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Contrail Management — From Basics to Application

Abstract

Purpose — To show how warming persistent contrails can be predicted based on only a few physical parameters. Show
the application. Present a simple equation to predict the global effect of Aviation Induced Cloudiness (AIC) considering
fuel burn.

Findings — Contrail formation depends (among other parameters) on the overall efficiency of the aircraft. This efficiency
does not depend on aircraft drag, but on Specific Fuel Consumption (SFC), ¢ = ¢_a*V+c_b and as such on aircraft
speed, V. For aircraft flying overhead, contrail persistence can be predicted. Various flight planning tools exist that help
to avoid warming contrails. Global AIC is proportional to aircraft fuel burn with respect to average global aircraft fuel
burn. Passengers should seek a flight with the lowest fuel burn per passenger. This not only to reduce CO2, but also to
avoid contrails.

Social Implications — The International Air Transport Association (IATA) lobbies against contrail management. In
contrast, this presentation provides arguments, why contrail management is simple, science based, necessary and
ready to be applied.
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Only 1% of the cause 50% of while more than 80%
world's population commercial aviation of the world's population
emissions have never set foot
on an aeroplane.

=

https://stay-grounded.org/get-information
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Climate Goals of the EU? => Drastic Reduction of Flights?

200000 - - | - - 1.) 2019: The EU's "Green Deal™
T s "In 2050, net greenhouse gas
> Reality emissions should no longer be
o (| released".

@ 140000 - 2.) 2020: The European climate
= s | targets for 2030 were defined under
2 the motto "Fit for 55". This is the
8 100000 - interim goal of the Green Deal:
£ 50000 "Greenhouse gas emissions are
% | to be reduced by 55% compared
2 " \Fit for 55" to 1990 — i.e. only 45% of the 1990
?.,- 40000 - - ~ value. This value is to be achieved
50000 | by 2030."
0 , » - -.
1950 2000 2010 2020 2030

https://doi.org/10.48441/4427.225

The 55% reduction compared to 1990 means a reduction of more than 80% for aviation by 2030, i.e. by
about 13.5% per year. Fuel consumption has so far been reduced by 1.5% annually through operational
measures and technology. Air traffic would therefore have to shrink permanently by 12% per year
from now on for the next 6 years based on 2024 traffic numbers.
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Controversy about Monitoring, Reporting, and Verification (MRV)

AR,

Press Release No: 14 E{EE;E
Date: 30 April 2024 J1ATA

More Data Needed to Understand
Contrails, their Climate Effect &
Develop Mitigation

EU plans exemption for long-haul flights from
emissions monitoring

Reuters, 19.06.2024

The EU is apparently backing down on the planned monitoring of non-C0O2
emissions by airlines. This was actually supposed to be mandatory for all
flights. But international resistance is heavy - as the EU has already found

out.

FINANCIAL TIMES

Airlines lobby against EU plan to monitor
IlOIl-COz emissions Philip Georgiadis in London April 28 2024

Mr Walsh urges Brussels to make the scheme voluntary and applicable to flights within the
EU only - Moe Zoyari/Bloomberg

https://perma.cc/C3CT-9VME
https://perma.cc/3RSS-3WMX
https://perma.cc/NM72-YG3E
https://perma.cc/Z3JU-UFDA

The Telegraph

EU suffers backlash over plan to monitor
aircraft contrails

Christopher Jasper
Mon, 29 April 2024 at 1:24 pm CEST-2-min read
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Wiszen

NﬁNO vom 8. Mai 2024: Kondensstreifen sind
Klimakiller

bis DOO3. 2027

Die Luftiahr indusirie wind die Kiimaziele achend verfiehien. Neben dem COZ Ausshol, der durch den
weltwelien Lufhveriehr verursacht wird, haben auch Kondenssireifen sine kiimaschidiche Wirkung.
Losungsansazre gibt s bersits

Deutschiand 3024

OO0 HI2E

B f w O

= NAND
m https://youtu.be/HYJawLmiL S8 .x

Moderation: Ywe Fehring
Themen der Sendung

Problem Kondensstreifen
sireifen tind anthropogens, aluo wom Menschen gemachhs W Sh= haben sinen wirmenden
e di= Warmesirahlung, die von de zgeht, ns Weltall zuv gelangen.
=ind #in wichifiper Fakior bel der Kiimaschidichikeit von Flupzeupen. Doch wie lass=n sich

ndenzshreifen wermeiden?
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Contrails
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Contrail Life Cycle

P .\‘-":5:—5 Lo

KRAFT, Martin, 2016. Kondensstreifen, CC BY-SA, https://de.wikipedia.org/wiki/Kondensstreifen#/media/Datei:MK35097_Contrails.jpg
https://kitskinny.wordpress.com/2013/07/09/jets-clouds-effects
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Contrail Life Cycle

(=05 our hypothetical
limit of persistence
t=5min=300s
Xy = 70 km

Vortex roll-up;
jet/vortex interaction

Vortex regime

A few hours

Vortex descent; Dissipation regime

Crow (elliptic) instability

Stratification:
vortex breakup

~1 km

Diffusion regime

.. To global scales
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-‘..
https://doi.org/10.1146/annurev-fluid-010814-013619 Atmospheric variability
Dieter Scholz: German Aerospace Congress
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Cooling Persistent Contrails (Daytime)
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Warming Persistent Contrails (Dawn and Dusk)

Dieter Scholz: German Aerospace Congress Seite 14 ==+
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Warming Persistent Contrails (Night)

Emirates Airbus A380 registration A6-EKV operating flight EK-232 from Washington Dulles International Airport (IAD/KIAD)
destination Dubai (DXB/OMDB) crossing the moon while flying at 39000 feet with ground speed of 497 knots, over Varna

city at 01:55 local time on 13 March 2020.

https://www.youtube.com/watch?v=9N1ZxfAsAl0&t=442s

Seite 15
Aircraft Design and Systems Group (AERO)
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Ice Crystal Growth in Contrails

https://contrails.org/science

Jet engines emit water vapor, Water droplets condense Droplets freeze into ice
CO, and other pollutants, such around some of these particles that make up contrail
as soot particles. pollutants. clouds.

A

Jet regime

>4 Vortex regime

Plume mixing Wake vortex
and cooling formation g

\

0 — 0.1 seconds 0.1 — 1 seconds 1 — 10 seconds 10 — 100 seconds

KARCHER, Bernd, 2018. Formation and Radiative Forcing of Contrail Cirrus. In: Nature Communications, Vol. 9, Article Number: 1824.
Available from: https://doi.org/10.1038/s41467-018-04068-0

Dieter Scholz: German Aerospace Congress Seite 16 ==
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Downwash
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Rear view

Upward speed Upward speed

Downward speed

AL

https://medium.com/@devavratatripathy/why-do-airplanes-have-winglets-db25ba41d833
https://www.reddit.com/r/pics/comments/pldog/photo_of the downwash_effect from_a passing jet

German Aerospace Congress Seite 17 —a=—+F
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Downwash —~——

http://www.diam.unige.it/~irro/gallery.html
http://www.diam.unige.it/~irro/gallery/Cessna_downwash.jpg
https://forums.flightsimulator.com/t/aircraft-should-make-trails-through-clouds-wingtip-vortices/258814/16
https://forums.flightsimulator.com/uploads/default/original/4 X/4/1/f/41facf8e7393aeb51eceffc9cf1223a347afcd2e.jpeg

German Aerospace Congress Seite 18 ==+
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Downwash

Wake vortices spread laterally away from the aircraft and
descend approximately 500 ft to 900 ft at distances of up to
five miles behind it. These vortices tend to descend at
approximately 300 ft to 500 ft per minute during the first 30
seconds. This is equal to a descent speed of 2 m/s.

