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METHOD OF SUPPRESSING FORMATION OF
CONTRAILS AND SOLUTION THEREFOR

BACKGROUND OF THE INVENTION

The present invention relates to an improved method
and composition for suppressing the formation of con-
trails from the exhaust of an engine.

By way of background, attempts have been made
previously to suppress the formation of contrails from
the exhaust of a jet, engine. U.S. Pat. Nos. 3,517,505 and
3,517,512 teach the injection of chlorosulfonic acid into
the exhaust of an engine to diminish the particle size of
water below the visible range. However, this substance
is extremely corrosive. U.S. Pat. No. 3,289,409 teaches
the injection of carbon black into an aircraft engine
effluent. Numerous other patents teach the dispelling of
fogs and clouds by dispersing various compounds
therein. However, insofar as known, the various com-
pounds or components thereof which were used for fog
dispersal were never considered for use in suppressing
the formation of contrails from engines operating in
cold environments at high altitudes.

SUMMARY OF THE INVENTION

It is one object of the present invention to provide an
improved method of suppressing the formation of con-
trails from the exhaust of an engine in a highly efficient
manner.

Another object of the present invention is to provide
improved solutions for suppressing the formation of
contrails from the exhaust of an engine and which can
be produced simply and economically and which are
not combustible or corrosive. Other objects and atten-
dant advantages of the present invention will readily be
perceived hereafter.

The present invention relates to a method of sup-
pressing the formation of contrails from the hot exhaust
gases of an engine operating in cold temperatures com-
prising the steps of providing in relatively sufficient
proportions to effect hypernucleation of water in said
engine exhaust a solution of a non-corrosive surfactant
in a combined carrier and nucleating agent selected
from the group of water soluble monohydric, dihydric,
trihydric and polyhydric alcohols, and injecting said
solution into said exhaust of said engine.

The present invention also relates to a hypernucleat-
ing solution for condensing water vapor in engine ex-
haust to particles having a size below the humanly visi-
ble range comprising in relatively sufficient proportions
to effect said hypernucleation a non-corrosive surfac-
tant in a combined carrier and nucleating agent selected
from the group of water soluble monohydric, dihydric
or polyhydric alcohols.

The present invention also relates to a method of
preparing a contrail suppressing solution for effecting
hypernucleation of the exhaust of an engine comprising
the steps of dissolving a non-corrosive surfactant in a
minimum amount of water while heating said water to
obtain a molecular solution, heating a small amount of
ethylene glycol to boiling, forming a combined solution
of said molecular solution and said small amount of
ethylene glycol and permitting cooling thereof, and
adding a final amount of ethylene glycol to dilute said
combined solution.

The present invention also relates to a method of
suppressing the formation of contrails from the hot
exhaust gases of an engine operating in cold tempera-
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tures comprising the steps of providing in relatively
sufficient proportions to effect hypernucleation of
water in said engine exhaust a solution of an inorganic
nucleating agent and a combined carrier and nucleating
agent selected from the group of water soluble monohy-
dric, dihydric, trihydric and polyhydric alcohols, and
injecting said solution into said exhaust of said engine.

The various aspects of the present invention will be
more fully understood when the following portions of
the specification are read.

The solution of the present invention includes a bio-
degradable low suds non-corrosive surfactant or syn-
thetic detergent which will resist oxidation or decom-
position in the hot exhaust gas atmosphere of an engine,
which may be a gas turbine engine, turbojet engine,
turbofan engine or rocket engine, and which will re-
duce the surface energy of water in the hot exhaust gas
to promote hypernucleation. One such surfactant is
obtainable under the trademark SPARKLEEN ®) and
is manufactured by the Calgon Corporation of Pitts-
burgh, Pennsylvania. It is a sodium alkylsulfonate (C13)
and/or (Cs-Cjg).

