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SUMMARY

Data and anslyses are presented on the relative frequencies of
occurrence and severity of icing cloud layers encountered by Jjet aircraft
in the climb and descent phases of flights to high altitudes. Fighter-~
interceptor aircraft operated by the Air Defense Command (USAF) at bases
in the Duluth and Seattle areas collected the data with icing meters
installed for a l-year period. The project was part of an extensive
program conducted by the NACA to collect icing cloud data for evaluating
the icing problem relevant to routine operatiouns.

The average frequency of occcurrence of icing was found to be sbout
5 percent of the number of climbs and descents during 1 year of opera-
tions. The icing encounters were predominantly in the low and middle
cloud layers, decreasing sbove 15,000 feet to practically none above
25,000 feet.

The greatest thickness of ice that would accumulate on any aircraft
component (as indicated by the accretion on & small object) was measured
with the icing meters. The ice thicknesses on a small sensing probe
averaged less than 1/32 inch and did not exceed 1/2 inch. Such accumula-
tions are relatively small when compered with those that can form during
horizontal flight in icing clouds. The light accretions resulted from
relatively steep angles of flight through generally thin cloud layers.

Because of the limited statistical relisbility of the results, an
analysis was made using previous statistics on icing clouds below an
altitude of 20,000 feet to determine the general icing severity prob-
gbilitlies. The calculations were made using adisbatic lifting as a basis
to establish the liquid-water content. Probebilities of over-all ice
accretions on a small objJect as & function of airspeed and rate of climb
were computed from the derived water contents. These results were then
combined with the probability of occurrence of icing in order to give
the lcing severity that can be expected for routine sircraft operations.
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INTRODUCTION .

Routine flying at high altitudes (above 20,000 ft) has proven that
adverse weather conditions, including lcing, are generally not as severe
as those experlenced at lower levels. However, the extent to which icing
protection can be reduced or eliminated for high-altitude ailrcraft way
depend on conditions encountered during phases of flight other than those
at high-altltude cruise. The icing problem for high-sltitude aircrafi
can be considered in three phases: 1icing encountered during cruilse at
high altitudes, lcing encountered during climb and descent, and icing
encountered during approach. In this report only the climb and descent
phase of the problem is studied with the knowledge that these parts of
the flight are subject to the greater frequency ahd intensity of icing
clouds that exist below an altitude of 20,000 feet. Measurements of
supercooled clouds at these lower levels have been conducted by the NACA
(ref. 1) and others concerned with the icing problem. The extent to
which these conditions are a problem for high-altitude sircraft are eval-
ugted 1n this report for routine flight operstions.
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The frequency and severity of lcing depend upon conditlions of cloud-
iness, temperature, and liguid-water concentration that are present at “
any gilven altitude. Above 20,000 feet the over-all reduction of heavy
cloud cover results in less frequent lcing conditions than occur at lower
altltudes. The colder temperatures associated with high altitudes further
reduce the frequency of lcing. This 1s evident from the results of an
earlier study (ref. 2), wherein the relative frequency of ilcing existing
in gll the clouds penetrated was found to decrease rapidly with decreasing
tempergture. As the tewmpersture is lowered, the probabillty increases
for the liquid-water droplets to change to ice crystals, which do not
generally adhere to alrcraft surfaces. The severity of lcing in layer-
type clouds can be expected to be less at high altitudes also because of
the colder temperatures. The water vapor available for condensation de-
creases with tewperature and is further lowered because of the limlted
vertical displacement, which charaeterizes the formation of stratoform
clouds. The tendency toward cystallization also reduces the liguid-water
content available for ice formations.

