et [ Lo
N

A S

2 ¢ CB Sept. 1942

A

WARTIME REPORT

ORIGINALLY ISSUED
September 1942 as

Confidential Bulletin
CONDENSATION TRAILS -
WHERE THEY OCCUR AND WHAT CAN BE DONE ABOUT THEM
By Richard V. Rhode and H. A. Pearson

Langley Memoriel Aeronautical Labérat:ory
Langley Field, Va. g

14
4

WASHINGTON BB T v o

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech~
nically edited. All have been reproduced without change in order to expedite general distribution.

L - 4Th




ek

I-4T7h

3 1176 01364 3286

- ————

NATIONAL ADVISORY QOHHIT¥EPHFGE AERONAUTIOS

-—-.-—l———-—ln—' t

*

- , OONIIDEHTIAL BULLETIH

o_onnuswr'oh mm_n.; =
WHERE THEY OCOUR AND VWHAT CAN EE DONE ABOUT THEM

By Richard V. Rhode and H., 4. Pearson
FOREWORD

A brief, nontechnlocal discussion of condensation
traile 1s presented for flylng personrel. World maps
showing trail-forming szones at different altitudes and
seasons are presented Moeane for suppressing trails are
glven, -

NAfﬁRE OF CONDENSATION TRAILS

Condengatlon tralls are of three types:

l. Evbhaust traeils — Formed by ccndenzatlion of mois—
ture from the engine exhaust.

2. Convectlon tralls — Formed under certaln atmospherie
conditions as a result of riging of alr warmed
by pasesage of the airplane.

3. Aerodynamic trails — Formed by precipltation of
atmoepheric molsture as a result of adiabatic
temperature drop associated with alr flow past
the airplane,

The enumeration of three distinect types of condensation
trails should not, of course, be construed to mean that
combinations, of these types are not possibdle.

Exhauet trails.— The exhauet trall is .-the most impor-
tant from military conslderations, as 1t may be rather
consistently encountered at some altitudes and latitudesa.
It 18 peculiar to high—altitude operatlons and is explalned
as follows:

The hydrogen of the fuel used comblnes with oxygen
from the air and forms water. VWhen normal aviatlon
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gasoline 1s burned in an engine, about 1.25 pounds of
vater 1s formed as vapor and 1s dlscharged with the ex-
haust for each pound of fuel burned.

Behind the engine-—carrying body (fuselage or nacells)
a turbulent reglon or weke is formed as the airplane
flies. The exhaust molsture and some of the engine heat
are discharged into thls wake and becvome diffused through-
out the wake as a result of the mixing actlon of the tur-—
bulence. The molsture and heat do not, however, mlx with
the air outside the wake becaunsa there the air 1s "smooth.®

The vortices in the wake grow and rotate more slowly
a8 they vpass downstream from the airplane. Thus the wake
expands and decays. During this process the energy of the
turbulence is diselpated as heat as a result of viscosity
or friction, and finally sc much energy has been dissipated
that the wake can no longer continue to grow. This point
is reached at a mile or more behind the airplane, the ‘ex—
act distance being somewhat indefinite and dependent upon
the speed and power »f the alrvlsne. By this time, because
cf the asction of wing—-tlp vortices, the wake has changed
in form from its origiral compact cross sectlon to a more
or less flat ridbbonlike furm with curled-up edges, but thie
change in form does not i2volve any further mixing of the
vater vapor wilth {he air, )

It 1s easy to see ithat, 1f the alr 1s .so vold that 1t
cannot hold much water as vapor, the water in the exhaust
may be sufficlent, when added to the moisture already in
the atmosphere, to raise Lhe humidity in the turdbulent
wake to or beyond the saturation value. If this condition
exists, some of the water vapor will condense and a visible
trail will form.

Since the turbulent wake 1s narrow near the airplane,
the density of moisture will ba greatest at this location.
Farther away, where the wake 1s larger and the exhaust
moisture 1s more widely diffused, there will be less mois—
ture denslty. Thus, under some conditions, a short trail
may form that evaporates whers the wake cross section be-—
comes too large to maintain 100-percent humidity. If the
amount of molsutre is great enough to more than saturate
the wake at 1ts final and greatest croves section, however,
the trall will be pereistent aid will not dieappear until
it 1s finally blown away by the wlind or dissipated dy at-—
mospheric turbulence.

