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Aircraft Technology Roadmap 2023 2030 2035 2040 2045 2050

@ Engine BPR of 10+ inservice &) High power density &) UHBPR: low NO,

Geared turbofan in service small core demo engine flight test

thrust class: 150kN

Red u Ci ng v+ Fligh_t test: revolutionary aircraft EIS of next-gen wide body
. . &= | aminar flow control in service architecture — UHAR aircraft (aspirational)
|n'ﬂ|ght enel’gy on some aircraft and selected

surfaces @ Open fan flight (D Multi-function structures EIS of revolutionary
demonstrator — demonstrated narrow body aircraft
Electric actuation of some ) R )
(D control surfaces 0-'- UHAR wing EIS of mild hyl?rld ;
demonstrator turboprop regional aircraft

Next
generation
aviation fuels
and engines

&= Composite material Continuation of more electric ’-‘- Hybrid or blended wing
wings and fuselage control surfaces into all aircraft body demonstrator
sections in service classes

Increased understanding of the climate impact of SAF and H t

¥ Flight & ground tests (ORISR All new delivered aircraft

on blended an and metering validate compatible with 100%
hanae the fuel blended and d ing validated ible with
unblended SAF unblended SAF
; Large heat management Increased fuel cell stack specific o
. L . EIS retrofitted
SAF & hydrogen - ioniest tocemer (D ieion conperte e RIS P @ o
o H : 8 g
aircraft for multi-MW engines gas turbine powere
aircraft ircraf gicrat, H, bi d LU
aircraft flight test N
’-" Flight test of 40-seater (D Advanced fuel cell flight bbb : . o EIS of widebody o
; N ; ize & propulsion system definition of clean sheet short to aircraft— H, combustion
retrofit sub-MW HFC @ test with LH, commuter HFC (D Size & I tem definit, EIS of cl heet short t ft-H, busti Ll
e aircraft for clean sheet H, aircraft medium-range H, aircraft (aspirational) z
0-'- Major manufacturer (D Flight test: gH, storage tank Flight test: hydrogen (D High gravimetric index of EIS of clean sheet NB H,
announces exploring Regional - commuter engine, tanks and fuel LH, tanks demonstrated aircraft — 200 pax/2000 NM
clean-sheet narrow body @ (GI: 15-20%) @ systems (Gl > 30%)
H, aircraft

Continuous engagement with certification bodies to define certification requirements

C ha nge the fu e| O-'- Longest hybrid-electric flight Flight test: hybrid-electric (D Improved specific energy of
on record: 1,135 miles regional aircraft batteries for 2" generation

electric aircraft ~225 Wh/kg
1-2 MW electric motor

Batteries & hybrld flight demonstrator

al rcraft + Electric flight speed record EIS of all electric aircraft (D New battery chemistries enable
broken: 532 km/h 30 pax/100 NM higher specific energy for

[ ]
batteries > 350 Wh/kg
- - - n rtiC
@ Distributed propulsion for
commuter aircraft/UAM
demonstrator
e @ Battery energy storage: '-’- Urban air mobility EIS urban & metropolitan
<200 Wh/kg (fixed & rotating wing. VTOL) VTOL battery powered
flight tests aircraft
Acronyms alc: Aircraft KPI: Key Performance Indicator
@ Propuision HF Fiight demonstrator @ Decision point UHBPR: Ultra High By-Pass Ratio UHAR: Ultra High Aspect Ratio GI: Gravimetric Index
e Aerodynamics and structures CD Systems Major milestone EIS: Entry Into Service NM: Nautical Miles LH,: Liquid Hydrogen

SAF: Sustainable Aviation Fuels HFC: Hvdroaen Fuel Cell UAM: Urban Air mobility



Global Aviation Effective Radiative Forcing (ERF) Terms

ERF RF ERF | conf.
(1940 to 2018) mWm? | (mwm?) RF |levels
I I I | I I I ] I I 1 1 I II I I
Contrail cirrus |
in high-humidity regions | 57.4(17,98) |111.4 (33,189) | 0.42 | Low
|
Carbon dioxide (CO,) | .
emissions | 34.3 (28,40) | 34.3(31,38) | 1.0 | High
Nitrogen oxide (NOy) emissions i
Short-term ozone increase : 49.3 (32,76) | 36.0(23,56) | 1.37 | Med.
Long-term ozone decrease ' -10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low
I |
Methane decrease I I -21.2 (-40, -15) | -17.9 (-34,-13) | 1.18 | Med.
[ [
Stratospheric water vapor decrease I I -3.2 (-6.0,-2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low
| [
I |
Net for NO, emissions =—{ : : 17.5(0.6,29) | 8.2(-4.8,16) | — | Low
[ |
. . N I |
Water vapor emissions in | | 1
the stratosphere F | | 2.0(0.8,32) | 2.0(0.8,32) | [1] | Med.
Aerosol-radiation interactions | |
-from soot emissions ! l 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] | Low
: ll Best estimates
-from sulfur emissions " [ 5- 95% confidence -7.4 (19, 2.8) | -7.4 (-19,-2.6) | [1] | Low
1 |
Aerosol-cloud interactions : :
-from sulfur emissions [ [ No best No best == | Very
-from soot emissions 'l : estimates estimates — | low
[
Net aviation (Non-CO, terms) : 66.6 (21,111) | 114.8 (35,194) | - | ——
|
Net aviation (All terms) 100.9 (55, 145) | 149.1 (70, 229) | - | ——
[ T T | I

