Review-article

Maeteorol, Zeitschrift, N.E 5, 4-23 (Februar 1996)
© by Gebriider Borntracger 1996

On conditions for contrail formation from aircraft exhausts

U. SCHUMANN, Oberpfaffenhofen

Summary. The formation of contrails (condensation trails) from
aircraft exhaust has been investigated since 1919. Related studies
are reviewed. The thermodynamical foundation of the Appleman
threshold criterion for contrail formation has been first described
by SCHMIDT in 1940. The Schmidt/Appleman criterion is reexam-
ined, including the effects of the conversion of part of the
combustion heart into kinetic energy of the motions in the wake
of the aircraft causing higher threshold temperatures for contrail
formation than without this conversion. The criterion s alse
derived including the kinetic energy of the jet plumes but this
effect changes the threshold temperature only a little. The analysis
is applied for a measured test case with the so-called ATTAS
aircraft and for typical modern wide-body aireraft of type B747.
If the aircraft would burn liquid hydrogen (liquid methane)
instead of kerosene fuel, contrails would appear at typically 10 K
(4.5 K} higher ambient temperatures and would be geometrically
thicker and longer. However, this does not necessarily mean that
such alternative fuels have a stronger impact on climare because
such fuels will cause less and larger particles with smaller optical
thickness and faster sedimentation.

Uber Bedingungen zur Bildung von Kondensstreifen aus
Flugzeugabgasen

Zusammenfassung. Die Bildung von Kondensstreifen aus Flug-
zeugabgasen wurde seit 1919 untersucht. Entsprechende Studien
werden in einer Ubersicht dargestellt. Die thermodynamische
Grundlage der von Appleman angegebenen Grenzwert-Bedin-
gung fiir die Bildung von Kondensstreifen wurde zuerst von
ScHMIDT im Jahr 1940 beschrieben. Das Schmide/Appleman-
Kriterium wird dargestellt und erweitert. Die teilweise Umwand-
lung von Verbrennungswirme in kinetische Energie im Nachlauf
eines Flugzeuges fihrt zu einer Erhéhung der Grenztemperatur
zur Kondensstreifenbildung. Es wird auch untersucht, wieweit
dic kinetische Energie des Abgasstrahls der Tricbwerke die
Kondensstreifen verindert. Es zeigt sich, daft dieser Effekt dic
Grenztemperaturen fiir Kondensstreifen nur wenig verindert.
Die Analyse wird angewandt auf Beobachtungen an dem soge-
nannten ATTAS Flugzeug und auf typische Grofiraumflugzeuge
vom Typ B747. Bel Verwendung von flissigem Wasserstoff
(flissigem Methan) statt Kerosin entstiinden Kondensstreifen
typisch bei 10 K (4.5 K) hoheren Umgebungstemperaturen und
die Kondensstreifen hitten grofiere Durchmesser und Lingen.
Daraus kann allerdings nicht auf gréfere Klimabeeinflussung
geschlossen werden, da solche Kondensstreifen vermutlich
weniger, aber groflere Partikel mit geringerer optischer Dicke und
rascherer Sedimentation verursachen.

1. Introduction

The clouds often visible to be formed in the wake of aircraft
are called condensation trails (BREWER 1946) or contrails

{APPLEMAN 1953). Contrails form for various reasons but
the most important is the emission of water vapour. In order
to form contrails, the air must be cold, typically colder than
—40°C, but the precise threshold value depends on pressure,
ambient humidity, the amounts of heat and water vapour
released from the aircraft, and on details of the mixing and
particle formation processes in the aircraft wake. These
details are not yet fully understood. Because of the low
temperature required, contrails form usually {outside polar
regions) at high altitudes only. In recent years, the question
how far contrails increase cloudiness and change the clima-
tological or chemical state of the atmosphere triggered
intensive research (SCHUMANN 1990, 1994; SCHUMANN and
WURZEL 1994; WMO 1995). The explanation of how and
when contrails form in the atmosphere is usually attributed
to APPLEMAN (1953). However, studies on contrail forma-
tion go back to the year 1919 and much of the older literature
seems to be overlooked. This paper reviews the history of
contrail research and reexamines the thermodynamical con-
ditions which have been deduced to explain how contrails
form. This study was initiated by discrepancies found
between observed and computed threshold conditions
{BUSEN and SCHUMANN 1995). Here, we investigate the
question whether the conversion of kinetic energy into heat
along the mixing exhaust jets from an aircraft engine may
contribute to explain observed differences. Moreover, the
impact of alternative fuels, which are being considered for
future aircraft (WINTER 1990), is discussed with respect to
contrail formation. Figures 1 and 2 show examples of
contrails which will be discussed in this paper.

2. Review of observations and explanations

Aircraft reached the altitudes required at midlautudes for
contrail formation in the period 1914-1919. Record flight
altitudes reported for that tme period are 6150 m
(28. 12. 1913, E. LEGAGNFUX, France} and 9520 m
(14. 6. 1919, Jean CASALE, France) (Fédération Aéronau-
tique Internationale, Paris, personal communication 1995;
ZEM 1914, 1920).

The first published report on contrail observations
stems from ETTENREICH (1919). He observed 1915 in
Southern Tirol “the condensation of a cumulus stripe from
the exhaust gases of an aircrafe” which was visible for a
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“long” time. Several eyewitness descriptions of “unusual
clouds that were formed in the wakes of airplans” in 1918
have been commented by VARNEY (1921). Much attention
was given to the contrails that formed over Munich on May
9,11, and June 17, 1919, at flights by the pilot Zeno Diemer
at altitudes up to 9300 m, first reported by WEICKMANN
(1919). He observed a cloud stripe of about 50 km length
forming structures that were attributed to vortex groups of
the exhaust. Parts of a 22° halo were observed around the
sun in the contrail as caused by a cloud of randomly oriented
hexagonal ice prisms in contrails (LUDLAM and SCORER
1960, GREENLER 1980, TAPE 1994). The same event was
commented upon by BASCHIN (1919), SCHREINER (1919),
ScHMAUSS (1919), and WEGENER (1920).

In the time thereafter, this phenomenon received rela-
tively little attention (PEPPLER 1930), until the detectability
of aircraft became of obvious interest leading to several
publications, including LOHNER (1940), SCHMIDT (1941),
AUrM KAMPE (1943), HEIERMAN (1944), DESCAMPS (1945),
BREWER {1946), and WEICKMANN (1945). A rather complete
list of the resultant reports before 1951 was collected (133
entries) and shortly annotated by Kramer (1951) with
unpublished contributions by W. FINDEISEN, E HOHN.
DORF, H. . AUFM KamPE, and W. GEORGIH 1n Germany,
G. M. B. Dorson, A. H. R. GoLDIE, H. HORROCKS, and
A. E. PARKER in the UK, and R. V. RHODE and H. A.
PEARSON in the USA in the years 1941-1943.

Although several authors peinted to the correct expla-
nation early, the origin of contrails remained uncertain for
a long time. Possible causes mentioned include emissions of
water vapour, cloud-forming particles, and pressure reduc-
tion leading to saturation. Other, less likely or less import-
ant possibilities for contrail formation that have been
suggested include shocks or vibrations from the engine
(VARNEY 1921), effects connected with electrical charges
(PEPPLER 1930), turbulence caused by propellers — leading
to mixing layers of air (GOLDIE 1941, unpublished), and heat
release triggering convective clouds (RHODE and PEARSON
1942, unpublished).

The possibility that the water vapour emitted from
engines burning hydrocarbon fuels may cause supersatura-
tion with respect to liquid water leading 10 cloud formation
was considered early (HUMPHREYS, as discussed in VARNEY
1921), but for a long time not accepted as being reasonable
because the ambient air was considered to be too dry to
allow for cloud formation (PEPPLER 1930) and the amount
of emitted water vapour appeared to be too small to explain
the extended size of contrails somctimes abserved. More-
over, it was known that very large supersaturations are
required to form droplets or ice particles without suitable
nuclei (VOLMER 1939, SIMPSON 1941, PRUPPACHER and
KLETT 1980, p. 176). Therefore, several authors suggested
that aircraft emit dust or soot particles from the engine
exhaust providing sublimation nuclei for frost-supersatu-
rated air, 1.e. supersaturated with respect to ice but subsatu-
rated for liquid water (WEICKMANN 1919, BASCHIN 1919,
SCHMAUSS 1919, WEGENER 1920}, or condensation nuclei in
air supersaturated with respect to liquid water (SCHREINER
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1919), or ions forming condensation nuclei (mentioned in
LOHNER 1940).

This wide variety of suggestions reveals the limited
knowledge on cloud particle formation at that time. In the
40%s evidence accumulated that sublimation nuclei are rare
(WaLL 1942; WEICKMANN 1945, 1949), while the atmos-
phere contains usually many (order 100 ¢m™) cloud con-
densation nuclei (CCN) to form droplets when slightly
supersaturated with respect to the liquid phase (VOLMER
1939, SiMPSON 1941). The required supersaturation grows
by the KELVIN (surface stress) effect and decreases for
soluble matter in the nuclei by the Racult (solute) effect
(KOHLER 1936). Computations showed that ice crystal
nucleation requires higher supersaturation than liquid
droplet nucleation, except for extremely low temperatures,
although details of such computations remained uncertain
because of unknown values of the energy of formation of
ice crystals from the vapour phase (Krastanow 1940,
WaALL 1942). CCN may also result from small droplets
formed by homogeneous binary nucleation of water vapour
with gaseous sulphuric acid (MIRABEL and Katz 1974)
generated in the exhaust of engines burning sulphur con-
taining fuel (REINER and ARNOLD 1993). Therefore, it is
genterally assumed that condensation starts to form water
(or solution) droplets, not ice crystals, and if the tempera-
ture is below freezing point the droplets are supercooled
(SCORER 1955). This was demonstrated very nicely by
experiments with an expansion chamber at temperatures
down to ~50°C by REGENER (1941). He showed that even
quartz crystals, which have a shape similar to the hexagonal
form of ice crystals and which were expected to provide ice
nuclei, first from droplets before getting frozen,

The phase of the particles is very important because ice
particles in the contrails grow much faster than liquid
droplets because of larger supersaturation. Supercooled
pure water droplets freeze quickly at temperatures below a
threshold temperature which may be as low as -45°C
(PRUPPACHER 1995), especially in the young contrail with
large cooling rates. Soluble matter depresses the freezing
temperature (PRUPPACHER and KLETT 1980, p. 274-281). At
higher temperatures, supercooled droplets may persist for
some time, in particular when the droplets are small and free
of any substrate causing immersion freezing. Therefore,
contrail particles may stay liquid for some time but many of
them if not all are expected to freeze within the life-time of
contrails.

