Jay Kapat and Marcel Otto
Center for Advanced Turbomachinery and Energy Research
University of Central Florida, Orlando, FL

Funded Through NASA ARMD University Leadership Initiative
Under Strategic Thrust — Zero Emission Aviation

November 16, 2022
GREATER ORLANDO <@,’ BOEING 2 OV o | v %
AVIATION AUTHORITY \nsys EFH&}RW% | e G ATER s

&




The Team

Washington
Montana
Qregon
Idaho
Wyoming
MNevada
Utah
Colorado
g CATIEIRE New Mexico
Alasla

Hawail

lLFA

MNewy
Hampshire
North Dalota Vermont Maine
Massachusetts
Minnesota
South Dalota Wisconsin
Michigan

Rhode

lowa E) x 1 Island
Nebraska UH‘EPSELY cut

Shio \

llincis nsys sey

West AN re

iraini irginia
Kansas Missouri N Maryland
Kentucley v
Nerth Carolina District ,
TRREEEED of Columbii
Oklahoma South
Arlcansas Carolina

Mississippi Alabama

Louisiana

Lead Institution
Overall Pl: Jay Kapat
oject Manager: Marcel Otto

Georgia Tech
Aerospace Systems
Design Laboratory

- GREATER ORLANDO
“_ AVIATION AUTHORITY



The Team
&

UCF @
>

Erik Hans-Jirgen Ladislav

Fernandez Kiesow

Guillermo :
Paniagua Terry Meyer  Bill Andress
BOEING

IL FA

©319

Mike Stoia

Nick
Applegate

Kevin Jui

Claire Bury

. Brandon Lucas ; Kortney
Sandra Hick Marcel Otto Cotto Cavalcante Claire Bury Devito
Gl" \nsys ron M —
Dimitri Jon Gladin Stefano Kevin
Mauvris Orsino Thompson
Joshua . .
Schmitt Tim Allison

Greg Natsui

Keith
McManus

|

Greg Daines

+ Non-Advocate Peer Review Board



Background & Rationale
Why this approach?
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Why Ammonia for Decarbonization of e
Aviation?

 When NASA asked for proposals under the thrust area “Zero Emission Aviation”

* We asked ourselves what is meant by “Zero Emission Aviation”.

_ CO, (g/s), cruise ~1800

» Should we aim for: N NOXx (ppm) ~200
Zero carbon aviation ? - —

“Net-zero” aviation ? H,0 (g/s), cruise 750

Zero emission of all kinds ? NVPM? (“g/m3) 475

» We approached the project with the objective of eliminating, or at least minimizing, emission of
all kinds in the engine exhaust.

- CO,
*  NOx (Note: 100-year GWP for N,O = 265; significant ODP)

H,O (contributes to contrails that cause radiative forcing)
NVPM (leads to higher contrail formation)
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NOx minimization - Let us learn from Power /4
Generation A

“Power Generation NOx Tracker” https://www.cecs.ucf.edu/nox/ Supported by Mitsubishi Power

Cumulative % Change in Emissions
Annual Emissions (per billion MWh)

Generation (cumuiative change;

1 atalyst . . . .
INO = 2NH , + 50, =5 2N, + 31,0 « Too much ammonia injection can lead
to ammonia emission, referred to as
“ammonia slip”
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https://www.cecs.ucf.edu/nox/

Competina Technoloaies

Adapted from: McKinsey, 2020, "Clean Skies for Tomorrow: Sustainable Aviation Fuels as a Pathway to Net-Zero Aviation," World Economic Forum, www3.weforum.org/docs/WEF_Clean_Skies_Tomorrow_SAF_Analytics_2020.pdf
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Climate Impact
(integrated)

NO, only

Aircraft Design

Aircraft Operations

Airport

Infrastructure

Global Supply
Chain Concerns

Water in Exhaust
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100% reduction PY
0 o

Battery density limits
range to 500-1000k%

Same or shorter
turnaround time,
weight remains
constant throughout a
flight negatively
impacting range

Fast-charging or
battery exchange
systems required

Minimal — used in
other applications
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75-90% reduction PY 50-75% reduction PY

0 o Potential increase @
Feasible only for

commuter to short-
range segments @

Feasible for all
segments except
for flights>10,000 kn

2-3x longer refueling
times for medium
to long-range; special
safety standard

1-2x longer refueling
times for up to

short range, special
safety standard

LH, distribution and storage with cryocooling
are required

Supply interruption in Global Aviation

Yes
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30-60% reduction

Same

Only minor changes

Same turnaround

times

o

Existing infrastructure
can

be used ®

Quality uniformity and
scaling, competing
land use

Yes
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50-99% reduction.

