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SUMMARY

Icing date collected on routine operations by four DC-4-type alr-
craft equipped with NACA pressure-type icing-rate meters are presented
a8 preliminary information obtelned from a statistical icing data pro-
gram sponsored by the NACA with the cooperation of many airline companies
and the United States Air Force. The program is continuing on a much
greater scale to provide large gquentities of data from many air routes
in the United States and overseas. Areas not covered by established air
routes are also being Included in the survey.

The four alrcraft which collected the date presented in this report
were operated by United Alr Lines over a transcontinental route from
January through May, 1951. An analysis of the pressure-type lcing-rate
meter was satisfactory for collecting statistical data during routine
operatlons. Data obtalned on routine £flight icling encounters from these
four instrumented aircraft, although insufficient for a conclusive
statistical analysis, provide a greater gquantity and considerably more
realistic information than that obtained from random research flights.

A summary of statistical data will be published when the informetion
obtained during the 1951-52 icing season and that to be obtalined during
the 1952-53 sesson cen be analyzed and assembled. The 1951-52 data
already anelyzed indicate that the quentity, quality, and range of

icing information being provided by this expanded program should afford
e. sound basis for lce-protection-system design by defining the lmportant
meteorological pasrameters of the icing cloud.
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INTRODUCTION

The meteorological phase of the iclng research program conducted
by the NACA has been previously confined to research flights into icing
conditions. These in-flight measurements of the meteorclogical gquanti-
tles associated with aircraft icing (summarized in reference 1) have
been limited to a relatively small number of flights over confined sec-
tions of the country and have thus provided only tentative design
criteria for ice-protection systems.

The majority of the research flights into icing conditions were
made by attempting to select weather conditions, flight paths, and alti-
tudes, which would yield heavy or continucus icing. Multiple traverses
were often made when such conditlions were found. It is impossible,
therefore, to determine from this information the extent or frequency
of specified icing conditions that would be encountered during normel
flight operations such as those experienced by airlines on routine
schedules. Additional date are needed to substantiate or to modify the
ice-protection-system design conditions in order that all-weather pro-
tective designs can be accomplished with the lowest posslible penaltiles
in terms of performance and payload. Statistical icing data obtained
from routine operations could serve . both as a basis for optimum design
of ice-protection systems and as an aid to the operator in prescribing
flight-control procedures, such as preferred altitudes, which would
avold or minimize hazardous icing conditions.

With the realization of this need for additlonal information, the
NACA Lewis lsboratory hes initiasted a program in cooperation with the
major airlines and the United States Alr Force to obtain measured icing
data encountered during routine operstions. These data Include messure-
ments of icing rate, liquid-water content computed from icing rate and
alrspeed, temperature, duration of icing, observations of the geographic
location, type of ice, and effect of icing on the alrcraft. Although
cloud droplet-size values sre needed to complete the meteorological vari-
ebles assoclated with ailrcraft icing, a knowledge of the liquid-water
content without knowledge of the Aroplet sizes can be useful in estab-
lishing ice-protection-design criteris for cases where droplet-size
variations do not significantly affect the rate of ice collection.

This report presents the data collected by four transport aircraft
equipped with pressure-type icing-rate meters supplied to United Air
Lines by the NACA. These ailrcraft were flown over a transcontinental
route across the central part of the United States between San Franclsco
and New York City during the period from early January to about the end
of May, 1951. This survey covers only the Initial phase of a program
which will use over 50 meters to collect statistical icing data over
many air routes both in the United States and oversess. Areas outside
of established alr routes are also being included in the program which
will be continued for at least two subseguent icing seasons.
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These data are presented in this preliminary report to show the type
of data that can be obtained from the pressure-type icling-rate meter
installed on airline aircraft and to provide some tentative information
which may be of importance in view of the lack of any previous informs-
tion of this type. The quantity of data is insufficient for & conclusive
statistical analysis, but is presented herein for possible use by alr-
craft designers and operators before additionsl data can be collected.

APPARATUS AND PROCEDURE

Description and operation of lecing-rate meter. - The icing-rate
meter used on the airline transports was developed specifically for the
purpose of collecting icing data by the RACA Lewls laboratory and is
fully described in reference 2. A photograph of the individual unlts
of this meter is shown in figure 1.-

The principle of operation of the icing-rate meter is 1llustrated
in figure 2, which shows an ice-collecting element containing total-
pressure holes mounted in the air stream and connected to a.differential
pressure switch. The total pressure from the element is balanced against
an ice-free total-pressure system (the conventional pressure system in
the aircraft). When the holes in the ice-collecting element start to
Plug because of ice accretion, the pressure in the system becomes
unbalanced end at a glven value of differential pressure, the swltch
energizes an electric hester which de-ices the ice-plugged holes. The
heat-off time of this cyclic process is an inverse function of the rate
of ice accumulation on the element and can be used as a measure of the
icing rate provided that the ice thickness required to plug the holes is
known. This ice thickness was determined from previous calibrations in
the Lewis lcing Research Tunnel. The calibration curve for the instru-
ment is shown in figure 3. The icing rate on the sensing element is
determined by the cloud liguid-water content, the air velocity, and the
collection efficlency of the element.

An NACA flight-type recorder was used to record on photographic film
the icing rate (in terms of heat-off time), the indicated airspeed, and
the pressure altitude. The recorder started automatically at the initial
plugging of the holes and continued until turned off manually after an
icing encounter. A set of indicating lights was mounted on the pilot's
instrument panel for visual indications of the icing intensity, of the
operation of the recorder, and of when the £ilm supply in the recorder
was exhausted. An icing encounter was immedia%ely revealed to the pilot
by periodic flashing of the icing-rate light which was connected in
parallel with the heating circuit. The icing intensity could be deter-
nined by the time between flashes of this light.

