Paul E. Sojka (Purdue), Scott PURDUE

Meyer Purdue Carson Slabaugh (Purdue), Jay Gore
(Purdue), Atomlzatlon Tests and Models.

Area 6: Scott Stouffer (Dayton), Steven Zabarnick (Dayton),
Tonghun Lee (Illinois Urbana-Champaign), Referee UDRI

Combustor.
UNIVERSITY
}o DAYTON
nsu RESEARCH
INSTITUTE

Area 7: Josh Heyne (Daxton), Med Colket (contractor), Alex
Briones (Dayton), Tonghun Lee (UIUC), Coordination and UDF
Development. hrodhnrbes .

FAA, NASA, AFRL, and ARL Funded Activities

UNILVERSITY




Fuel Properties to Figure of Merit
(FOM) Behavior

evaluated at relevant conditions INTAKE COMPRESSION COMBUSTION EXHAUST
to estimate alternative fuel H .

!

behavior on Figure of Merit
(FOM) performance.

* Lean Blowout ) iy
« Cold Start Ignition Air Inlet/  Combustion Chambers Turbine
° A|t|tUde Re“ght l Cold Section . I Hot Section
Ts, Py e
NJFCP TOpiC Areas for FOM 1000 The T5-P, curve deterr_nines the
: thermodynamic conditions of

Evaluation: 800 interest for fuel testing.
1. Chemical Kinetics
2. Lean Blowout (LBO) ¥ 600
3. Ignition =
4. Spray 400 Fig:_];(:)s of Merit:
5. Computational Fluid Dynamics Cold start

(CFD) Modeling 200 : . ,
6. Common Format Routine (CFR) 01 5 15 11 25

P, (atm)



Current NJFCP Structure with
Working Groups

LBO: . Ignltlon (OEM Working Group lead):
« AFRL/UDRI — Referee Rig AFRL/UDRI — Referee Rig
 AFRL/UDRI — Well-Stirred Reactor * Ga. Tech. — Forced Ignition Rig
* Ga. Tech. — High Sheer Rig * ARL/UIUC - Altitude testing of Referee Rig
* Univ. of Sheffield — Tay Combustor Swirler/nozzle
* Univ. of Cambridge — Bluff-body  NRC Canada — Altitude testing of Microturbo TRS-18
Stabilized Swirl Combustor * Honeywell — APU
* Honeywell — Auxiliary Power Unit (APU) * Univ. of Cambridge — Bluff-body Partially
* Oregon State — Turbulent Flame Speed Prevaporized flow rig
« OEMs « University of Michigan — Forced ignition modeling
CFD (OEM Working Group lead): * OEMs
Stanford — Modeling Referee Rig « Common Format Routine, CFR (OEM Working
« Ga. Tech. — Modeling Referee Rig Group lead):
+ UTRC - Modeling Referee Rig and Ga. « UDRI
Tech. High Sheer Rig - Stanford — Flamelet Models
« OEMs « Ga. Tech — LESLIE Code
Kinetics: « OEMs
+ Stanford — Shock Tube ignition delays Sprays (OEM Working Group lead):
and species profiles Purdue — Rules and Tools Rig with Referee Rig
+ Stanford — HyChem kinetic modeling Swirler and nozzle
* UConn — Chemistry reduction « NRC Canada — Referee Rig Nozzle
« OEMs « Honeywell — Altitude Spray Rig

 OEMs



Key ‘Take Aways’ since Spring 2017

LBO:
* 7 rigs now show linear dependency of DCN on LBO
+ Additional fuels have been tested at GT

Ignition (OEM Working Group lead):

» Facilities with cold fuel and air as well as sub-
atmospheric capabilities have been developed

« Ignition data is being collected at cold conditions
(Referee Rig, GT, and ARL)

CFD (OEM Working Group lead):

« Spray injection based on measured data & consistent
among 3 research groups simulating Referee Rig LBO

* Referee Rig LBO simulations for A2 & C1 underway

Kinetics:

* Real time measurement of additional species for
constraining kinetic models

* New diagnostic for aromatics under development

* Model reductions have been refined and limits defined.