Almost0 @

Feasible for all
segments except
>5000 miles

Same or marginally
longer turnaround
times

Needs NH,
distribution and
storage, no
cryocooling

Moderate — existing
infrastructure (e.g.,
fertilizer) ()

Minimized
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Ammoniais
more than an

Energy
Carrier!

JetA SAF
CO, (g/s), cruise ~1800 ~1800
NOx (ppm) ~200 ~200
NH; (ppm) 0 0
H,O (g/s), cruise ~750 ~750
NVPM?! (ug/m?) 475 >475

Table 2. Flame Characteristics of H: and NHs

?

Table 3. Comparison of Ammonia with Kerosene, Hydrogen and Methanol'*

Properties Unit Kerosene Hydrogen Methanol | Ammonia
Fuel H2 NH3 Stored as - Liquid Gas Liquid Liquid Liquid
Max Lam Flame Speed (cny/'s) 291 7 Temperature °C Ambient | -252.9 -33 (or 25)
Adiabatic Fl‘c‘jl?le Temp (K) 2400 ZQ?S Pressure MPa Ambient 69 Ambient Ambient 0.1 (or
Flammability Range 0.1-7.1 0.6-14 0.99)
Critical Temp (K). Pressure (MPa) | 33.13 | 405,113 Density kg/m* 840 39 70.8 792 600
Triple Pt. Temp (K). Pressure (MPa) | 14, 0.07 | 195, 0.006 | 2xplosive limit %vol 0.7t0 5 4t075 | 41075 6.7 to 36 15 to 28
LIV MlJ/kg 43 120 120 20.1 18.6
MIJ/L 35 4.5 8.49 15.8 12.7
m wt% N/A 100 100 12.5 17.8
content ke-Hym® | N/A 422 70.8 99 121
Pressure | Evapora- | Catalytic decomp @ Temp
Hydrogen release - N/A release tilz) N =200 °C > 300 °C
Energy to extract H, (g) | kJ/mol-H, N/A - 0.907 16.3 30.6
. &N Georgia Tech @
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Tech Challenges and Progress Monitors
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Tech Challenge I: Minimization of all Emissions /.

Challenge Definition: To Minimize NOx, NH3, and H20 concentration in the engine exhaust under
cruise conditions.

The proposed innovation further eliminates emissions of carbon dioxide (COZ2) and non-volatile
particulate matter (NVPM), which are not tracked anymore. However, ammonia is now introduced and
hence its emission is to be monitored and minimized.

Duration: Y1/Q1 to Y5/Q3

Progress Indicators:

(1) Concentration of NOx in the engine exhaust under cruise conditions, measured in ppm or parts per
million - Success criterion: 5ppm or less, at the end of the project

(2) Concentration of NH3 in the engine exhaust under cruise conditions, measured in ppm or parts per
million - Success criterion: 20ppm or less, at the end of the project

(3) Flow rate of H20 in the engine exhaust under cruise conditions, that is responsible for contrail
formation, measured in g/s - Success criterion: 500 g/s or less, at the end of the project
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Tech Challenge IlI: Integration of new
Components into Engine and Airframe

Challenge Definition: To Minimize adverse impact on engine/airplane operation when new
components are integrated into the engine and airframe.

Progress Indicators: (1) Total payload decrease, (2) Realized Low Heating Value, (3) Start-up
Time.