In contrast to the expected low liquid-water content available in
layer-type clouds at high altitudes, cumulonimbus clouds (thunderstorms)
can produce severe icing because of large water contents derived from
the extensive vertical developument of this type of cloud. Excessive
liquid-water contents (up to S g/cu m) have been calculated on the basis
of adiabatic lifting (ref. 3). Statistical data for the investigation
of this problem have been impossible to obtain slnce the general flight
practice has been to avold penetration of cumuloniubus clouds as much as
possible during routine operations at high altitudes.
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A program has been conducted by the NACA Lewis laboratory to obtain
extensive icing-cloud date in order to guide the manufacturer and operstor
in the design and operation of icing-protection systems. As a part of
this program, a project was conducted in cooperation with the U.S. Alr
Force to measure the frequency and severity of icing experienced during
climb to and descent from high altitudes. dJet flghter-interceptor air-
craft operated by the Alir Defense Command were chosen for the program
because of their frequent and extensive vertical traverses. Appreciastion
is extended to this branch of the U.S. Air Force and the individual pilots
for their cooperation in collecting and reporting the special data neces-
sary for this study.

This report presents the frequency and an indication of the severity
of lcing conditions encountered during the cliwb and descent of Jjet
fighter-interceptor aircraft. equipped with lcing-rate meters operating
from bases in the Duluth, Minnesota, and Seattle, Washington, areas for
a l-year perlod. The limited period of the survey prevented a sufficient
accumulation of data to evaluate adequately the probabilities concerning
ilcing conditions, and in particular, the icing severity. Consequently,
probabilities of icing severity are calculated using previous statistics
on lcing clouds below an altitude of 20,000 feet.

DESCRIPTION OF ATIRCRAFT OPERATIONS AND INSTRUMENTATION

The Jet-fighter aircraft that were Iinstrumented for this project
were flown In routine missions from the two Alr Force bases, which were
chosen to provide a range of climatic conditions in the survey. Duluth,
Minnesota, represented a mid-continent region frequented by polar con-
tinental air masses (modified, at times, by the local influence of the
Great Lakes); Seattle corresponded to a coastal areas subject to the in-
fluence of meritime alr masses. About three-fourths of the flights were
interception-type misslions. The remainder were flown for training and
test purposes. In gll missions the aircraft climbed directly to high
altitudes and usuelly returned to base in less than 2 hours after take-
off,., Airspeed and rate of climb varied over a wide resnge during the
climbs and descents. Weather was not a factor in mission planning ex-
cept in cases where flights could be delayed when subminimum conditions
existed at the base.

Five aircraft at each base were equipped with NACA pressure-type
icing-rate meters (described in ref. 4) to measure and record ice that
formed on a small sensing probe when the aircraft passed through an
icing-cloud layer. The ice was measured by means of & pressure-sensitive
system, which responded to the blocking of small total-pressure holes
in the leading edge of g O.l-inch-diameter tube. At a given ice thickness
(0.028 in.) the resulting pressure drop through the holes actuated an
electrical de-icing system. When the holes became ice-free, the heating
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was stopped and the ice buildup was repeated. The rate of accretion was
measured by recording the time required to obtain the glven ice thickness.
Adding these thicknesses for a number of cycles gave a cumulative ice
thickness that would have formed on an unheated probe while in the icing
cloud. The probe was mounted normal to the alrstream and near the nose
of the aircraft about 7 inches out from the fuselage (fig. 1). Associated
equipment mounted inside the aircraft operated aubtomatically when icing
was encountered and recorded on Tilm the lcing time for each cycle along
with altitude, indlcated airspeed, and temperature. An indicating light
installed in the cockplt informed the pilot when ice was detected by the
probe.

In order to supplement the recorded information, a special log of
every flight of the instrumented aircraft was requested of the pllot.
These forms, shown in figure 2, were supplied by the NACA. The data
included an identification of the flight and notations as to the occur-
rence or nonoccurrence of icing and/or cloud penetrations during the
flight. An gpproximste description of the flight path on a time-altitude
grid printed on the form provided an indicatlon of the altitude range
surveyed during each flight. The data were reported continuocusly for 1
year, which covered the period from August, 1955, through June, 1956, at
Duluth and from November, 1955, through September, 1956, at Seattle.

RESULTS AND DISCUSSION B
Results from Fighter-Interceptor Aircraft Operations

Date obtained from the cliuwbs and desceénts of the Jet-fighter air-
craft operating in the surveyed sreas are presented in tables I snd II.
In teble I the total number of flights, cloud penetrations, and icing
encounters are listed for both areas along with the resulting icing
frequencles. The results are orgenized 1in groups to show the effect of
seasonal variatlions in tempersture. The climbs and descents in which the
lce accretions were measured are given in table II.