Hence, as summarized by HEIERMAN (1944), DESCAMPS
(1945), BREWER (1946), APPLEMAN (1953), SCORER (1955),
and SCORER and DAVENPORT (1970), contrails originate,
both for propeller and jet engine driven aircraft, from the
emitted water vapour leading to condensation on nuclei
preexisting or formed in the exhaust with subsequent
freezing. The required water saturation is reached when the
increase of water vapour concentration exceeds the increase
in saturation water concentration with temperature due to
simultaneous heat release, and this is the case only for
sufficiently low temperature, the minimum (negative) trail
temperature (MINTRA), decreasing with altitude. Con-
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trails form early after the aircraft, see Fig. 1, and are
short-lived when getting mixed with sufficiently dry am-
bient air.

Persistent trails, which do not evaporate when mixed
with the environment, on the other hand, form when the
ambientair is supersaturated with respect to ice, i.e. for frost
saturation. Such conditions are not uncommon for the
upper troposphere. Here, aircraft Incany induce ice par-
ticles, presumably via the liquid phase, which then form the
freezing nuclei necessary to trigger the formation of wide
spreading ice cirrus layers often visible. The ice particles
grow in size until all water vapour in excess of ice saturation
has been deposited on the particles. The contrail then
persists until its relative humidity drops below ice satura-
tion (by mixing with dry ambient air, by subsidence or by
radiative heating) or until the particles sediment into drier
air (DETWILER and PRATT 1984). Such contrails may also
develop into long-lasting subvisible cirrus cloud layers
(SASSEN etal. 1989). Unfortunately, a climatology of the size,
duration and frequency of regions with frostsaturation does
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not exist. Persistent contrails have been observed to occur
in particular ahead of frontal cirrus bands of warm fronts
and at the southern side of jet streams but occur also in clear
air remote from synoptic disturbances (CARLETON and
LamB 1986, BAKAN et al. 1994), presumably because of
rising motion. In clear air, vertical motions may be caused
by gravity waves. Upward motion carries more humid air
upward and cools by adiabatic expansion, reaching ice
saturation before reaching water saturation, and the altitude
difference between these levels is about 300 m at —40°C
(DETWILER and PRATT 1984).

Aircraft may also induce ice particles in clouds contain-
ing supercooled droplets (RANGO and HORRS 1983, 1984;
KELLY and VALI 1991; SASSEN 1991; WOODLEY et al. 1991)
and change the particle spectrum in natural cirrus (ALHEIT
1995), but we concentrate on contrails forming in clear air.

Contrails may also form at higher temperatures, even
above 0°C, by acrodynamic effects. PARKER (1943, unpub-
lished) computed the pressure reduction on the upper
surface of wings, which is maximum near the leading edge.

Fig. 1. Contrails behind a four engine jet airliner
at cruise (Photo: R. ALHEIT).

Abb. 1. Kondensstreifen hinter einem vier-
strahligen Verkehrsflugzeug im Reiseflug (Photo:
R. ALHEIT).

Fig. 2. Conrrails from a B747 aircraft seen from
the research aircaft Falcon (Photo: H. ZIEREIS).

Abb. 2. Kondensstreifen eines B747 Flugzeugs
aus der Sicht des Forschungsflugzeugs Falcon

(Photo: H. ZIEREIS).
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He concluded that the pressure drop is too small or lasts too
short a time (order 0.02 s) to be important for contrail
formation. He noted that trailing vortices are formed from
the circulation around wings and propeller blades with
maximum pressure reduction at the wing or blade tips
causing adiabatic cooling. However, this effect is important
only when the air is frost-saturated or contains supercooled
cloud droplets (WOODLEY et al. 1991), because otherwise
the tip trail evaporates quickly. Tip trails are observed atlow
altitudes in humid air (photos of wing trails in LUunDLAM and
SCORER 1960, p. 77; propeller trails in SCORER 1972, p. 121).
Moist jet plumes which are captured in the trailing vortex
system (visualized in CHIGIER 1974 and vAN DYKE 1982,
photo no. 85 and 86) experience an additional adiabatic
cooling due to the pressure drop within the vortices
(MIAKE-LYE etal. 1993). This effect is the stronger the faster
the aircraft, the shorter the wing span, and the closer the
engine plumes are to the vortex axis. It is a small effect for
subsonic aircraft but may be relevant for supersonic aircraft.

It took a rather long time to develop the thermodynami-
cal theory required to predict the threshold condition for
contrail formation from condensing exhaust water. Early
studies considered the emitted water but ignored the heat
release from the engines which reduces the relative hu-
midity. Apparently, HOHNDORF (1939) was the first who
understood that contrail formation depends on both the
water and heat release and showed that contrails form only
above a certain threshold temperature, of —40°C at 10 km
altitude. DOBSON and PARKER (1941-1943, unpublished)
came to the same conclusions independently.

SCHMIDT (1941) and later APPLEMAN (1953) deduced a
thermodynamical theory, which showed that the threshold
conditions depend only on ambient pressure, humidity and
the ratio of water and heat released into the exhaust plume.
SCHMIDT (1941) used the MOLLIER i-x-diagram (MOLLIER
1923) in which isobaric mixing between two states of
specific enthalpy i and water content x per unit mass of dry
air follows along straight lines. As will be explained in
section 3, mixing of the aircraft exhaust follows along the
line connecting the states of the exhaust gas just after engine
exit and in the environment. Contrails form when the
mixing line penetrates the saturation curve. The threshold
temperature beyond which saturation is reached is a fune-
tion of pressure or altitude and relative humidity in the
ambient air, In cold air, contrails form even for perfectly dry
ambient atmosphere. SCHMIDT (1941) assumed that con-
trails form under equilibrium conditions when reaching ice
saturation. HOHNDORF (1941, unpublished) applied
SCHMIDT's theory to saturation with respect to liquid water
which explained contrail observations better, He noted that
contrails grow fast after onset and this can be explained by
freezing of liquid particles.

SCHMIDT (1941) also explained differences in contrail
formation for different aircraft conditions by the fact that
only part of the combustion heat is given directly to the
exhaust gas depending on the aircraft performance. The
other part is released to the ambient air in the form of
radiation or kinetic energy of, e.g. turbulence and trailing
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vortices. This energy gets dissipated by turbulent and
viscous mixing and warms the moist plume at later distance
from the aircraft so that the early exhaust plume is cooler
than to be expected from the total amount of combustion
heat. As a consequence, the threshold temperature for
contrail formation is higher than when the exhaust gases
receive all combustion heat directly. APPLEMAN (1953)
deduced essentially the same results for liquid saturation,
but his derivation is given in a more pragmatic form.

In order to test the thermodynamic theories, extensive
observations were performed by Aurm Kampe (1942, 1943)
and HORROCKS (1941-1942, unpublished). These observa-
tions corroborated the existence of threshold temperatures
as a function of aircraft parameters. AUFM KAMPE (1942)
observed that contrails disappear when the engine power
gets reduced. Such power reduction reduces immediately
the amount of water vapour release while the amount of heat
release remains relatively large because of contributions
from the hot engine with large heat capacity. Since the engine
emits some exhaust particles even at idle, the observations
support the conclusion that contrails form from water
vapour emissions and not from emissions of condensation
nuclei. This conclusion was further supported by the fact
that seeding clear air at low temperatures with pulverized
quartz did not trigger ice cloud formation although flying
in regions where persistent contrails formed. AUFM KAMPE
(1942, 1943) also performed in-situ measurements of the
temperature in the wake of an aircraft at altitudes of 8-10
km. Measurements in the propeller wake 1.5 and 8.5 m after
the engine were performed using thermometers mounted to
the aircraft itself; measurements at 18.5-65.5 m distance
were taken from a second aireraft towed with the first one.
He computed the humidity increase from the known
amount of fuel consumption and resultant water vapour
emission for an estimate of the mixing cross-section of the
exhaust plume. Contrail formation was found typically
10-20 m after the aircraft tail in agreement with computa-
tions assuming liquid saturation. Moreover, frost was ob-
served to form on a towed body in the wake of the
contrail-forming aircraft at distances of a few 100 m,
indicating accretion of supercooled liquid droplets. Finally
AUFM KAMPE (1942) applied the theories as developed by
KrAsTANOW (1940) and showed that droplet nucleation
occurs before ice particles can form.

The existence of the threshold temperatures was con-
firmed also by observations of contrails on the ground in
Canada and Alaska when the temperature was below - 30°C
(BREWER 1946, MURCRAY 1970), similar to ice-fog (THU-
MAN and ROBINSON 1954). Observations also showed a
shortening of contrails in the stratosphere which coud not
be explained by temperature changes alone. BREWER (1946)
developed an air-borne frost-point hygrometer to measure
the water vapour content during various high-altitude
flights. These observations led to the detection that the
stratosphere is much drier than the troposphere (DoBsON
et al. 1946). BREWER (1946) also supported the explanation
for persistent contrails by showing measured examples of
frost-saturated air where the frost-point was several degrees
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above ambient temperature and where persistent contrails
were observed. These seem to be the only published
measurements of such kind.

The project Cloud Trail (AWS 1956, 1981) presented
statistics based on contrail observations obrained over 23
upper-air sounding stations in the USA. The results were
presented as contrail frequencies versus temperature at
various pressure levels, and as lines of constant contrail
probability in a pressure-temperature diagram for various
seasons. The project also collected data on cirrus and
turbulence occurrences (AWS 1956).

Jiusto and PILIE (1964) reviewed the principles of
contrail formation and developed forecast rules for predict-
ing the occurrence of contrails and their persistence. They
estimated the relative humidity in areas without measure-
ments (40 % in the upper troposphere, 0 % in the strato-
sphere, 50 % near the tropopause when the flow is from a
maist region and 0 % from a dry region, 60 % when cirrus
clouds are present), and identified regions which are favour-
able for contrail formation: 1. low-pressure areas in the
upper troposphere and high-pressure areas in the lower
stratosphere (related to vertical motions); 2. entire 200 hPa
level in winter; 3. north of 35°N in winter and north of 60°N
in summer at 300 hPa; 4. on the right side of jet streams
locking downstream, up to 700 km from the axis; 5. 600 m
up and down from the tropopause level; 6. areas where
cirrus clouds are present. Latitude, altitude and season
regions for contrails are also discussed in DOWNIE and
SnvVERMAN (1957), CIADP (1975}, ArrLEMAN (1957), DET-
wILER and PRATT (1984), and MiaKE-LYE et al. (1993).
Examples of contrail observations from space are depicted
in SCORER (1986) with some explanation of the responsible
meteorology. Regional contrail statistics derived from sat-
ellite data can be found in CARLETON and LAMB (1986),
DEGRAND et al. (1990), ROLL (1990), SCHUMANN and
WENDLING {1990), and BAKAN et al. (1994).