Other high temperature noncorrosive surfactants
which can be used are known under the trademark
ZONYL ® of the E. 1. duPont deNemours & Co.
(Inc.). They are fluorosurfactants and the grades having
the following structures have been found satisfactory:

ZONYL ® FSE—(R/CH;CH;0)1,,P(O)(ONHy)2,1

ZONYL ® UR—(R/CH;CH;0)1,2P(O)(OH)3,1

ZONYL ® FSN-100—RCH,;CH,0(CH,CH;0),H
where

Rpe=F(CF2CF2)3.3

The ZONYL ® FSE is an anionic liquid having 14%
solids when diluted with 62% water and 24% ethylene
glycol. It has a density of 1.12 g/mL. Its flash point by
Pensky Martin’s Closed Tester is greater than 93° C.
(200° F.). Its aqueous surface tension at 0.01% solids is
27 dynes/cm (mN/m) at 25° C. and at 0.10% solids is 20
dynes/cm (mN/m) at 25° C.

The ZONYL ® UR is an anionic paste having 100%
solids. It has a density of 1.84 g/mL. Its flash point by
Pensky Martin’s Closed Tester is greater than 93° C.
(200° F.). Its aqueous surface tension at 0.01% solids is
40 dynes/cm (mN/m) at 25° C. and at 0.10% solids is 28
dynes/cm (mN/m) at 25° C.

The ZONYL ® FSN-100 is an nonionic thin paste
having 100% solids. It has a density of 1.35 g/mL. Its
flash point by Pensky Martin’s Closed Tester is greater
than 93° C. (200° F.). Its aqueous surface tension at
0.01% solids is 24 dynes/cm (mN/m) at 25° C. and at
0.10% solids is 23 dynes/cm (mN/m) at 25° C.

Other properties of the above grades of ZONYL ®
appear in the E. I. duPont deNemours & Co. (Inc.)
publication entitled ZONYL ® SURFACTANTS Prod-
uct Information Bulletin which is further identified by
E-50137, which is incorporated herein by reference.

Other surfactants which may be used include sodium
dodecylsulfate or other alkyl, alkenyl or alkynal sulfates
with carbon chains of four to sixteen carbon atoms. Still
another class of surfactants include alkyl trimethylam-
monium salts or alkylsuphinyl ethanols.

The SPARKLEEN ® or ZONYL ® or other of the
above-listed surfactants may be present in an amount by
weight of between about 0.01% to 2.5%, and more
preferably between 0.05% and 1% and most preferably



4,766,725

3
between 0.1% and 0.2%, or the critical micelle concen-
trations.

Another component of the solution is a water misci-
ble monchydric, dihydric, trihydric or other polyhyd-
ric alcohol or mixtures thereof. When the alcohol is
ethylene glycol, the latter may be present by weight in
an amount of between about 84% and 99%, and more
preferably between about 88% and 98% and most pref-
erably between about 95% and 98%. When the
SPARKLEEN ® is used in solution with ethylene
glycol, the solution also contains a small amount of
water. The water may be present in an amount by
weight of between about 0.01% and 0.15%, and more
preferably between about 1.5% and 10%, and most
preferably between about 1.7% and 4%. The water is
necessary for dissolving the SPARKLEEN ®) accord-
ing to the following exemplary procedure. Into 5 grams
of water, which is a small amount, 0.13 grams of
SPARKLEEN® were poured. The mixture was
heated and was boiled for five minutes to produce a
molecular solution which was clear. 10 milliliters of
ethylene glycol were then heated to a boil and the
boiled water solution of SPARKLEEN ®) was poured
into the boiled ethylene glycol while both were at boil-
ing temperature. This amount of ethylene glycol may
otherwise be within 5% and 20% of the total weight of
the mixture. The resulting mixture was stirred thor-
oughly until clear and thereafter cooled. The resulting
solution was then diluted to 100 milliliters by the addi-
tion of ethylene glycol. The foregoing: amounts pro-
duced the most preferred solution containing by weight
0.13% SPARKLEEN®, 1.87% water and 98% of
ethylene glycol. The foregoing procedure is not re-
quired with the ZONYL ® because it is already in
solution or will readily dissolve in the alcohol carrier.
The water carrier may be unnecessary for surfactants
which are completely soluble in alcohols, glycols, etc.
Where the surfactant is completely soluble in the alco-
hol, no special procedure is required for the mixing
operation. It is merely necessary to add the components
and stir them.