Icing freguencies. - The frequencies of icing encounters based both
on the number of flights and on the number of clouds penetrated (table
I) are derived from the experience of the fighter-inteceptor aircraft over
a survey period of only 1 year. The lcing frequencles are associated with
the complete flights rather than with the separate climbs and descents.
The usual short duration of & flight (less than 2 hr) 4did not give a
sufficient time separation between the climb and descent to make them
independent because of the general persistence of clouds and icing condi-
tions. The frequency of icing encounters based on the number of clouds
penetrated represents the fractlon of the clouds penetrated that con-
tained supercooled liquid water. The clouds thet d4id not produce icing
were either at air temperatures too high to. cause icing on the probe or

669%
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were composed of ice crystals that do not generally adhere to unheated
surfaces. Since only 1 year of observations was covered, the lcing fre-
quencies do unot represent long-term averages. The frequency of occurrence
of the meteorological factors associsted with icing can vary considerably
from one year to another in any glven area.

Icing frequencies varied among the seasonal groups from O to 9 per-
cent of the flights. Low icing frequencies (O to 3 percent) were experi-
enced during the summer months in both areas. Higher icing frequenciles
(up to © percent) were prevalent in both ereas during the winter, spring,
and fall. An over-all icing frequency of 5 percent (59 encounters in
1174 flights) was found for year-round operations in both areas. It
should be noted that these dats are associated with the perticuler flight
practices and are, therefore, not necessarily an unbiased sample of the
range of conditions that existed in the atmosphere. Flights and flight
planning may have been altered on certaeln occasions to avold passing
through cloud layers or known or suspected areas of icing. The relative
frequencies could be significantly influenced if a flight path were
chosen through holes or breaks in the clouds. However, the flight pro-
cedures used with these aircraft would appear to reduce this bilas some-
what. Interception flights, ground-controlled or otherwise, usually
penetrated clouds that existed in the flight path. The pilots felt that
the rapid climbs and descents made through cloud layers would allow only
a small amount of ice to collect, which would not be enough to affect
the operation or performance of the aircraft.

Frequency distribution of icing encounters with altitude. - The
frequency of occurrence of icing with respect to altitude could be deter-
mined from the data, since the aircraft traversed a wide range of alti-
tudes during each flight. A histogram showing the relative frequency
of icing encounters in 5000-foot-class lntervals of altitude 1is given
in figure 3. The results show that the icing encounters predominaste in
the low and middle cloud layers, particularly in areas where temperatures
are frequently below freezing at the lower altitudes. About 70 percent
of the encounters were below 10,000 feet in the Duluth area and 75 per-
cent of the encounters were below 15,000 feet in the Seattle area. During
the icing season, teuperatures below freezing existed more frequently
at the lower altitudes at Duluth than in the Seattle area. A rapid re-
duction in icing occurrence at the higher altitudes is shown in figure
3, with no icing reported while climbing or descending above 25,000 feet
in either ares. However, icing can exist above this altitude, as evi-
denced by a report of light icing occurring during cruise at 29,000 feet
in another arees. As noted in reference 2, the relative frequency of en-
countering icing in clouds is primarily a function of -teumperature and
decreases rapidly with colder temperatures, approaching zero at -40° C.

Total-ice-accretion measurements. - The severity of icing encountered
in passing through the cloud layers can be expressed in terms of the
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amount of ice collected on the aircraft. A reference measure of the
lcing severity can be determined from the cumulative ice thickness that
would have formed on the sensing probe if 1t was not de-iced periocdiecally.
The ice formation on a small object such as the probe represents close

to the maximum amount that would accumulate on any aircraft component.
Substentially less ice accretion would result on larger objects with
lower collection efficiencies, such as the leading edge of a wing. In
this case the size of the water droplet in the clouds becomes important
in determining the amount collected.