Common Format Routine (CFR):
* Academic combustion models & GUI delivered to OEMs
Sprays (OEM Working Group lead):

+ Data gathered for fuels at cold conditions, similar to
conditions of atmospheric cold ignition experiments in
Referee Rig.

* Fuel X further refined to incorporate new test data.

Key Interactions:

 OEMs are fully involved and guiding
the program direction, in fact leading
multiple working groups.

« Community-wide national and
international participation increasing

« Sasol/Univ. Cape Town
representative is presenting at
the upcoming June meeting on
their alt. fuels experience.

« Continued participation from
Cambridge, DLR Germany,
Sheffield, JetScreen, and NRC
Canada

« Leveraging interagency and
international support



Fuel Candidates and Screening

 Reference Fuels Required to Characterize Rig and Engine Fuel Response

« Category A: Three Conventional (Petroleum) Fuels

--“Best” case (A-1) --“Average” (A-2) --“Worst” case (A-3)
. Categow C: Six “Test Fluids” With Unusual Properties

C-1: low cetane, narrow boiling (downselected)

« C-2: bimodal boiling, aromatic front end

»  C-3: high viscosity

«  C-4: low cetane, wide boiling 2 g tow G, igh

« C-5: narrow boiling, full fuel (downselected)

« C-6 and C-6a: high cycloparaffins

—V|sc03|t hi hflash i i ,
280 ,,,,,,,,,,,,,, y ,,,,, g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,

Average Jet A (A-2) POSF 10325

Temperature, C

Composition, mass%

"low cetane wide b0|I|ng

vvvvv

0 11 12 13 1 15 15 vy ‘ ‘ —
60 80 100

Boiling range plot D86 % Distilled
C-1 and C-5 were selected for detailed study in Year 1.
C-6 and C-6a not available

Carbon number



NJFCP Fuels Update

Several new test fuels available to explore the jet fuel
property “envelope” in Year 3

v" Three new Category C test fuels
v' C-7 — blended fuel with maximum achievable cycloparaffins (~62 vol%)
v' C-8 — blended fuel with maximum aromatics (25 vol%)
v' C-9 — modified alternative fuel that has maximum DCN (63)

v' Three modified jet test fuels with constant properties but varying
DCN (30, 45, 55)

v Fuel with constant fuel property but with different TSI (threshold
sooting propensity) shipped to GT

v’ Surrogate #3 which best matches fuel boiling range — available in
2017 (Surrogates 1 and 2 already tested)



OEM Reaffirm NJFCP Benefits

_ _ _ DCN, a chemical property, is currently the
The historical controlling parameters for LBO strongest predictor for fuel LBO

proposed by Lefebvre (correlations) are incomplete. performance.

Chemical properties could be just as important as o Feature Importances Combined LBO
physical properties! Combustor operability were more N\ s

Rig Geometry
Total n-Paraffins

evaporation controlled (pres. atomizers), influenced by ot Goomet]

physical properties, while modern combustors may be S0k Recovre, -CJNE

controlled by other processes such as reaction rates. o

Fuel composition impacts combustor performance. Hm:”’:idf/?ME

Referee rig developed at AFRL/UDRI could play arole e o

in ASTM D4054 fuel approval process reducing OEM 000 005 010 015 00 025 0% 0

. . . Relative Importance
rg and engine testing.

Spray characterization could be eliminated for some

cand_ldate fu_els, redgcmg overall test requw_ements. 6 Combustor atomizer
Gaining confidence in role of FFP properties and how | geometry significantly
they should be used to guide fuel formulation. contributes to the

sensitivity of a fuel in a rig.

IS

The relative importance of properties on LBO depends
on the combustor geometry and the operational /
conditions. Limited geometries tested with available
resources is a program challenge.