Tech Challenge lll: Minimization of Aircraft and
Infrastructure Upgrade and Operational Cost

Challenge Definition: To Minimize the cost of upgrade and operation when new technologies are introduced to
airports and airplanes.
Progress Indicators: (1) Total fuel cost compared to reference, (2) Airframe cost increase compared to

reference, (3) Gate cost increase compared to reference, (4) Dollar per passenger mile increase compared to
reference

GREATER ORLANDO : B2 O\ | % @
AVIATION AUTHORITY @’ \nsys @‘BHEI”E PURDUE e‘v al 322?551213253";5 ATER ;

uuuuuuuuuu



TECH Challenge I: y
Minimization of all emissions T

1
(] A
: s 11000 | |
* Progress Indicator: o e Btk ks e R S R S
- NOX concentration in engine exhaust = 1000 ppm: With NH as the energy
under cruise condition S carrier fuel, NOx is expected to go
8 ¢ 200 ppm: up initially (T2.2.2, M5.1)
] g_ Current
. Q.
« Action Plan eS| 10 Lvale ol
« Control with Axial staging and Mixture 23 ; @
composition to reduce NOx under test 2 o 50ppm: Axial staging and
conditions (T2.2.1, M10.1) = control of cracking conversion
- CFD code, validated against test gel 10 | _canreduce NOx. |
e 33 emission £ 2 [Success Criterion: Spom _ | __ | | _________ o __
( T ) . 3 5ppm: Optimization with CF[D tools, validated
+ Optimization of SCR, Selective 5 against test dat@ further (educes I\{Ox
Catalytic Reduction, to minimize both : 1T i i :
NOx and NH3 (T2.3.1, M16.1) O v
z

» CFD optimization under cruise/engine
conditions (T2.2.3, M17.1)

Reference

V _— &
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Progress Indicators Summary 72X

» Three Tech Challenges
» 3, 3, & 4 Progress Indicators each

» Continuously tracked throughout project
» Covering technical and economical aspects

 Task Deliveries feed directly into Performance Indicators and Tech
Challenges
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Selected Project Details
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Today s Narrow Body Jet  crisecondiions  vae £\
Engine Inlet Temperature -54°C
- Total Air Flowrate 200 kg/
E n g I n e Station # ° aFue“; Flgx::gtz 0.5 kgg/SS
1 . ' = 2.9 Bypass Ratio 6.27

i .E | S &3 Overall Pressure Ratio  37.4
r N ! Combustor Outlet Temperature  1209°C

Exhaust Temperature 611°C

Effiom, Abram, and Nwankwojike [1] " 10,668 m Altitude, Mach 0.8
Baptista [2]

BlNiies

"
AL

i

oy 723
i,

[1] Effiom, S.O., et. al, “Performance evaluation of aeroderivative gas turbine models derived from a high bypass turbofan for industrial power generation”, Cogent Engineering, 2017.
[2] Baptista, F.M.C., “A 0-d off-design performance ;rediction model of the CFM56-5B turbofan engine”, Universidade de Lisboa, Portugal, 2017.
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Multiple Purpose of Ammonia — Energy Catrrier, T{g}gﬁ

Thermal management & NOx/H20 Control

LNH, to SCR (after condensing H20)

-
o
4_' - - & & - —
S O a0 Intercooling, Cooling of Cooling air E
=5 =
< S 0.78 MJ per 7.36 MJ per 21.4 M} ) c E
2V S kg of NH, kg of NH, released per T & o
v £ © __(In Future) _ kg of NH S8 lllS
S & ’ S T 5 : Se m'atianﬂ £ | e -
g g g: ®E: | & P -4% GNH, é %‘“ H,, N Emzmbmne:m Combustor, = Q %
&H Y % £° |5 ¥ 8| @300cC| 5 é S ' then turbines | ~ o3 =
m = : C = = = W (@)
= ® 2|7y | e S G N, moved to bypass O 3
- o 3 to reduce NOx and L -1 ] 2
I : m
Airport ¢—— —) Airframe use of NH3 sCO, % L

2NO+2NH, + %03 bt \ON, +3H,0

2NO, +4NH, + 0, —““ 33N, +6H,0

i Georgia Tech @]
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Cracking and Thermal Management 72X
» Cracking is an endothermic process Extended surfaces
. ;I'he heat needed for cracking can be used gg%f”% ?S"; ifom ?5;;)’/{"2’3 Air to
o cool the turbine cooling air P— E——

» Both processes (catalysis and heat transfer)

are surface area dependent P gN )

I = TeeTan | 100% NH3

E 2= s H2, N2, NH3
& 08 ' Catalyst coated

L . extended surfaces
2 g ' » Extended surfaces on either side will be optimized

§ o4 through various means that have been applied by the
3 E s group in the past, and can be fabricated through

o additive manufacturing

8 " 1 2 3 4 s s 7 < Thiswilllead to lower cooling air needs, giving better

Heat Load Parameter, By e = (it ¢,c) (h ot k;;’%ﬂg) SFC
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Three Avenues for Improved
Performance

