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By William Lewis and Porter J. Perkins, Jr.

SUMMARY

A Beries of test flights was conducted by the U. 5. Navy over a 3-
year period to eveluate the effects of icing on the cperaticn of the
IZPG-2 mirship, In supercocled clouds, ice formed only on the forwmrd
edges of small protuberances and wires and pregented no serious hezard
to operatiom. Tee aecretions of the glasze type which occurred in cendi-
tlons described as freezing drizzle adversely affected varicus components
to a scmewhat grester extent, The resulfs indieated s need for protec-
tion of certain components such as sntennes, propellers, and certain
parts cof the comtrol system,

The tests showed that ieing of the large surface of the envelope
ceeurred enly in freezing rain or drigzle. Because of the infrequent
occcurrence of these conditions, the potential meximim severity could nob
be estimated from the test results. The fneresses in heaviness caused
by icing in freezing rain and drizzle were substantial, but well within
the opersticnal capabilities of the ailrship.

In order to estimate the potential operaticnal significance of icing
in freezing rain, theoretical ealeulations were used to estimste; (1)
the rate of icing as & function of tempersture and rainfall intensity,
(2) the climatological probability of cecurrence of varicus combinations
of these varisbles, and (3) the significance of the warming influence of
the ccean in alleviating freezing-rain copditions. The results of thess
eeleulations suggest that, although very heavy icing rates sre possible
in combinations of low temperaturs and high rainfall rate, tha ceccurrence
of such conditions is very infrequent in coastal aress and virtually im-
possible 200 or 300 miles offshore.

THTRODOCTTON
The nonrigid airship ("blimp") has been adapted to carry airecraft

detection equipment for use in the alr defense system. The sircraft-
early-warning mission requires that picket alrcraft endure all types of
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A preliminary study of the sirship ieing problem indicated that
accumilations of lee or snow on the large surface areas along the top
of the envelope and fins eould produce the sericus problem of weight
greater than the 11fting cepecity of the airship, This problem would
exist only in the more ynusual conditions of freezing drizzle or rein
where the drop sizes are of sufficient size to gkrike the envel sur=-
face. Droplets in the smaller size range of supercooled clouds (<100
microns) would not impinge on the envelope in sufficient amounts to be
of concern. The low eirspesd and gradual curvature of the large air-
ship envelope allow the emell light-welght droplets to be easily de-
flected by the airstream arcund the envelopa, Afmospheric conditions
engauntem during the flight tests did not provide sufficient informa-
tion to eveluste this primary problem of ice loads from freezing rain
adequately. It was considered advisable, therefore, to calculate rates
of iece formation on the airship envelope based on theoretically derived
droplet trajectories and heat-transfer ralations combined with rainfall
rates and temperatures typical of freezing-rain conditions. The cpera-
tional eignificance of this problem during offehore missions was also
ecnsidered desirable. The second part of this report presents the re-
gults of these paleulations, ineluding an analysis of the probebility
of freezing rain for offshore areas.

DESCRIPTION (F TEST ATRSHIP AND INSTRIMENTATION

The ZFG-Z airship used in the tests (fig. 1) has a fabric envelope
filled with approximately 975,000 cubic feet of belium, The over-all
length is 342 feet and the maximum diameter is 75 feet. Two 18-foot
propellers are mounted on outrigmers projecting from each side of the
ecar, Power 1s transmitted through shafting from the engines mounted in-
side the car, The stabilizers and control surfaces (ruddevetors) are
mounted at 45°2 angles and are supported by brace wires attached to the
envelope purface, Exposed conbrol ecables run from the car to the rudde-
vators. The mirship is normelly operated in a heavy condition (i.e.,
heavier than the air displaced by the envelope) and thug requires some