Pyrolysis product species spectra shows promise to

bridge DCN and generic LBO correlation.

Significant progress was made on LBO modeling

tools by groups; not there yet, but marching steadily.

RMS values, %
I‘\J w

[
T

o

PA-GT PA-RR AB-GT PV-WSR
Vaporization Mechanism



LBO Working Group

Honeywell

S AYE

AFRL/UDRI

WSR Dimensions (mm)

............ A ] 1

Imaging region

fe—37 —

A2 or C5 {1

Georgia Tech AFRL/UDRI
Referee Rig

17



Rig Conditions
and Fuels Tested

The blue shaded region is
the typical flight envelop.

800}

600}

GT
HON

Referee
Rig

© WSR
@ Cam
® NASA

[O)
<

Figures of Merit:

© Uni. Cape Town
© UTRC
© osu

Only LBO points are 400 LBO
plotted. Cold Start
200 ‘ ‘ ‘
*Highlighted cells indicate new tests since 0 2 6P t 10 14
Fall 2017 ASCENT meeting 3, atm
A-1 A-2 A-3 C-1|/C-2 C-3/C-4/C-5F-1F-2|F-3 F-4S-1S-2 nC12
|§T . X | X | X | X X | X | X | X X | X X ‘E’ fuels are
oneywe X | X | X | X | X X
Ywe blended fuels.
|Referee Rig X | X | X | X X | X[ X[ X | X | X | X|X]|X] X
|WSR T | x y F-1to 3 are
C-1/A-2 blends,
INASA X X .
|Sheffie|d X | X | x| X X | X and F-41s a
A-2/C-5 blend.
|Oregon State X X X
|Cambridge X X X
Univ. Cape Town/ Crude-derived Jet A-1,Jet A-1 + 50% n-dodecane, FSJF (certification), FSJF (commercial), FSJF
. (commercial) + 1.5% HCPP, Experimental GTL kerosene, Synthetic paraffinic kerosene (SPK), 18
Sasol (‘"a DLR Ger') Heavy naphtha refinery stream




8 of 9 Rigs Show First e
Order DCN Dependency -

Rigs that show DCN trends:

1.
2.
3.

Referee Rig — AFRL/UDRI
GT High Sheer Rig
Well-Stirred Reactor
(WSR)

Sheffield (Rolls-Royce
Rig)

Univ. Cape Town/ Sasol

via DLR Germany
Standard Rig

* Used different fuels than
NJFCP

UTRC Partially Premixed

Rig

« Used different fuels than
NJFCP

University of Cambridge

NASA LDI Rig

* Emissions data show similar
trends. ¢(LBO is not directly
determined.

4 PA-Referee Rig
® PA-Sheff
* PV-WSR

B UTRC > GT
41 CAM DLR

Most LBO data
scales linearly i
with DCN.

10 20 30 40 50 60 70
DCN

Combine Feature Importance
(Referee Rig, GT, Sheffield, and WSR)

DCN |
Total iso-Paraffins |

Rig Geometry |
Total n-Paraffins
Atomizer Geometry
Freezing Point, °CI 1
50% Recovered, °C
MW _Average, g/mole
AH_C, MJ/kg
90% Recovered, °C
End Point, °C
Hydrogen Content, % Mass
Flash Point, °C
Viscosity (-20 °C), mm?/s
Total Aromatics
20% Recovered, °C
Smoke Point, mm{| -2t
Radical Index| ™
Total Cycloparaffinsf
i
|
|

10+

i

Actual Values

]

R?=0911

Density (15 °C), kg/m3
TSI

10% Recovered, °C
Initial boiling point, °C

0.00 0.05

6 4 =2 0 2 4 © 5 10 »
Predicted Values

0.10 Q.15 0.20 0.25 0.30 0.35
Relative Importance



Combustion Chemistry

Shock Tube/ Laser Measurements (Data: Hanson, Stanford

and Model: Wang, Stanford; Lu, UConn)