Compressor Intercooling Cooling of Cooling Air Waste Heat Recovery
e NH3 * NH3 + sCO2
V. . . = . — Tcold
« Work = fVZ pav AHgi + AHyy, =0 o Nidear = 1 —?Oot ~ 55%
« PxT > lpyork T * AHpgnm, ® 1370@ » Potential for significant power
+ Less Temperature - Less Work » High cooling potential of NH3 extraction from exhaust heat
;L——JL—.;-—.E;’:_—M—— ._g@%é‘»
H \ |'r [ Compressor Intercooling Waste Heat Recovery
|

L

; \ / ||' I Cooling of Cooling Air
b
\

hittp:/fwww sircraftmonitor.com/
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UCF’s Experimental Facility for
Probing NH:,,IH2 Kinetics

2 Shock Tubes —

realistic GT conditions
with H2/NH3 permits

Flame Speed
Measurements_

&

GREATER ORLANDO
“ AVIATION AUTHORITY

Capabilities
eHigh-Pressure Combustion up to 1000
bar and autoignition and emission
species Measurements.

\ eToxic impurities NOx, SOx, H,S, and

syngas

eHydrogen or ammonia combustion
with impurities

oSynthetic and biofuels

eLasers for studying NOx formation
routes

eHigh-Temperature
Thermomechanical Response and
Surface Chemistry of Novel Materials
eHigh -Pressure and -Temperature
Molecular Spectroscopy Data for the
Development of State-of-the-Art Non-
Intrusive Optical Diagnostics

Planned Experiments

o Autoignition

e Flame speed experiments

pressures.
e Well stirred reactor and
counterflow flame
experiments  for  NHyH,
mixtures.

delay an
species time histo
measurements of NHy H,
mixtures at aviation turbine
relevant conditions.

with NHy/H, mixtures at high

Mixtures of
interest -

NH, for

SwRI'Ansys & @!"‘-""”wi’m 0.

Georgia Tech
Aerospace Systems
Design Laboratory

19
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Laser and Optical Dlagnostlcs

A0, Viewport
ptical Diagnostic
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Purdue — Experimental Validation e
under Engine Representative
Conditions

(a)HELIOS 100 bar pressure vessel  (b)Hencken burner

o .N2 film-| Double-windowed
icooling ! — 35 bar combustor

H,-Air flame y
y at 10 bar
™. (c) McKenna burner

Vertical |
actuation

H,-Air flame
at 3 bar

Georgia Tech Q
Aerospace Systems
Design Laboratory gATER UCF
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GE — Reactor Network Modeling e
and CFD Analysis for Emission

Control

Reactor Network Modeling: CFD with Validated Kinetic Model:

 GE and UCF will use Reactor network CFD study using commercial CFD
modeling to evaluate various solver (Ansys/Star-CCM)

combustor architectures. « Validated Kinetic model developed in

* Fuel composition used will be based subtask 2.2.2 (UCF) will be utilized.
on results of Task 2.1 (Catalytic
conversion of ammonia to hydrogen)

Foawar —] PSR PFR [

Axially staged fuel injection

Axially staged fuel

1

e PSR, PSR, t+ PFR >

TPSRy Tpsry TpPFR

e
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Purdue — Experimental Validation
under Engine Representative

Conditions
Challenge #1: Combustor Design Plays a Critical Role in NO and NH3 in Exhaust

600 . : . i I . : : . . NO T I I I [
L —u—NOx

I N 500 |- o~ NH3 -
500 - - - NH3 N, T

L l/ 4
400 - -~ HighNO, -

Conventional Swirl

\.
\
/

NO & NH, (ppm)
N
o
o
I
1 1
NO & NH, (ppm)
N W
o [ =]
o (-]
T T
® =
i/
¥
/
? 4
st
1
1 L L n

300 |
| 50% by Energy NH3
-onl e '\
Swirl-Only i _ - By A ]
100 |- -
NH3/H2 ) } _ _
Combustor I Y I T S N
0.4 05 06 0.7 08 09 10 04 05 06 0.7 08 09 1.0
Equivalence Ratio (¢) Equivalence Ratio (¢)

Meyer T, Kumar P, Li M. Ammonia combustion with near-zero pollutant emissions . NH3 Fuel Association; 2011. Available online
https://nh3fuel.files.wordpress.com/2013/01/2011-meyer.pdf.