Recently, PETERS (1993) performed an extensive study to
verify and extend contrail-forecasting techniques. Contrail
observations were collected from various jet aircraft for one
year, with 4387 observations below 12 km altitude (40000
feet) and 1040 observations above that altitude up to about
20 km. The observations were taken mainly over the USA
with the bulk over California. Contrails were observed to
occur at altitudes as low as 3 km. Flights above 10.7 km
caused contrails in more than 50 % of all cases, and in 85 %
of all cases at 12 km altitude. Flights in air warmer than
—40°C caused contrails in less than 20 % of all flights, but
the fraction exceeded 73 % below —51°C. The correlation
between contrail occurrence and synoptic-scale vertical
motions was analyzed using 300 hPa geopotential maps of
trough-ridge patterns. Upward motion was assumed to
exist between the base (southern edge, on the northern
hemisphere) of a trough and the apex (northern edge) of the
upstream (eastern) ridge, 1.e. at the eastern side of cyclones.
Downward motion was assumed to exist between the apex
of the ridge and the base of the upstream trough, i.e. at the
western side of anti-cyclones. The chances for contrail
formation is about twice as high in arcas with upward
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motion, presumably because of larger relative humidity.
Comparisons to the Appleman method were made assum-
ing relative humidity of 40 % in the troposphere, 70 % near
the tropopause, and 10 % in the stratosphere. For data
below 12 km altitude, this method explains 98 % of cases
without contrails but only 27 % of cases with contrails.
Hence, it underestimates the occurrence of contrails in the
troposphere. PETERS (1993) explained this discrepancy with
the lower heat emission per emitted mass of water vapour
of modern high-bypass engines and introduced engine
specific corrections. The revised version predicts correctly
71 % of contrail occurrence and 82 % of non-occurrence
for a high-bypass engine, while the Appleman criterion
performance was only 35 and 37 %, respectively. The need
for better humidity data was stressed. Unfortunately, the
data were not classified into short-lived or persistent con-
trails.

BusiEN and SCHUMANN (1995) also observed short-lived
contrails at temperatures significantly above the Appleman
threshold temperature. They explained this apparent dis-
crepancy (without knowing the work of SCHMIDT) with a
fraction 1 of the combustion heat given to the trailing vortex
system in terms of kinetic energy. They identified this
fraction with the overall propulsion efficiency of the aircraft
which depends on aircraft engine and flight parameters,

n =FV/(Qmp), (1)

i.e. the amount of work performed against the aircraft drag
compared to the amount of combustion heat, as a function
of thrust F, true air speed V, specific combustion heat Q, and
rate of fuel flow myp. The value of 1 of modern bypass
turbofan engines (0.3 to 0.4) is higher than for older
no-bypass turbojet engines or turbofan engines with low
bypass ratio (Hagen 1982). In fact, the propulsion efficiency
accounts for the same changes that were covered with
engine-specific emission parameters by PETERS (1993) but
accounts not only for the engine performance but also for
the aircraft speed and drag.

3. The Schmidt/Appleman theory

The Schmidt/Appleman theory is derived and reexamined
in this chapter. For this purpose, we express the water and
heat content of air in terms of m and h, the specific water
mass and enthalpy per mass of moist air, which are con-
served under isobaric and adiabatic conditions (SCHMIDT
1963, IRIBARNE and GODSON 1981). Differences such as Am
= mp-mg refer to the plume and environmental values. In
this section, we assume stagnant exhaust plumes so that all
jet energy is converted to internal energy (or enthalpy) of
the plume gases.

Aviation fuels consist of molecules containing mainly
carbon and hydrogen. Burning such fuel with air results in
Ely,e> mass units of water vapour per unit mass of fuel,
where Elij,0 is the so-called emission index for water
vapour. It can be computed for various fuels as explained in
Appendix 1 and listed in Table 1. Burning of one mass unit
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of fuel with (N-1) mass units of air results in N mass units
of exhaust gases. We call N the dilution factor. The water
vapour in the exhaust gases mixes with air from the
environment and adds to its water content mg. As a resulr,
the exhaustin the plume contains mp mass fractions of water
vapour, where

_Elyo+(N-1)mg
i N

EIH;U = mg
N

my or Am=mp-mg=

Simultancously, the engine releases the combustion heat
Q per mass of fuel from burning fuel with air. Values of Q
for various fuels are given in Table 1, see also Appendix 1.
As explained above, a fraction 1 of the combustion heat 1s
converted into work to propel the aircraft. Hence, the
exhaust gases take up the heat (1-1)Q per mass of fuel. We
ignore heat losses due to incomplete combustion and
assume that heat and water are added to the plume and mix
similarly, i.e. with equal diffusivities and similar initial
conditions. This requires quick mixing of the moist core jet
with the dry bypass jet of modern jet engines.

Just as the water mass, the combustion heat adds to the
heat content (enthalpy) hg of the air burnt which the fuel or
mixed with the exhaust. The specific enthalpy of the exhaust
plume gases is hy,

[=qis:
Ah:hp-h3=—~(~—;‘ﬁ. 3)
During mixing of the exhaust gases with ambient air, the
dilution factor N increases without limit. In the absence of
other heat losses or additions (such as due to radiation or
expansion of the gases against a changing exhaust pressure),
i.e. under adiabatic and isobaric conditions (with respect to
the system containing the exhaust and the air mixed into the
plume), Egs. (3) and (2) are satisfied for all values of N. Since
the ambient mass and heat contents mg and hg are small
compared to Eljy,0 and Q, we may use the approximation

Am = Ely,o/N, Ah=Q(1-1)/N. (4)

Hence, the mixing follows along a straight line hy(m,) in an
h-m diagram from the conditions immediately after the
engine to the state hg, mg in the ambient air.

In general, the specific enthalpy is a function of tempera-
ture, pressure, composition and phase of the constituents
(SCHMIDT 1963). MOLLIER (1923) provided diagrams of the
enthalpy for given temperature as a function of water
concentration assuming thermodynamic phase equilibrium
at constant pressure, and SCHMIDT (1941) extended such
diagrams to low temperatures. The specific enthalpy of
engine exhaust gases is tabulated in HAGEN (1982). For ideal
gases, the specific enthalpy is a pure function of temperature
T,

Yy
h—hg =] )

I
with ¢p(T) as specific heat capacity at constant pressure, The
value of cp depends on the temperature and the composition
of the exhaust gases. The non-air exhaust components can
be neglected for large dilution N and small ambient water

cpdT,

@
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vapour content mg, but cp(T) varies, for dry air, between
1001.5 J kg™ K~ for T =200 K and 1050 ] kg™ K~ for T =
600 K, which is typically the exhaust gas temperature at the
core exit of modern jet engines (HAGEN 1982). Only for
large dilution, when the plume temperature has dropped
below about 50°C, a constant value ¢, = 1004 ] kg™ K~' may
be used.
The water concentration my, is related to the partial
pressure ep of vapour in the plume by
R & %
™ Reop P’ ©)
as a function of total air pressure p and the ratio of gas
constants or molar masses of dry air and water vapour, £ =
Mp,0/Myir = 0.622. Hence, the partial pressure ¢, of water
vapour and the temperature T, in the plume are related by

Ae  ep—eg
AT ®
with the important parameter
Ely,ocp
TeQU-m

Throughout the mixing process, the dilution factor
satisfies

N = Ely,0/Am = Q(1 —n)/Ah = Q(1 —=1)/(c,AT), (9)

where the last relation assumes a constant value of ¢, and
gaseous state. Hence, for sufficiently low temperatures and
without phase change, mixing follows a line in the e,~T

(8)

100
20
80
70
60
50
40+
30
201
10

Pressure in (Pa)
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Fig. 3. Water vapour partial pressure versus temperature with
saturation for liquid water (f'uﬁcurvc) and ice (dashed), and lines
of isobaric mixing for contrail onset at liquid saturation (full), ice
saturation (long-dashed) and ambient temperature (short-
dashed). The various points are discussed in the text.

Abb. 3. Partialdruck von Wasserdampf als Funktion der Tempera-
tur mit Sittigungsdruck fiir fliissiges Wasser (volle Kurve) und
Eis (gestrichelt) und Geraden der isobaren Mischung in den Fillen
von Kondensstreifenbildung bei fliissiger Sittigung (voll), Eissit-
tigung (lang strichliert) und bei Umgebungstemperatur (kurz
gestrichelt). Die ausgezeichneten Punkte werden im Text disku-
nert.
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diagram as plotted in Fig. 3. Here each point corresponds
to a specific value of N. The gradient of the mixing line is
G. The engine conditions are on the far right upper corner
outside the range plotted.

In the same diagram, we have plotted the saturation
pressures of liquid water e (T) and ice e(T) for plane
surfaces (SONNTAG 1994). The use of partial pressure
instead of water mass fraction has the advantage that the
saturation curves remain invariant under changes in air
pressure p, but the steepness G of the mixing line increases
with p. We see that the mixing line may cross the liquid (ice)
saturation curve if the ambient temperature T 1s lower than
the threshold temperature Tic (Tic). (We consider the ice
and liquid saturation cases simultaneously for complete-
ness.) Under threshold conditions, i.e. for Tk = Ti¢ (Tig),
the mixing line just touches the saturation curves at Tium

(Tm)

der(Tim) G dey(Tim)
dar — 7 dT
The values of T; v and Ty can be computed as explained in
Appendix 2. They depend on G, and hence on the fuel
parameters, the propulsion efficlency, and the ambient
pressure.

Because of Eq. (7), with differences berween states LM
and LC (IM and IC), where ex = Ue (T ¢ ) is the vapour
pressure in the environment under threshold conditions, the
threshold temperatures Ty and Tic follow from

Tre=Tim—ler(Tim) - Uer(TLa) VG,
Tic = Tim — [ei(Tim) - Uer(T1c))/G.