dypamic 1ift for £light,

The test Instrumentation consisted of equipment to memsure and cbh-
gerve ice sceretioms on varicus airship compomenta and to evaluste the
effects of the ice tm the operation of the airship. Rate-of-accretion
meters indicated the magnitude of ice formatioms on the forvard edges
of smell exposed components. These meters recorded the rate at which
ipe formed on the leading edge of a thin rotating disk and were used in
flight to detect the presence of icing and the duratiom of the ieing
conditions (see ref, 2 for a deseription of these metera). Ice depesited
per unit area on the top surfaces of the envelope in freezing rain or
drizzle was measured at three locations (nose, center, and tail sections)
by use of a devige developed specifically for this purpose by the Clevite
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The increasing ice accumilation with time as measured by the icing-
Tete maters is ghown in figure 2 for a chronology of events reported
during the flight. Icing was encountered during climb shartly after
takeoff from Scuth Weymouth., The preatest leing rate appeared to be at
the 3000-foot level where the tempersture was -1.5° C and the vislbility
very limited. After 25 minuteg of contimeously increasing ice scoumulsa-
tion at this altitude, m slight vibration of the car was noted. About
S minutes later thie vibration became excessive and caused the instru-
ment panel to shimmy up to the limits of its shoeck mounts. The fre-
quency of the car vibration wes estimeted as sbout 5 cycles per second,
During this period ice thrown from the propellers wes heard etriking
the sides of the car which suggested thet propeller unbalanes may have
been present. These pieces of ice also caused a rip in the fabrie fair-
ing between the car and envelope. The vibration diminished during the
following 10 to 15 minutes, then incremsed egain and became very pro-
nounced about 5 minutes later. A descent was made shortly theresfter
out of the icing level into above freezing temperatures. The airship
had been exposed to continuous icing for about 70 minutes. The clear
ice formed under these conditicme is i1lustrated 1in figure 3, which
shows lee formations om the yawmeter mounted below the pilot's window.

During the descent sheetz of ice began sliding off the envelope
from the bov area and falling back into the propellers and windshield.
Ice was also noted falling from cther aress along the sides of the en-
velope during the approsch to the runvay. The surface-ice accretion
meters were inoperative during this flight, and therefore the envelope
lee load was not messured, A total iee load of asbout 4000 Pounds was
estimated by considering airspeed, deck angle, and power setbtings. This
included the accumilated ice on fin brace wires and protuberances as
well ps on the envelope surface,

Near the end of the icing period the fin brace wires were cheerved
cacillating at an estimeted S-inch amplitude. Tee accretions up to

1% inches in diameter had formed on the 3/16-inch-dismeter wires. Some

flapping motion of the fins was also detected. The comtrol cables had
also collected some ice, but their operation was not impaired. An in-
spection upon landing revealed some 30 punctures in the fabrie surfaces
of the two lower fins. These 1- to 6-inch punctures were attributed o
pisces of iece thrown from the oscillating brace wires or to chunks of
ice falling from the leading edge of the upper fins or both.

Other operational problems resulting from the icing ineluded the
freszing shut of en air damper controlling air to the center ballonet
and iee on the windshield which completely obscured forward vigibility.
Cperation of the damper by either electrical or manual controls was not
poseible. The windshield defogging system was ineffective in preventing
or removing the ice coating,
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During the next lE hours the airship procesded to the Cape Cod area

where iecing egain was encountered. All ice mceretions from the previous
encounter had melted. Vibretion agsin was felt when gbout 1/4 inch of
ice had accumuleated. Excessive antenna whipping was algo present. When
meximum aceretion was reached (sbout 1/2 in. in 30 min), there was ex-
cessive vibration of the car for about 5 minutes. This was socompenied
by propeller ice throwoff. A climb st this point to 3200 fest produced
melting at 1° C, which indicated that an inversicn wes also present in
this dcing area. As the melting continued, ice in thin sheets fell from
the sides of the envelope and struck the propeller, the outriggers, and
the windehield.

The third icing condition wes entered upon returnm to the South
Weymouth area st 3000 feet. This condition was similer to the first
encounter of the flight in that only 1/4 inch of ice mccumilated over
a 40-minute period. Antenns whipping again appesred excessive. Air-
gpeed was reduced to help prevent the wires from snapping. Inspection
of the airship after landing disclosed ice accretioms 1/2 to 3/4 inch
thick on the fin brace wires end control cables, but no ice had remmined
on the envelope surface.

During a takeoff on the day following this flight, a control problem
arcae which was considered related to the icing encountered om the pre-
vicus day. In an attempt to elimb the airship veered sharply to the
right. Flight vas maintained, however, and s landing was effected with
the controls still fouled., Inspection showed that movement of the lower
left ruddevetor was prevented by the control cable, which had Jumped a
pulley and lodged between the pulley and its guard. The failure was
aggumed to have developed during the rollout phase of the landing from
the previous flight. A buildup of ice on the affected cable and pulley
would cause no trouble for normal flight, because the control movements
are usually emall. However, the large cable travel required on landing
could cause the enlarged cable to ride up and out of the iced-over pulley
groove. A gimilar control-system difficulty was encountered during flight
number 6 also. When the sutomatic pilet was disengaged pricr to letdowm,
movement of the controls was dangerously restricted. They could be moved
marually enly in small incremente. Complete control was regained after
descent into sbove freezing temperatures.