-50

100
Effective Radiative Forcing (mW m-2)

Lee et al., 2021
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How measurements combined with theoretical study and numerical modeling

can advance process-level understanding and prediction capability

From Schumann
_etal., 1996

Plate 3. Photo of the ATTAS flying with different fuels as seen
from the Falcon cockpit at a distance of less than 100 m, at
1128:12 UTC, at FL 300 (9140 m) on a course toward SWS.

Fuel CwHy (Contain S)

o
L] III"- ;HZ 0 +
- + X" (HS0s); * .‘il_ ~® .

S0 7

Exhaust Plume

Yu, 1998, Ph.D Dissertation: “A Study of the Formation and Evolution
of Aerosols and Contrails in Aircraft Wakes: Development, Validation
and Application of an Advanced Particle Microphysics (APM) Model”
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Chemi-ions are important for volatile

particle formation (Yu and Turco, 1997; Yu

et al., 1998, 1999)
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Figure from Yu, Turco, Karcher, and Schroder, 1998
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Figure 2. Computed evolution of the AEI for the total number
of particles larger than certain assumed cutoff sizes for condi-
tions that apply to the LS SULFUR-S5 case (each line represents
the variation over time of the AEI corresponding to a specific
cutoff diameter). Key model parameters are the sulfuric acid
emission index, Elnx,so,=6 mg/kg fuel (i.e., S.=10% and
FSC=20 ppmm), the emission index of condensable organic
compounds, Elpgy =23 mg/kg fuel, and the initial chemiion
concentration, n;,=2x10%/cm3 (with half of the ions being
positive and half negative). Shown for comparison are meas-
ured AEI values (diamonds) corresponding to particles with
d>5 nm taken from Schroder et al. [1998].

Organic species can be essential
in volatile particle formation and
growth, especially when fuel sulfur
content is low.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO, D4, PAGES 4079-4087, FEBRUARY 27, 1999

The possible role of organics in the formation and
evolution of ultrafine aircraft particles

Fangqun Yu and Richard P. Turco

Department of Atmospheric Sciences, University of California at Los Angeles

Bernd Karcher
DILR Oherpfaffenhofen, Institut fiir Physik der Atmosphére, Wessling, Germany
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o1 GEOPHYSICAL RESEARCH LETTERS, VOL. 36, L01804, doi:10.1029/2008GL036649, 2009

[ (a) 223K, t=1s

10°F 7 Role of aircraft soot emissions in contrail formation

- - B. Kércher' and F. Yu®

» Volatile plume and ambient particles compete with soot

: 1 particles for the formation of contrail ice particles.

o amaor gt 1oe » Contrail ice formation is dominated by soot particles in
o 2wkt soot-rich regime but by volatile particles in soot-poor

regime at T well below the contrail formation threshold T.

Soot-poor Soot-rich

1015

Karcher, Nature
Conditions well below ] Comm Unications, 2018
formation threshold
1077 Enhanced
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iU‘ temperature
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= activation
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An updated plume aerosol and contrail microphysics (ACM) model

lons and particle formation in ambient air
Yu and Turco, 2000, 2001

Particle formation and evolution in aircraft exhaust plume

Ion Sources

Fuel CyH; (Contain S)

o

SoIar-Geoengineering R
SAFs/hydrogen/Contrail

Yu and Turco, 1997,
1998a, 1998b, 1999;
Yu et al., 1998, 1999;

@® Turco and Yu, 1997,

1998, 1999. Karcher
et al., 1998, 2000;
Karcher and Yu, 2009

‘\
https://www.albany.edu/~yfq/publication.html

\Third-generation IMN model: Ternary IMN

_ Yu et al.,

2018

(GCRs, etc)

HSO4
O; /

-

Critical Embryos

H20, Orgamcs etc
H,S04 HO ""'""""""'""""'""'P (H2804)m (H20), XY > O

Hy0

NH3 HZSO4 \\

Nadykto and Yu, 2003, 2004a,b;
Yu, 2005a,b
Second-generation IMN model

Yu, 2006

Positive ) = Ir_n’tial
H*SyW,y, o— >0 —0—@— @ - [ . .....;:....,.‘ - ions
HSWA, s e e @ i@ @ @ HT:;\;‘II:XK S =il - - @ —
Neutral
SsWay . > 0. — @ — @ .- . e . e . I Yu’ 2007 neutral > s
SszAa ® e — @ — @ e @ R @ e @ e AaWWXx ..__..__. . b Er , e ! S ‘ i
Nadykto et al., 2008a,b,c;
2009a,b, Herb et al, 2011 y negative
SSe Wy  Noj—> e — 0 — 0@ —— @ . @ @ ""';:‘.""@ R 201 3 YAW,X, © = e —e —®: =@ oo @ P v— @ .@
SSs- WAy eT—e —e— O @i @ ""::.‘“"@ B
bi , i . .
Binindexi 0 . X 3 f . . md‘e’)‘u_ 0 1 2 3. 0 .. iy i+l .