CN fuels and A2, 4%02 in Ar, scaled to 4atm with P¢, Phi~1

3250 A/Z/DCN47
gmoo— /,’,/,;ﬁ.;/
. T 775 - ‘;/
For range of fuels: | 5 o] oonsar”” o7
1. Ignition delay is strong functlon/ S
of Derived Cetane Number : -“ DCNsS
(DCN)
i CO”SlStent Wlth LBO trends 1001500 ' 14|50 ' 14|00 I 13'50 I 13I00 l 12‘50 I 1200
2. Efforts to further reduce species e
. . . P=2.04 T=394 ¢$=0.434
while reproducing combustion 1600 - - -
characteristics still challenging 1500 |  wene0acsosossnoseasy
*  Looking gt methods to | \ 1400 | Increasing reduction,
COUple with CFD for online 2 1300 decreasing fidelity
reduction g ey,
c12001 HyChem ™ :
1100 (dashed, S
no reduction) N
1000 ; :
10 103 1072 1071 10°
Residence time, s 20



Combustion Chemistry: Fuel X Model

Shock Tube/ Laser Measurements (Data: Hanson, Stanford

and Model: Wang, Stanford; Lu, UConn)

Previously concluded: Fuel X modeling, DCN
value, and ignition delay were all strongly
dependent on intermediate product species.

New optical diagnostics for real-time
measurement of pyrolysis product species.

1. Measurement method for iso-butene
developed. Role of interfering species in
progress
* Isobutene increases with increasing iso-

alkane results in lowering the DCN

2. Methods for other species refined for greater
accuracy
«  Ethylene increases with increasing n-

alkane concentration and results in a
higher DCN

3. Techniques for aromatics in progress
Wil enable better mass balance

Mole fractions

0.010

0.008

0.006

0.004

0.002

0.000

Ethylene Yield

0.39% A1/Ar
1325 K, 1.65 atm

Experiment

— = HyChem simulation

T T
0.0 0.5

0.0

1TO ' 115 ' 2.0
Time [ms]

20+ Ethylene Yields at 2 ms (or peak before ignition)

_¢ :1
¢ =inf
=1
= ¢ =inf

. T T 1
1100 1200 1300 1400

Temperature [K] 21




Sprays: Fuels and Test Conditions

B rudue-poPA () [SrereeRig 5 NRC o

. I;eferee Rig . Referee Rig UTRC 8

pray 24 Ignition ‘g

e!

£

400 ) B 5]
Figures of Merit: . o

S

LBO o Q

v Cold Start 'g ‘E’
- O [7)
> o 8
< £

Purdue Rules and Referee ng PDPA
Tools Rig

300}

2005 1 > 3
P, atm

The blue shaded region is the typical

flight envelop. Spray points and Referee

Rig LBO/Ignition points are plotted.

NRC PDPA

A-1 A2 JA-3 |IC-1 |[C-2 |IC3 |[C4 |C5 |[C-7 |[C8 |C9
Purdue X X X X X X X X
Referee Rig X X X
NRC X X X X X X s
UTRC X X




Sprays: Phase Doppler Particle
Analyzer (PDPA) Data

35

30

D32 [um]

25 |
20 |

15 |

AP/P = 3%,
AP, = 25psi,
- Fuel Temp = 120F, o5 o =
- Airbox Temp = 250F " : ° . “A%1 = No significant variation in Da,
21 X ¥ 2 . ACT and axial velocity observed
. 28 for varied fuel type
% &5 o
o = |nvestigation of near-LBO
20 2 . O C7 conditions has wrapped up
. : 19 cs for the time being.
: 1 ' = Next goal is to measure cold
°C9 fuel/ cold N,,.
E) I5 1I0 1I5 2IO ‘2‘5 3IO 35
Radial Location [mm] 30
32
| ® 31 ;131 29 -? 20 T i
S $20 27 £ 10
i o 28 28 226 2 0 F
26 O
20 20 ®A2 § -10 ¢ o A2
B A : g 20 g 20 |
18
i g 2 19 ACS ,TE -30 ACS
10 *C1 <40 | @C1
1 1 1 1 1 1 1 _50 1 1 1 1 1 1 1
5 0 5 10 15 20 25 30 35 5 0 5 10 15 20 25 30 35