From the foregoing explanation it is clear that ex—
haust trails are favored bdy
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(a) Low temperatures._ .

""(b) High atmcepheric humidity (dbut at very low tem-— -
peraturee, persistent traile may form with
very low humidity)

(¢) High fuel consumption (high power and high spe—
cifio fuel consumption

() Low drag (less turbulence and narrow wake)

(e) Low epeed (smaller final diameter of wake because’
of lower turbulent energy)

Convection tralls,— £11 the heat from combustion of

the fuel is dlischarged lnto the alr behind the airplane
except the heat lost by radiation. The ailr behind the
alrplane %8s thue warmed and expanded eligbtly, and it will
therefora rise slowly, purhing up the unwarmed air above
it. If the ntmosvpheric lapee rate at flight level 1s not
more than 8li:htly less than the mouist adiabatic lapse

rate and, 1f the humidity 1s rather high, a continuous
"natural® cloud willl form behind and somewhat above the
airplane. This type of trall is very wide.and, in general,
dces not connect with the alrplanse,

Convection trails are favored dy
(a) High power and fuel consumption

(b) Lapse ratee on the verge of "conditional insta-
bilaity"

(¢) High humidity

Aerodynamic tralls.— When the air flows past the

wings, the propeller, and other parts of the alrplane,
there are reductlone of pressure that cause "adladbatiec
cooling" of the alr. This cooling may be great enough to
raise the humidity relative in the affected regions to

100 percent or more and, in such cases, condensation will
take place. For the most part, after passing the airplane,
the ailr comes back to atmospheilc pressure and to substan-—
t1ally atmospheric temperature, and the-condensate will
evaporate immediately and leave no trail, There are,
however , regions wlithin which the pressure and the temper-—
ature remain less than stmospherlic for a considerable dis-
tance downstream, such as, for example, the cores of the
wlng—tlp and propeller-tip vortices. Condensate may per—
8ist in such reglons until the vortices decay.




When the humidity 1e very high, evaporation can be
860 slow that & persistent or semipersilstent trail will
form even 1in the regione where the pressure and the tem—
perature have returned to atmoepberic valuee. If condi-
tions are favorable for such traile to form at subfreez-
ing temperatures, furthermore, the condensate may freese
and may remain more persistent than at high temperaturses,

In general, under conditione of very high humidity
(both epeciflc and relative) "wing" traile or "wing-tip"
tralle wlll form., As a rule, hut not withcut exception,
wing—-tip tralls will perslsc where ordinary wing trails
will immediately evaporate.

Wing tralls are favored dby
(a) High epeed and wing loading
(b) Very high humidity

(c) High temperatures (the tralls may persist longer
if the temperature is not above freezing)

¥Wing—-tip tralls are not appreciably affected by
speea changes. Thoy are favorod by

(a) High wing loading
(b) High humidity

(c) High temperature (the trails may persist longer
if the temrerature 1s not above freezing)

In genersl, both the aerodynamic traill and the con-—
vection trail are seporadic and rather rare in occurrence
because they requlre relatively uanusual combinations of
conditions. At present they cannot be predicted with
certainty or with ease. The exhaust trall, on the other
hand, will nearly always occur at certain higin altitudes
end latitudes arnd is most important from the milltary

standpoint.

ZONES OF OCCURRENCE OF EXHAUST TRAILS

World mape are included herein to show the zones of
occurrence of exhaust trailp at the different seasons of
the year. These mape are based on avallable data on monthly
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mean values of temperature and humidity and apply specif—
ically - to-the - Bl7-E.-airplane in.normal heavy cruising
condition., The maps will apply reasonably well, however,
to any modern ailrplane, provided the powsr output per en-—
€ine at the upper 'altitudes is about bhe same as that of

At the time of preparation of these maps, sufficlent
data were avallable to permit reasonably exact determina—
tion of the trall zones only over the North American eon—-
tinent, the western half of the Atlantic Ocean, and the
eastern third of the Pacific Ocean in the Northern Hemi-
sphere. The zone boundaries shown elsewhere are pure
estimates, and they are presented as such, pending ocom—
pilation of the data required to construct more exact
maps.