Solutions were also formulated by mixing any one of
the non-corrosive surfactants with either ethyl alcohol
or methyl alcohol. In this respect, the ideal solution
contained approximately 0.1% to 1.0% of the non-cor-
rosive surfactant and 99% alcohol, either ethanol or
methanol. In such solutions the non-corrosive surfac-
tant may be present by weight in an amount of between
about 0.01% and 8%, and more preferably in an amount
of between about 0.07% and 4%, and most preferably in
an amount of between about 0.1% and 2%. Either the
ethanol or methanol may be present by weight in an
amount of between about 85% and 99%, and more
preferably in an amount of between about 92% and
99%, and most preferably in an amount of between
about 97% and 99%. If desired, a small amount of water
or glycerol may be added to the solution to make up a
total of 100%. More specifically, where the surfactant is
present in an amount of between about 0.01% and 8%
and the ethanol or methanol is present in an amount of
between about 85% and 99%, the water or glycerol can
be present in an amount of between about 0.9% and 7%;
where the surfactant is present in an amount between
about 0.05% and 4% and the ethanol or methanol is
present in an amount between about 92% and 99%, the
water or glycerol may be present in an amount between
about 3% and 4%; and where the surfactant is present in
an amount of between about 0.1% and 2%, and the
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ethanol or methanol is present in an amount between
about 97% and 99%, the water or glycerol may be
present in an amount between about 0% and 2%. The
combined carrier and nucleating agent may be any one
of the monohydric, dihydric, trihydric or polyhydric
alcohols or mixtures thereof to produce the total alco-
hol content.

The hypernucleating solution may also contain mix-
tures of any of the above-discussed surfactants such that
the total amount of surfactant falls within the above
ranges given for a single surfactant.

The nucleating ability of all of the above mentioned
solutions is further enhanced by adding inorganic nucle-
ating salts such as ammonium fluoride, ammonium io-
dide, ammonium chloride, calcium chloride or silver
iodide. The added components listed above are hygro-
scopes or nucleating agents preferably with ice-compat-
ible crystal structures and thermodynamic properties,
such as volatilization, sublimation or boiling tempera-
tures, solubility or surface energy reduction compatible
with those of the surfactant mixtures of alcohols and/or
glycols and/or polyols. Other compounds meeting any
or all of the foregoing criteria can also be used as addi-
tives. The ability to form a eutectic is desirable but not
necessary. A mixture may contain by weight 1% to
20% salt and more preferably may contain 2% to 12%
of salt and most preferably may contain 3% to 7% of
salt. The mixture would include a monohydric, dihy-
dric, trihydric and/or a polyhydric alcohol or mixtures
thereof. The weight percent of salt is also governed by
its overall molecular weight, e.g., a much greater
weight percent of silver iodide would be needed com-
pared to ammonium fluoride because molar weight of
silver iodide (Agl) is 235 while that of ammonium fluo-
ride (NH4F) is only 37. All of the above inorganic nu-
cleating agents are completely soluble in the alcohol-
surfactant mixtures and therefore no special procedure
is necessary for mixing them.

When the inorganic nucleating agent is added in the
foregoing amounts, the other components of the solu-
tion are reduced proportionately. For example, the
surfactant may be present by weight in an amount of
between about 0.01% and 7% and the combined carrier
and nucleating agent may be present in an amount be-
tween about 79% and 98% when the inorganic nucleat-
ing agent is present in an amount of between about 1%
and 20%. Furthermore, and more preferably, the sur-
factant may be present in an amount of between about
0.06% and 3.5% and the combined carrier and nucleat-
ing agent may be present in an amount of between 86%
and 97% when the inorganic nucleating agent is present
in an amount of between about 2% and 12%. Further-
more, and most preferably, the surfactant may be pres-
ent in an amount of between about 0.1% and 2% when
the combined carrier and nucleating agent is present in
an amount of 92% and 96% when the inorganic nucleat-
ing agent is present in an amount of between 3% and
7%.