Radial Location [mm]

Radial Location [mm]



Sprays: Fuel X Model

Model accounts for fuel property effects on SMD and Velocity. Includes
(for particular fuel nozzle) radial distribution of drop size and velocities

0.5 C 1.0
SMD, m = 0.0135 (o pe) ~ FAR™ (T5/288) = drop size with same liquid surface to

Ua ((AP/P)A/0.02)" (B +(A (1.5 Ug/U,)’ - (A (1.5 Ug/U,)* + A(1.5 Ug/U,))** p*° volume ratio as the spray

1. Acquire spray characteristics (SMD,,  °- USe projected boundary conditions for
SMD(r), no(d,r), Vo, Vo) for reference spray for CFD

fuel (A-2) with known properties 6. C_onfirrr_1 accuracy using C_0|d flow
2. Acquire physical properties for Fuel-X S'mU|at'0nS_ (no vaporization, et_c) and
3. Compute new SMD, based on Fuel-X compare with (cold flow) experimental
property data and extend to other spray _ data _ _ _
properties based on correlations 7. Run CFD simulations using fuel-
4. Linearly project spray characterlstlcs back dependent vaporization and combustion
to injection location ; =~___models: confirm reacting flow data with

A-2 Performance Map of Air-Assist Atomizer

© AirDP =2%

Injection plane e

< AirDP =3%

4 Air DP = 4%

= Air DP = 5%

o
o
o
o
o
.

s
o
X3
3

"
.
.
0

200
Fuel AP, psid




CFD: Referee Rig LBO Simulations

» Cold flow simulations reviewed & agreed on
common boundary conditions (BCs)

» Reacting spray simulations reviewed and
agreed on common injection condition
(based on experimental data)

» Agreed on step-wise reduction in
equivalence ratio (fuel flow rate) procedure
to approach LBO

» Analyze total evaporation rate and heat
release rate before next fuel flow reduction

» One set of CFD simulations has shown
correct LBO trend for A2 vs C1 (but using
“old” Dome Effusion cooling BC)

» Significant speed-up (5X) being pursued for
GTech/UTRC teams with new grid and
domain decomposition

Non-reacting time-averaged velocity

e

Time-avg Temperature at near LBO -

[
(o0}
o
o

Temperature [K]
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CFD Modeling: Next Steps

 Demonstration of CFD predicting correct trends in
LBO fuel sensitivity for Referee Rig

« Continue development of CFD simulations of
prevaporized ignition experiments

« Support of Common Format Routine efforts



Ilgnition Working Group

Working Group Contributors
 Areas 3 and 6, : ,
, and Honeywell

Prevaporized
Georgia Tech

More fundamental

T

Spay
Georgia Tech



Ilgnition Fuels and Test Conditions

Cold Fuel Temperature

iliti A GT | A NCSU |
Capabilities Developed . -
64 °F 8 °F 80 °F 400! A Referee Rig /A NRC-CAN
' o | ' A Cam
NRC} A
Referee Rigt 4
S A
HON 300! Figures of Merit
LBO
GT}
Cold Start
220 240 260 280 300 320
Range of Fuel Temperatures Tested, K
200 5 3
P;, atm

NRC-CAN X X X X
Honeywell X X X X X X The blue shaded region is the
Cambridge (laser) X X typical flight envelop. Only
GA Tech X X X X X X X X ignition points are plotted.
NCSU (laser)
UDRI / AFRL X X X X
(2017)