T
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Installation of lcing-rate meters on alrcraft. - The icing-rate
meters were installed on four engine (DC-4-type} alrcraft. The ice-
collecting element was mounted on the top left slde of the fuselage
about 4 feet back from the pllot's windshield. The airspeed and the
altitude pressures for the recorder were cobtained from the conventional
total and static-pressure systems 1n the aircraft. The recorder was sO
positioned that the fllm supply could be replaced easily either in
fliglit or on the ground.

Recording and assenbling of data. - The data obtained with the

Instrument were recorded on photographic film Zi%ainches wide and

20-feet long conteined in a magazine or drum which mounted on the
recorder unit. An electric motor advanced the fllm at a constant speed
of ebout 1 inch per minute; this provided approximetely 4 hours of data
recording. When the indiceting light showed that the £ilm had been
completely exposed, the drum was replaced at a ground station and
shipped to the Lewls laboratory for developing and reloading. Replace-
ment drums were kept at four line statlons along the route in order to
minimize the flight time of a meter with an exhausted fllm supply.

Supplemental information was cbtalned from the pilot's reports of
the icing conditions. A specisl data sheet was made available in the
pilot's compartment with instructions to fill in the information each
time the icing indicating light from the meter detected an icing condi-
tion. These data for each icing encounter included notations of date,
geographic location, temperature, altitude, airspeed, duration of icing,
and any remarks concerning the type end Intenslty of lcing and the
effects of the icing conditions on the alrcraft. The altitude and alr-
speed were included for purposes of cross reference in correlating the
Pilm date with the supplemental information. This was necessary because
the flight crew did not always note all icing encounters that were in
sequence on the £film. Also, consldersble data were noted by the pilot
which were not recorded on the film because either the film had been
exhausted earlier or the recorder was inoperative at the time.

Analysls of date. - A section of & typlcal data £ilm taken during
an icing encounter 1s shown in figure 4. The five traces which appear
on the film include the airspeed and altitude traces with thelr respec-

tive reference lines and the icing-rete trace. This lcing trace is shown

recorded as a series of variable length dashes which correspond to the
heat-off times. The lcing rate 1s obtalned from these heat-off or
sensing-element lcing periods using the calibration shown in figure 3
(see example in fig. 4). When the film was analyzed, l-minute inter-
vals were marked off, and icilng rate, altitude, and ailrspeed were
averaged and computed for each l-minute perliod. Each licing encounter
was identified by a break in the f£film record. It was therefore possible
to consilder each lcing encounter separately snd to assoclate the
individual records with the supplemental data.
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The accuracy of the icing-rate measurements was limited particularly
at the higher rates because of the inverse function of icing rate to the
measured icing period as shown in the calibration curve of figure 3.

The maximum value of relisble date was considered to be 12 inches per
hour. Icing rates exceeding this amount were considered beyond the
range of the meter and are tebulated as 12+ Inches per hour in tables I
and II. The minimum iclng rate considered significant was 1/2 inch per
hour. Rates of icing between 1/2 and 1 inch per hour were called traces
of icing and were not assigned a specified value in order to minimize
the computing effort and yet not disregard any icing that could be of
any Iinterest.

The pressure altitude was measured to an accuracy of 100 feet
using NACA standard atmosphere. This altitude was generally within a
few hundred feet of the mean sea-level altltude noted by the pilot. The
indicated alrspeed was recorded within &l mile per hour although the
average airspeed for a l-minute period was calculated within only about
i3 miles per hour because of the fluctuations of the total pressure
experienced by the aircraft in the air stream.

Most of the 1cing condltions were found to have large variations of
water concentrations during the encounter. In meny encounters long dis-
tances of no icing were noted which were probably asssoclated with
broken-cloud formetions. In order to separate these excessive periods
of no icing from periods during which lce is accumulating and to provide
a convenient analysis of the various icing conditions, an arbltrary
maximum distance of about 50 miles (about 15 min) between areas of icing
was established. Therefore, any period of noniecing greater than
50 miles was consldered as separating the icing condition into individual
icing encounters. This rule could not always be followed because of
insufficient information for the determinstion of whether the recorder
had been shut off and started again within this maximum period.

The data collected from the icing meters installed on the four
transport airecraft and the supplemental pilot reports were anslyzed by
following a statistical approach, slthough it was realized that the
quantity of information was insufficient for a conclusive analysis of
this type. These data have shown that this type meter i1s satisfactory
for a program of collecting statistical icing data on airline aircraft
in routine service.

RESULTS AND DISCUSSION

During the S5-month periocd when data were collected, a total of 100
icing encounters were logged on the data film and in the pilotts reports.
These data sre summarized in tables I and II. Table I contains the
informetion computed from the film records and is associated with the
corresponding pilot's reports wherever possible. A total of 45 encoun-
ters were correlated from these combined sources. Teble II presents
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the date from encounters where film records were not obtained and only
the pilot's reports were available. These data, which are restricted
to visual observations of icing, are included in order to add to the
quantity of information available for the statistlical analysis of the
frequency of occurrence of icing with respect to date, geographical
location, altitude, temperature, and duration of the icing conditions.

The data in tebles I and II should not be consldered as a thorough
investigation of the range of meteorological varisgbles assoclated with
alrcraft lcing because of the manner in which the data were collected.
The alrcraft collecting the date were following normel flight operations
which, 1if possible, avoided lecing, and without exception, no aircraft
were dlspatched into known severe icing conditions.

Frequency of Occurrence of Icing Conditions

Total fllght time. - The flight time in the icing conditions
reported in table I totals epproximately 16 hours. The four aircraft
flew a total of 1120 hours during the period when these conditions were

encountered. These flight times show that approximately 1% percent of

the total flying time of the four alrcraft was in icing conditlons.
This percentage may be slightly lower than the true value because the
total time logged by the aircraft was obtained for the period during
which the film drums were on the alrcraft. If a drum wae not replaced
shortly after the £ilm had been exhausted, some lcing may have been
encountered and not recorded.