The downwash at the horizontal tail is with about 20 m/s
much higher and decreases with increasing distance from
the aircraft. (http://hoou.ProfScholz.de, Eq. 11.29)

Vortices spread laterally from
the rear of the aircraft

Max Max Vertical
Gross Vortex Vortex VYortex  VYelocity
Weight Span Airspeed  Spacing Sink Rate Radius (less w)
¥ (w) (b) (v) (k") (w) {r) (v,)
Aircraft 1b ft ft/sec fr ft/min fr ft/min
Convair (C=131) 46,000 92 237 72 162 ¢ 1800
Boeing 727 169,000 108 272 86 372 ? 4100
Boeing 707 328,000 145 300 115 366 12 4000
Up to 5 miles Boeing 747 710,000 196 300 155 432 16 4700
— - C-5 750,000 222 290 175 354 18 3900
—_— Concorde 385,000 84 338 &7 1120 7 12900
Boeing 2707 750,000 143 338 112 760 1 8500
&
bS]
Q 200 ft/min =1 m/s ~2mls
8
https://web.archive.org/web/20130223191349/
https://skybrary.aero/sites/default/files/bookshelf/660.pdf www.airpower.maxwell.af.mil/airchronicles/aureview/197 1/jul-aug/carten.html
Dieter Scholz: German Aerospace Congress Seite 19 — 3
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Sedimentation / Settling SRR
! {7 ol
Aggregate  Bulletrosette | "Contrails predominantly QP‘“E‘S- S=
consist of bullet rosettes, Vo= & Ty
. 3
columns, and plates with
sizes ranging from about = DAgs 4
Column Plate 1 ym to about 100 ym" 1 '&’Y@QOPQL(ﬁ : 8q = e, L(K/ng
@ — g = 00 Vs
Hollow Spheroid F% C \MCS SN S
olumn lee g._, - gw_ L(S/m-;
[ =
P o= 101076 w
Fo(, = FS
Droxtal Sphere

& O,

2: JabberWok, CC BY-SA 3.0
https://commons.wikimedia.org/wiki/File:Terminal_Velocity.png 1: https://doi.org/10.1016/S0074-6142(02)80023-7

D G A Al
igks e =
Terminal velocity of
typical ice crystals B?H—W . "JT e o
in contrails: " 5 —

4: https://en.wikipedia.org/wiki/Drag_coefficient (sphere) 3: https://doi.org/10.1146/annurev-fluid-010814-013619
Dieter Scholz: German Aerospace Congress Seite 20 3
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Sedimentation / Settling

L

T@(oos(al/te\se L Leps rale, L=0.0065 K,

L
a0
V:—ﬁ- o - A = il
At Y] VL
AGeeime 5

A'T' £ V-L 3.&‘010065 K

]

L8

It takes about 48 s for the contrail to sink so far to get into air
that is 1 °C warmer. At this temperature vapor pressure over
ice is higher and lets the ice sublimate ("dry") faster.

JabberWok, CC BY-SA 3.0
https://commons.wikimedia.org/wiki/File:Terminal_Velocity.png

German Aerospace Congress Seite 21 3
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1
Contrail-Cirrus Prediction Tool (CoCiP)

~
G . 7019-101 D4.A0 20 Q
- T
LT o
A
£ 1
1¢ﬂg Eﬂ‘ 1*'
s} gg
ﬁanﬁ‘* %w-:p —

L #
= @9 Py
= o 0
(1]
= .-'

= | g

s
E . . .
- Radiative forcing during
| - contrail evolution
T P = P & Ta P =
O O O
> 4 » 00:16,92 il
Longitude
https://py.contrails.org Flight on
(open source) 10 Jan 2019, 0:00 to 6:00 h
Dieter Scholz: German Aerospace Congress Seite 22 e
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Vapor Pressure

®* *  vapor pressure * vapor pressure
. ® e . over water over ice

evaporation sublimation 1

air air

water ice

condensation resublimation ‘

HellTchi, CC BY-SA 3.0
https://commons.wikimedia.org/wiki/File:Vapor_pressure.svg

Dieter Scholz: German Aerospace Congress Seite 23

=
Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)



HAW
HAMBURG

Exhaust Gas Mixing in Ambient Air

= 0 — Mixing Line Graphical representation of  the
e, o5 |~ Water Saturation Pressure Schmidt-Appleman criterion analysis.
§ — ~Ice Saturation Pressure When the mixing line (representing
- 20 mixing of engine exhaust and ambient
air) crosses the water saturation line, a
15 ol g 1 contrail will form. As the mixture
mixing line .~ # continues to cool and water deposits as
10 / ”~ 1 ice, the mixing may cease in ice
supersaturated  conditions  (shaded

5 ] orange) where a contrail will persist.

nolnpersist?nt )
%0 -55 -50 -45 -40 -35

T[°C]

NOPPEL, F., SINGH, R., 2007. Overview on Contrail and Cirrus Cloud Avoidance Technology. In: Journal of Aircraft, vol. 44, no. 5.
Available from: https://doi.org/10.2514/1.28655

via

BREAKTHROUGH ENERGY, 2023. Contrails & Climate Change. Archived at: https://perma.cc/YT8Q-V3KW

Dieter Scholz: German Aerospace Congress Seite 24
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Schmidt-Appleman Criterion for Contrail Formation
>0 ' ' ' ' ' 7 The mixing process 1s assumed to take place 1sobarically,
45 | [ short contrails / ~ so that on a T-e diagram the mixing (phase) trajectory ap-
J pears as a straight line (e 1s the partial pressure of water va-

- pour 1n the mixture, 7" is its absolute temperature, see Fig.
(1)). The slope of the phase trajectory, G (units Pa/K), is

40 | -persistentcontrails
35 F

©

a

v

=]

b Gierens 2008 characteristic for the respective atmospheric situation and

“5 30 - aircraft/engine/fuel combination. G is given by

% 25 - _ Ely0pC,

g 20 - eQ(1—-mn)

% 15 - where € 1s the ratio of molar masses of water and dry air

g (0.622), ¢,=1004 J/(kg K) 1s the isobaric heat capacity of

< 10 . air, and p 1s ambient air pressure. ¢ depends on fuel charac-

= c i teristics (emission index of water vapour, Elyo = 1.25 kg

per kg kerosene burnt; chemical heat content of the fuel, Q =

0 1 43 MIJ per kg of kerosene), and on the overall propulsion
-60 -55 -50 -45 -40 -35 -30 -25 efficiency 7 of aircraft. Modern airliners have a propulsion

Fig. 1 <€ altitude efficiency (7)) of approximately 0.35.

temperature (°C)
G is the slope of the red dotted line with increased slope.
G is the slope of the dotted line. The point on the line tangent to the water saturation line
The dotted line is tangent to the water saturation line. s shifted to the right (to higher temperatures).