Any one of the above-mentioned inorganic salts may
be added to any one of the above-mentioned alcohols or
to mixtures thereof without the addition of surfactants.
In this respect the salt could be present in an amount by
weight of between about 1% and 20%, and more prefer-
ably between about 2% and 12%, and most preferably
between about 3% and 7%. The remainder of the mix-
ture would be any one of the above-mentioned alcohols,
or mixtures thereof, either full strength or diluted with
water.  The hypernucleating solution thus formed
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would be operative, but not as effective as mixtures
containing a surfactant in the sense that much greater
amounts would be required. No special procedure is
necessary for combining the alcohol and inorganic salt
other than mixing them.

The component of the solution to which the non-cor-
rosive surfactant is added and which is both a carrier
and a nucleating agent fall within the class of water
soluble monohydric, dihydric, trihydric and polyhydric
water miscible alcohols, which include the above-dis-
cussed ethanol, methanol and ethylene glycol and glyc-
erol.

In use, the solution is preferably injected in vapor
form into the exhaust gases of a jet engine, but it may be
sprayed into the exhaust in liquid form. It may be
formed into a vapor by suitable heating or spraying or
by any other suitable mode of vaporization, such as air
atomization. The exhaust gases leave the jet engine at
about 950° F. (about 450° C.), and pass through an ex-
haust pipe before they enter a high altitude low pressure
environment wherein the temperature is as low as —50°
C. The hypernucleation solution is injected into the
exhaust gases in the exhaust pipe. The injected solution
of the present invention produces hypernucleation of
the water vapor in the exhaust gases while they are in
the exhaust pipe about to exit into the atmosphere be-
cause the injected solution lowers the surface energy
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ates in the cold low pressure environments which are
experienced at high altitudes.

In laboratory testing it was found that the amount of
hypernucleating solution of the present invention which
can be injected into the engine exhaust gases may be by
weight between about 1% and 25% of the weight of the
jet fuel, and more preferably between about 3% and
15%. Actual tests were performed wherein the amount
of hypernucleating agent of the present invention which
was used was about 12% of the weight of the jet fuel
which was consumed. The foregoing applies to hyper-
nucleating solutions which do not include the above-
mentioned inorganic nucleating agents. However, when
hypernucleating solutions which include the inorganic
nucleating agents are used, the amount required is re-
duced to about 40% of the amount of solutions which
do not include the inorganic agent. The exact amount of
hypernucleating agent which is used will be controlled
by the pilot of the aircraft and it depends on plane alti-
tude and various meterorological factors such as tem-
perature, atmospheric pressure and relative humidity.

EXAMPLES OF SOLUTIONS WHICH PROVED
SATISFACTORY IN THE LABORATORY TO
HYPERNUCLEATE WATER VAPOR TO
BELOW THE VISUALLY PERCEPTIBLE
RANGE

PERCENT OF SOLUTION

EXAMPLE
1 2 3 4 5 6 7 8 9 10
SPARKLEEN® 01 02 013 05 08 05 05 10 10 2
Ethylene 98 96.8 98.0 945 932 — — 400 100 100
Glycol
Water 1.9 20 187 50 60 — — 9.0 — 5.0
Ethanol — — — — — — 99.5 200 300 -
Methanol — 1.0 — — — 99.5 30.0 590 5.0
Glycerol -— — — — — — — —_ 79.8
PERCENT OF SOLUTION
EXAMPLE
1 2 3 4 5 6 7 8 9 10
ZONYL ® FSE 005 01 015 05 038 05 05 10 10 0.05
Ethylene 99.5 99.5 99.5 995 982 — — 400 100 100
Glycol
Water 45 04 035 O 1.0 — — 920 — 5.0
Ethanot — — — — — 9.5 — 200 30 5.0
Methanol — — — — — — 99.5 300 59.0 —
Glycerol — — — - — — — — — 79.9
PERCENT OF SOLUTION
EXAMPLE
1 2 3 4 5 6 7 8 9 10
ZONYL ® FSN 005 01 015 05 08 05 05 10 10 0.1
or
ZONYL ® UR
Ethylene 99.5 99.5 995 995 982 — — 400 100 100
Glycol
Water 45 04 035 0 1.0 — —_ 9.0 — 5.0
Ethanol — — — —_ — 99.5 200 30 5.0
Methanol - — — — — 99.5 300 3590 @ —
Glycerol — — —_ — — — — — 79.9

requirements for droplet formation. The hypernuclea-
tion causes the formation of ice crystal structure sizes
which are outside of the humanly visible range, namely,
between 0.01 and 0.2 microns, when the jet engine oper-