Geographical area. - The transcontinental route followed by these
four aircraft was essentlally the civll alrway across the central part
of the United States from San Francilsco through Denver, Colorado;
Chicago, Illinoils; and Cleveland, Ohio to New York city. Thils route was
divided into five areas in an sttempt to assoclate the lcing encounters
with the topography of the geographical areas covered by this one trans-
continental route. The approximate mileage within these areas, the
corresponding percentage of encounters with relation to the total number
of encounters over the entire route, and the percentage of total
encounters per mile for each area are given in teble III. This infor-
mation quite accurately establlshes the frequency of occurrence of icing
in these areas with respect to the entire route, because of the equal
coverage provided by the alrcraft operating only on a complete trans-
continental basis. It will be noted that almost one-half of all the
icing encounters were within the Great Lakes reglon. This fact cor-
relates with U.S. Weather Bureau records which show this region to have
an exceptlonally large amount of cloud cover caused by excessive moisture
picked up by air flowing over the large lakes area during the winter
months. The Rocky Mountaln ares contributed the next largest percentage
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of lecing over the route, although the percentage of encounters per mile
shows that the East Coast area has the second greatest frequency of
icing encounter.

Altitude. - The probaebility of encountering icing at any particular
altitude cannot be determined from these datas because the aircraft, in
following the normal f£light procedures, would not properly survey a wide
range of altitudes. It is of interest, however, to relate the frequency
of icing at the altitudes flown in order to consider the data representa-
tive of routine f£light operations during which icing was probsebly avoided
wherever poesible with this type of alrcraft, except during climb or
descent. The graph of figure 5 shows that lcing occurred most freguently
between 6000 and 9000 feet and that the maximm altitude at which icing
was Cbtained was 15,000 feet, a height which was limited by the altitude
restrictions of the aircraft. All icing encountered above S000 feet was
in the Rocky Mountalns area; which was the result of the higher flight
altitudes required.

In a further study of the ilcing date with respect to altitude, it
was noted that over one-half of the recorded data were obtained during
elither climbing or descending. ZFrom these records a measure of the
vertical extent, or depth, of the leing clouds waes determined and
plotted as a cumulative frequency curve (fig. 6). This curve shows that
the maximum icing cloud depth was gbout 4000 feet and that for 80 per-
cent of all the measurements the cloud depth was less than 2200 feet.

It is not possible to determine whether these date are for single cloud
layers or whether multiple-cloud-layer date are included; however, the
values agree closely with information presented in referepnce 3 for the
thickness of single cloud layers. The vertical extent of multiple cloud
layers from reference 3 i1s plotted in figure 6 in order to compare the
greater extent of multiple cloud layers with the date of this report,
which are epparently the depths of single cloud layers. The cloud-
depth records may not be entirely correct because of the impossibility
of determining whether the aircraft entered or emerged from the icing
cloud at & point other than the top or the bottom of the cloud layer.
Further anelysis of the cloud depths showed & trend toward increased
thickness with increasing pressure altitude. This trend mey be the
result of orographic effects since all measurements above 9000 feet were
entirely in the Rocky Mountain area. No information was obtained as to
the types of cloud formation that these data cover but it can probebly
be assumed, because of the seasonal aspects of the data, that the clouds
were predominantly of the stratiform type.

Probability of Encountering Specified Values of Icing Parameters

Temperature. - The date on air temperature in the icing encounters
were obtained from pilot's notatlions using the conventional outside air
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temperature indlcator on the aircraft. These indlcators have rather
limited accuracy, particularly in icing clouds, end the temperature data
tabulated (tables I and II) are therefore uncorrected because of this
uncertainty. In the analysis of the data, however, an adlabatic heating
correction of -2° C was applied, which is approximately equivalent to
the temperature rise in wet air at 200 miles per hour, the normal air-
speed of these alrcraft. A cumulative frequency curve of these data 1s
plotted in figure 7, which shows that the lowest temperature encountered
was -21° ¢ (-6° F) and the highest temperature assoclated with an icing
cloud was -2° C (28° F). From this figure it will also be noted that in
80 percent of the observations the temperatures were above -12° C (10° F)
and that the average of the temperatures was -5° C (23° F). These data
are of fundamental importance wlth respect to the heat requirements Ffor
thermal ice-protection systems.

Icing rate. - The average measured rate of ice accumulation, given
in table I (columm 7), is the average rate for a complete encounter
excluding periods of nonicing which exceeded 1 minute. Because of the
high collection efficiency of the meter element, this value is probebly
the maximum rate for any aircraft component subJject to ice accretions.
For large bodiles, such as wings, the collection may be only 30 percent
of this value, depending on other factors, perticularly droplet size and
alrspeed. A cumuletive frequency curve of the average iclng rate as
measured by the icing-rate meter is shown in figure 8. The largest
average icing rate was about 10 inches per hour, whereas 80 percent of
the measurements were less than 5 inches per hour. The maximum icing
rate for any l-minute period within the encounter is given in table I
(column 9). This value is presented because of its possible significance
with respect to certain aircraft components which may be particularly
vulnerable to high rates of lcing for short perlods of time. A specific
part may be adequately protected for a low rate of ice accretion over
comperetively long periods, but such protection could fail under sudden
and heavy accumulations. Unfortunately, sbout 25 percent of the maximum
icing rates were beyond the relisble range of the meter (12 in./hr).

The data, up to this limit, are also shown as a cumulsative frequency
curve in figure 8.