Flights in Rime Ice

The rime ieing conditions were found in typieal supercocled clouds
with temparatures ranging from -2° to -10° C and liquid-water ecmtents
from Q.1 to 0.5 gram per cubic meter. The ice formations were different
from those produced in freezing drizzle in that the rime aceretions were
canfined to the forward edges of smell cbjects only and, unlike glaze-
ice formations, had less tendency to spread. A eomparison of the two
types of ice Tformation is shown in the flight photographs of figure 3.
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cold air over & warm ses surface. Icing occurred in four separate peT-
ieds with an estimated cumilative time 4n icing of about 5 hours. Ice

aceretions (about l-i—' in,) were the largest recorded for rime icing en-

counters. The pilot noted thet the ice om small protuberances would
build up to a certain thicknese and break off. Thus, it would seem that
this condition approached the meximum effect of prolonged perisds of
rims leing, The total ice load was estimated not to have excesded 2000
pounds. Some snow in the taill section comtributed to the increased
heaviness .,

In gensral, the over-all ocperation of the airship was not seriously
impaired by the rime icing conditions that were encountered, The limited
icing protection installed on the second airship appeared adequate for
those components which were adversely affected by the rime acceretions.

Flights in Bnow

Seversl flights were conducted in moderate to heavy snow with 1ittie
or no in-flight effects on the airship, Gnow loads accumilated while an
airship is on the mast have long been recognized a=s a serious problem,

In flight, however, most of the snow catch blows off at the higher air-
speeds, except possibly very wet snow. The results of a Z-hour £11ght
in light %o moderate snow at -2°% to -69 ¢ are shown in figuve S(a). A
emall catch estimated to be sbout 1000 pounds can be seen distributed
aleng the top of the envelope and in the catenary seam along the side.
On cther flights snow was observed only on the top, between and aft of
the fin area, as shown in figure S5(b).

During the test flights snow loeds created cperational problems on
two occasione., While the airship was on the mast prior to takecff for
flight mumber 2, a heavy enow load collected on the top. M though some
snow blew off during takeoff, the airship remained very tail-heavy and
required all ballonet eir forward plus the elevator down to effect a 137
angle of atbtack at 2000 feet. The airship was operating at maximm gross
welght and low power settings to minimize fuel consumption because of the
endurance requirvements of the mission. About 20 minutes of icing wes en-
countered soom after takeoff, which produced a small aseumilation (0.1
in.). The cembined effect of all these conditions created a stall situ-
ation which required descent to a lewer altitude. Thie provided in-
creased ballonet eir capecity, which was used to reduce the high sngle
of attack. With less down elevator also reducing the drag, level flight
could be malntained without an increase in power.

Heavy snow produced sncther problem during a specisl maneuver con-
ducted while on a barrier station. An attempt to pick up ses-weter bal-
last was sbandoned when altitude could not be mainteined at the very low
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critical freezing rate is greater than the impingement rate, &1l the im-
plnging water freezes, and the icing rate equals the impingement rate,
Where the impingement rate exceeds the eritical freezing rate, the feing
rate is greater than the eritical freezing rate by the amount of iece
formation required to relesse sufficient latent heat to raise the temper-
eture of the excess water to 320 F.

For example, in figure E{a; at 8 lecation of 60 feet from the nose
the impingement rate (33 (1b/hr)/ft) is less than the critical freeming
rate (44 (1b/hr)/ft), and the icing rate is equal to the impingement rate
(33 (1bfhr}/ft). At a locatien 20 feet from the nose, cn the other hand,
the impingement rate (117 (1b/hr)/ft) is grester than the critical freesz-
fg rate (67 (1b/hr)/ft). The excess water (50 (1b/hr)/ft) undergoes a
temperature rise from 27% to 32° F, which absorbs heat at a rate of 50x5
or 250 [Btuﬁu‘}fﬁ, and thus freezes additionel ice in the amount of
250/144 or 1.7 {(1b/br)/ft. The lecal icing rate is therefore 67 + 1.7
er 68,7 (1o/hr)/fft.

The total icing rate for the entire envelope is found by integrating
the local icing rate over the total lsngth. 7TIn the coordinates of flgure
6{a), this integration is accomplished by determining the ares under both
the impingement-rate and eritical-freezing-rate curves, using whichever
curve is lower st any location. To this area is added (32 - t,)/144

times the area lying below the impingement curve and above the critical-
Ireezing-rate curve.