(e
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Purdue — Experimental Validation
under Engine Representative
Conditions Challenge #3: Aviation Conditions

Challenge #2: NH, in Exhaust can . . .
J S « High P, T and low residence times

Reform NO, but the Risk is High NH; ) .

Slip « Extremely wide range of conditions
I + Actual state of the fuel is not yet known
£ 800l Equiv. Ratio of 0.95 1000 :

@ Air Preheat of 300 °C t 1600 prs LM 2509 LMS100 135%)
: : ' N GE 9F (A/D) i)
§ 600 L Forced Recirculation ! = : 200 Ll\‘/l(‘)OOO
S 1 J1200 3 7 S S
% ! ° = 'SGT 500F
E ol f 3 S 'SGT 400F m ,
o I L 5 600} e LM 6000
z : @ ? m701F4 WGE
o3 200 - NH3 4 400 = @® Siemens
x .A——-""""‘J g- ! #* Mitsubishi '
% : : ----- : ______ '—-—“F—_'./ll NOX . 8 400 HEAT El’lVQlOpe A Rolls Roycel
0 2 60 80 100 ()10 ______ 2 030 4'0
%NH3 bV Energy in H2 Compressor exit P (bar)

Meyer T, Kumar P, Li M. Ammonia combustion with near-zero pollutant emissions . NH3 Fuel Aeroengine Conditions that can be Achieved in Purdue HEAT Rig (Compiled by
Association; 2011. Available online https://nh3fuel.files.wordpress.com/2013/01/2011-meyer.pdf. Venkat Athmanathan, 2021)

E '\ eeeeeeeeeee
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Relevant Statistics from MCO Airport 72X

Reports on Arrivals and Departures Data at MCO Airport Suggest Following
Choices (flight counts are for year from SEP 01, 2021 to SEP 01, 2022):

(1) Aircraft: 737-900 (2) Aircraft: 737-8

Widely used, In production

but no longer in production

Most Common Route on United: Most Common Route on United:
KMCO to KIAH (1379 flights) KEWR to MCO (534 flights)

Engine: CFM 56-7B Engine: LEAP 1B

- N
s R

United Airlines currently operates from 9 gates at Airside 3 at MCO,
typically gates 40-48.

e All gates at MCO are controlled by the Aviation Authority and can
&« accommodate ADG lll aircraft, which includes the Boeing 737.

The fuel pit/ hydrant locations will be made available to analysis
teams for calculation of cost impacts.

</
- /7\/7/:7%#"%7 \\ / /

R P &
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NH; Synthesis & Cracking X

* Reversible Process — need to optimize
i NH,
. N2 4 3H2 N 2NH3 N, n, for reverse reaction
» Haber-Bosch Process
 Entropically disfavored
» High temperatures and pressures required

- Iron and Ruthenium based catalyst » Look at NH3 production rates vs. N2

* N, and H, must have favorable adsorption energy
interaction with surface, but NH,
desorption must be fast

* 2NH; — N, + 3H,
* Reverse Haber-Bosch (RHB) or
catalytic cracking

* NH; must have favorable interaction
with surface, but N, and H, desorption 0.001 -,
must be fast 20 -1.5 10 05 00 05 1.0

N, Adsorption Energy (eV)

- (€2
GREATER ORLANDO \ BOEING 7 &N : % S
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Reported with RHB activity

1 —

Desorption favored

Re

NH, syhnthesis rate (mL/min)
o
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Improved Catalysts £X

10 4
. = Adsorption Favored
* Most work focused on oxide and pure E
metals é "] MO. F.e Desorption favored
* Nitrides of interest but not yes implemented 5 .
commercially. 2 0.1
» Nano-iron has activity gom
« Boron-based materials fall in sweet spot 4 e
» Strong experience with boron-based catalysis 0.001 - | | |
* Hydrogenation, CO, reduction, 20 15 10 05 00 05 1.0
hydrodenitrogenation nsa : : : sn; N, Adsorption Energy (eV)