Discrete bins: v, = i*y, , s =i

Sectional bins: v; = VRAT, xv;; s = s(i)

discrete bins: v, = i*y, sectional bins: v, = VRAT, * v, ,



Applications of updated plume aerosol and contrail microphysics (ACM) model

QAETL
BNGE & iecnnoiogy i e s orsed undor GC8Y 40 @ @

pubs.acs.org/est

On Nucleation Pathways and Particle Size Distribution Evolutions in
Stratospheric Aircraft Exhaust Plumes with H,SO, Enhancement

Fangqun Yu,* Bruce E. Anderson, Jeffrey R. Pierce, Alex Wong, Arshad Nair, Gan Luo, and Jason Herb

Cite This: Environ. Sci. Technol. 2024, 58, 6934-6944 Read Online

Yu, F., B. Karcher, and B. E. Anderson, Revisiting contrail ice formation:
Impact of primary soot particle sizes and contribution of volatile
particles, Environmental Science & Technology, under review, 2024.



ECLIF (Emission

and CLimate Impact
of alternative Fuels)
ECLIF campaigns 1-2 | Q " —F

B }
= -
4 ‘;~_ 7 - %l )

Fig. 1 The NASA DC8 research aircraft probing contrails from the DLR A320 burning sustainable aviation fuel blends. Photo showing the DC8 chasing
a contrail from the A320 burning a sustainable aviation fuel blend above Germany on 24 January 2018.

ECLIF campaign 3 Powering aircraft with 100 % sustainable aviation fuel reduces ice

https://doi.org/10.5194/egusphere-2023-2638 crystals in contrails
Preprint. Discussion started: 21 November 2023

Raphael Satoru Miirkl" 2, Christiane Voigt'-2, Daniel Sauer', Rebecca Katharina Dischl'?,

Stefan Kaufmann', Theresa HarlaB', Valerian Hahn' 2, Anke Roiger', Cornelius Wei-Rehm',
Ulrike Burkhardt', Ulrich Schumann', Andreas Marsing', Monika Scheibe', Andreas Dornbrack!,
Charles Renard®, Maxime Gauthier?, Peter Swann®, Paul Madden*, Darren Luff*, Reetu Sallinen?,
Tobias Schripp®, and Patrick Le Clercq®



Table 1. Ambient and aircraft conditions and measurements for the six case study of ECLIF
campaigns reported in this work. (Data mostly from Voigt et al., 2021 and Markl et al., 2023).

Cases | 1 2 3 4 5 6

] ECLIF1 ECLIF1 ECLIF2 ECLIF2 ECLIF3 ECLIF3
Airbus A320  Airbus A320  Airbus A320  Airbus A320 Airbus A350 Airbus A350
n 100% Jet A-1  59% JetA-1+  51%JetA-1+  70% JetA-1+ 100% Jet A-1 100% HEFA-
41% FT-SPK  49% HEFA-SPK  30% HEFA-SPK SPK
H(km) | 10.67 10.364 9.726 9.656 10.626 10.621
T,.s (K) 215 220 218 216 213.3 213.8
120 111.5 120 110 108 107.5
802.75 716.3 938.6 938.6 1044.81 1052.22
1180 820 1132 1091 2700 2751.3
1350 570 70 4.1 211 7
1.227 1.283 1.287 1.297 1.258 1.35
fuel)
El,. (10%5 4.940.6 2.540.2 2.740.6 2.340.6 0.95+0.3  0.61+0.07
#/kg-fuel)
El,.. (1015 #/kg- 4.240.6 2+0.2 2.3+0.2 1.1+0.4 0.78+0.4  0.34%0.15
fuel)
| 086%0.23  0.80+0.14 0.85+0.26 0.48+0.30  0.82+0.68  0.56+0.31
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Dependence of apparent contrail ice
El on EI,,, under ECLIFs conditions

Fig. 1 The NASA DC8 research aircraft probing contrails from the DLR A320 bu
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The range of conditions for volatile
nanoparticles to contribute significantly
to the contrail ice number budget is
wider than previously found.
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Personal communication with B. Anderson, C. Voigt, and R. Moore Dot-dashed lines: d /D =0.41; Dashed lines: d /D =0.2
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Summary

» The aviation industry is actively pursuing new engine
technologies and aviation fuels to achieve net-zero carbon
emissions by 2050. There is an urgent need to understand
the formation of nanoparticles under various scenarios and
their implications for non-CO, climate impacts.

» The activation of non-volatile soot particles during contrail
formation is likely determined by the sizes of primary soot
particles rather than the effective sizes of soot aggregates.

» The range of conditions for volatile plume particles to
contribute significantly to the contrail ice number budget
is wider than previously found.
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