Figure EI:‘D} shows how The relation between impingement and critieal
freezing rate changee as the rainfall rate increases at constant temper-
ature and eirspeed. AL rainfall rates up to 0.04¢ inch per hour, for the
conditions shown in figure 6(b)(28° F, 30 knots), the area of excess im-
pingement and runcff comprises only a small portion of the envelope at
the nose. Thue, the icing rate lncremses almost linearly with the rain-
fall rate., At 8 rainfall rate of about D.047 inch per hour runoff sete
in along the rear half of the envelope about 250 feet from the nose, and
gt & rainfall of 0.05 inch per hour most of the rear half is rumming wet.
Beyond this point the icing rate increases more slowly with increasing
rainfall. Finally, beyond 0.070 inch per hour the entlre envelope 16
subject to munoff,; and further incresases in rainfall cause only & small
increase in icing. Curves such as thoee shown in figure € provide s
meens of estimating the total icing rate as a function of reinfall rete
for a given alrspeed and temperature, as shown in figure 7.
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aircraft-early-warning airship operation over land st lowv altitudes duw-
ing return to or departure from the base. An estimated frequency dis-
tribution of rainfall rate applicable to freezing rain 1z showm in fig-
ure 11. The method of selecting data and the theory underlying thedr
use to represent freezing rain are given in appendix D.

Combining the temperature distribution of figure 10, the rainfall
digtribution of figure 11, and the relstion between icing rate and tem-
perature and rainfall rate shown in figure 7 yields the frequency distri-
butions of ieing rate showm in figure 12 for atrspeeds of 30 end 50 kmots.
Thus, if an airsghip is flying at 30 knots in freezing rain, the chances
are 1 in 10 thet the icing rate exceeds 6300 pounds per hour emd 1 in
100 that it exceeds 14,000 pounds per hour, The temperature end rainfall
distributions would not be expected to vary widely in the limited geo-
graphical area of the northeastern United States because the cecurrence
of freeming rain fixes the sir-mass temperatures within rather narrow
1imits. Thus, figure 12, which gives the probability of various icing
rates when freezing rain is ¥nown to be occeurring, may be repgarded as
applicable generally to land aress near the emst cosst of the United
States in winter. The geographical effects within this srea are included
in the frequency of oceurrence of freezing rain (fig. %).

Estimated conditions off northesstern coast of United States. - As
implied in figure 9, the probability of encountering freezing rain is
much lese over the ocean off the coast of the northeastern United States
than it is over adjacent land aréess. BSince direct ocbeervetions of
freezing-rain frequencles at ses are not aveilsble, it 1s desireble to
estimate the effect of flow over the relatively warm sem surface in
modifying the air-mass tempersture structure in freezing-rain situationa.

An analysis of hest transfer occurring when s leyer of caold air
topped by an imversion flows over a warm weter surface ls presented in
appendix C. The distance of travel over the ocean (surface temperature,
6% C) required to raise the surface-air temperature to 29 C was caleu-
lated as a function of the initial surface-sir temperature and the height
of the first freezing level. A surface-alr temperature of 2 C was
chosen a8 representing a condition under which an airehip could safely
descend to below the freezing level (mbout 700 ft) and shed ascumulated
ice. The relative frequency of various combinations of surface-air tem-
perature and helght of the first freezing level measured during freezing
rain were combined with the caleulated values of distence to 2% C to ob-
tain the frequency distribution shown in figure 13, This curve shows
the percentage of cases of freezing rain (cbserved on land) that would
be warmed sufficiently to have a surface-air temperature of 2° C or
higher as a function of distence transported over water at 69 C. Thus,
cne-half of the freezing-rain cases at the comst would be effectively
eliminated at 64 nautical miles effshore, 90 percent &t 145 miles, and
99 percent at 260 miles.
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(1) It 4s possible to encounter very heavy rates of icing under
conditions of high rainfall rate and low temperature.

(2) Statistics on rainfall rate and temperature in freezing rain
indicate that combinations glving rise to hazardous iging rates may be
expected in from 1 to 5 percent of freezing-rain oecurrences over land
areas in the northeastern United States. Bince freezing rain occcurs in
this area in only about three to five storms per year, the probability
of severe icing 1s very smsll.

(3) Because of the warming effect of the sea surface, the probability
of encountering hazardous icing in freezing rain deereases rapidly with
d{stance offshore, becoming negligible at 200 to 300 miles.

(4) The effect of freezing wain in aiveraft-early-werning operatiens
is 1ikely to be confined to arrivals and departures, when the airship is
over land:or a short distance offshore. Hazardous icing during these
phases of operation can probably be avoided with the aid of weather fore-
casts, since the synoptic conditions required for freezing rsin can be
forecast satisfactorily for short pericds.

Lewis Flight Propulsion Laborstory
Hational Advisory Committee for Aeronautics
Cleveland, Ohio, December 17, 1957