GIERENS, Klaus, LIM, Limg, ELEFTHERATOS, Kostas, 2008. A Review of Various Strategies for Contrail Avoidance.
In: The Open Atmospheric Science Journal, 2008, 2, 1-7. Available from: https://doi.org/10.2174/1874282300802010001

Dieter Scholz: German Aerospace Congress Seite 25

=
Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)



HAW
HAMBURG

Heating Value Q, Emission Index El, and Slope G

m Q IMJkg] | Elyoo [kg/ka] | ElzolQ [ka/MJ]

120 8,94 0,0745

2,58
Jet —A1 43 1,24 0,0288

The slope G of the dotted line is 2,58 times steeper in
case of LH2 combustion.This means: Contrails more
often and also at lower altitudes.

2,58 times more water vapor is produced with LH2
combustion compared to kerosene combustion (for
the same energy used).

Dieter Scholz: German Aerospace Congress Seite 26 3
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Effect of the Propulsion Efficiency

11 360
‘é‘ - 340
= 10 1
2 - 320
2’ a - 300
v —
© T - 280
® e % A b
e B T v H\"--.. L
ﬁ ......... 40 O/o HH ""'h.__‘\\ 260
— — e o -,
100 % RH | 540
7 . . .
0.0 0.1 0.2 0.3 0.4 0.5

Overall Efficiency n

Threshold Altitude (hft)

Schumann, 2000, https://doi.org/10.2514/2.2715, Open Access: https://elib.dIr.de/9281

HAW

m;: fuel flow
F: thrust or drag

A lower efficiency, n means a
smaller slope, G which is
tangent to the water saturation
line further Ileft (at lower
temperatures or increase
altitude).

A lower efficiency, n results in
more heat losses and a
warmer plume, which needs
lower temperatures (at higher
altitudes) for condensation to
form the contrail.

HAMBURG

Dieter Scholz:
Contrail Management — From Basics to Application
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30.09 - 02.10.2024

Seite 27

Aircraft Design and Systems Group (AERO)

+



HAW
HAMBURG

Efficiency n Does NOT Depend on Drag (only on SFC and Speed)

0.70

0.75 0.80 0.85
M

eta = F*V/(m £*Q) m f mass flow rate of the fuel
mf=c*F with ¢ Specific Fuel Consumption (SFC) in kg/ (Hs)
F cancels out 0335
0.330
0.325
eta = V/(c*"Q) 0320
0.315
c=ca*V+ch g 0310
- - v 0.305
0.300
See: Poster from DLEE 2024 for details. 0.295
0.290
0.285
eta = V/(Q* (c_a*V + c b)) 0,250
0.65
eta = 1/(Q*(c_a + c b/V))
eta is function of V (a little depending on thrust, T)

and

clearly of BPR and altitude, h.

https://purl.org/aero/M2017-07-15 (Memo)
https://www.fzt.haw-hamburg.de/pers/Scholz/Aero/AERO_POS DLRK2024 SFC_2024-09-30.pdf (Poster, => Database)
https://nbn-resolving.org/urn:nbn:de:gbv:18302-aero02021-09-15.018 (Master Thesis)

Example calculation: FL 360
c_a= 3.38E-08kg/(Ns)/(m/s)
¢_b= 1.04E-05kg/(Ns)
c=16 mg/(Ns)atM = 0.7

Dieter Scholz: German Aerospace Congress
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Calculating Saturation Pressure with the Magnus Equation

The saturation vapor pressure for water vapor in the pure phase (absence of air) can
be calculated using the Magnus formula recommended by the WMO. This formula has
the advantage that it requires only three parameters and is reversible. However, more
accurate formulas exist. The ones shown here have an accuracy (standard deviation) of
+0.3% over water and +£0.5% over ice.

Over flat water surfaces

17,62 - t
243,12 °C + ¢

Ew(tjzﬁ,llﬁhPa-exp( ) fir —45°C<t<60°C
Over flat ice surfaces

22,46 - t
272,62°C + ¢

Eﬁt):fi,llQhPa-exp( ) flir —65°C<t<0°C

WMO, 2018. Measurement of Meteorological Variables. In: Guide to Instruments and Methods of Observation,
Annex 4.B Formulae for the Computation of Measures of Humidity. Archived at:
https://web.archive.org/web/20220205104246/https://library.wmo.int/doc_num.php?explnum_id=10616

via

https://de.wikipedia.org/wiki/Sattigungsdampfdruck

Dieter Scholz: German Aerospace Congress Seite 29 o=
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The Tangent Mixing Line of the Schmidt-Appleman Criterion

Determination of the straight line in the Schmidt-Appleman criterion. We only know the
slope, G of the straight line

f(t)=Gt+ G,

f(t) is the tangent to E (t). At the point of contact, the slope of E,[(t) and f(t) must be the
same. E (1) is differentiated with respect to t and set equal to G.

, dEw(t
E, () =8 =g

This gives the temperature t5,. at the point of contact (details on next page). The
temperature tg,. is the highest temperature at which a contrails can form. Furthermore,
E,(t) = f(t) at point of contact. From this we obtain G, .

G, =E,(t)—Gt

Dieter Scholz: German Aerospace Congress Seite 30
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The Tangent Mixing Line of the Schmidt-Appleman Criterion

bt

Ewlt) = a.e ot Magnus formula for saturation

bt t) - bt
AEw®) _ . ex . b(«‘-c*-“l} : water vapor pressure over a flat
ot - o o il water surface
e BT C+ bt — _
= g-ec+E (crE)3 a=6.112 hPa
ABw(t) _  abc.eaE b=17.62
e (c+t)? c=243.12°C
{7
o
L- 6  f®) = G+G, |
This equation can be solved for t with the Solver in Excel
Wt
ﬂb{"_ . e CHt _
O

The temperature, tis where E, (t) and f(t) touch. This temperature is called t5,.
It is the highest temperature for contrails to form.

SAC stands for Schmidt-Appleman Criterion.

Dieter Scholz: German Aerospace Congress Seite 31 3
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Schmidt-Appleman Criterion (Scholz)

Schmidt-Appleman-Criterion

50
£ 45
U 40
7
?E" 35
2 30
.
=
o 25
O
s 20
jo}
g 15
£ 10
2 _

5 —/_//

0

-60 -55 -50 -45 -40 -35 -30 -25

temperature, °C
—Ew E_i G*t+G0
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Schmidt-Appleman Criterion, Zoom In (Scholz)

Schmidt-Appleman-Criterion

=
o

water vapor partial pressure, Pa
QO =B N W Pk~ U0 N 00 W

-0 -59 58 57 56 55 54 53 52 51 50 -49 -48 -47 -46
temperature, °C

—E_w E_i G*t+G0
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Constructing the Schmidt-Appleman Diagram

An aircraft flies at altitude, H and air temperature, t.
At what relative humidity, ¢ does it show contrails?