Liquid-water content. - An approximetion of the liguid-water con-
tent of the lcing clouds encountered was computed from the icing-rate
indications using values of 0.9 gram per cublc centimeter as the density
of ice collected on the element and 90 percent as the collection effi-
clency of the element. This collection-efflciency value was assumed
constant for the range of airspeeds and droplet sizes encountered.
Liquid-water-content values obtalned by the meter 1n this manner have
been compared in research flights by other means (rotating multicylinders)
and were found to agree within 0.1 gram per cubic meter over a range of
liquid-water content up to 0.5 gram per cubic meter.
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The average and maximum values of liquid-water content given in
table I (columns 8 and 10) were computed from the corresponding aversge
and meximum icing rates. A cumulative frequency curve of these values
1s shown in figure 9. The data for average values of liquid-water con-
tent for each encounter are shown to compare quite closely with previous
observations presented in reference 3. From both sources, the average
liquid-wvater contents per encounter are less than 0.4 gram per cubic
meter in 80 percent of the cbservations and the maximum values are less
than 1.0 gram per cubic meter. The data for meximum velues of liquid-
water content measured for any l-minute period exceed the range of the
meter for 25 percent of the observations. The 1l2-inches-per-hour limi-
tation of the maximum icing rate measured by the meter and the true ‘
alrspeed of the alrcraft of slightly over 200 mlles per hour determined
the upper measurable limit of the liquid-water content to be approxi-
mately 1.0 gram per cubic meter. The meximum values of liquid-water
content, compared with the corresponding average values, lllustrate the
extremely wide range of water content that exists in most of the indi-
vidual icing encounters. The close correlation of these data to pre-
vious information obtained from limited research measurements are con-
sidered useful in further substantiating the validity of the previous
data for proper design considerations. More information 1s needed,
however, to substantiate the apparently close agreement of these data.
Also, with considergble additional data, water contents of the ilcing
clouds can be related to wide ranges of altitudes over various
geographlical aresas.

Probable Duration of Specified Icing Conditions

Horizontal extent. - The duration of a given lcing condition should
be considered a&s a signlificant factor in the design and operation of
ice-protection systems. Previous data on the horizontal extent of icing
conditions have shown an inverse relstion between the average liquid-
water content and the extent of the conditions. This information was
not considered completely reliable because of the unusual £light pro-
cedures used in obtaining the data. In most cases, the perticular
icing condition encountered was not surveyed to obtain the extent 1in
any one direction. Many observations relied on surface reports of the
extent of the cloud cover assoclated with the particular icing condition
to determine the maximum extent of the lcing clouds. The date presented
in this report provide a more accurate survey of the straight-line
extent of an icing encounter, although these data are subject to £light
procedures whlich may have necessgitated deviations from straight-line
£light. This information 1s useful in the conslderation of routine
£flight operations by thls particuler airline alrcraft.
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Average values of liquid-water content for each encounter are
plotted in figure 10 against the total distance flown in measursble
icing during the encounter: These data do not define clearly the
inverse relation between liquld-water content and horizontal extent
obtained from previous data. High values of liguid-water content exist
over distances in excess of 100 miles a5 well as over much shorter dis-
tances. Additional data may show that liquid-water content does reduce
with increasing horizontal extent as outlined by the envelope taken from
reference 3. The data shown in filgure 10 indicate that the majority of
icing encounters will be over short distances {under 50 miles). It will
be noted that most of the date fall within the reference envelope of
maximmm values except for two points which fall beyond the 125-mile-
distance (extreme conditions).

The actual duration or time in lcing conditions has been a rather
difficult quentity to determine from reports received from transport or
airline operstions. Plilot's estimates of the extent of lcing encounters
have in many cases been considerably longer than the actual conditions
because of thelr inability to distinguish between 1lntermittent and
continuous icing, particularly at night. To determine the relation of
the pillot's estimates of the extent of icing to the actual period in
which ice is sccumulating, the flight crews were asked to Include their
Judgment of the icing time on the supplemental data sheets. These
times are compared with the corresponding measured time in lecing in
teble I (columns 12 and 14). From this comparison it was found that if
the icing time was short (less than 15 min) the pllot's estimate agreed
quite well with the actual value. If, however, the lcing time was con-
siderably longer (1/2 hr or more), the actual duration of icing was less
than 50 percent of the pilot's estimate. This dlscrepancy shows the
difficulty of distinguishlng intermittent icing, which is common for
prolonged lcing encounters. From the data in table I it was also found
that the actual time in icing averages only about 60 percent of the
total duration of the encounter (column 15); this substantlates the fact
thet most lcing is intermittent and seldom continuocus except for short
encounters. It should be noted that an lcing encounter as considered in
this report does not contein periods of nonlicing grester than sbout
15 minutes since periods greater than thils amount were considered as
geparate encounters. The total time in icing, tebulated in table I
(column 11}, has been reduced to the total time in measurable icing
(column 12) by the exclusion of periods with an icing rate of less than
1l inch per hour, which 1s consldered insignificant and therefare omltted
in computing the actual time in lcing conditions.

Total lce accumulation. - The effects of an icing encounter on most
alrcraft components are determined largely by the concentrations of
liquld-water encountered and the extent or time which the aircraft spends
in the iclng area. The combination of these two variables determines
the total amount of ice that any component collects, excluding collection
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efficiency effects. The total ice thickness that would accumiulate on
the sensing element of the icing-rate meter for the entire encounter,
if allowed to ice continuously, can be considered & measure of the
largest amount of ice that any component collects because of the high
collection efficiency of the meter sensing element. Multiplication of
the average icing rate measured by the meter by the time in measureble
icing gives & reference ice thickness assumed to collect on the sensing
element. These total ice-thickness values were calculated (table I,
column 15) and are plotted as a cumulative frequency curve in figure 11.
This curve shows that in 90 percent of the icing encounters, the total
quantity of ice accumulated was less than 2 inches thick. In three
cases, however, the total thickness was over 4 inches, and the maximum
accunulation was slightly over 6 inches.

The possibility of using the total ice accumulation measured by
the meter as a reference to establish a criterion for determining the
over-all effects of icing on a particular asilrcraft was investigated by
comparison of the total ice accretlion velues with the pllot's camments
of the lcing intenslity. It is assumed that the pllott!s Judgment of the
icing intensity was determined largely by his observations of the accu-
mulations on the aircraft and the corresponding effects on the alrcraft
performance. Most reports by pilots of the 1lclng encountered referred
to the icing conditions as trace, light, moderate, heavy, or severe.