GATech(2017) X X X X X X X X 28



lgnition Working Group Update

Execute forced ignition experiments of Initial results suggest that a lower BP
select fuels to highlight the impact of fuel aids in combustion, e.g. the C-5 fuel.

property variation on ignition in gas turbine 09
combustors Y oo Floovene s | B
*  Flow and thermodynamic conditions > 3 oo RCTEReE 5
relevant to product engine combustors & Fl_i-_l
— special focus on cold conditions (high g 0.0 L = |J '
altitude, low P and ground starts) 3 -0.3
— fuel conditioning (controlled fuel E’-OB
Temperature, spray, vaporized, etc.) = CA1 Co C3 C5 A3
« Understand ignition characteristics as Atomizer Type:
a function of fuel properties (physical * PA-Pressure Atomizer
and chermical oz
* Collect data to support future « LDI- Lean Direct Injection
modelling work Rig Geometry:

GT-Georgia Tech

RR-Referee Rig

Sheff- Univ. Sheffield

HON — Honeywell (3% DP) 9

— Validation data (final and intermediate)
— Model input (spray, plasma, etc.)



Statistical Analysis of Ignition Data

10% Recovered, “C

20% Recovered, “C

Density (15 °C), kg/m3
Total Cycloparaffins

AH_C, M)/kg
Viscosity (-20 °C), mm?/s

Initial boiling point, °C
Flash Point, °C

Smoke Point, mm

TSI
Hydrogen Content, % Mass

MW_Average, g/mole

Total n-Paraffins

Total iso-Paraffins
50% Recovered, °C

90% Recovered, “C ]

Total Aromatics
End Point, “C
DCN

GA Tech
Pressure Atomized

Air Temperature: 300 K

Freezing Point, “CJ

Fuel Temperature: 295 K

Density (15 °C), kg/m3

50% Recovered, "C

20% Recovered, °C
Surface Tension (-10 °C), mN/m
Freezing Point, °C

Combustor P, Pa

Fuel Temperature, K

Air Temperature, K
Viscosity (-20 *C), mm?/s
10% Recovered, °C
Total Aromatics

Flash Point, °C

Smoke Point, mm

AH_C, M)/kg

90% Recovered, °C
Hydrogen Content, % Mass
Total Cycloparaffins

End Point, °C

Total iso-Paraffins

DCN

TSI

MW_Average, g/mole
Initial boiling point, °C
Total n-Paraffins

H

ST

Honeywell

Pressure Atomized

0.00

Avg. Test Section Velocity, m/s
Avg. Test Section T,°C

Avg. Fuel vapor T. at Injection Location,*C
MW_Average, g/mole

Initial boiling point, “C
Freezing Point, “C

Total n-Paraffins

Flash Point, “C

20% Recovered, °C

Total Cycloparaffins

Viscosity (-20 °C), mm?/s
Total iso-Paraffins

50% Recovered, “C

AH_C, Mj/kg

DCN

End Point, “C

10% Recovered, “C

Total Aromaticsf]

90% Recovered, “C
Hydrogen Content, % Mass
TSI

Smoke Point, mm
Density (15 °C), kg/m3
Surface Tension (-10 “C), mN/m

0.02

Fuels: A-1, A-2, A-3, C-1, C-2, C-3, C-4, C-5, S-1,
S-2,E-1

0.08 0.10

0.12 0.14

Air Temperatures: 229 K — 288 K
Fuel Temperatures: 236 K and 288 K
Fuels: A-1, A-2, A-3, C-1, C-2, C-5

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Relative Importance

Relative Importance

EEEEEEEY H ‘L

GA Tech
Prevaporized

Without Mean Equivalence Ratio

Test Section Temperature: 480 K

Fuel Vapor Temperature at Injector: 442 K — 465 K
Fuels: A-1, A-2, A-3, C-1,C-2,C-3,C-4

Operating conditions dominate

00

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Relative Importance

Density and distillation
properties dominate



Ul, below, develops flamelet look-

G
CFR Devel 0O p m ent Upd ate up tables for Fuel X Chemistry

inputs that OEMs can utilize.