G‘t"'c(g - F‘ Ewﬁ't)

E__ G‘t‘*Go
' Ewlt)

Results need to be limited, if:
Gt+ Gy, <0=>¢<0% (notdefined)
t>tgac => @ > 100% (not defined)

Dieter Scholz: German Aerospace Congress Seite 34
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Constructing the Schmidt-Appleman Diagram

A B £ D E F G H

1 Constructing the Schmidt-Appleman-Diagram (SAD)

2

3 1.) Enter altitude, H in tab "SAC" and operate Solver (e.g. for a calculation of a new altitude)
4 2.) Copy new colum "C" into the column to the right to safe for later

5

6 |G Pa/°C 3,361 1,354 2,172 1,721 1,634 1,354

7 @0 Pa 145,1 126,3 105,8 87,7 84,0 72,5

g H ft 20000 25000 30000 35000 36089 40000

9 H m 6096 7620 9144 10668 11000 12192

10 |p Pa 46559 13754 30087 23340 22632 13754

L1 |t_SAC,100 °C -34,2 -36,0 -39,0 -41,5 -42,0 -43,9

L2 |t SAC,0 °C -44,.4 -46,5 -48,7 -50,9 -51,4 -53,2

L3 At tot °C 10,19 9,96 9,73 9,49 9,44 9,26

14

L5 t E w phi phi phi phi phi phi phi

LG -60 1,501 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

L7 -59 2,158 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

L& -38 2,447 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

19 -57 2,771 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

0 -36 3,134 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

1 -35 3,539 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

22 -54 3,992 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

3 -53 4,497 0,0595 n.a. n.a. n.a. n.a. n.a. 0,0595

24 -52 5,060 0,3204 n.a. n.a. n.a. n.a. n.a. 0,3204

15 -51 5,686 0,5232 n.a. n.a. n.a. n.a. 0,1264 0,5232

i -50 6,382 0,6783 n.a. n.a. n.a. 0,2555 0,3686 0,6783

7 -49 7,155 0,7943 n.a. n.a. n.a. 04684 0,5571 0,7943

18 -48 8,011 0,8783 n.a. n.a. 0,1928 0,6332 0,7015 0,8783

9 -47 8,960 0,9364 n.a. n.a. 0,4147 0,7582 0,8095 0,9364

30 -4 10,010 0,9734 n.a. 0,1402 0,5882 0,8306 0,8878 0,9734 Excel Table down Ioad

1 -45 11,171 0,9935 n.a. 0,3687 0,7215 0,9163 0,9418 0,9935

32 -44 12,452 1,0000 0,0981 0,5487 0,8217 0,9602 0,9761 1,0000 .

33 -43 13,865 n.a. 0,3305 0,6885 0,8946 0,9864 0,9945 n.a. httDS //DU rI .orq/aerO/SAC
Dieter Scholz: German Aerospace Congress Seite 35 3
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Schmidt-Appleman Diagram and the ISA (Scholz)

-30

Contrails form down or left of
the respective humidity lines.

32
34

-36

The International Standard
Atmosphere (light gray)

N
-38 | ©

a0

shows:

? = Conditions exist for

Qs,fc,;og - contrails to form even with

relative humidity of 0%.

B « At 100% relative humidity

T contrails can form down to
27000 ft (but not below this
altitude).
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Schmidt-Appleman Diagram, Application (Scholz)

-30

An aircraft flies at altitude, H
and air temperature, .

32
34

-36

The red cross shows: There is
one relative humidity, ¢ at
which the aircraft starts to
show contrails!

N
-38 | ©

a0

perature

42 b

t_ICAO,H_T=36089 ft
-44

t_SAC,100

-46

If the relative humidity is less

————— than ¢, it must be colder, or
the same low temperature
must occur at lower altitudes.

-48

t_SAC, °C i.e. saturation tem,

-50
52
54

-56

Contrails form down or left of
RN the respective humidity lines.
7620000 25000 30000 35000 40000 45000 50000 55000 600(;(; 65(;;)0 YO\OOO See bIaCk arrOW.

H_SAC, ft i.e. saturation altitude

-58

Dieter Scholz: German Aerospace Congress Seite 37

=
Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)



HAW

HAMBURG

Minimum Relative Humidity for Persistent Contrails
RH_min=E_i/E_w

80%

75%

y =6,0586E-03x+9,2261E-01
R?2=9,9492E-01

70%

65%

relative humidity

60%

55%

temperature, °C

Ice crystals tend to sublimate (go directly from the solid to the gas phase) or dry up, if
the air is dry enough. The blue line shows the relative humidity, above which ice does
not sumblimate anymore and contrails are persistent.

Dieter Scholz: German Aerospace Congress Seite 38
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Contrail
Prediction & Observation

BRIEGERT, Finn, 2024. Aircraft Contrails — Observation and Prediction. Project. Hamburg University of Applied Sciences, Aircraft Design
and Systems Group (AERO). Available from: https://nbn-resolving.org/urn:nbn:de:gbv:18302-aero2024-03-14.019

Dieter Scholz: German Aerospace Congress Seite 39 o=
Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)



HAW
HAMBURG

Observation & Prediction

At 10:53 AM, on September 3, a Boeing
737-8AS, registration SP-RKP, was

flying eastbound. This plane left a
persistent contrail. The aircraft was at a
GPS altitude of 38800 ft (FL 370). The
outside temperature was -53 °C.

I

- ijﬂ( RYR2 mz1aa 8738
Ryanair :
Operated by Buzz it
/g
Fehmarn
iy o
Eckernforde
fos Heiligenhafen
2 o
dsburg Kiel R e —
(o] ¢ s o \"<'r‘\
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L7 ; Libeck Wi -
- o)

Kaltenlﬂ(‘irchen Bad Oldesloe b. 418 NM, 01:02 ago 476 NM, in 01:10
1shorn i N L i S5 More FR2144 information
o 2 ez s A1
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ko) 1% B 737-8AS
= ?’%“" 10 Ahrensburg g\ Schwerin =
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A & 44701 8 years
xtehude =™ Al 24 |
-
Buchholz in Winsen ll'; L. BAROMETRIC ALTITUDE VERTICAL SPEED
der,Nordheide == © Mecklenkagisches T 0fpm
o v E'lbera! UDE TRACK
Luneburg &l 800 ft 82"
o

o

RYR?2 FR2144 B738

Ryanair
Operated by Buzz

ﬁ Speed & altitude graph ~

m GROUND SPEED TRUE AIRSPEED
429 kts 446 kts
INDICATED AIRSPEED MACH
? 249 kis 0.772 Ma
——TT
= oL WIND TEMPERATURE
© Kay Hansen Fe} 108 kts & 356° -53°C
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HANNQVER UIR

i

LTN KUN BAROMETRIC ALT.

P GROUND SPEED ICAD 24-BIT ADDRESS SQUAWK

Departed 01:02 ago Arriving in 01:10 429 kts &= 4BC12F 4645
LATITUDE LONGITUDE
Boeing 737-8AS REG SP-RKP 53.551 10.797
@ 010 /\ N Kg wy flightradorze  Travelers
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3D view Route More info Follow Share
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Relative Humidity

Humidity ¢ !
11}
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20

Relative humidity at FL340: 100%
Relative humidity at FL390: 100%

Interpolated relative humidity at FL370:
100% (trivial here).

Aircraft Data

Obtained in the project with: https://flightradar24.com
Free data: https://globe.adsbexchange.com
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Evaluation of the Schmidt-Appleman Diagram

|‘ h\ \
14} ‘*.\\\ B’
X\ \ 1150
12 n ‘t\‘ i
ﬁ RN 1200 _
£ 10 & The red cross is far left of
- 8} 300 & the blue line (100% relative
3 : c humidity)
£ &l 400 2 '
-_— 72
< - {500 2 A .
4t 600 a contrail is expected to
- _ form.
21 1800
oL AN . 11000
~-80 -50 -40 -30 =20 -10
Temperature (C)
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Definition of the Persistence Factor, R

This project defines a factor that can be used to see whether a contrail is persistent or not.
This factor is called the persistence factor.