The messured total ice accumulations were associated with their
respective flight observations and were found to separate into categoriles
as. shown in figure 11l. The dividing lines are only approximate but the
correlations were quite consistent. Measured ice accumulations less
than 1 inch were considered by pilots as traces of ice or, in meny cases,
not reported. The division between reported light and moderate icing
seems to be about Z inches, whereas heavy icing measured over 4 inches
of ice sccumulation. The one point of over 6 inches was considered
severe in that the pilot requested an emergency landing because of the
adverse effects on the aircraft. The measured values with respect to
these observed categories of icing are confined to the four-engine DC-
4-type aircraft with which these observations were obtained.

The severe condition which caused & total ice accumulation of over
6 inches was a combination of high average liquid-water content
(0.8 g/cu m) and extensive distance flown in the icing (150 miles). The
data on this icing condition are summarized in teble I &s record 1,
encounters 1 and 2. The recorded data showed the condiition to be of a
cumulus-cloud nature which caused intermittent heayy lcing over rela-
tively short distances. The alr temperature was estimated from
radiosonde data which gave an exceptionally low temperature for these
high values of liquid-water content. It is suspected that this encounter
approaches the magnitude of other encounters (in this same general ares)
where lcing has been reported as causing considerable adverse effects on
aglrcraft performance.
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SUMMARY OF RESULTS

The iclng data collected hy four transport aircraft equipped with
pressure-type lcing-rate meters have shown that this type meter is satis-
factory for a program of collecting ststistical icing data on airline air-
craft in routine service. Considerable additional data are needed and
will be obtained from the program which has been expanded to cover many
elr routes both in the United States and overseas.

The following preliminary results were obtalned from the four alr-
craft operated by United Alr Lines, from Jamuary through May, 1951, in
routine service over a transcontinental route:

1. Approximately l% percent of the total flying time of the four
aircraft was in lcing conditions.

2. Along the routes used by the civil airways across the central
part of the United States, almost one-half of all the icing encounters
were within the geographical areas where the weather 1ls influenced by
the Great Lakes,

3. Over one-half of the icing condjitlons were encountered during
elther climbing or descending. Measurements of icing cloud depth from
these data showed that meximum cloud depths were ebout 4000 feet and
that 80 percent of the icing conditions were less then 2200 feet in
vertical extent. These results agree wilth previous measurements of
single cloud layers.

4. The lowest sir temperature reported in icing was -21° C (-6° F),
whereas B0 percent of the observations were in air temperatures above
-12° ¢ (10° F).

5. The average liquld-water content in an icing encounter did not
exceed 1.0 gram per cubic meter, and 80 percent of the measurements had
less than 0.4 gram per cubic meter. The close correlations between these
data and previous observations help to establish the validity of the
earlier I1nformstion.

6. The total ice accumilation from an icing encountér (product of
average lcing rate and duration of icing) was found to agree approxi-
mately with the pilot's estimates of the icing intensity based on
observation and effects of the ice accretlons on the aircraft. Pilot
notations of light icing usually measured less than 2 inches of ice
accumulation, whereas sccumulations over 4 inches were indicative of
heavy icing and those over 6 inches were called severe icing.

Lewlis Flight Propulsion Laboratory
National Advisory Committee for Aercnautics
Cleveland, Ohio
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TABLE I - SUMMARY OF ICING DATA MEASURED BY ICING-RATE METER AND REPORTED

1 2 3 4 s 3 7 8 [ 10 11 12 13 14
Reccord |[Encounter{ Date |Pressure|True Indi- Average | Av e |Naximum Maximum |Total|Total Total Total “
nurber |number ul?!‘.tl)xde u..z-spe;d cated io“ liquid- |1ecd 1liquid- |tlme |time in|duraticn |time in