& & e R E
" . . .
| . \\\ _ Active nano-iron from earth abundant mineral
LA

) =
. '1 =
? -9 §
-

0} n

GREATER ORLANDO @"B' \ BOEING 7 PN PP g
~— AVIATION AUTHORITY nsys @ puRDUE Ggls | WAL e seen @O ATER OB UCF

[IR"

[IR" |




Optimization & Analysis of the
Turbomachinery

 Optimization based on genetlc algorithms:

5 Airfoil e 10* Efficiency and Heat Load for Population Evolution
Secti yns
0““\\\ 4t .'. ‘e E o' o
| ~n 5 '.o' e o,
' o'o‘.- ¢ . o - ’
" . '{ "~ ;5;
[ ] - ‘. w
36 3 } e “ .
x #eoq 0
e % s ®
534 - * L] .
g . .&" “' /@
:Q - ,..oo- \ é)
AR ©)
. ‘_‘ o
M o & .
Joly, Verstraete, Paniagua, 2013, e
http://doi.org/10.1007/s00158-013-0987-5 !

Puente, Paniagua, Verstraete, 2015,
https://doi.org/10.1016/j.apm.2014.07.003

poic 3 2 N
- semmonawe (SwRIANSYS ) (L FOENEG L Y.

o0

DoE
Pop 1
Pop 2
Pop 3
Pop 4
Pop 5
Pop 6
Pop 7
Pop 8
Pop 9
Pop 10
Pop 11
Pop 12
Pop 13

q Georgia Tech

i syens @@ A TR [l
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sCO2 Waste Heat Recovery
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sCO2 Waste Heat Recovery (WHR) Cycle - e
System Integration

G Turbomachinery / RHX

C T

Point 2

A CH ~ |RH PHXA

Point 1 \W\ Point4 Y

Point 6 Point 3

Cooler

Point 5
lines

SCO, Turbomachinery /
RHX

Potential Configurations

* Recuperated vs. non-recuperated

* Centralized (1 WHR per airplane) vs. distributed (1
WHR per engine)

Cooler PHX
lines lines

PHX
Cooler

LNHs to SCR (after condensing H,0)

Liquid NH; Tank
> 33deg C

|

|Intercoo|ing, Cooling of Cooling air |

C
o
£ % Fan oCo; Combustor
EL ] o 078 Mjper  7.36 M) per 21.4M) g 2 25a _ PHX
= O = kg of NH3 kg of NH3 released per
EY § kg of NH3 é g g
oV - glls
s 2B 5 c [P ¢ o> separation ——P| =SS
& & Ei |2@52| ¢ |52 | Membrane | tocombustor gll=l|l & c |
SS| |55 858 0 |5g % [Membrane [romun B2 5 - : :
-~ ) — o | T
oyl |58y [££%8|50 |G Bt 5|l overall wing construction must be
o 2|78 |87 reduce NOX Iz — WHR Cooler { desi dt t ibl
= & > and use of el io ccA re-aesignead to prevent possiole
Iy : - NH3 N i —B . .
Airport —i—Jp Airframe sco; | £ . damage due to line malfunction.
. 3/T12/1N2

—— Main Flow Pathway

GREATER ORLANDO @’ \nsys ‘ BOEING ,@ o8, Y
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System Modeling
& System Impact
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Recent Relevant Activities (from ASDL) e

[LFA
Previous/Ongoing Studies
* |EIR Study: 2017TRA 2017 TRA
+  Independent industry experts engaged in reviewing GT modeling to project idd e, \,
vehigle classes to tr% 2&’:7 time ra%ne g gt Pl 20 \K
* Long Term Aspirational Goals for CAEP (LTAG): _ P \ 2027
+  One of three key legs of future aviation goal setting (fuels, operations, and z > 2037 = High
technology) = High \ 2027
«  Dr. Mavris is the co-lead for aircraft technology 3 Ngr?ﬁzal - Nominal
D 250
» Electric Propulsion Flight Demonstrator (EPFD) Systems 3
Analysis of Advanced Concepts: g Py \ Bright green points
+  To understand potential benefit of proposed vision systems relative to E’™® are the 50/50
established program goals 5]

optimisation points

* Continuous Lower Energy, Emissions, and Noise (CLEEN)
System Level Assessment: 0.100 0.110 0.120 0.130 0.140 0.150