R— relative humidity of ambient air _ RH G.1)
"~ relative humidity for saturation with respect to 1ce " RHmin ]

The relative humidity of the ambient air is divided by the relative humidity for saturation with
respect to ice (the theoretical relative humidity for a persistent contrail). However, it is
unlikely that R = 1 is sufficient for a persistent contrail in reality. A somewhat higher

factor is probably necessary. Th ist fact
€ persisitence T1aclor,

This project starts with this hypothesis: R is the same as the
e R<0.S5 no contrail, relative humidity with
e R=05..13 transient contrail, respect to ice, RH.,.

e R=13 persistent contrail.

RH; > 100% is called
supersaturation.

Dieter Scholz: German Aerospace Congress Seite 43
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Evaluation of the Schmidt-Appleman Criterion

80%
75%
70%
65%
60%
55% /

50%

relative humidity

-65 -60 -55 -50 -45 -40 35 -30 25
temperature, °C
Minimum relative humidity for given temperature for persistent contrails to form.

If above the blue line persistent contrails are expected to form. Here
R =100% / 60.2% = 1.66 => persistent contrail (survival longer than 5 min.)

Dieter Scholz: German Aerospace Congress Seite 44 o= F
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Observation & Prediction — Summary of 6 Flight
Prediction and Observation of Contrails
Aircraft Registration Date Time GeoAlt. Geo Alt. Baro Alt. Baro Alt. Pressure Temp. RH RH_min R=RH/RHmin Prediction Observation
ft m ft m Pa °C
B737MAX8 TF-IHC 05.09.2023 14:54 39250 11963 37000 11278 21662  -51 27%  61.2% 0.44 Categoryl Category1l
B767-424(ER) N76062 21.08.2023 13:07 31450 9586 30000 9144 30087 -35 35%  70.8% 0.49 Categoryl Category1l
B737-8AS SP-RSG 22.08.2023 19:10 39450 12024 38000 11582 20646  -54 2%  59.7% 0.70 Category2 Category?2
Cessna 560XL OK-CAA 11.09.2023 17:03 44825 13663 43000 13106 16235 -61 24%  56.4% 0.43 Categoryl Category?2
43000 13106 16235 -61 34%  56.4% 0.60 Category2 Category?2
B737-8U3 OY-JPZ 24.08.2023 11:32 38375 11697 37000 11278 21662  -59 100%  57.3% 1.75 Category3 Category3
737-8AS SP-RKP 03.09.2023 10:53 38800 11826 37000 11278 21662  -53 100%  60.2% 1.66 Category3 Category3
Wrong categorization due to Geometrical Altitude (GPS Altitude) instead of Barometric Altitud
Correct categorization with Barometric Altitude.
Definition
R
Category 1 R<0.5 no contrails
Category 2 R=0.5... 1.3 transient contrails (lifespan of a few seconds up to five minutes)
Category 3 R>1.3 persistent contrails
All 6 flight were classified correctly based on the Persistence Factor, R.
More flights in a database, but not yet fully evaluated.
Dieter Scholz: German Aerospace Congress Seite 45 3
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Which Aircraft Types Potentially Produce Contrails?

aircraft typ example altitude | contrail ?
business jet - y very
high
passenger jet high
propeller aircraft low
single engine very
piston aircraft low
Dieter Scholz: German Aerospace Congress Seite 46 ==+

Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)

Aero



HAW

HAMBURG
C t . I
Avoid
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Cooling (Day) versus Warming (Night) Contrails

Dieter Scholz: German Aerospace Congress Seite 48
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Systematic of Cooling and Warming Contrails
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Prediction of Regions with Contrails and Their Energy Forcing

o o 0
Contrail cirrus net RF (W m~%): 2019-01-02 18:45:00 (UTC) One moment in
o ERE e __} = _'ff""r Se time from a video
e = == _‘;ia"'"'f-'_l_g:;-:_"-, o et 5T m— _;--’.'__ e . o
T T e g {E—mﬁrfﬁ?”" 15 showing radiative
T I:.L.'\- b 5 Ll ! -] .
= 4 CORES "i"'\" ' " forcing, RF of
g Iy "4'“-:1 > g -
5 R { w;:.L_‘:}"- NN J;l contrails in W/m2,
g T = ) A . .
@ ™ N V¢ R - b 5  During the night,
b I'I : --H.q..i.f'.‘:fl.{.'.h e .
y S Sy 26 N 1§ 1 all contrails are
I —r e /0, warming. During
i ._"J = = - -5
L - the day, some
R S ~10° contrails are
GF - — G — ﬂ =15 COOI|ng
[ 2 4 > 00:06,77
Teoh, Stettler, Imperial College; Shapiro, Breakthrough Energies; Schumann, Voigt, DLR
https://py.contrails.org (open source)
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https://contrails.org

5 9/ Number of planes slightly redirected to avoid
0 making most harmful contrails

8 U % Portion of contrail climate warming avoided by re-
routing 5% of planes
< 5 0 5 Average cost of avoiding warming equivalent to
. one tonne of CO2

D Time it takes to get the full cooling effect of
a g S avoiding contrails

...avoid 80% of warming

Dieter Scholz: German Aerospace Congress Seite 52 =+
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https://contrails.org/science

5% Planes Re-Routed

The best available data indicates a kind of “super-Pareto principle” at play, where tweaking only a few flight
paths would eliminate almost all of contrails-induced warming. In practice, this means that just 1 in 20 flights
would need to fly over, under, or around areas of the sky predicted to produce harmful contrails.

Better yet properly implemented, these adjustments would be cheap: Our studies show a fleet-average cost of
roughly $5.00 per flight, or less than $0.50 per ton of CO2 equivalent warming avoided.

Dieter Scholz: German Aerospace Congress Seite 53  —m=—+F
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https://map.contrails.org

See How It Works

Explore the
contrall map

Our contrail map shows you how contrail-
induced cirrus clouds are warming the planet.
Learn whether your recent flight created
harmful contrails, see how small changes to
flight paths can prevent contrails, and more.

START EXPLORING »
https://map.contrails.org

Dieter Scholz: German Aerospace Congress Seite 54
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An Initiative of:

Breakthrough Energy R E/ VIAT é

sy BEREAKTHROUGH ENERGY

https://contrails.org
https://www.breakthroughenergy.org Our Mission

Our mission is to accelerate the transition of contrail research into
actionable climate solutions.
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Flight Planning with https://[forecast.contrails.org
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Here:

All contrails are
shown in FL270
to FL330.

Free on request.
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Flight Planning with https://[forecast.contrails.org
“52‘;??;? © Here:
avigator
Flight Plan S Only highly
“  warming contrails
.. areshown in
« FL270 to FL440.
Tl 360 %
< \ £
DN LY
/ 8
> Q)
_A ot a" 20
MapPiTch 300
Bearing 280
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Flight Planning with https://[forecast.contrails.org
Fight Pln “  Only highly
Lavors .. _warming contrails
i?;m:l"“ « are shown in
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Flight Planning with https://[forecast.contrails.org
ﬁf’ & Here:
Flight Plan X Only hlghly

warming contrails
are shown in
FL390 to FL440.