=G. (10)

{11)
{12

In general, these are implicit equations requiring numerical
solutions by Newton iteration {suitable initial guesses are
given in Appendix 2), depending on the relative humidity U
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of the ambient air. For U= 1, T ¢ 1c = Tim, v, and minimum
values are obtained explicitly for U = 0. The threshold
temperature Ty ¢ can be presented as in Fig. 4, the so-called
Schmidt-Appleman diagram, as a function of ambient press-
ure p or altitude for given relative ambient humidiey U,
together with a standard temperature profile (NASA 1976).
Fig. 4a shows Ty versus aldtude for three values of
ambient relative humidity, for kerosene fuel (Table 1) and 1y
=0.3. Inregions of low temperature (to the left of the dashed
curve, for U = 0), aircraft induce contrails even in perfecty
dry air. For ambient temperatures between the T ¢-values
for zero and 100 % relative humidity, contrails form if the
ambient humidity exceeds the respective value. For ambient
temperatures above Ty, Le. Tig for 100 % relative hu-
midity, aircraft do not lead to water saturation. Hence
contrails are not expected to occur here. For the standard
atmosphere shown in Fig. 4, contrails form above 8.4 km
and, for typically low stratospheric humidity, below 14 km
altitude. Persistent contrails are expected to form in regions
where contrails lead 1o water saturation and where the
ambient humidity exceeds ice saturation. This is possible
everywhere for temperatures below T . If persistent con-
trails would be observed to form above Ty, then this would
be a strong indication that contrails are formed from ice
deposition nuclei. However, we do not know of such
observations. Above Ty, aircraft dissipate ice clouds.
Earlier onset of contrails is to be expected when using
liquid hydrogen ar liquid methane as fuel. As can be seen
comparing Fig. 4b and 4a, hydrogen fuels lead to typically
10 K higher threshold temperatures. Under standard armos-
pheric conditions, such contrails could occur above 6.3 km
and below 19.5 km altitude. For liquid methane, contrails
are to be expected at 4.5 K higher temperatures compared
to kerosene. On the other hand, less contrails are to be
expected when using fuels with low hydrogen content.
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Fig. 4. Schmidt-Appleman diagram with threshold temperature Tic versus altitude for relative humidity of 0 (short-dashed curve),
30 % (medium-dashed), 60 % {long-dashed) and 100 % (dash-dotted line), and the temperature profile of the international standard
atmosphere (full). (a) For kerosene and overall propulsion efficiency of 0.3, (b) for hydrogen fuel and same efficiency.

Abb. 4. Schmidt-Appleman Diagramm mit Grenzwert-Temperatur Tic als Funktion der Hohe fiir relative Feuchten von 0 (kurze
Striche), 30 % (muttlere Striche), 60 % (lange Striche) und 100 % (strichpunktierte Kurve), sowie das Temperatueprofil der

internationalen Srandardatmosphiire (voll).
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Fig. 5. Increase in threshold temperature with propulsion effi-
ciency 1 for 100 % relative ambient humidity and pressure of 100
(long-dashed) and 400 hPa (full curve), with curves for 200 and
300 hPa between.

Abb. 5. Zunahme der Grenzwert-Temperatur mit dem Antriebs-
wirkungsgrad 1 fiir 100 % relative Feuchte in der Umgebung mit
Driicken von 100 (lang gestrichelt) und 400 hPa (volle Kurve),
mit Kurven fiir 200 und 300 hPa dazwischen.

Fig. 5 shows that the critical temperature increases with
N by about 1.4 K per 10 % increase in efficiency. This result
is fairly insensitive to ambient pressure, humidity and the
type of fuel. Hence, modern aircraft with high propulsion
efficiency cause contrails at lower altitude than older air-
craft. For 10 % higher efficiency and the standard atmos-
pheric profile, contrails may occur at about 280 m lower
altitude in the troposphere and at 800 m higher altitude in
the stratosphere.

Obviously, contrails form only when the gradient of the
saturation pressure with temperature is less than G, which
requires Tp<Tpy. Otherwise, the engine adds more heat
than moisture and reduces the relative humidity in the
plume compared to environmental air. Therefore, aircraft
may also lead to dissipation trails or “distrails” (BREWER
1946) by evaporating clouds along the flight path (BAscHIN
1919, KUTTNER 1946), see photo in LUDLAM and SCORER
(1960), p. 78. Distrails may also form by aircraft-induced
mixing of cloudy air with drier air (SCORER 1972, p. 121).

For sufficiently low temperatures, the mixing line cuts
through the saturation curves, see Fig. 3. The hot and moist
exhaust plume leaving the engine gets diluted and reaches
saturation, first at point I1 for ice saturation. Without phase
change mixing continues along the mixing line and reaches
L1 for water saturation, passes above points IM and LM of
maximum ice and liquid supersaturation, then dilutes fur-
ther to reach again saturation for liquid water (L.2) and ice

U. Schumann: Contrail formation from aircraft exhausts 11

(12) unul it approaches the ambient conditions E. The points
L1 and L2 (I1 and 12) exist if Tg<T ¢ (Tp<Tic), and are
determined by

eL(Tri2) —eg = G(Tyy 2 - TE),
e (Ti12) — eg = G(Tiy12 - Tg),

with e = Uer (Tg).

With phase change, the mixing approaches the respective
saturation curve, e.g. for liquid saturation, condensing my.
of water per unit mass of plume air. This amount is smaller
than the amount mg = €[ep, — e (1})]/p of water above
saturation, because release of latent heat L, (2.635 M] kg™
at —50°C) per unit mass of water vapour causes a slight
increase in temperature (IRIBARNE and GODsSON 1981, p.
130). With a change in water vapour concentration due to
phase change, the enthalpy differential satisfies dh = ¢pdT +
L,dm. Hence, the condensation of my of water at constant
enthalpy causes an increase in temperature of about §T =
miL,/c,. The small temperature increase reduces the
amount of liquid water available according to the change in
saturation water vapour with 8T, my, = mg— 8Te(der /dT)/p.
AS a Consequcﬂce,

(13)
(14)

ip-a o _elida
s pl+o’ pcy dT " (15)
At point LM, de; /dT = G, so that
El,0L
Oy =" 16
M- £

For parameters as given in Tables 1 and 2, numerical values
of oy are listed in Table 3. For kerosene, about 90 % of the
available water may condense. For ice formation one has
also to consider the latent heat of sublimation.

Visibility requires a certain amount of condensed water
Imin per unit volume, depending on the contrail diameter,
particle size spectrum, viewing angle with respect to the sun,
and background, see Appendix 3. Therefore, the effective
threshold temperature is slightly smaller and can be com-
puted as above with saturation pressure enlarged by epin =
rminp(l + o )/(ep) with air density p (APPLEMAN 1953,
IRIBARNE and GODSON 1981, p. 135).

Because of quicker mixing, saturation is reached earlier
at the outer edge of the plume than in the centre (DOWNIE
and SILVERMAN 1957, CIAP 1975, KARCHER 1994, SCHU-
MANN et al. 1996). However, each plume parcel goes
through the same mixing states as long as heat and water mix
similarly. As an approximation, one may assume that all
emissions mix at the same rate with the environment
regardless of the radial distance from the plume axis. Then
one can relate the plume cross-section area A and its
diameter D = (4A/n)*, for given fuel mass flow rate mp and
speed of aircraft V, with the dilution factor N,

PAV = mgN. (17)

Here p = p/(RT}y) 1s the plume gas density. Finally, we
can CS[]}TIS[& thE pIUmE Jt't ve]()i.lty V l't'lan\-"l'.‘ to c'lmb'lcﬂr alr
Just as water emissions and cnthaipy. the exhaust gases
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within a plume cross-section A have to take up the momen-
tum of the jets leaving the engines. The rate of momentum
change per flight distance in the plume is pAVV,. This
momentum change equals the thrust F from the engine on
the aircraft. Hence,

V; = F/(pAV). (18)

These equations may be used to compute the jer speed
together with the diameter, the temperature, the water
content and the corresponding supersaturation, e.g. over
liquid water § = (e, — et )/er, in the mixed plume for given
values of dilution N. For constant diffusivities, the cross-
section area of 2 moving potnt source grows lincarly with
time. Hence, N represents qualitatively a nondimensional
plume age.

4. Tests and parameter studies

BUSEN and SCHUMANN (1995) observed onset of contrail
formation from the jet aireraft ATTAS at p =302.3+£ 0.7 hPa,
T =~49.7 £ 0.5°C, relative humidity of 34 % (possibly 45
%), for fuel with Q=43 MJ kg™, Eln,0 = 1.21, aircraft speed
V=115ms", fuel flow rate mp = 0.125 kg 57!, and thrust F
= 6400+ 100 N per engine, giving a propulsion efficiency of
1 = 0.14 + 0.005. For these conditions, we compute T ¢ =
~50.4°C. This value agrees with T within the experimental
uncertainty of the observation. The contrail became visible
in spite of the very small amount of water available. Actually
one computes a maximum relative humidity of only 94.1 %
in the plume. Slightly altered values, Ty = ~50.2°C, and
45 % relative humidity, within the experimental uncer-
tainty, result in T c = - 49.8°C and a slight supersaturation
of Sim = 3.2 %. For 11 = 0 instead of 0.14, the threshold
temperature would be 2 K smaller, about —51.8%, definitely
below the observed ambient temperature. The computed
plume diameters at the various mixing conditions for the
higher supersaturation are 3.2, 3.7 and 10.6 m, at points L1,
LM, and I2, which are consistent with the observed values.
Hence, the threshold conditions fit the criterion for the
given propulsion efficiency of the observed aircraft. It
should be noted, however, that this agreement between
observation and the revised Schmidt- Appleman criterion is
perhaps mcidental, since it is not yer understood how
contrails can become visible shortly after the engine exit as
observed without stronger supersaturation (KARCHER et al.
1995).

The same kind of analysis has been applied recently to
determine the contrail dimensions in a second ATTAS
experiment (SCHUMANN et al. 1996), where the contrail
diameters could be measured with high accuracy. [t has been
found that the computed values agree within 20 % with the
observed plume diameters.

In order to give an example of the resultant contrail
parameters for a modern wide body aircraft, we evaluate the
contrail conditions for the fuels and aircraft parameters as
listed in Tables 1 and 2. The aircraft parameters of Table 2
correspond to observations taken at 15 UTC 13 November

Mereovol 7., N.F. §, 1996, H. 1

Table 1. Fuel parameters.

Tabelle 1. Treibstoffparameter.