65

The testing of the various solutions set forth in the
above tables was effected as follows: A chamber was
cooled to —80° C. by a suitable refrigerant which was
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passed into a jacket surrounding the chamber. Nitrogen
gas was fed through a coil immersed in a liquid nitrogen
tank and cooled to —80° C. and then fed to the cham-
ber. A combined steam and agent nozzle was provided
which included an agent jet located concentrically
within a steam jet such that the steam and agent were
simultaneously sprayed into the —80° C. chamber con-
taining nitrogen, with the agent being forced from its
nozzle by a suitable pump. Ice crystals of a visually
detectable size were not observed in the chamber, even
though the steam nozzle exhausted 100% water into the
—80° C. nitrogen atmosphere. In another series of tests
the flow rate of cold gases were increased to Mach 0.6
level to simulate actual flights of a jet plane and com-
plete suppression of contrail was observed at appropri-
ate agent and engine power settings.

While preferred embodiments of the present inven-
tion have been disclosed, it will be appreciated that it is
not limited thereto but may be otherwise embodied
within the scope of the following claims.

What is claimed is:

1. A method of suppressing the formation of contrails
from water vapor in the hot exhaust gases of an engine
discharged into a cold temperature atmosphere com-
prising the steps of providing in relatively sufficient
proportions to effect hypernucleation of said water
vapor in said hot exhaust gases a solution of a non-cor-
rosive surfactant for reducing the surface energy of said
water vapor and a combined carrier and nucleating
agent selected from the group of water soluble monohy-
dric, dihydric, trihydric and polyhydric alcohols, and
injecting said solution into said hot exhaust gases of said
engine, said solution reducing ice particles formed from
said water vapor in said cold atmosphere to a size below
a humanly visible range.

2. A method as set forth in claim 1 including the step
of forming said solution into a vapor before said step of
injecting said solution into said exhaust.

3. A method as set forth in claim 1 wherein said solu-
tion includes an inorganic nucleating agent.

4. A method as set forth in claim 3 wherein said inor-
ganic nucleating agent is selected from the group of
ammonium iodide, ammonium fluoride, silver iodide,
ammonium chloride and calcium chloride.

5. A method as set forth in claim 3 wherein said non-
corrosive surfactant is present in an amount of between
about 0.01% and 7% by weight, and wherein said com-
bined carrier and nucleating agent is present in an
amount of between about 79% and 98% by weight, and
wherein said inorganic nucleating agent is present in an
amount of between about 1% and 20% by weight.

6. A method as set forth in claim 3 wherein said non-
corrosive surfactant is present in an amount of between
about 0.06% and 3.5% by weight, and wherein said
combined carrier and nucleating agent is present in an
amount of between about 86% and 97% by weight, and
wherein said inorganic nucleating agent is present in an
amount of between about 2% and 12% by weight.

7. A method as set forth in claim 3 wherein said non-
corrosive surfactant is present in an amount of between
about 0.1% and 2% by weight, and wherein said com-
bined carrier and nucleating agent is present in an
amount of between about 92% and 96% by weight, and
wherein said inorganic nucleating agent is present in an
amount of between about 3% and 7% by weight.

8. A method as set forth in claim 1 wherein said solu-
tion comprises by weight between about 0.01% to 2.5%
of said non-corrosive surfactant, between about 0.01%
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8
and 15% water, and between about 84% and 99% eth-
ylene glycol.

9. A method as set forth in claim 1 wherein said solu-
tion comprises by weight between about 0.05% to 1%
of said non-corrosive surfactant, between about 1.5%
and 10% water, and between about 89% and 98% eth-
ylene glycol.

10. A method as set forth in claim 1 wherein said
solution comprises by weight between about 0.1% to
0.2% of said non-corrosive surfactant, between about
1.7% and 4% water, and between about 95% and 98%
ethylene glycol.