A business jet

‘ : using these high
b z  flight levels would
& e
v o, not need to be
rerouted for
- contrail
. avoidance.
- Bearing :
Mzagzo-; 217 227 237 Mgginz (0) 74 027 037 047 057 06Z o7z 087 097 10Z "z 127 137 147 157 167 17Z 187 197
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Flight Planning with https://www.windy.com

U Windycon WEEERRE  Relative humidity. Data
° from ECMWF and 7
" other weather models.
M Forecast 5 days ahead.
i Vertical resolution is
0% @)X W rather course: FL 100,
N 140, 180, 240, 300, 340,
S 390, and 450.
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Flight Planning with https://www.windy.com
= I - U Windyeon ..we,‘.e.,,;m-.@ < €

= Temperature. Data from
2 ECMWF and 5 other
weather models.
Forecast 5 days ahead.
Vertical resolution is
rather course: FL 100,
140, 180, 240, 300, 340,
390, and 450.

Samstag 2 - 3:00
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Flight Planning with https://www.windy.com

| : 3
l " \ ' |\ \YAds W Werde Premium T
, :

|| ! > 3 r \
v

Clouds. Data from
ECMWEF and 7 other
weather models.
Forecast 5 days ahead.
No vertical information.
Cloud cover from brown
(0%), via grey to white
(100%). Precipitation
(dots) from blue to purple
according to scale.
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https://contrails.org

01

Weather Forecast

04

Verification

03

Flight Planning
& Avoidance

02

Model & Data

HAW
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Forecast Input
Weather forecasts, satellite images, flight locations, and

other data are fed into contrail forecast models

Modeling
Models determine where harmful contrails are likely to

occur and compare these predictions with observations

Flight Planning
Flight planners calculate the fastest route with the
lowest fuel consumption accounting for contrail impact

in their flight plan

Verification
Ground-, air-, and satellite observations verify contrail
avoidance and feed back into forecasting models to

improve accuracy
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Meteo France: Cross Section along Flight with ISSR (Blue)
WIMCOT - Demonstration

Coupe spatiake ®
Enifer e wack # @ Elsvation FL - Werd langen! B ark narmal

FL

ssol sop

200+

100+

e n—4 I " .
|"‘ j

Forecast for 04/09/2023 at 10UTC

| Risk area

From 03/09/202312UTC
Cross section from Paris to Athens giﬂn%&e
This is only a demo for research.

https://www.eurocontrol.int/sites/default/files/2023-11/2023-11-07-contrails-conference-session-004-curat-pechaut-prediction-contrail-formation-observation-process. pdf
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FlightKeys https://www.flightkeys.com

= UTC:12Mar 1427 + O +
FPH INDEX TRIPTIME  TRIPFUEL  AFUEL TO B.. TOTAL O/ OVERFLIGH.. DELAY CFMU VALID

3heg——  — @+ 4 VALID
3h 21h o) 04:57 12153 0 17316 2466 -00:00 1
Aircraft type

=)
B38M Flightplan  Flightdata  Suitability  Flightlog  Filing History ~ Briefing  Development  SysLog

178 —
* B

»
o B738 Inflight Fuels Masses % Alternates g%
TP —— | 12153 0457  pOM 60 FUEL

= EDDV

HAJ HANNOVER EEMER 365 0009 pp 14388 Destination

ALTN 1308 00:29

) 6 145 1308
L GCTS FRES 119 00:20H ©

TOM 74483

- — TF5 TENERIF] COMPANY H

PR ' o
2022 - 200 0016 B738(kg)

15145 06:23 S

ACK ALERT (do nothing) £ . 0 0000 C 5

CREW CHANGED

MEL/ CDL/S_.
Apply & Force re-calculation of Flightplan

Flight Progress

AWY PONT ETO FL FOB PETO FFOB POS  ATO AFL AFOB
ACK ALERT (da nothing] —65RIS 1200 350 11766 1425 492533N0025208E 1425 350
BSN 1200 350 11746 1425

New enroute weather available!

Apply & Force re-calculation of Flightplan

LAND GCTS 1604 2 2792 1829

amburg

Unsuitable Airperts: EDDS Profile NOTAM MET Route DEST2 ETOPS RMK(3)
> "
Recalc ETOPS/IA

Intermediate (IA) airport unsuitable

EDDV (Departure, Intermediate Alternate) 13 expand all .

M,
FLIGHT LOCKED s K 3 A0641/21 2021-02-04 www»waumm:;’gﬂ:?:
FLIGHT RELEASED REF AIP IFR GERMANY HANNOVER AD 2.20 LOCAL AERODROME
2 X REGULATIONS:
i FLIGHT FILED STATUS ACK 2 5 THE ATTACHMENT T0 2.2 IS INVALID {SEE PAGE AD 2 EDDV 1-16).

-1810:19 - 9174 17
A0731/22 2022-02-18 2022-04-2 nn(znzz;wzv :ID)

CRANE IN DEP SECTOR FOR ALL IFR DEP. PSN 522715N
0094346E.

Destination airport EDDS unsuitable
check suitability Report and

ACK ALERT {do nothing) . e ELEV 338FT/168FT AGL. DAY AND NIGHT MARKED.

MON-FRI 0500-1700

101200 - 10 1. 101
A0925/22 2022-03-10 12:00 - 2022-06-10 twnu:w. t:,)

BRUENKENDORF DVOR/DME BKD 117.70/CH124X. v
IN SECTOR 80 DEGREES - 325 THE DVOR-PART MAY ONLY BE USED

FOR THE RADIALS IN THE PUBLISHED EN-ROUTE.

APPROACH AND DEPARTURE PROCEDURES AND

FlightKeys flight planning system "5D".
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FlightKeys

FlightKeys flight planning system "5D" with new features for contrail avoidance.

https://youtu.be/HYJawLmiLS8
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FlightKeys

FlightKeys flight planning system "5D" with contrail avoidance.
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FlightKeys

Release 30 ||y OPT /7 || @OPT 7 | |@CONTRAL /| +

RLS 2.0 0530 : 01 %3 74
oPrT @ (TOoM) 0530 0358 ¥734
Z or 1(ToM) [0S 1) 0138 734
Z CON 2 (Tom) 0530 0353 794

Flghesden F bphtdata Santotelity Rote Smtebdty Flghtiog F g Hustoey
nfight

== EGCC

MAM MaNOE 1 IR

. GCFV

FUL MARTTVINTURA
0 HEB
2024

Compared to the optimum flight plan, the contrail avoidance flight plan requires 60 kg
more fuel (plus 0.6%). On average, contrail avoidance requires 0.11% more fuel

(calculated by FlightKeys).

HAMBURG

Dieter Scholz: German Aerospace Congress Seite 68
Contrail Management — From Basics to Application 30.09 - 02.10.2024 Aircraft Design and Systems Group (AERO)



Il

|
u e
> >

MBURG

E—

FlightKeys

FlightKeys flight planning system "5D"
with new features for contrail avoidance.
ISSRs are indicated in white. Lateral and
vertical avoidance of ISSRs is possible.

https://youtu.be/HYJawLmiLS8
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FlightKeys

FlightKeys flight planning
T —— system "5D" with new
features for contrail
avoidance.

Lateral avoidance on the
map (left).

The vertical flight profile
(right).

https://youtu.be/HYJawLmiLS8
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FlightKeys

Use of the Electronic
Flight Bag (EFB) on a
tablet in an Airbus A320

cockpit.