Fuel Kerosene Methane Hydrogen
Nominal

composition CHis CH, H,
Hydrogen mass

fraction, my kg kgt 0.14 0.251 1
Specific combus-

tion heat, Q MJ kg™ 43 50 120
Emission index of water

vapour, Elyo kg kg" 1.25 2.24 8.94
Emission index

of COy, Elco, kg kg™ 3.15 2.74 O
Minimum exhaust/fuel

mass ratio, Nmin kg kgt 15.7 18.2 353
Ratio of Ely.o/Q relative

to kerosene 1 1 1.54 2.57

Table 2. Flight conditions of a B747 burning kerosene.
Tabelle 2. Flug-Bedingungen einer B747 mit Kerosin-Treibstoff.

Parameter Unit Value
Pressure, p hPa 220
Temperature, T °C -59
Relative humidity, U % 42
True air speed, V ms™ 247
Thrust per engine, F kN 31
Fuel flow rate per engine, mp kg s 0.58
Propulsion efficiency, nn = FV/(meQ) 1 0.308
Specific fuel consumption, SFC=mp/F  mgs' N 187

1994 near 10°W, 51°N of an castbound B747 with CFé-
80C2BIF engines at 11.3 km alutude, just below the
tropopause. The thrust and fuel flow values refer to one of
the four engines. The thickness of the contrails depends on
the fuel consumption. For comparison, we assume that the
fuel flow rate follows from my = FV/(Qm) for otherwise
fixed parameters, and hence is smaller for hydrogen than for
kerosene fuel. The resultant parameters of the contrails are
listed in Table 3. The mixing line as shown in Fig. 3 applies
to the aircraft parameters as given in Table 2, For hydrogen,
the mixing line is much steeper (see values of G in Table 3),
causing higher values of Tyu.

From Table 3 we see that contrails start to form in the
warm exhaust plume at temperatures which are consider-
ably higher than ambient. The point of maximum water
supersaturation LM is reached when the exhaust is diluted
by a factor of the order 2000 relative to unit mass of fuel.
The contrails form with initial plume diameters (from a
single engine) of 3-4 m, and sublimate when mixed to
diamters dj; of more than 30 m. As expected, the plume
diameters grow, see Table 3, with increasing Ely,0/Q. This
value 1s 2.57 larger for hydrogen fuels than for kerosene, see
Table 1.

The photo in Fig. 1 shows a four-engine airliner, with the
silhouette (GREEN and SWANBOROUGH 1991) of a B747-
200, at typical cruise conditions, near 11°E, 48°N, 12 UTC
11 March 1995 (atunknown altitude), when the air tempera-
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Table 3. Contrail parameter values for various fuels,

Tabelle 3. Parameter von Kondensstreifen fiir verschiedene Treib-

U. Schumann: Contrail formation from aircraft exhausts 13

stoffe.

Parameter Unit Kerosene Methane Hydrogen
G Pa K! 1.49 231 3.82
Tr K 306.7 306.7 306.7
me=FV/(Qn) kgs! 038 0499 0208
T O -50.6 -46.3 -41.2
Tic °C -45.7 -41.8 -37.1
Ty °C -27.9 -21.8 -14.7
To °C -32.4 =233 =17.1
Tim G -39.8 -355 -30.4
Tim °c -429 -383 -32.7
Tia %© -58.0 ~-58.4 -58.6
Tiz °C ~58.8 -58.9 -58.9
Te °C -59.0 -59.0 -59.0
Npy 1 1114 1022 1972
Nim 1 1842 1664 3141
N2 10° 1.27 235 9.78
Dy, m 3.23 2.92 2,66
Dim m 4.07 3.62 3.25
D2 m 32.6 41.4 54.1
mg mgkg! 262 26.2 26.2
Sim o 78 115 157
OLM 1 0.11 0.17 0.28
M mgkg? 278 630 1371
mim mg kg" 409 796 1567

ture at 250 hPa was —60°C with about 20 % relative
humidity. The two jet plumes on each side rotate around
each other in the trailing vortex system (EHRET and OERTEL
1994) and possibly merge after some time into one contrail

for each side. Based on a wing span of 60 m (note that the
aircraft is seen at an angle of about 30° relative to nadir), one
can measure the initial jet contrail diameters to be abourt 4
m, as computed.

Fig, 2 shows a photo of the contrail as observed from the
DLR research aircraft Falcon about 20 km behind the B747
aircraftunder conditions as given in Table 2. We observe two
rather thick contrails which include the exhaust from two
engines cach. Obviously, the plumes got disturbed by
ambient air motions causing an increase in lateral spacing
between the two plumes, which we estimate to be 80-100
m, implying a diameter of 35-45 m for each contrail plume.

The final diameter Dy, (and the length) of dissipating
contrails is the larger the higher the external humidity, see
Fig. 6a. This diameter grows unlimited for ice saturation
(58 % relative humidity for T = 59°C). For the observed
diameter of the double jet contrails with V2 Dpp =40 m, Fig.
6a indicates that the ambient humidity must have been close
to 45 %, which supports the measured value. Similar studies
were performed by Aurm KaMmPE (1942) who deduced that
the relative humidity in the upper troposphere is close to
50 % on average based on statistics of contrail observations.

In contrast, the diameter Dy of the young contrail is
fairly insensitive to external humidity. For conditions as in
Table 2, Dy reduces by 1.5 % when the relative humidity
increases from 0 to 100 %, see Fig. 6a. The diameter of the
young contrail is also a weak function of ambient tempera-
ture and pressure. As shown in Fig. 6b, Dy increases with
temperature when approaching the threshold temperature
T\, where the curves end. Ambient humidity affects these

@ 100 T b 10 ]
I
90+ | : 9l |
8o} [ 8f |
|
!
2 70} ! : T 71 / I
T sof / ! L / ff
s /o o o
3 50} VIR ~ 5 s /
: S 5 27,7
5 40r 12—~ = E ar 42, 17
I o ice = b
= oo™ :/ a 3':—__’/
20 : 2E
10} L1 : 1t
0 ~ - m . 0 L L ! L ek
0 20 40 60 80 100 -70 -85 -60 -56 -50 -45 -40

Relative Humidity (%) Temperature (C)

Fig. 6 (a). Contrail diameter at liquid saturation (L1) and at ice evaporation (12) versus relative humidity under conditions as given in
Table 2. For 12,V2 Dy2 is plotted as appropriate for a contrail formed by two jet engines. The vertical dashed line indicates ice saturation
humidity. (b) Diameter Dy versus temperature T for conditions as in Table 2 (220 hPa, upper, thin curves) and at 300 hPa (lower,
thick curves), for three ambient humidity conditions: totally dry (full), ice saturation (short-dashed), and water saturation

(long-dashed).

Abb. 6 (a). Durchmesser des Kondensstreifens bei Wassersittigung (L.1) und bei Eisverdunstung (12) als Funktion der relativen Feuchte
fiir Bedingungen wie in Tabelle 2. Fiir 2 wurde V2 D), dargestellt, entsprechend dem Durchmesser eines Kondensstreifens aus zwei
Strahltriebwerken. Die vertikale strichlierte Linie kennzeichnet die Eissittigungsfeuchte. (b) Durchmesser Dy als Funkrion der
Temperatur T fiir Parameter wie in Tabelle 2 (220 hPa, obere, diinne Kurvenschar) und fiir 300 hPa (untere, dicke Kurvenschar), fiir
vcrschicd}cnc Umgebungsfeuchten: véllig trocken (volle Kurven), Eissittigung (kurz gestrichelt) und Wassersittigung (lang
gestrichelt).
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threshold temperatures but otherwise have little effect on
D11, For given jet plume mixing rates, the plume diameter
is a certain function of distance behind the engines. Hence,
the small sensitivity of Dy to ambient conditions explains
why most contrails start in a narrow range of distances
behind a given aircraft. Moreover, we see from Fig. 6b that
the diameter of the young contrail decreases with pressure.
Hence, lower flying aircraft produce contrails which are
geometrically thicker and start at slightly longer distance
behind the aircraft.

However, only part of the emitted water vapour remains
contained in the vortex. Other parts may get detrained from
the vortex and form a curtain of emissions in the wake of
the sinking vortex pair {SCORER and DAVENPORT 1970,
CIAP 1975). Moreover, photos (R. ALHEIT, personal com-
munication 1993) indicate that the outer jet contrails of a
four-engine aircraft are closer to the vortex axes and persist
longer than the inner ones which rotate with the outer edge
of the vortices and evaporate by mixing earlier.

As a further test we consider the case of a B747-200
described in SCHUMANN (1994), which flew at 12 UTC 9
April 1991 at 10.7 km altirude (238 hPa), at a speed of 225
ms™, 100 km north of Munich, and for which the diameters
of the two visible contrails have been measured in the vortex
regime by lidar methods to be less than 15.5 m ar a distance
of 5 km after the aircraft. The meteorological sounding of
Munich at that time and altitude indicates a temperature of
Tg = -63°C with dew point temperature of -74°C, ie.
relative humidity of 21 %. Further north (Meiningen, 160
km north of the aircraft) the air was more humid so that
these data give the minimum plume diameters. Taking 1} and
mp as in Table 2, one computes Diz = 29 m for a single jet
contrail. The diameter is not much smaller for zero ambient
humidity, Djz = 23 m, and depends only weakly on 7.
Obviously, the computed diameter exceeds the measured
value. More than one half of the water emitted must have
been lost from the vortex by mixing with ambient dry air.

5. Changes in threshold conditions for large
plume velocities

The theory given in section 3 accounts for the reduced
amount of heat available in the young contrail due to the
kinetic energy of the trailing vortex system induced by the
aircraft, but ignores the kinetic energy of the plumes in the
early jet phase. Hence, it applies to stagnant plumes. In this
chapter the effect of non-stagnant plumes is determined.
The exhaust gases leave the engine exit plane with a large
jet velocity V; relative to ambient air. Thus the gases carry
energy in form of enthalpy and kinetic energy, both result-
ing from the combustion energy. The kinetic energy gets
gradually converted into enthalpy by wrbulent dissipation
when the exhaust gases mix with ambient air. Therefore, the
actual temperature in the plume is lower than to be expected
for a stagnant plume. Near the engine exit the exhaust gases
have typically a speed V; of 200 m 57! relative to ambient air,
which causes a temperature difference of V{/(2c,) of order
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20 K. Hence, one may ask whether the cooler, non-stagnant
plume reaches saturation earlier and causes a notable in-
crease in the threshold temperature of contrail formation.