11. A method as set forth in claim 1 wherein said
alcohol is selected from the group of ethanol, methanol,
glycol, glcerol or mixtures thereof.

12. A method as set forth in claim 11 wherein said
alcohol is present by weight in an amount of between
about 85% and 99% and wherein said non-corrosive
surfactant is present in an amount of between about
0.01% and 8%.

13. A method as set forth in claim 11 wherein said
alcohol is present by weight in an amount of between
about 92% and 99% and wherein said non-corrosive
surfactant is present in an amount of between about
0.07% and 4%.

14. A method as set forth in claim 11 wherein said
alcohol is present by weight in an amount of between
about 97% and 99% and wherein said non-corrosive
surfactant is present in an amount of between about
0.1% and 2%.

15. A method as set forth in claim 1 wherein said
solution comprises by weight about 0.13% of said non-
corrosive surfactant, about 1.87% water, and about
98% ethylene glycol.

16. A method as set forth in claim 1 wherein said
alcohol is ethylene glycol.

17. A method as set forth in claim 1 wherein said
engine is a jet engine which utilizes jet fuel and wherein
said solution is injected in an amount of about 12% by
weight of said jet fuel.

18. A method as set forth in claim 1 wherein said said
engine is a jet engine which utilizes jet fuel and wherein
said solution is injected in an amount of between about
1% and 25% by weight of said jet fuel.

19. A method as set forth in claim 1 wherein said said
engine is a jet engine which utilizes jet fuel and wherein
said solution is injected in an amount of between about
3% and 15% by weight of said jet fuel.

20. A method of suppressing the formation of con-
trails from the water vapor in the hot exhaust gases of
an engine discharged into a cold temperature atmo-
sphere comprising the steps of providing in relatively
sufficient proportions to effect hypernucleation of said
water vapor in said hot exhaust gases a solution of an
inorganic nucleating agent and a combined carrier and
nucleating agent selected from the group of water solu-
ble monohydric, dihydric, trihydric and polyhydric
alcohols, and injecting said solution into said hot ex-
haust gases of said engine, said solution reducing ice
particles formed from said water vapor in said cold
atmosphere to a size below a humanly visible range.

21. A method as set forth in claim 20 wherein said
inorganic nucleating agent is selected from the group of
ammonium iodide, ammonium fluoride, silver iodide,
ammonium chloride and calcium chloride.

22. A method as set forth in claim 21 wherein said
inorganic nucleating agent is present in an amount of
between about 1% and 20% by weight.
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23. A method as set forth in claim 21 wherein said
inorganic nucleating agent is present in an amount of
between about 2% and 12% by weight.

24. A method as set forth in claim 21 wherein said
inorganic nucleating agent is present in an amount of
between about 3% and 7% by weight.

25. A method as set forth in claim 21 wherein said
inorganic agents have ice compatible crystal structures.

26. A method as set forth in claim 21 wherein said
solution includes ethylene glycol and a surfactant, and
wherein said inorganic agents have thermodynamic
properties compatible with said solution which contains
said ethylene glycol and surfactant.

27. A method as set forth in claim 21 wherein said
solution includes a surfactant, and wherein said inor-
ganic agents have thermodynamic properties compati-

5

15

20

25

30

35

45

50

55

60

65

10
ble with those of mixtures of said surfactant and alco-
hols, glycols or polyols.

28. A method as set forth in claim 3 wherein said
inorganic agent has an ice compatible crystal structure.

29. A method as set forth in claim 3 wherein said
inorganic agent has thermodynamic properties compati-
ble with those of said surfactant and combined carrier
and nucleating agent solution. '

30. A method as set forth in claim 3 wherein said
inorganic agent has thermodynamic properties compati-
ble with those of other water miscible said alcohols,
glycols or polyols and said surfactant.

31. A method as set forth in claim 1 wherein ice parti-
cles formed from said water are of a size of between
0.01 and 0.2 microns.

32. A method as set forth in claim 20 wherein ice
particles formed from said water are of a size of be-

tween 0.01 and 0.2 microns.
* * * * *
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