The EFB helps the pilot
to make inflight
adjustments to the flight
(tactical contrail
avoidance) if Air Traffic
Control (ATC) allows.

https://youtu.be/HYJawLmiLS8
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Equivalent CO2 Mass:

The Equation for
Aircraft Design & Ecolabel for Aircraft

with Improved AIC Calculation

/__(—w”_*v‘_\
co. | [N €
Mco2,eq
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Calculating Altitude-Dependent Equivalent CO2 Mass

. Elco, * fum Elyo, *fam Rum “|fum
Meozeq = : CFmidpoint,Coz + ) CFmEdpoint,NOx + R
Nseat,typical Nseat,typical NM * fNM,ref ' Nseat,typical

) CFmidpoint.AIC

fNM,ref = 4.74 kg/km

CFmidpointco, =1 MATTAUSCH 2024
CF (h) = SGTPy,_ 100 so. () + SGTPy,; 100 s (h) + SGTPch, 100 sen. (R)
midpoint ,NOx =<t S03s “rTD _ So03L “~17p __  ScH
P SGTPc¢o, 100 3 SGTPco, 100 3 SGTPco, 100 *
SGTP.ontrails - SGTP.ipye -
i:'me _ controils 100 ) _ civrus 100 . _
point AIC [:h} = > S eontrails [:h} +—== S eirrus [:h}
SGTFrg, 100 SGTPrp, 100
Species | Emission Index, El (kg/kg fuel) Species SGTP; 490 El emission inde)_(
CO, 3,15 CO, (K/kg CO,) 3,58 - 10-14 fuy  fuel consumption
H,0 1,23 Short O, (Kikg NO,) 7,97 - 1012 per NM or km
SO, 2,00 104 5 Ry range in NM or km
Soot 4,00 - 105 Long O (K/INO,) -9.14-10 CF  characterization factor
- . -12
NOx 1.45 - 102 (typical value) CH, (Kkg NO,) 3,90-10
Contrails (K/NM) 2,54 - 1013
s () = s () Contrails (K/km) 1,37 - 1018
fat s Cirrus (K/NM) 7,63 1013 water vapor not considered
Scontrails 1) = Scirrus(h) = sgyc(h) Cirrus (K/km) 4,12 -101
AIC aviation-induced
SCHWARTZ 2009, JOHANNING 2014 cloudiness
Dieter Scholz: German Aerospace Congress Seite 73
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Contrail Radiative Forcing (CRF) as a Function of Fuel Flow (ff)

JERBERGER, Philipp, et al. Aircraft type influence on contrail
properties. Atmospheric Chemistry and Physics, 2013, 13. Jg., Nr.
23, S. 11965-11984. Available from:
https://doi.org/10.5194/acp-13-11965-2013

Y
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Contrail Radiative Forcing (CRF) as a Function of Fuel Flow (ff)

Aircraft A319-111 A340-311 A380-841 T ff t /[ ff [km/kg] aircraft
Encounter time 09:14-09:27  08:45-08:48  12:14-12:29 025/ 22 =0.114 A319
Contrail altitude (km) 10.5-10.7 10.5-10.7 10.3-10.7 055/ 6.4 =0.0859 A340
Latitude 52.91°N 53.35°N 52.37°N ’ ’ ’
Longitude 8.06°E 8.94°E 9.66°E 0.94 /15.9 =0.059 A380
Pressure p (hPa) 241 242 241
Temperature 7 (K) 217 217 218
Te (K) 2235 2236 223.6
Brunt-Viisili frequency 0.0170 0.0126 0.0132
NOy (amol mol™1) 43 4.4 6.7
Elvo, (gkg™) 8.7 11.6 19.7
RHI (%) 91 94 92 . . . .
Contrail age (s) 105118 8090 100115 JEBBERGER, Phlllppr et al. .A|rcraft type .|nfluence on contrail
Fuel flow (Mg engine~! h=1) 09 13 36 properties. Atmospheric Chemistry and Physics, 2013, 13. Jg., Nr.
* Fuel flow rate (kgkm™1) 22 6.4 15.9 23, S. 11965-11984. Available from:
Aircraft engine CFM56-5B6/P  CFM56-5C2  Trent 970-84 https://doi.org/10.5194/acp-13-11965-2013
Mach 0.76 0.737 0.85
Fuel sulphur content (mgkg™1) 1155 940 —
Aircraft weight (Mg) 47 150 508
Wingspan (m) 34.09 60.30 79.81
Aircraft  njee D.sr Projected surface IWC Extinction  Vertical Optical
(em™3) (um) area A (mn2 em ™) (mgm™") (km™1) extension (m) depth
A319 162418 5.2(£1.5) 0.93(:&0.14}x103 4.1(£1.0)  2.1(£0.3) 120 0.25
A340 1644+0.11  58(£1.7) 1.12(£0.17)x103  4.0(£1.0) 2.5(£04) 220 0.55
A380 235410  5.9(%£1.7) 1.45(£022)x10°  52(£13) 3.2(£0.5) 290 0.94
Dieter Scholz: German Aerospace Congress Seite 75
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Contrail Radiative Forcing (CRF) as a Function of Fuel Flow (ff)

10 10
/Q |
09 09
0.8 / 0.8 ///
0.7 / 07 //’
06 Yl 06 7

-E. * / -E /{F
@ 05 T 05
= 0.4 / y=6.3682E-02x | | = / ¥=-3.0617E-03x*+1.0769E-01x | |
g O i R?=9.2347E-01 g 04 7 R?= 9 9802E-01
£ 03 E 03
° o2 d / ° 02 ’/
01 ol 01 /
DD T T T 1 DD T T T 1
0 5 10 15 20 0 5 10 15 20
fuel flow (#f) [kg/km] fuel flow (ff) [kg/km]

The quadratic regression (right) fits amazingly well. However, from the small number of aircraft tested, no such general law may be derived.

The climate model by SCHWARTZ 2009, which calculates AIC effects only based on contrail length
(flight distance) was extended to include fuel burn (in kg/km) into the equation. Fuel burn enters optical depth linearly!

SCHWARTZ, Emily, KROO, llan M., 2009. Aircraft Design: Trading Cost and Climate Impact.
47th AIAA Aerospace Sciences Meeting including The New Horizons Forum and Aerospace Exposition,
05.01.-08.01.2009, Orlando, Florida, AIAA 2009, No.1261. Available from: https://doi.org/10.2514/6.2009-1261

JOHANNING, Andreas, SCHOLZ, Dieter, 2014. Adapting Life Cycle Impact Assessment Methods for Application in Aircraft Design.
German Aerospace Congress 2014 (DLRK 2014), Augsburg, 16.-18.09.2014.
Available from: https://nbn-resolving.org/urn:nbn:de:101:1-201507202456. Download: http://Airport2030.ProfScholz.de
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Calculating Altitude-Dependent Equivalent CO2 Mass

SGTP trails ,100 SGTP i ,100
contratls . Scontral-ls (h) + clrrus

E. .: L'rrlF h = . 3 h
Jd midpoint,AlIC (h) SGTPCOZJOO SGTPC02,100 Scirrus (1)

Srontrails (h) = Sr'.'r'r'u.s':'[!‘:l = Sac(h)

Forcing Factor s = f(h)
44,000

e The curves go along with the ICAO Standard

40,000 Atmosphere (ISA) applicable for average lattitudes.
With a first approximation, the curves could be
36,000 adapted to other lattitudes by stretching and
‘E shrinking them proportionally to the altitude of the
£ 32,000 tropopause.
§ 28,000 e The curves from SVENSSON 2004 (Fig. 1) show
E ' similar shapes. However, the importance of AIC is
[1+]

24,000 not yet as distinct.