't temper-ira water rate water in measur-|of led by
h ature [(in./hr)!content® (an./hr){content?|icing| able encountar pilg‘t
(%} (g/ou m) (g/cu m) | (min 1?:25 (min} (min)
1 1 1/16/51 g:fgg“ 181 [-5to-12| 7.2 0.5 12+ 1.0+ 26 [ 26 180
2 1/17/51(13,000 200 -15 0.0 .8 124 1.0+ 51 38 [}
5 te) |[3r5%0% 223 (s |11.0 i 124 1.0¢ 11 8 11 (s}
'
7,300 :
2 1 (&) {é'g" 252 (g) ‘e 0.2 6.9 0.3 3 3 ¢ (5)
B
2 Es; ,500 2350 233 2.9 .2 8.4 o 4 3 4 &
s s} [10,200 225 s 4.2 .3 11.5 .6 17| 14 35 €
4 (g) [{&-2% 214 (g} 6.0 . 12.¢ 9 1| 19 19
[ 6,400 8 . . . . (s)
3 1 1/24/61 g,%d 205 -7 1.8 0.1 2.4 0.2 12 7 21 5
2 1/25/51 3900 245 -14 3.5 .2 7.8 -5 [} [} 8 &
5, 7000
H) 1/26/81 ({5’ ac0 19¢ -I1 3.0 .2 4.9 “ & 4 12 10
4 1 2/15/51 ;Iggd 225 -1 2.3 0.2 8.3 0.4 17 | 12 17 20
2 2/16/51 |\7’ 500 220 |-lto-2 | 5.8 K 9.2 .7 53 | 44 60 70
8, 8008 :
5 3/16/51 s,ssgd 230 |~4to-1 | 4.4 .3 12+ B+ 16 { 15 16 15
- 7 .
‘4 2/16/51{ 9,000 221 0 4.2 .3 8.7 .5 23§ 22 58 70
3 2/168/51] 2,000 (e} Q g} ! {(s) [€3 () (5} | (s) (s 5
6 217/51] 8,000 225 0 QQ i ‘L2 10. .7 54 P ml 70
B 1 (e} 5,200, 221 (&) 5.8 0.4 124 0.9+ ] 8 8 (g)
2 2/8/51 {f:a’gg 205 o 2.2 .2 6.3 .5 =m}] = 51 80
3 2/8/51 | 4,100 20T -1 ‘6.0 .5 10.0 .8 7] 1 17 10
n 2/1/81 gg;% a2 | -12 y.2 .5 12+ .9 ) 7 ]
5 2/1/81 15,088d 223 -12 4.8 .5 9.0 .6 s 5 5 3
8 2/8/51 {g:c-;oo 220 -20 4.6 .3 8.5 .8 ‘ ¢ 5 5
8 1 1/18/51 g,%a 201 ] 7.2 a.g8 12+ 0.9+ 4“4 43 46 50
2 () . 600 195 (s) 3.4 .3 12.0 1.0 5 5 8 (g)
5, 500¢
3 &) {{5.100 192 (&) 1.9 .2 3.5 ] 4 4 (s)
7 n (g} | 7,100 221 {(g) 1.5 0.1 2.0 0 | 4| 4 a (E)
5 1/20/51 fe,go 210 -4 t.2 3 12+ 9+ 17 | 17 24 4
5 (&) 8500 181 (s) 2.5 .2 4.8 .5 4 " 6 (s)
7 (s) 1,000 238 (g) 7.8 .5 12+ T8 [ [] 5 (g)
s te) K599 w7 [ () | ¢.2 3 8.5 .7 7| 7 10 (=)
'y .
] ) K550 225 (%) 6.7 .5 12+ .8+ e & 2 (s)
-3
[ 1 3/18/51 g:ggg 193 0 3.0 0.2 5.8 0.3 s s 15 20
c
2 3/14/51 g:?ggd 225 [} 2.2 .2 5.5 .2 8 7 (&)
3 3/14/51 ;:;% 220 o 3.5 .3 8.5 N 10 9 11 156
&
4 s/14/51 27400 188 o 41 .3 5.8 .5 8 s 6 10
5 5/14,)/51 8,400 200 -9 2.0 .2 5.7 .6 [ [ 7 [
[ (s 5,800 186 (=) 3.8 .5 9.2 .8 4 4 5 (€3]
9 1 (% 7,000 219 (s 5.5 0.2 1.6 0.5 4 ‘ ¢ (s)
2 B/6/51 5'5834 228 - 1.5 .1 61 .3 4 2 12 4
5 5/5/51 ﬁ;:goo 233 -1 2.9 .2 6.0 ‘4 9 8 15 5
]
4 5/5/51 313’200 188 0 5.0 4 i+ 9 & 5 10 (g)
5 5/5/861 g,good 247 o 5.3 .4 12+ s 1| 1 15 1
| 8,000
§ (8) 6,300 218 (s) 1.8 .1 124+ 9 8 3 12 (8)
7 8/12/51 |15, 700, 250 -12 1.8 .1 7.9 3 10 [4 36 2B
8 6/12/51 E,’:lsmm 219 -12 19 3 3.0 2 [ [ 24 7
8average values for complete encounter.
blhximun value for l-minute period during encounter.
Sclimbd.
9Dencent.

SGreater than 1 in./hr.
Tproduct of sverage loing rate and time in measurable leing.
ENo dats available.
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DURING ROUTINE ATIRLINE OPERATIONS FROM JANUARY THROUGH JUNE, 1951

15 18 17 18 18
Calculated |Distarce|Distance Geograghic location
total Lce flown inlflown In Pilot cccments and notes
l:!cum.xi!.at:im-lr lcing R ST~
' (in.) (miles)|able
lcing®
I (miles)
3.7 ! 78 18 Qakland, Calif. to Saer t caliz.( re 1 and 2 same flight) Pilot reported
. severe leing, requested smergancy ILanding.
8.5 I 170 127 50 mniles east Renc, Nev. to Elko, Hev
1.5 |l 41 0 (&) (&)
a. P12 12 (8 (Ro pilot data with this data film.)
1.1 i 12 8
1.0 1 84 52 &‘} {g;
1.8 i 88 e8 (z) ®
1
2.2 ! 2¢ Youngstown, Ohio (g) ‘
-+ 2 2 Elyria, Ghlo (Encounters 2 snd 3 prodably same icing conditlion brcien
-Z : 13 13 Archbold, Ohic by lending at Cleveland.}
T
0.8 ! 63 45 Near Lexington, Nebr. Trase of loe.
4.1 | 195 162 Des Moines, Iowa to Chicago, Ill. Trace Dea Moines, Iows ta Moline, I1l. - Light Chicago, Ill.
1.1 1 81 58 Archbold, Ohio to Toledo, Chio Light to coderate ice.
.5 i 8% 81 Cleveland, Ohio to Fhllipsburg, Pa. | Light ice.
(g) | (s) {gg Allentown, Fe. Trace - (Pilot considered encounters 4 and S separats.)
1.2 -y Hewarik, N. J. to Philipaburg, Pa. Trace of 1oe.
o7 | = 29 {a) (g)
-3 i 100 72 Chioego, Ill. to Moline, I1l. Light rime.
1.7 i 58 59 Iowa City, Iowa to Des Molnes, Iowa Light rime.
1.0 1 32 20 Grand Island, Nebr. Light rime.
i
.- 13 19 grand Island, Hebr. to Omaha, Hebr. (g}
.3 15 1s Over Milwaukse, Wis. Very light rime.
5.2 147 14t Philf) €, Pa. to g » Ohle (8}
.5 18 18 (a) (&)
-1 13 13 (s) (&)
2.1 15 15 (g) {s}
1.2 80 80 South Bend, Ind. to Chicago, Il1l. r3
.2 11 11 (g) . (s)
.7 20 20 (s} (g)
-5 25 23 (=) (=)
.8 30 50 (g} (s)
t
c.2 . 10 10 Chioego, I1l. to South Bend, Ind. Ice agcumulation very slight.
-] . 30 26 Chicago, I1l. to South Bend, Ind. (Pilat considered 1 and 2 same encounter.)
.5 [+ 53 Sandusky, Ohlo to Cleveland, Ghio Trace only.
. 1% 13 Clsveland, Ohia to Akron, (hio Trece only.
N3 20 20 Altoons, Fs. Trace ouly.
-5 12 12 (s} (x)
0.2 15 15 (s} (x)
.1 ! 1s 8 Blue Canyon, Calif. Moderate to heavy for ahout 30 seconds.
i : 355 31 Auburn, Calif. area Trace of loce.
- © 17 17 {g) {Pilot considered 3 and 4 same ancounter.)
1.1 54 45 Near Roaeville, Calif. Trace of ice.
-z 29 11 . (&) (&)
-3 38 23 Sowthwest of Fort Briager, Wyo. Trace to light ice.
N a2 22 (&) ()