« OEMs are currently evaluating CFR codes. FPV and FPI flamelet generation GUI

* Flamelet/Progress Variable with complete S-curve for laminar and turbulent flames
Common Format Routines (CFR) development is nearly
complete.

* GUI's have been enhanced and bugs have been (e Gt oo [ ot [ Tt Gorer it
corrected. om | Gum | Guam || ©omisaime

« Tuning of the commercial software numerics for coupling =~~~ R B Rt I Pt
CFR/LES/FPV model is underway. Carters Oty Pt

« Statistics collection algorithms and software were Cmemem——————
developed

« Task is less than a year into development. e

Modeling comparison of CFR team and industry \. Enhanced Storage Dioog [N B ol =

models. Tubience Paemete - Rag0lved Scale Simulation GUI

[¥] Compute Ymean

(URANS, SAS, DES, and LES)

Fluent Variabl
Variable Enabled Average RMS # Species Enabled Average RMS
| Industry code result (O @ (o [ C 9@ @
| CMEAN ¥ [ H20 v | ¥ E
FVAR ¥ [ 0 co | 7] P @]
LAMBDA ] v V| co2 ] ] E
TEMPERATURE ¥ v
FMEAN_SOURCE ] [
CMEAN_SOURCE | [¥] @] B |~
Statistics (RMS, Average) Collection Start Time Schmidt Parameters
- ‘ CFR/LES/FPV (Current Time to start collection ~ 0.000004 secs Fmean 0.9
1 . .
status, numerical tuning =0
- Cmean 0.9

required)




Overall NJFCP Accomplishments
(Expected and Completed)
Spring 2017

 Created and demonstrated capability to measure fuel-dependent
LBO limits in ‘real’ combustor hardware outside of OEM facility

e Demonstrated correlations with DCN, a chemical marker of the fuel

 Created and demonstrated capability to measure fuel-dependent
ignition limits in ‘real’ combustor hardware with cold fuel and cold
air outside of OEM facility

 Created and demonstrated techniques to measure several of the
dominant species from fuel pyrolysis

 Hybrid Chemistry (HyChem) models (and their reduction to ~35
species) created and demonstrated for petroleum fuels and several
NJFCP test fuels.

 Fuel-X modeling approaches (including blends) developed for
chemistry and fuel nozzle spray parameters (drop size, velocity)

 Developed CFD models to predict fuel-dependent LBO limit trends
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Overall NJFCP Accomplishments
(Expected and Completed)
Fall 2017

 Created and demonstrated capability to measure fuel-dependent
ignition limits in ‘real’ combustor hardware with cold fuel and cold
air outside of OEM facility

and demonstrated

several
NJFCP test fuels.

 Developed CFD models to predict fuel-dependent LBO limit trends
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Year 4 Objectives

LBO:

 Alternative Geometries
 Additional fuels

Ignition
 Complete fuel screening
« Analyze data from screening

Sprays
« Complete screening of fuels at ignition conditions

CFD
« Capture fuel sensitivity trends

Kinetics
« Complete ignition testing for new fuels
 Measure additional species concentrations

CFR
* Develop additional CFR capabilities



Challenges

Programmatic:

« Generating sufficient experimental data at extreme conditions to
enable fuel sensitivity evaluation

« Balancing experimental resources to maximize impact of NJFCP
program

* Integration, coordination, and scheduling of activities with year end
goals considered

« Implementing validated models into Common Format Routines (CFRs)
« Sustained Federal support

Technical:

Experimental:

« Collecting, documenting, and analyzing data to support streamlining fuel
approvals

Modeling:
« Validation of CFD simulations
« Validating Fuel X approach for sprays and kinetics