The combustion heat leaves the engine exit in form of
total specific enthalpy h, = h + (12)V?, which satisfies the
same mixing laws as water mass and momentum within the
well-mixed plume cross-section A,

Nah, = Q(1 -1, h,=h+%v,2, (19)

NAm = EIHE(% N-Vi = F/rﬁp, N= pAV/rhg:. (20)

After elimination of N and V; from these equations, and by
relating Ah = ¢, AT and Ae = Amp/g, one obtains the increase
in plume water partial pressure as a function of temperature
increase. The result describes a mixing curve which is no
longer a straight line but a parabola
Ae  {Ae)l

A= 7.6t

20
or an inverted parobola

Ae = D(AT) = GIAT + Tp(1 - AT/Tp: — [1 - 28T/T]V?)

(22)
depending on the two parameters G, see Eq. (8), and
.2
QU-mme  (1-M)P° V2
Tr= = — 23
: cpl? oo (23)
The gradient of this curve is
Gur = dAeVd(AT) = GI1 - 28T/Tel 7 = GuaAT).  (24)

Obviously, the gradient becomes infinite for AT = T/2, at
which point the total enthalpy is split equally in internal and
kinetic energy. Hence, the results are applicable only for
dilution factors N > Q(1-n)/(c,Tg). This limit is typically
of order 100 and corresponds to the dilution near the exit of
jetengines. For liquid saturation, the critical conditions now
follow from

dey (T

%’%Mi =GilTim ~ Tred (25)
er(Tim) —Ue(Tie) =®(Trm — Tre),  (26)
e (T - Ue(Te) =D(Tyy 12 -Te).  (27)

For non-stagnant plumes, the value of Tim depends on
relative humidity of ambient air. Solutions are to be com-
purted using a Newton iteration with the same initial guesses
as given in Appendix 2. The ice saturation case follows by
analogy.

Asaconsequence, we obtain slightly lower temperatures
for the various points as indicated in Fig. 7. The impact of
non-stagnant plumes ist the larger the larger AT/ Ty, For
cruising aircraft with modern jet engines, the specific fuel
consumption me/F is typically of the order mp/F = 19 £2
mg N7 s7' and 1 = 0.3. For such aircraft, Ty = 330 K. When
applied to the fuels specified in Table 1 and the aircraft
conditions given in Table 2, the results for non-stagnant and
stagnant plumes differ only a litle, see Table 4. The largest
differences occur in the very young contrail. The tempera-
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Fig. 7. As Fig. 3, according to the revised analysis, including the
gradual conversion of kinetic energy into heat during mixing of
the plumes with the environment. The straight mixing lines are
for stagnant, the curved mixing lines with points for non-stagnant

plumes.

Abb. 7. Wie Abb. 3, aber fir die iiberarbeitete Analyse mit
allmihlicher Umwandlung von kinetischer Energie der Abgas-
fahne durch Mischung mit der Umgebung in Wirme. Die geraden

Mischungskurven gelten fiir stagnierende Abgasfahnen, die ge-
kriimmten mit Punkten fiir nicht stagnierende Abgasstrahlen.

ture Ty; is 1 K warmer than for the stagnant plume. However
the critical temperature Ty ¢ and the later plume stages are
affected very little by plume kinetic energy. Obviously, the
velocity of the jet has got reduced considerably before
reaching point I1, see Table 4. For a jet velocity of 50 m s
atI1, we expect, in fact, only a temperature change of order
1.2 K. Theimpact on the critical temperatures is even smaller
because of the slope of the saturation curve with T. Larger
differences occur for smaller aircraft speeds, sec Table 4, and
larger propulsion efficiencies. For the ATTAS flight ob-
served by BUSEN and SCHUMANN (1995), with rather low
propulsion efficiency of 0.14, the threshold temperature
changes by only 0.1 K when comparing stagnant and
non-stagnant plumes. Hence, we find that the conversion of
kinetic energy of the jet into heat may be neglected in
practice, except for the very young plume and for low-speed
aircraft with high propulsion efficiency.

Table 4. Temperature difference between non-stagnant and stag-
nant plumes and jet velocity for various fuels and flight velocities.

Tabelle 4. Temperatur-Differenz zwischen stagnierenden und
nicht srajnierendcn Ab&asfahncn und Strahlgeschwindigkeit bei
verschiedenen Treibstoffen und Fluggeschwindigkeiten.

Velocity V Parameter Unit  Kerosene Methane Hydrogen
242ms”! 8Tic K 0.123 0.135 0.151
242ms! 8Ty K 0.786 0.966 1.206
242mst Vi ms” 563 67.3 80.2
160ms™ 8Tic K 0.183 0.202 0.227
160ms' 8Ty K 1.527 2.061 2.976
160ms™?' Vi ms' 869 103.9 123.8
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6. Particle properties and open questions

As we have seen, the formation of contrails depends criti-
cally on the phase of the particles. Moreover, the phase, the
size and the number of the particles is important for
visibility, time required to evaporate the contrail particles
when diluted into subsaturated air, radiative impact on the
atmosphere, possibly heterogeneous chemistry at particle
surfaces, and sedimentation of the particles. Sedimentation
may lead to effectively drying the upper roposphere by
aviation and trigger precipitation from supercooled water
clouds below the contrails (KNOLLENBERG 1972). In par-
ticular, sedimentation is important in controlling the life
time of persistent contrails.

In order to sediment, the particles must grow large
enough. The terminal fall speed of particles exceeds 0.1 m
s7!, for particles larger than 40 pm in diameter (PRUPPACHER
and KLETT 1980, p. 324). These appear to be typical values,
causing fall times of the order of 2000 s for 200 m thick
persistent contrails, When the aircraft emits many freezing
particles in frost-saturated air, then the growth of particles
is limited by the amount of water available in the ambient
air and not by the engine emissions. The available water
depends strongly on relative humidity and temperature
(GIERENS 1996). For illustration we consider a four-engine
aircraft flying under conditions as in Table 2 but with near
100 % relative liquid humidity (slightly smaller values
might be more realistic), forming a persistent contrail. For
an assumed emission index of ice forming particles, El =
10" kg™!, the contrail has to spread B = 1.5 km laterally and
H = 200 m vertically before the particles meet sufficient
water vapour to grow to a diameter of d = 40 jim. Here, B
is computed from

B = Elpndmr(w/6)d’pr.

Vpairl_l mp, 5 (28)

with my =£(e;—e;)/p =26 mg kg™, and p =900 kg m™. Such
a contrail would have an optical thickness, see Appendix 3,
of 0.15, a reasonable value (KASTNER et al. 1993), 300
particles per litre (compare GAYET et al. 1996), and the
condensed particles would contain 240 times the amount of
water emitted from the engines (compare KNOLLENBERG
1972). Particles may grow more quickly at the edge of the
contrail where the ice particles find more water vapour
(GIERENS 1996). However, these simple computations are
sufficiently consistent with observations to indicate that
persistent contrails are to be understood this way. Ob-
viously, the dimensions and the life-time of persistent
contrails depend strongly on the emission index for particles
which can grow to large ice particles. Estimates of the ice
particle emission index vary by several orders of magnitude
(PrrcHFORD etal. 1991, FAHEY et al. 1995, SCHUMANN et al.
1996).

Often even the phase of particles is uncertain. Since this

" is an important question, we recall related arguments and

research, some with long history. If contrails form without
freezing they should evaporate earlier than with freezing. In
fact, for threshold conditions and short-lived contrails,
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liquid saturation is reached only for a very short segment
along the plume, but contrails are always several hundred
metres long. Hence, at least some of the liquid particles
freeze before all liquid water droplets evaporate. If the
particles form directly by freezing when reaching saturation
over ice, then the threshold temperature should be definitely
4 1o 5 K higher than actually observed. This suggests that
the particles form essentially on condensation nuclei when
exceeding liquid saturation. The question is, do all particles
freeze and how long does that take?

Because of the similarity between contrail and fog near
the surface, one may consider the properties of particles in
ice-fog at low temperatures (PRUPPACHER and KLETT 1980,
p. 44). THUMAN and ROBINSON (1954) observed fog par-
ticles forming from steam at low temperatures at the surface
in Alaska at temperatures below —20°C. Particles collected
on glass slides were composed of hexagonal plates, prismatic
columns, and so-called droxtals, i.e. near-spherical solid
particles with rudimentary crystal faces. The relative num-
ber of droxrtals increased rapidly with decrcasing tempera-
ture, and below —38°C accounted for over 90 % of the
observed partcles. Intense scinullation was observed in a
light beam but mainly from the crystals, less from the
droxtals. The droxtals had mean diameters of order 10 um,
slightly increasing with temperature. A small diameter
corona (i.e. ring visible around the sun or moon behind thin
droplet clouds, due to diffraction and refraction of light at
droplets, coloured when the particles have about the same
diameter) was observed as being typical for droplets, but
attempts to sced the fog with silver iodide and dry ice failed
to cause any visible change and glaze ice did not form on
exposed surfaces. Hence its was concluded that the particles
were ice rather than supercooled water. MURCRAY (1970)
reported related studies where 80 % of crystals collected
near an airport runway had a diameter near 4 pum with the
shape of droxtals. Some of the droxtals emitted jets of liquid
while freezing from outside in (MURCRAY 1970) but ice
multiplication possible from such effects have not been
identified (KNOLLENBERG 1972).

On the other hand, PILIE and J1UsTO (1958) performed
a laboratory study of contrails by burning aircraft fuels at
pressures between 1000 and 300 hPa and at temperatures
between ambient and — 53°C. The observations showed no
light scintillation from crystals, evaporation at relative
humidity above ice saturation, round particles, and small
visibility as computed for given water content. It was
concluded that the inital phase of condensed moisture is
liquid and often stayed liquid throughout the experimental
conditions.