W




TABLE 1 - SUMMARY OF ICTNO KNCCONTERS AS ORSEMVER BY PLIJET CREVE

(loing-rate meter neasurements unasveilable] W

Dats jEncound TDats [Indicat Indl- |Fiwe |MMxtance Oeographie location Pllot cowmsnts and notes
Norbery ter aleitn um oatad |in flom
cumber (rt) (wph) | tomper-|ieing] in
& {mla}| lcing
(%) (miles)
1 1 |1A7/51] 13,000 | =8 -10 50 | 117 |ioburn, Calif, to Rens, ey, (b)
2 1 | y/2e/m1] 8,000 | 185 () ] 12 |Sac Pranclmce, Calif. (B}
2 /51 5,000 198 [} L] 19 Qoshen, Ind. Tops of strato-cummlus.
3 7783 7,000 21p ()] Claveland, Chic sastbound {v)
4 /51| 15,000 240 =18 10 {0 Donner Summdit, Calif. to Reno, Nev. Tops of cumulua. Tracs of rims.
5 4, 15,000 | 240 -18 u 56 |Dattls Noumtain, Nev. arwa Tope of sumulus, Traca of riss.
[ 15,000 M7 ~18 3 12 Wells, )av. to Tucin, Utah Tops of oumulus. Trace of rims.
T 14,000 =5 =15 4 17 Rook mrir?-. wyo. Traoe of riee.
8 @51 8,000 | 195 ] 2 § | Teledo, Oblo MWizture of Fain and mnow.
8 a1,/5 E.% 170 [ + i1 {p) Climb through overcsst. Tops at 4000 ft.
10 s/2/81 14,000 £_o -20 3 Snermmn Oil1l, Wyo. ares b
11 1 10,000 210 =20 b Lywan, Wyo. Area b
12 [yam | Telce -5 b Foaghbsensise, §. Y. 4o Vilkes-Basre, Fa. | Light to modersbo rough lne.
3 1 %gﬁl 7,000 27 0 42 ne Akron, Colo. ko Payes (anter, WebT. Traos of smooth rime.
2 1| 214,000 Pr] -13 55 |Renic, Mev. to Donnar Su-u, culir Light rise.
3 2N 5,000 170 -0 80 285 Philipsbarg, u uo Fawark, N. 1 inch of rough mixtoee of las and snow.
I /1/51 | 1z, P -10 3 1a  |xlk Wountain, Webr. Trass of ios.
3 |3/ 8,000 | A5 =T 8 ~22  |Axren, Ohio Light rime.
s |azeym E.omﬂ‘ 170 -8 4 11 |Cleveland, Ohio bo Youngstéwn, Ohlo Light Time.
000
7 |s/is/m »000 | 208 -B ] 11  |South Bend, Ind. Trage of ioe,
» |3/a8/m1 9,000 200 -5 3 |qoahan, Ind. arse Traoe of ioe.
[ 3/a5/51| 9.000 | =2e0 -7 5 1 |Toledo, Ohio Light Time.
10 sﬁ%l 4,000 ar ~A 3 1 Tehdo, o610 to Cleveland, Ohic Praos of ise.
11 | 3/p/51| 8,000 | 286 -2 5 11 |Brockville, Fa. Trage of jos,
1R 3/1s/81| 12,000 a2 -5 5 18 rart Boidger, Wro. AT Traos of iss,
13 3/16/01( 12,600 e -3 1q 2 Fart Aridger, Wyo. arss Light rime.
14 yx;ﬁl 72000 2085 -5 10 34 |Grapd Islasd, Nebr. erea Trace of suooth mixture of ice and ande,
18 (AT/BLf 7,000 | 203 -1 38 | 125  |[Cwaha, Webr. Trace of light Tile.
18 | 3/20/81] 10,000 | @7 1} 1p 43 |Hurrlsturg, Pa. to Milipaterg, Pe. Traoe of elear lee.
17 5/21./81 $,000 20 -8 15 35 Relingsgrove, Pa. mren Less than a trace.
4 A a/31/61 0009 170 -2 [ 14 lClicbing Chicago, Il1. to Scuth Band, Ind {b)
2000
2 1/3/81 , 0000 177 -1 b1} 1“4 Martford, Coon. to Peughleepale, M. Y. Trace of los.
2 000
5 4/3 /51 8,000 a2 -7 15 35 Brookville, Fa. %o Youngstown, Ghic Hadizm iwing.
4 4/51/51 8,000 g -2 45 | 157  |[Arobbeld, aha:l ta clowlhm Ohdo meuht to ﬁ.m- in.
E 4/4, 5,000 ~10 &0 2T Touhgatoun, o td Salingagrove, Pa. T 50 noderese ine.
&6 J4/a/% g.oood 2 -8 10 37 |&llentown, Pz, arsa Truse of ios.
, 000
3 1 | 4/8/51 7,000 [ 210 Q )| (p Imporial, Nebr. Lo Omaha, Mebr. Traoa of rice.
2 |a/7/51 | 10,0008 el -5 10 Jl Akron, 0ale. 5o Denver, Colo. Light rime,
I 1471481 4,000 Pt -1 @ 11.1 Milipsiurg, Pa. to Clevslsnd, Chic Lr
1 |afasm Enic(’gg 150 -+ [ Duarer, Col. Hardly visible trace doring teice-off.
8 |a/mmr| L1, 227 0 a8 190 @rand Islend, Nebr. to lowa Ciky, Iowa Light trwce of rime
] 2 |s/31/51 ,o00 170 -2 5 4 |Cilob ok of Chicago, T11, 7iJ
. BO0
2 4/4/51 8,000 138 -5 1 w Qoshm, l Y. ©o Wilken-Barrs, Pa. Varied Irom ligh' tranoe to lIGhT~modeTate.
z 41781 2'm°°°° X -8 kS 38 [Akron, Cola. to Denver, Cela- Trace to light rime ios.
(]
4 41 8,000 [«] n ] Toungakawn, Ohlo to clmhnd, Ohle Trace 0 light loe.
3 |4 s,000 | 188 -5 35 | 110 Ind. to Chicago, Light to moderate-
8 43, 7,000 | 24 B la 31 [roledo, Ghis Lighe rime lce.
7 /1751 9,000 | 28 -7 10 5¢  |gomch Bend, Ind. to Goarwn, 1ed Trace to lighs rima.
& 4, 14,800 wn -7 10 38 Denver, Colo. to Los Angelea, nu:lr. Trace at 10 cimce intervals.
f |429/31| 9,000 = | (» benver, Colo. go Ohioago, 111. b
1 4/10/51 .00 | & -5 ) 1 Phi 15pm ™. »
11 1 4/18/51 9,000 35 -8 3 b ] Chicego, Ill. vo Ooeken, Ind b
1 3/11/31 | 12,000 -2 30 11 Fort Bridger, Wyo. te qunmtn, calir, L)
23 8,71/81 14,500 {B} {n) | ] {t Weat of Orand Junaeian, Colo. In alto~rrmudus olouds.