OUTSIDE ENGAGEMENTS

« Conference Proceedings/Presentations: 103

Area 1 (Stanford): 17 presentations (2 peer reviewed)
Area 2 (Stanford): 8 presentations

Area 2.5 (Uconn & Georgia Tech): 8 presentations
Area 3 (Georgia Tech, Oregon St.): 15 presentations
Area 4 (Georgia Tech): 11 presentations

Area 4/5 (Stanford): 10 presentations

Area 5 (Purdue): 5 presentations

Area 6 (Dayton): 8 presentations

Area 7 (Dayton): 16 presentations

UIUC (Related non-NJFCP Funded): 3 presentations
Surrogates: 2 presentations

* Peer Reviewed Journal Publications: 15

Area 1 (Stanford): 1 paper

Area 2.5 (Uconn & Georgia Tech): 1 paper
Area 3: (GaTech): 6 papers

Area 4/5 (Stanford): 4 papers

Area 3/6 (UIUC): 1 paper

Area 6: 2 papers

Area 7: 1 paper

RECENT:

JetScreen meeting in Rome
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OUTSIDE ENGAGEMENTS

UPCOMING: AIAA Scitech

« Mon, Jan 8, 2018

11:30 AM - 12:00 PM
Correlation of Alternative Jet Fuel
Physical Properties to Engine
Ignition at Altitude Conditions
Pervez Canteenwalla; Andrew
Corber; Wajid A. Chishty

12:00 PM - 12:30 PM

Near Lean Blowout Simulations of
Non-premixed and Premixed
Swirling Methane Flames

Jeffrey Labahn; Peter C. Ma; Hao
Wu; Matthias Ihme

* Thursday, Jan 11

9:30 AM - 10:00 AM

Year 3 of the National Jet Fuels
Combustion Program: Practical
and Scientific Impacts of
Alternative Jet Fuel Research
Joshua S. Heyne; Erin Peiffer;
Meredith B. Colket; Aniel Jardines;
Cecilia Shaw; Jeffrey P. Moder;
William M. Roquemore; James T.
Edwards; Chiping Li; Mark
Rumizen; Mohan Gupta

* Friday, Jan 12

10:00 AM - 10:30 AM

Spray Characteristics at Lean
Blowout and Cold Start Conditions
using Phase Doppler Anemometry
Andrew Bokhart; Dongyun Shin;
Neil S. Rodrigues; Paul Sojka; Jay
P. Gore; Robert P. Lucht

10:30 AM - 11:00 AM

Fuel Sensitivity of Lean Blowout
in a RQL Gas Turbine Combustor
Changju T. Wey

(Also on Friday, will conduct
Year 2 Review of NASA
Combustion Modeling Grants, 8-
5, at SciTech)
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Contribution Methods™ Presented at 9th US National Combustion Meeting, 2015, Cincinnati, OH.

Stagni, A., Esclapez, L., Govindaraju, P., Cuoci, A., Favarelli, T., and Ihme, M., “The role of
preferential evaporation on the ignition of multicomponent fuels in a homogeneous spray/air
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2015.

M. Colket, J. S. Heyne, M. Rumizen, J. T. Edwards, M. Gupta, W. M. Roquemore, J. P. Moder, J.
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NJFCP: Major Impacts

Collectively, technical advances will help streamline the
ASTM alt. fuel certification process by reducing fuel, time,
and cost required consistent with the OEM documented
benefits of the program.

Need for setting DCN limits for new fuels in ASTM approval

Recommendation for a new test procedure (tbd) for measuring
iIntermediate (pyrolysis) product species; ethylene is first priority.

Method of recommending blending ratios of new fuel and petroleum
fuels (still needs to be quantified)

Greater understanding of the various chemical groups on combustion
behavior — better ability to tailor new fuels that may not qualify initially

Creation of new rig and spray test facilities available for ASTM testing

Once matured, the CFD codes will allow fuel sensitive predictions with
OEM hardware, further streamlining the process. -