The 28 encounters in which the ice accretions were measured (table
II) are insufficilent to glve reliaeble statistics for evaluating the
severity of icing for the climb and descent phase of high-altitude opera-
tions. The limited measurements were partly the result of encounters
not being recorded by the icing-rate meters because the total accretion
in passing through the cloud layers was below the threshold value of ice
thickness (0.028 in.) required for initisl actuation of the meters. In
meny encounters the thickness of the ice accretion was less than the re-
quired smount becguse of the short distance within the clouds resulting
from steep flight angles through thin cloud layers.

The cumuletilve ice accretions of table II are shown in figure 4
ordered according to the number of encounters in which particular ice
accretlons on the probe were equalled or exceeded. These specified ac-
cretlons are determined by the number of cycles of the sensing probe,
thus giving ice thicknesses in multiples of 0,028 inch (adjusted to
include ice that would accrete during the time of de-icing). For exsmple,
an ice accretion on the probe sufficient to cycle the probe 1 or more
times (0.028 in.) was encountered 28 times during the period, whereas
only one encounter cycled the probe 13 times giving an accumulative ice
thickness of 0.4 inch. Generally, these accretions indicate that the
maximum amount of ice formed during the climb or descent will be a
relatlvely small value (even on small objects) when compared with amounts
that can be formed during horizontal flight in icing conditions (qp to
6 in. on probe reported in ref. 5).

Calculated Probabilities of Icing Severity

In order to evaluate better the icing severilty probsbilities, pre-
viously measured statistics may be employed %o calculate what conditions
could be expected during climb and descent. The severity of icing de-
pends essentially on the liquld-water content and verticel thickness or
depth of the cloud layers. The water content probabllities can be deter-
mined on the basls of the physical process of cloud forumation (adiabatic
lifting), using measured frequency distributions of icing-cloud depths
and temperatures.. The derived probabilities can then be compared with
the limited measurements of cumulative ice accretions from the
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fighter-interceptor aircraft operations (since the ice accretions are a
function of the water concentration and of the depth of the cloud layers).

The symbols and the procedure for calculating the probability of
average liquid-water conbtent when icing i1s encountered during climb and
descent are glven in appendixes A and B, respectively. The concentration
of liquid water between the base and top of a cloud layer is calculated
by considering the amount of water vepor condensed by adiabatic cooling
of saturated rising air. On this basis the liquid-water content increases
with the height above the cloud base and with the temperature at the cloud
base. To determine the ice accretion in a vertical traverse through a
cloud layer, only the -average water content existing between base and
top needs to be calculated. Probable water contents characteristic of
icing conditions were computed from frequency distributions of cloud
depths and temperatures previously experienced in ilcing clouds. These
measUrements were made by airline aircraft during routine operations
(ref. 5). The frequency distributions were considered as independent
probabilities. The resulting probability distribution of averasge liquid-
water content is shown in figure 5. The distribution indicates that 0.2
gram per cubic meter, for example, will be exceeded in 46 percent of the
encounters, whereas 0.9 gram per cubic meter can be expected in only one
lcing cloud in 100,

The emount of ice collected is a functlon of the product of the
average water content in the cloud layer and the distance traveled in
passing through the cloud layer. This distance can be expressed in terus
of the ratio of the airspeed V (knots) to the rate of climb C (ft/min).
Decreasing values of this ratio V/C represent steeper flight path angles
and thereby shorter distances through a cloud of a given depth. The pro-
cedure for calculating the total collection on an object the slze of the
ice-sensing probe is described in appendix C. Probability distributions
of ice accretion were computed for constant V/C ratios from the fre-
quency distribution of liquid-water content derived in appendix B and
the cloud depth distribution from reference 5. The results are shown
in figure 6 for a range of climb and descent conditions. The obvious
advantage of reducing the distance traveled through s given cloud depth
in terms of smaller values of V/C can be seen in this figure. For
example, if the maximum allowable accretion on a component is 1/4 inch
of ice, the probabillty of exceeding this amount is one in four vertical
traverses through an icing cloud at 160 knots and 500 feet per minute
(v/c = 0.32); but the probability decreases to one chance in about 640
encounters if the climb conditions are increased to 240 knots and 8000
feet per minute (V/C = 0.03).