Fuel Burn (kg/ATK)
*  Technology and vehicle modeling to understand long term impacts of novel
technologies to US fleet

* NASA Environmentally Responsible Aviation (ERA)
NASA ULI: OSU and IZEA

Common analysis framework developed
« Starting point vehicles in our analysis (B737-8)
« Common framework for analyzing all of the concepts

e g
e

Boeing 737-8 Boeing Transonic Wing Concept Q%
B —— @’ \n SVS % FOEING 72 Ie\ | € | ievempace Systemsg ATER S
AVIATION AUTHORITY PURDUE Q. Design Laboratory UCF

UNIVERSITY




Transient System Modeling with T-Mats and IDAES

IDAES (Institute for the Design of Advanced Energy Systems) model.

The open-source software
Capabilities: -- static and dynamic simulation of
+ full range of advanced fossil energy systems

+  chemical looping and other transformational CO, capture technologies

+  supercritical CO, Power systems.

The IDAES framework can be used for:

*  process synthesis and conceptual design, including process
intensification,

*  process design and optimization, including process integration,

»  process control and dynamic optimization,

. using advanced solvers and computer architectures,

* automated development of thermodynamic, physical property,
and kinetic submodels from experimental data,

. integration of multi-scale models,

. comprehensive, end-to-end uncertainty quantification, including
stochastic optimization,

*  maintaining complete provenance information, and

»  the ability to support multiple scales, from materials to process to
market.

GREATER ORLANDO
AVIATION AUTHORITY

https://idaes.org/

Ideas architecture:
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Assessment of Airport Ground oy
Infrastructure
« Work with stakeholders to — e T
examine airport infrastructure A1 B e
 Use literature for broad assessment | Tk -
Work with an airport partner to | st eAmm
examine specific needs
- Author preliminary plan for | T
infrastructure changes e R
« Compare against other projections _— | :—-a«
of sustainable fuel upgrades — —
e Sustainable aviation fuel (SAFS) Source: Moriarty and Kvien, “U.S. Airport Infrastructure and
. . Sustainable Aviation Fuel”’, National Renewable Energy
* Hydrogen, liquid or gaseous Laboratory, Report NREL/TP-5400-78368, February 2021

,,,,,,,,, (€2
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Hazard & Risk Analysis AX

‘|J,UJJ_\.\

Industrial safety

practices * Regulated

* Government and
private best
practices

 Flammable
« IDLH at 300 ppm

 Corrosive

* Appropriate
regulatory
documentation « Cryogen

* |dentification of

pain points « \Water soluble
Handling strategy o+ Theft
| « Drugs

Risk mitigation _
* Explosives
Creating new

standards

&
szgfssizzzz:::xscATER st

Geor

N 5o &N
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Order of Magnitude Cost for 72X
Airport Upg rade Total DOC (USD,,¢/100 ASK)

50 4.9
§ 16% 4.2
* Develop preliminary installation o . e
cost _
_ _ 30 | 1% 10% Airport Fees
« Major equipment I 12% ATC Fees
« System changes and upgrades 20 |- i
_ _ , I . 13% daly
» Use in-depth analysis of a single o | Maeancy
gate to estimate airport-wide cost L 33%  Aircraft CAPEX
i Develop Operating COSt impaCtS ¢ Reference: Reference:
- Compare against other proposed =i el e
i range aircraft
SUStamable fUG'S Source: Hoelzen, et al., “Hydrogen-powered aviation and its
e Use normanzing metrics such as reIiancE on gr”einthydr;)_genlijfrastr7c§culze; Reviel\;_v and
. . research gaps”, International Journal of Hydrogen Energy
dollars per available seat kilometers Volume 47, Issue 5, 15 January 2022, Pages 3108-3130

,,,,,,,,,,, &
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Modeling Roadmap to understand A\
this complex System of Systems

Engine

e

PURDUE

uuuuuuuuuu

Airframe

@ﬂﬂflﬂﬂ
5P
UUUUUUUUUU

,,,,,,,,,,
— System Models will inform Component Designs, and vice versa

"\ Georgia Tech &
~ . GREATER ORLANDO
" AVIATION AUTHORITY @’ \nsys ‘ @‘EDEI”E PURDUE (B./ g- Gr Sii?éﬁi?bﬁyf e CATER UCF