WEICKMANN (1945, 1949) collected particles in contrails
ataltitudes between 8 and 9 km at temperatures near —40°C
with a small pad coated with “Zaponlack” and took micro-
photographs. Most of the particles were very small (order
1 um), difficult to catch on the pad and to resolve with the
photos. Sometimes, he found particles of 100 pm length
having the form of hollow prisms, which seem to form
preferentially at low temperatures with high ice supersatu-
ration. Similar studies have been performed recently by
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STRAUSS (1994) with a formvar-chloroform coated impactor
during flights in contrails and natural cirrus clouds. He
was able to identify particles larger than 3 um in diameter.
The smallest particles visible were similar to the droxtals
found by THUMAN and ROBINSON (1954) and possibly
similar to those seen by PiLIE and JiusTO (1958). STRAUSS
found that contrails which are one minute old contain
typically a factor of three more particles than natural cirrus.
The particles had diameters in the range 3 to 20 pm and the
shape of ice crystals. In older contrails, particles became
more similar to those in natural cirrus. In situ measurements
(KNOLLENBERG 1972) with an optical-array particle spec-
trometer in persistent contrails, having four order of mag-
nitude more water content than emitted from the aircraft,
resulted in mean particle diameters of the order 0.5 mm,
clearly ice crystals. Recently, BAUMGARDNER and COOPER
(1994) and GAYET et al. (1996) used similar methods suited
for particles of the order 1 um and larger, and found many
small particles in contrails, which were considered to be ice
particles.

Also remote sensing data (BETANCOR and GRASSL 1993)
indicate contrails containing more but smaller crystals than
natural cirrus clouds (order 5 pm compared to 100 pm).
Particles sedimenting from contrails were observed by radar
(KONRAD and HOWARD 1974) and lidar (SCHUMANN and
WENDLING 1990, SCHUMANN 1994), including polarization
measurements (FREUDENTHALER et al. 1994), indicating
quickly growing ice particles. SASSEN et al. (1985) measured
the depolarization from particles in cirrus clouds. They
found very small depolarization in one example at the lower
edge of a natural cirrus cloud at 8.6 km altitude. In the same
cloud, at temperatures between -35 and -36°C, they
measured a particle density of 25-35 L' with mean
diameters of 5 um, which they classified as being liquid.
However, one may ask whether frozen droxtals cause the
same low depolarization.

Halo observations or mock suns (parhelion) (WEICK-
MANN 1919; ScHmAauss 1919; HANCOCK 1943; BOERNER
1943; AUFM KAMPE 1943; WEICKMANN 1945, 1949; KUTT-
NER 1946) indicate random or vertically oriented hexagonal
ice crystals. The observations seem to refer to aged and
persistent contrails, sometimes having formed large cirrus
decks. DOBSON (1941, unpublished) referred to corona
observations in contrails as an indication for droplets.
SAsSEN (1979) showed photos of a contrail with one and
even partof a second corona ring which forms by diffraction
of solar light at spherical and monodispersed particles as a
function of wavelength and particle diameter, see also
GREENLER (1980). From this iridescence phenomenon,
SASSEN (1979) deduced that the particle diameters increased
from 2 to 3 um diameter within 200—400 m distance behind
the aircraft. Since the particles must have been round, it was
suggested that this indicates droplets in the contrails. How-
ever, monodispersed near-spherical ice-crystals may induce
the same optical effect (GREENLER 1980, SASSEN et al. 1989).
Hence there is no doubt that ice particles of diameters
between 1 and 20 pm are formed, bur it is still not clear at
which time scales.
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Many observations have shown that contrails form
quickly after the engines, typically within a distance of
10-30 m (Aurm KAMPE 1943, BUSEN and SCHUMANN 1995,
SCHUMANN et al. 1996). Fig. 1 shows that contrails form
before the jet plumes reach the aircraft tail. KARCHER et al.
(1995) computed the nucleation and growth of particles
forming from homogeneous nucleation of sulphuric acid
with water vapour. They found that under threshold condi-
tions with typical amounts of fuel sulphur content such
particles do not grow quick enough to freeze and then grow
to visible particles within the time scales where contrails are
observed to form. The experiments of SCHUMANN et al.
(1996) indicate that particles form at least partly by conden-
sation on soot particles. It is conceivable that visible ice
particles form slightly below liquid water saturation when
the temperature is below —35°C (PRUPPACHER and KLETT
1980, p. 245, HEYMSFIELD and SABIN 1989, SASSEN and
Dobp 1989), in particular when sulphuric acid and soot
particles are present (ZHAO and TURCO 1995, B. KARCHER,
personal communication 1995). Hence, emissions of sul-
phur and soot from aviation may enhance carly contrail
formation but the details remain unclear.

It should be noted that engines burning liquid hydrogen
will be essentially free of sootand sulphur emissions (except
from burning air with sulphur containing molecules). It can
be expected that such engines emit far less particles than
engines burning kerosene. It appears likely that a smaller
number of particles emitted will lead to larger droplets and
ice particles. Such a contrail would exhibit a smaller optical
thickness in spite of the larger water content, see Appendix
3. Moreover, the particles would sediment earlier than for a
larger initial particle density. This suggests that aircraft
burning liquid hydrogen will cause persistent contrails
which are of shorter life-time, and possibly less climate
impact than aircraft burning kerosene. Liquid methane
might be burnt sootless but may contain sulphur containing
gases when originating from natural gas sources.

Many other aspects of contrail formation and impact on
climate exist which cannot be covered in this article. These
include the jet and vortex dynamics, the vortex brake up and
later diffusion regime of the contrail plume (DOWNIE and
SILVERMAN 1957; ScORER and DaAvENPORT 1970; CIAP
1975; SCHILLING 1992; MIAKE-LYE et al. 1993; KARCHER
and FABIAN 1994; KARCHER 1994; EHRET and OERTEL 1994;
SCHUMANN et al. 1995, 1996; GIERENS 1996), see also
SCHUMANN and WURZEL (1994) and SCHUMANN (1995).
Details of mixing are important in the jet phase, the vortex
phase and the dispersion phase (CIAP 1975): Mixing in the
jet phase determines the distance behind the engines and the
dilution necessary for reaching saturation. Non-similar
mixing of the core jet with the bypass jet may cause local
saturation earlier than predicted for complete mixing of
both jets. The stability of the trailing wing vortices controls
the length of short-lived contrails. The dispersion in the late
phase controls the width of persistent contrails. Radiation
and latent heat release seem to have small impact on the
contrail dynamics in the first half hour but upward motion
may enhance contrails considerably (GIERENS 1996).
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Other open topics of importance are the objective
identification of contrails from satellite data (SCORER 1986,
CARLETON and LAMB 1986, LEE 1989, ROLL 1990, SCHU-
MANN and WENDLING 1990, ENGELSTAD et al. 1992, KAsT-
NER et al. 1993, BETANCOR and GRASSL 1993; BAKAN et al.
1994), the relation of contrail occurrence to the meteoro-
logical conditions, and development of suitable forecast and
simulation rules (GOLDIE and HORROCKS 1941-1942, un-
published; AWS 1953, 1956, 1981; JIUSTO and PILIE 1964;
DETWILER and PRATT 1984; CARLETON and LAMB 1986;
SCHUMANN and WENDLING 1990; BJORNSON 1992; PETERS
1993; BAKAN et al, 1994), chemical effects (WMO 1995), and
the climatic impact of contrails (REINKING 1968, KUHN
1970, GRASSL 1990, L10OU et al. 1990, BETANCOR and GRASSL
1993). The list of references is not complete.

The water vapour emitted from aircraft impacts the
climate in many ways, including reduced solar radiation at
the ground, the greenhouse effect of enhanced water vapour,
narrow short-lived contrails, and extended persistent con-
trails. Variations in solar radiation, significant compared to
natural variability, have not been conclusively identified
(Jacoss 1971, CHANGNON 1981, SEAVER and LEE 1987,
Haupr and ROTTER 1991, LIEPERT et al. 1994). The pure
greenhouse effect of the water vapour emitted from aircraft
appears to be small at altitudes of subsonic aircraft (RiND
and LONERGAN 1995, FORTUIN et al. 1995, PONATER et al.
1996). As noted before, contrails may even reduce the water
vapour content at flight levels by sedimentation. However,
significant radiative changes and climatic impact by persist-
ent contrails cannot be excluded (FORTUIN et al. 1995,
PONATER et al. 1996). More definite statements require
progress with respect to analysis and simulation of hu-
midity, particle formation, and frequency and radiative
properties of contrails.

7. Conclusions

The topic of contrail research is now more than 75 years old.
Although many questions are still open, the literature
review has revealed some interesting, partly overlooked
results. The theory of contrail formation was developed
around 1940 simultaneously at several places. The basic
thermodynamics was most clearly explained by ScHmiDT
(1941). This theory, as also given in APPLEMAN (1953), has
been reexamined in this paper in order to clarify the basic
assumptions involved and to show the impact of the fact that
part of the combustion heat is converted to kinetic energy
causing lower threshold temperatures for contrail forma-
tion. The algorithms required to evaluate the Schmidt/
Appleman criterion have been described in detail, and
approximative equations have been provided. The kinetic
energy of the young exhaust plumes has only a minor effect
on the threshold conditions. It leaves previous interpreta-
tions of the ATTAS experiment (BUSEN and SCHUMANN
1995) unchanged. Analysis of measured B747 cases show
that measured contrail diameters fit the compurations
roughly. However, part of the water mass emitted from the
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aircraft gets lost from the vortex system containing the
contrail. An increase in propulsion efficiency by 10 %
extends the region where contrails may form 280 m down-
wards and even more to higher altitudes. Many open
questions have been idemified. The most important ones
concern the emission index of ice-forming particles per fuel
mass, the frequency of frost-saturated air conditions sup-
porting persistent contrails, and the properties and climatic
impact of such contrails. Also, the threshold temperature
for contrail formation may depend on details of turbulent
mixing in the early jet phase when the engine emits moisture
and hear with different initial profiles, as is the case for
modern bypass engines.

The theory has been applied to a typical large aircraft
with standard kerosene fuel and with the potential alrerna-
tives liquid methane and hydrogen. Engines burning liquid
hydrogen emit 2.6 times more water vapour than kerosene
for the same amount of combustion heat. Hence, contrails
form behind liquid hydrogen-propelled aircraft at typically
10 K higher temperatures, i.e. at lower tropospheric and
higher stratospheric altitudes and may grow to larger
diameter before evaporating. However, this does not
necessarily mean that hydrogen-propelled aircraft cause
stronger impact on climate, since the water vapour
emissions from subsonic aviation appears to be far too small
to cause appreciable greenhouse effects when remaining in
the gas phase and the contrails formed from such liquid
hydrogen have particle properties, optical thicknesses and
life-times different from kerosene fuels and their climatic
impact cannot be easily assessed, therefore. The properties
of contrails caused by burning liquid methane are between
those resulting from kerosene and hydrogen fuels.