By determining the probability of encountering icing during the
climb and descent phase of a flight and the probable severity once icing
is encountered, the expected severity for over-all flight operations can
be calculated. This lcing expectancy is computed in eppendix D, consid-
ing the fighter-interceptor-aircraft operations reported herein
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ElZOO flights per yeer) and combined lerge-scale sirline operations
100,000 flights per year) representing fleets of Jet transports. The
results are shown in figure 7. Considering the over-all icing frequency
experienced by the fighter-interceptor aircraft (5 percent of approxi-
mately 1200 flights) a 1/4 inch ice accretion could be expected to occur
once in about 12,000 flights at a V/C ratio of 0.03, or 14 times per
year at a V/C ratlo of 0.32. In large-scale operations the meximum ac-
cretion would not be expected to exceed about L% inches at & moderate
climb angle equivalent to a V/C ratio of 0.12 (240 knots at 2000
£t/min).

The limited number of cumulative ice accretions measured by the
fighter-interceptor aircraft are shown plotted in the group of curves.
(fig. 7) representing these operations. A direct comparilson of the meas-
ured date with the calculated values cannot be masde because of the wide
variation in V/C ratios employed by the aircraft during the survey.
These ratlios varied between 0.05 and 0.30 with a mean of 0.17. Since the
data points fall below the 0.12 curve, it may be concluded that the cal-~
culated ice accretions represent conditions in excess of what may exist.
The full amount of liquid water derived from adisbatic 1ifting may not
be generally realized, and kinetic heating may have reduced the effective
amount of ice accretion from the avallable liquld water in the cloud
layers.

CONCLUDING REMARKS

The icing frequenciles reported from the two surveyed areas can be
used only as & very rough estimate of the probabilities of occurrence
of icing for other locations and periods. Because of the swall number
of encounters, the limited perilod of the survey, and the sampling froum
only two areas, the statistical relisbility of the reported frequencies
is rather poor. In general, a method of estimating the probability of
encountering icing for other areas would require known frequencies of
cloud penetrations and conditional probabilities that lcing exlsted in
these clouds. Penetration frequencies would relate to the normal fre-
quencles of cloud cover in a given area provided the flight path was not
purposely altered to avoild clouds. The probebility of icing when pene-
trating clouds at temperstures below freezing generally can be related
to the cloud temperabure, with colder clouds tending to reduce the
probability of icing.

Icing clouds encountered during low-level approech procedures at the
terminal phese of the flight should be considered apart from the over-all
climb and descent lcing problem. Depending on navigation and air traffic
considerations (e.g., holding), the approach may require a flight path in
icing clouds covering a relatively longer distance than that when

6697
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traveling at an angle through a cloud layer. This would produce ice ac-
cretions larger than those collected during climb or descent. However,
from a probabillity viewpoint these large accretions are less likely to
occur. In climb or descent, cloud layers existing at any level in the
vertical traverse will be penetrated, whereas in the low-level approach
only cloud layers existing at the altitude of the approach will be en-
countered. The probability of encountering icing of given severity is,
therefore, dependent upon the probebility of the occurrence of a cloud
layer of given depth, reduced by the additional probability of that cloud
layer existing at a given distance above the ground. In the Duluth area,
for example, the cloud bases (ceilings) reported as being below 5000

feet are such that the frequency of icing encounters within that altlitude
range would be only about one-seventh of the over-all frequency of icing
encountered during climb and descent., The severity of the problem can
be further reduced if provision is made for small changes in holding
altitude to keep the flight above or below & cloud layer.

The results of this investigation show that the greater frequency
of icing existing at lower levels is encountered by high-altitude air-
craft during climb and descent. However, the icing severity in terms of
the amount of ice accumulated will be relatively light because of the
short distance flown within the cloud layers. Icing severity can become
a problem when the flight plan requlres longer distances within icing
clouds or requires the unavoidable penetration of cumulonimbus clouds
containing very high water contents.