et wen lewel
Beo data avallable.
1w

"mmr.

L e . : 1482
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»
IABLE IIL - RELATION OF ICING ENCOUNTERS TO GEOGRAFHICAL AREAS W
Ares, Approximate extent of area Approximate|Percentage of| Percentage
mileage total number | of total
of nutber of
encounters encounters
per mile
West Coast San Francisco, Calif. to Domner Summit, Calif. 170 4 0.024
Rocky Mountans | Donner Summit, Callf. to North Platte, Nebr. 1180 25 -022
Central Plains | North Platte, Nebr. t¢ Moline Ill. 520 14 027
Great Lakes Moline, Ill. to Philipsburg, Pa. 670 43 -064
East Coast Philipsburg, Pa. to New York, N. Y. 240 14 .058
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Figurs 1. - NACA pressore-type loing-rete peter,
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Icing (heat-off) period, min

NACA RM ES2J08
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|
o] a 4 6 8 10 iz

Icing rate, in./hr

Flgure 3. ~ Calibration of rate of ice accum:lation on sensing element of
pressure-type iclng-rate meter at 200 miles per hour.
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Exampla; Dash length, N.35 in,
Film speed, 1.n in./min
{ thersfare Icing perlod, 0.3A min
Altltude Yolfersnce (from f1g. 3) Icing rate, 2.8 in,/nr

2371

LTI Tt -~ Apared plen Staut of e of

Bi.livw:u_lua it } Y lous
1 g iring
- Time encoun:iar sneountern

Flgure 4. -~ Hection of daba f1lm from presaure-type icing-rate meter recorded durlng loing
ancounter by alrline alrcraft.
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Figure 5. - Frequency of 1c1ng encounters with res~
pect to altitudes flown during routine airline
operations. Total icing encounters, 100.
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Vertical extent of lecing clouds, ft

Figure 6. - Cumulative frequency of lecing cloud depth obtailned
from 32 records of climbing and descending during routine air-
line operations.



Icing clouds with eir temperatures sbove the
ppecified values, percent
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Flgure 7. - Cumulatlve frequency of alr temperature in icing clouds
obteined from B3 observetions during routine elrline operatlons.

90rzsd W VOVN



100 T T T - O
Icing rate ’fjl,ﬂ—*1f'—
— O Average for each //
encounter o 0
O Maximm for l-min ///’

80— period within Limi; oftrange___

an encounter //7 of meter

Cy// i

1~

o]
o

/ | Lo
/ 1

S
™.
q\

AL
s -

/D/
]
0 2 4 6 8 10 12

Iciug rate, in./hr

Measurements with lcing rate less than specified
values, percent

Figure 8. - Cumulative frequency of average and meximum icing rate in
44 icing encounters measured by pressure-type icing-rate meters
installed on airline ailrcraft.
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100 — —
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NN AT

specified values, percent
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Vi
40
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/i Liquid-water content
{/ & O Average for easch icing
/ encounter
) O Meximum for 1-min per:’.od._

20 [ within sn encounter
q / - —= Data from reference 3
f
L [
0} .2 4 .6 .8 1.0
Liquid-water content, g/cu m

Measurements with liquld-water content less than

Figure 9. - Cumulative frequency of average aend maximum
liquld-water content calculaeted from lcing rates In 44
icing encounters messured by icing-rate meters installed
on airline aircreft.
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Figure 10. - Maxjmm distances flown in messurable icing conditions during routine airline operations in rela-

tion to average ligquid-water comtent calculated from leing-rate meters.
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Totel lce accumulatlion, in.

Figure 11. - Cumulstive frequency of total lee accumilation measured in 44 iecing encoun-
ters by icing-rate meters Including corresponding lcing-intensity categorles as
cbeerved by £llght crews during routine airline operations.
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