Appendix 1: Emission indices of aviation fuels

Aviation fuels contain carbon and hydrogen besides some
sulphur and small amounts of minor constituents (CRC
1983, GOODGER and VERE 1985, ODGERS and KRETSCHMER
1986). The sulphur content of Jet-Al fuel, a standard
aviation kerosene, is restricted to maximum values of 0.3 %
by mass or 3000 ppm (ASTM 1994); in practice, fuels have
400~550 ppm sulphur mass content on average, with one
third of the fuels having less than 100 ppm sulphur content
(P BRowN, Kuwait Petrol, UK, unpublished 1995), sce also
SCHUMANN (1994), and BUSEN and SCHUMANN (1995).
Aviation fuel specifications do not fix the hydrogen content.
The hydrogen mass content my varies typically between
13.8 and 14 % (L. G. MILNE, Kuwait Petroleum, UK,
personal communication 1995}, but samples have been
found with values between 13 and 14.5 %.

For 100 % combustion (neglecting unburnt hydrocar-
bons, carbon monoxide, soot, and other minor emissions},
the exhaust contains Ely 0 mass units of carbon dioxide per
unit fuel mass, with

mpMp,o
My

meMco,

Ely,o= o, = "—““M(_ s

(29)
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where My = 1.008, M;-fzo = 18.016, M = 12,011, and
Mco, = 44.011 are the molar masses of hydrogen, water,
carbon, and carbon dioxide. Burning one mass unit of fuel
with (N — 1) mass units of zir results in N mass units of
exhaust. Stoichiometric combustion requires one molecule
of oxygen per carbon atom and V4 molecule of oxygen per
hydrogen atom in the fuel. Hence, complete combustion
with air containing a mass fraction mo, = 0.2314 of oxygen
(Mo, = 32) requires N > Npin, with

L me/Mce + (1/4ymp/My 1
min m()j/M()z .

Jet engines burn with an air excess so that N is typically of
the order 50-70 at the exist of the core engine. The emission
indices and minimum dilution factors are histed for three
fuels in Table 1 (for zero sulphur content).

Table 1 contains also the specific heat of combustion Q,
which is the so-called net or lower heat value, i.e. the heat
resulting from burning liquid fuels at a standard tempera-
ture (15°C for Jer-Al, ASTM 1994) and forming gaseous
exhaust products without latent heat release from condens-
ing water vapour in the exhaust. The specification of Jet-A1
requiresQ > 42.8 M] kg™, maximum values are 43.8 MJ kg™
(CRC 1983). The other QQ values are from WINTER (1990).

(30)

Appendix 2: Estimates on critical temperatures

Approximative relations are needed to estimate the critical
temperatures as defined in section 3. The temperature Ty m
is determined from Eq. (10) by a Newton iteration. As afirst
guess and good approximation one may use

Ty a = —46.46 + 9.43 In(G - 0.053) + 0.720[ In(G - 0.053),
(31

for Ty in units of °C and G in units of Pa K. This
least-square fit gives a maximum error of 0.056°C for 0.24
Pa K'< G <23 PaK e for —60°C € Ty < - 10°C.
Similarly, Try is approximated by

Tin = ~43.36 + 9.08 In{G - 0.02) + 0.49 [In(G ~ 0.02)]%,
{32)

with maximum error of 0.036°C for 0.15 PaK' < G < 23
PaK-'.

For U =0and U =1, T ¢ and Tic: follow explicitly from
Egs. (11) and (12). Otherwise, approximate values are
obtained from a Taylor expansion around point LM giving

TL(‘J = T[M -~ X, X=— A+ (Az + 28)“2, (33)
with
(I-U)G e (Tim) —ep )
= s = y CEF Uep 1 Mh
2 (T U (Tom) 43 ei{Tim)

(34)

and analogous equations for Tic. If Tg < Tic, then the
solutions for points L1 and L2 exist. First guesses are

Tre=TimEx,
x* = 2fep - e {Tim) + G{Tim — Te)l/e"1(Tim). (35)
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Values for Ty and T}z are obtained likewise by replacing e
by er. However, for U being defined as relative humidity for
liquid saturation, the ambient partial pressure eg is still given
by Uey. The saturation pressures for liquid and ice satura-
tion are computed from relations as given in SONNTAG
(1994) for the temperature range down to — 100°C. The first
and second derivatives, ¢’y = dej /dT, ¢”; = d%e; /dT?, are
computed numerically from these relations.

Appendix 3: Visibility of contrails

A condensation trail is visible by virtue of the light scattered
by the trail constituents in the direction to the observer. The
luminance of the trail depends on the light-scattering
properties of the particles in the trail and the intensity and
direction of the incident light. The contrail becomes visible
to a human observer if the luminance contrast exceeds a
certain threshold value. This requires an optical thickness ©
of at least 0.02. The optical thickness T = D(n/4)d*Qn
depends on the number density of particles n, the diameter
of the particles d, the geometrical thickness of the contrail
D (depending on the viewing angle) and the extinction
efficiency Qex (VAN DE HULST 1957). The latter increases
nonlinearly from zero with d for d less than the wavelength
X of light (near 0.55 um), oscillates when d/A = O(1) and
approaches 2 for d/A > 1. For given or estimated particle
size, the number density follows from n = myp6/(nd®py),
depending on the mass fraction my of liquid (or ice) water
available, and the densities of air p and particles p;. As a
consequence,

T =(3/2)(D/d)Quxm(p/pL). (36)

Visibility also depends strongly on the viewing angle (PiLIE
and JiustO 1958, KNOLLENBERG 1972). Because of the
preferentially foreward scattering of light by small particles,
contrails are best visible when viewed ata small angle against
the sun.

DogsoN (1941, unpublished) estimated the visibility
and concluded that water droplets of 2 um diameter are
sufficient for a contrail of 50 m thickness to become visible
for a liquid water content of 0.1 g m™, APPLEMAN (1953,
1957) required 0.004 g m™ for a faint trail and 0.01 g m™ for
a distinct trail. For unfavourite viewing conditions, larger
water contents of the order 0.1 g m™ are required (JiusTo
and PILIE 1964). Hence, visible contrails form at slightly
smaller threshold temperatures than computed for zero
water content, in particular at low pressures, with small
differences between water and ice saturation (APPLEMAN
1953). However, precise threshold values cannot be given
without knowing the particle spectrum and the viewing
conditions. For constant extinction efficiency Qe = 2, i.e.
particle diameters d > 2 um, the optical thickness of the B747
burning kerosene as specified in Table 2 causes jet plumes
with amaximum of 1=0.4 for d =2 um, and T decreases with
d™ for larger particles. For persistent contrails, optical
thicknesses of order one have been measured (ScHUMANN
and WENDLING 1990, KASTNER et al. 1993).
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Fig. 8. Optical thickness T versus particle emission index Elg.. for
ice particles (notation 1E9 for 107) formed from kerosene (full
thick curve, maximum: 3.84) and liquid hydrogen (dashed thick
curve, maximum: 13.7, not plotted) fuels, and corresponding
particle diameters (thin lines). Parameters as in Tables 2 and 3 for
point LM.

Abb. 8. Optische Dicke T als Funktion des Partikel-Emissions-
Index Elpun (1E9 steht fiir 107) fiir Eispartikel aus Kerosin (volle
dicke Kurve) und flilssigem Wasserstotf (gestrichelte dicke Kurve)
als Treibstoff und zugehérige Partikel-Durchmesser (diinne Ge-
raden). Parameter wic in Tabellen 2 und 3 fiir Punkt LM.

Fig. 8 shows the optical thickness computed for a
size-dependent extinction coefficient (with a Mie routine
provided by K. GIERENS) versus emission index El,. of
ice-forming particles per unit fuel mass, assuming equal-
sized and spherical ice particles of diameters d with d* =
mN/(Elyanpr/6). The number density of the particles is
computed from n = El,.p/N. The dilution factor N and
the plume diameter D are taken from Table 3 for point LM.
The amount of condensable water my. has been computed
without accounting for the reduction by latent heat release.
We see that the optical thickness 1 is small for El, < 107
kg™, grows with oscillations according to the Mie theory,
reaches a maximum for El ., =3x10" kg™, and decays again
to zero for Ely > 1017 kg™, The (equilibrium) particle
diameters decrease over five orders of magnitude. Estimated
emission indices for kerosene engines vary between El =
10" and 10" kg™ (KNOLLENBERG 1972, SCHUMANN et al.
1996), within the range of increasing visibility. The particle
emission from engines burning hydrogen fuels may cqual
the amount of particles entering the engine with the ambient
air. For a typical particle concentration of 100 em™, an
air/fuel mass flow ratio in the engine of 60, and an air density
of 0.3 kg m™, the number of particles correspond to an
emission index of El,, = 2x10'% kg™!. Such engines may
emit less particles than kerosene engines and cause plumes
with larger particles but smaller optical thickness, even
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when accounting for the 4.5 tmes larger water-path avail-
able at point LM.

The contrail would be invisible also when containing
very many very small particles. This is supported by the fact
that proposals have been made to suppress the formation of
visible contrails by the injection of chlorasulphonic acid
HCISO; (ANDERSON et al. 1970), chloro-fluoro-sulphonic
acid (Aviation Week & Space Techn. Vol. 129, Nov. 28,1988,
p- 21}, or detergents formed from water solutions contain-
ing monohydric or polyhydric aleohols, possibly in combi-
nation with inorganic nucleating salts such as silver iodide
(SINGH 1992) into the hot jet exhaust. These additives either
form artificial condensation nuclei or promote nucleation
by reducing the surface stress of droplets forming. Chloro-
sulphonic acid is decomposed by heat from the engine
exhaust into hydrogen chloride and sulphur trioxid. Sul-
phur trioxid is a hygroscopic material that takes up water
readily and acts to nucleate the wail. When the contrail
particles stay smaller than an order of 0.5 um, the resultant
particles appear as blue haze with low contrast against the
background (SINGH 1992). From Fig. 8, we expect optical
thicknesses below 0.02 when the particles stay smaller than
0.06 um, and this requires more than 10'° kg™ ice-forming
particles per fuel mass for the kerosene case. Visibility could
also be avoided by using fuels with low hydrogen contents.
In fact, carbon sulfide CS; has been shown to be applicable
as engine fuel in altitude test facilities causing a thinner fog
from nucleation of sulphur trioxid with ambient humidity
(HELD and DieT7 1944, unpublished). Such fuels and
additives have many undesirable properties (the acids are
corrosive and the emitted particles may change cloudiness)
and are certainly unsuited for aviation in general.
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