NH3/NOx/H20
System




Technology Transition & Demonstration

GREATER ORLANDO : \ 22 &N LN | e % @
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Potential Ground £
Demonstration of selected
components on J85 Engines,
in partnership with Larsen
Motorsports, @ Valkaria

Airport. Larsen Motorsports Op_tlmlzatlon
participates in this project of integrated
through Peer Review Board. Systems

Technology

Maturation of

Components

GREATER ORLANDO

E ’\ eeeeeeeeeee Q
AVIATION AUTHORITY @’ \nsys @‘EHEI”E PURDUE G‘U @ SZZ?;TLZZ?SESQS%ATER UCF

Flight
Demonstration
Ground
demonstration

Boeing’s Broad Interest in this Project Should
Lead to Flight Demonstration Opportunities
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LeA

Testing” Project; TRL61t0 9
(Source: DOE, NASA, OEM,

Technology Transition Plans
Full Scale Flight & Groun

l.ocal Governments)

Tech Demonstration Project

TRL3/4t06
(Source: DOE, NASA)
Lead: Boeing/GE, @GOAA

Partner: GTech
(": e.g. on eco-demonstrator)

This Proposed Project

TRL 1 to 3/4
Lead: Academia (UCF, Lead: SwRI, Boeing, GE
Purdue, GTech) Partner: ANSYS, GTech
Partner: OEM (Boeing, GE) Support: UCF, Purdue
Support:  ANSYS, SwRI, : "
G(l))x A Potential Technology Transition
&N Georgia Tech @]
e - ! GI' Sii?éﬁi?bﬁﬁfir";scATER UCF

SwRI/ANSsys @ (L #oewve 2,

~ . GREATER ORLANDO
~ —  AVIATION AUTHORITY
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Thank you for your Attention!
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Thank you for your Attention!

Heavier-than-air ftving machines are impossible.
Lord Kelvin, 15895

It is apparent to me that the possibilities of the aeroplane,
have been exhausted, and that we must turn elsewhere,
Thomas Edison, 1895

Flight by machines heavier than air is unpractical and
insignificant, if not utterly impossible.
Simon Newcomb, 1902

(e

GREATER ORLANDO \ BOEING @ ’ — %
SReaTeR ORANDO  (SwlRI nsys el perospace Sveter: A TER s

UNlVERSITY



	Funded Through NASA ARMD University Leadership Initiative�Under Strategic Thrust – Zero Emission Aviation��November 16, 2022�
	The Team
	The Team
	Background & Rationale�Why this approach?
	Why Ammonia for Decarbonization of Aviation?
	NOx minimization - Let us learn from Power Generation
	Competing Technologies
	Ammonia is more than an Energy Carrier!
	Tech Challenges and Progress Monitors
	Tech Challenge I: Minimization of all Emissions
	Tech Challenge II: Integration of new Components into Engine and Airframe
	TECH Challenge I: Minimization of all emissions
	Progress Indicators Summary
	Selected Project Details
	Today’s Narrow Body Jet Engine
	Multiple Purpose of Ammonia – Energy Carrier, Thermal management & NOx/H2O Control
	Cracking and Thermal Management
	Three Avenues for Improved Performance
	UCF’s Experimental Facility for Probing NH3/H2 Kinetics
	Purdue – Experimental Validation under Engine Representative Conditions
	GE – Reactor Network Modeling and CFD Analysis for Emission Control
	Purdue – Experimental Validation under Engine Representative Conditions
	Purdue – Experimental Validation under Engine Representative Conditions
	Relevant Statistics from MCO Airport
	NH3 Synthesis & Cracking
	Improved Catalysts
	Optimization & Analysis of the Turbomachinery
	sCO2 Waste Heat Recovery
	sCO2 Waste Heat Recovery (WHR) Cycle – System Integration
	System Modeling & System Impact
	Recent Relevant Activities (from ASDL)
	Slide Number 32
	Assessment of Airport Ground Infrastructure
	Hazard & Risk Analysis
	Order of Magnitude Cost for Airport Upgrade
	Modeling Roadmap to understand this complex System of Systems
	Technology Transition & Demonstration
	Technology Transition & Demonstration
	Technology Transition Plans
	Thank you for your Attention!
	Thank you for your Attention!