Fo boundary lines are shown in the Southern Heml-—
sphere because of lack of data. Trall zones in this hemi-
sphere may be roughly estimated from the following rules:

1. The mean south latitudes of the zZone boundarles
in the Southern Hemlisphere for the month of
July will be about the same as the mean north
latitudes of the zone boundaries in the Northern
Hemisphere for the month of January., The same
rule anplies for therother complimentary months.

2. Zone boundaries will have a tendency to bulge
toward the poles over the Southeast Paciflc and
the Southwest Atlantlc and to bulge toward the
equator of the western coasts of the continents
of South America and Africa,

It should be borne in mind that such maps are merely
representative of average conditlions, because the maps
are based on mean atmospheric temperatures and humidities.
It should also be borne in mind that the maps apply to
specified operating conditione of a single airplane, In
general, the boundary lines on any given map wlll come
toward the equator for climbing conditiens, recede toward
the poles for diving or gliding conditions, approach the
equator for ailrplanes having greater pingle—englne power
than the B17-E, and recede toward the poles for alrplanes
having less power than the B1l7-E,




SUPPRESSION “OF TRAILS

. If a -traill 1s formed, there sre certain measures
avallable to the pillot for suppressing or eliminating then.
An enuveration of those measures follows:

E;hgngy trgilas.— In princlple, the only completely
effectlve method of preventing exhaust tralls is to remove
the water from the exhaust by means of water-recovery
apparatuas.
apparently Js rol practicable at the moment, other means
of suppression that can.be only partly effective must de
resorted to. -These olher means will, of ccurse.:be more
effeetive in reglons or at altitudes where the trails are
not of great density and vice versa,

L.

If

LIf

Because such equipment is not available and

reduction of altitude 4s permlesidble, throttle
eunginee and glide at high speed to a lower
level.

net loss of altitude is not permiseible, go
into a shalluw power dive at substantial 1in-
crosase in speed, Regaln sltitude by zooming.
(Short lengths of -persistent tfall may be
formed during latter part of scom.) Alterna—
tive: - Tly at reduced power.

gome reduction in speed 1s permissible with
same power output and fuel consumptlon, as
during c¢limb, open engine cowl flaps as wide
ay possidle. (Airplanes without cowl flaps
could be equipped wiihk similar drag—producing
devices.)

.. .The -effect 'of these varlious expedients will, if con-—-
dltions are not -too difficult, be to transform a long,
persistent .trall Jinto a short diseslpating one or to shorten
still further a dissipating trail, The tralls will prob-
ably not disappear entirely in all cases excevot when rule

l1 18 applied.

fonvectilon tralls.—

1.

Climb or descent to new level. (A change of alti~

tude of 1000 to 2000 feet should be ample in
most cases to eliminate traill completely.)

2. Stay away from level of stratus and strato-cumulous

cloud formations.

w1
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Aerodynamiec trails.— Owing to the fast that wing-tip
$rails are little affected by speed changes, there is no

.way in which the pilot can mamipulate the sirplane to

eause immediate and complete cessation of all-aercdynamic
trails. In general, however, the followlang procedures
sheuld help if they can be applied:

1. Throttlie engine and reduce speed.
2. Reduce altitude belcw freezing level.

3, Climb or descend tc new altitude to get ocut of
humid layers.

4. Avoid flying near the elevation of stratus—type
ecloud formations.

PLIGHT IN THE STRATOSPHERE

The British in preliminary investigations have con-
clunded that persistent exhaust trails will cease a short
distance above the tropopause. They lay grent stress,
therefore, on the desirability of flying in the stratosphers
on bombing missions. It should be pointed out here that
the NACA investigntion does not bear out this conclusion,
The true explanation of the British findings is believed
to be that in their tests the tropopause was close to the
ceilings of the =mirplanes used and considerably above the
eritical altitudes. The engine powers, therefore; were at
low levels and the trails ceased because of reduced power
and amount of moisture discharged per unit volume of trail,
Their trails probably could have been made to cease at any
elevation below the tropopause by throttling the englnes
in accordance with rule 1 or 2 governing suppression of
exhaust traills. An exhaust trail from any airplane should
be greatly suppressed, if not entirely elininated, when
the airplane is flying vwell above its critical altitude
and near its ceiling, wherever these altitudes may be and
regardless of the elevation of the tropopause,

It should be clearly understood that flying into the
stratosphere will not, of itself, cause cessation of
trails as far as is shown from the fundamental nature of
trail phenomena.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va,
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