SVENSSON, Fredrik, HASSELROT, Anders, MOLDANOVA,
Jana, 2004. Reduced Environmental Impact by Lowered Cruise
Altitude for Liquid Hydrogen-Fuelled Aircraft. In: Aerospace

20,000

16,000 '[] 0_125 DI.5 D.I?E 10 1 25 1'_5 1_%5 2?{] Science and Technology, Vol. 8 (2004), Nr. 4, pp. 307-320.
forcing factor s Available from: https://doi.org/10.1016/j.ast.2004.02.004
SCHWARTZ 2009 and 2011
Dieter Scholz: German Aerospace Congress Seite 77
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Calculating Altitude-Dependent Equivalent CO2 Mass

Forcing Factor s = f(h)

I R S T I
40,000 -+ b L Forcing factors (lines) with 66% likelihood ranges (shaded areas).
S \‘:\ L Altitudes with forcing factors based on radiative forcing data with
36,000 / \ independent probability distributions. (SCHWARTZ 2011)
. . . . o \\~ " .-
E 320000 RN /4 ”},/_f' Based on KOHLER 2008 and RADEL 2008.
< L St
- .
3 28,000
®
24,000 :
- Oas
20,000} | — —CH, &0, |
—-—- AIC

1 d -1 L 1 1 1
02505075101251517520
forcing factor s

SCHWARTZ DALLARA, Emily, 2011. Aircraft Design for Reduced Climate Impact. Dissertation. Stanford University.
Available from: http://purl.stanford.edu/yf499mg3300

KOHLER, Marcus O., RADEL, Gaby, DESSENS, Olivier, SHINE, Keith P., ROGERS, Helen L., WILD, Oliver, PYLE, John A., 2008. Impact of

Perturbations to Nitrogen Oxide Emissions From Global Aviation. In: Journal of Geophysical Research, 113. Available from:
https://doi.org/10.1029/2007JD009140

RADEL, Gaby, SHINE, Keith P., 2008. Radiative Forcing by Persistent Contrails and Its Dependence on Cruise Altitudes. In: Journal of
Geophysical Research, 113. Available from: https://doi.org/10.1029/2007JD009117
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Calculating Altitude-Dependent Equivalent CO2 Mass with Excel

A E [ ] E F G H 1 J K L [0 ]
Equivalent COZ2 Calculation, m_CD2,eq
Equivalent CO: Emissions (New Equation) -
40,000}
_ Elgo, frena Elya, - fruna 36, 000
Megreg = E-led'pmlll L0z + - Cme:amr.No,
Mseat.typical Nseatcypical x2 000}
28,000}
Ryng - frma CF 5 -]
= TmidpeintAlC
Ryne - friverer - Mseartypicar v 4,000 /
20,000} 1
168,000l—i—i 1
¥ 0 02505075 101251517520
fusrep = 474 kg/km
‘r Scireaitz 2000 and 2011 h(c'ng hw =
El_C02 315 hgtha Tabslls
EL_MOx 0.0145 kgtkg gegeben v Endert 2017 Alternatively  0.0238 kalkg Caers 2013
CF_Co2 1- per Definitin
IETP_COZ  553E-1 Kika Tabelle
IGTP_short_  T.9TE-12 Kika Tabell: CF, 0x(h) = SGTPy,, 100 - so.5(h) + SGTPys, 100 - 5o, L (R) + SGT Py, 100 - sca, ()
SETF_long € -3ME-13 Kikq Tabelle midpsint NOx SGTPeg, 100 02° SGTFeg, 100 3t SGTPeg, 100
SETP_CH4  -3.30E-12 Kika Tabslls ¥ * :
SETF_contrai  13TE-13 K/m Tabslls SGTP SGTP.
SETP_cimus 412613 Kk Takel _ contrails 100 | cirrus 100
= " el Chmuapoint aic () T SGTPeo.100 " Seaniraits () + SCTPro. 100 Seirrus (R)
H SROO0 fr Ablesen suf .. : =
5_05_shart 15 Diaaramm
3_05_long 116 Diaramm - —
g e Diuramm Species | Emission Index, El [kg/kg fuel)
3_AIC 115 Diagramm Co; [3.15
CF_NO: 178.0 - = SETP_short O3/ 3GTE_COE'S_0%short+ SETP_long OHSETP_C02 803 lonq+3GTP_CHA/ZGTP_COZ"S_CH4
CF_AIC 26,54 halkm = SGTP_contrail/SGTP_CO2°8_AIC+3ETP_cimus/SGTP_CO2'S_AIC
Fizeat 0.03 kalkmizeat  qeashen Species SGTP i
Fref 474 kalkm Siche oben. Fester wart, TO, (Fhg GOy 358 10
m_COZ 00345 katkmiseat = ELCO2'_seat'CF_GOZ 21T% Short O (Kikg NO,) 797 10
m_N_sq 00172 katkmizent = ELNOf_seat"CF_NOx 226% ' ! o
m_AIC_eq 01655 katkmiseat = f_seatlf_rePCF_AIC 437% Long Q, (KNG,) 9.14-100
CH, (Kikg NO,) 3,90 - 10712
m_CO2_eq 03415 hatkmizeat = m_CO2em_NOx_eqem_AIC_eq 100.0% . ™
542 haMO0kmizeat Contrails (KMNM) 25410
Contrails (Kikm) 137100
Cirrus (KNM) 76310
Cirrus (Kkm) 412101
= COF
m s O e
= AL

Em_CO2

Em_NOx_eq

m_AIC_eq

EI_NOx = 0.0145 kg/kg

h = 36000 ft

Standard split of CO2,eq:

1/6 = 1/6 = 16.7% from NOx
2/6 = 1/3 = 33.3% from CO2
3/6 = 1/2 = 50.0% from AIC
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Calculating Altitude-Dependent Equivalent CO2 Mass

Kerosene Emissions
050 44 000
0.45
40,000
0.40
] 0.35 — 36,000
T 030 - £
= e
- AlC @
g 020 ko]
I B NOX = 28,000
2 015 =
I mCo2 ©
E olo 24,000
0.05 ':l
0.00 - 20,000
-0.05 T T T T T 1 ' : i :
18000 24000 30000 33548 36000 41000 16,000 = e 05 0.75 1.0 1.25 15 1.75 20
Altitude, ft forcing factor s
https://doi.org/10.7910/DVN/DLJUUK SCHWARTZ 2009 and 2011

+ At 41000 ft, AIC is low. Equivalent CO2 is now dominated by NOx.

» Equivalent CO2 mass peaks at "peak AIC" (33548 ft) due to contrails and contrail cirrus.

+ At lower altitudes (24000 ft) very little equivalent CO2 is produced. NOx effects and AIC are low. CO2 dominates.

» At very low altitudes (18000 ft) the forcing factor for CH4 and O3L is getting so large that it dominates the forcing
factor of the warming O3S. NOx is now slightly cooling.
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Summary

Contrail Formation is Physics

Contrail Management — Now !
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Contrail Management — From Basics to Application

Contact

info@ProfScholz.de
http://www.ProfScholz.de
http://AERO.ProfScholz.de
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