Lewls Flight Propulsion Laboratory
Natlonal Advisory Committee for Aeronsutics
Cleveland, Chio, May 9, 1958
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APPENDIX A

SYMBOLS
rate of climb, ft/min
distance traveled in icing, miles (nautical)
total distance traveled through cloud depth H, miles (nautical)
collection efficiency of probe
depth of complete cloud layer, ft
ice accretion (thickness) on ice-sensing probe, ia.

icing expectancy (number of encounters per year with total ice
accretion exceeding specified value)

total ice accretlon through cloud layer H, in.
number of flights per year

expected number of flights necessary to exceed specifled value
of total ice accretion once

probability of glven cloud depth increment, AH

probability of given increment of wg, for given cloud depth EH

probability of ilcing being encountered during climb and descent
Phase of glven flight

probebility of occurrence of specified value of total ice ac-
cretlion after icing is encountered during climb or descent

probabillty of occurrence of specified value of total lce ac-
cretion for climb and descent phase of given flight

probablility of occurrence of given increment of wg
tewperature of icing cloud, °C
true airspeed, knots

liquid-water content, g/cu m
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Vg,

Xb

PT

Pz

v at 1/2 H
saturation mixing retio at cloud base, g water vapor/kg dry eir

saturation mixing ratio at altitude z in clouds, g water
vapor /kg dry air

altitude, ft
density of ice accretion on probe, g/cu m

density of dry air at altitude z in clouds, kg/cu m
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APPENDIX B

CALCUIATION OF PROBABILITY OF AVERAGE LIQUID-WATER CONTENT
WHEN ICING IS ENCOUNTERED DURING CLIMB AND DESCENT

The liquid-water content of clouds is determined by the physical
process of cloud formation, in which water vapor is condensed by adiabatic
cooling of saturated rising air. Thus, the adlabatic process Iincreases
the water concentration with increasing height sbove the condensation
level (or bottom) of the cloud layer. The water concentration at any
point in the cloud maey be greater than that obtained from condensation
because of precipitation falling from above. Generally, however, the

water concentration is reduced by precipitation falling out of the eloud,

and by the entrainment of dry air from outside the cloud. Considering the
unmodified adiabatic process, the liquid-water content available for ice
formations can be calculated based on below-freezing tewperatures and
cloud depths that have been found to be characteristic of icing clouds.

The concentration of liquid water w at altitude =z above a cloud
base b resulting from adiabatically lifted saturated air 1s glven in
terms o§ the saturation mixing ratios x by the following equation
(ref. 6):

v = py(xy - Xz) (B1)

This results in & nearly linear increase of water content with height
above the cloud base. Since the saturation wixing ratio increases with
temperature, the water content at any point above the base increases with
increasing temperature at the cloud base. Therefore, the water content
avallable for ilecing becomes a function of the temperature at the cloud
base and the helght of the aircraft above the cloud base. During a
vertical traverse through a cloud layer the average water content can be
used in determining the general severity of the icing and the total amount
of ice collected. This average water content can be taken at one-half

the cloud depth because of the nearly linear relation of the water content
to the cloud depth.

The probability of encountering a partlcular average wabter content
during climb or descent can be determined by combining the probabilities
of cloud-base temperatures and cloud depth. Since ‘these probabilities are
functions of frequency dlstributions of these two variables, the dlstri-
butlons must be combined to glve a probabllity distribution of water con-
tent. The following procedure was used to obtain this distribution.

The variation of water content in the middle of a cloud layer was
calculated from equation (Bl) as a function of the depth of the cloud
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layer and the temperature at the midpoint in the cloud. The results are
shown in figure 8 for below-freezing temperatures in 2° ¢ intervals.
Temperatures at the cloud base were determined by assuming a pseudo-
adlabatic lapse rate between the midpoint and the base of the cloud.
These temperatures are used in order to relate the calculated water con-
tent to a frequency distribution of cloud temperatures measured in icing
conditions. Such a frequency distribution obtailned from airline data
(ref. 5) is shown in figure 9. These data are considered to have been
measured while the aircraft were flying at random heights above the cloud
base and therefore can apply to the mlddle of a cloud leyer. This tem-
perature distribution establlishes a corresponding distribution of water
content for a given cloud depth based on the water-content values from
figure 8. The results are shown in figure 10 as probability distributions
of average water content for 500-foot increments of cloud depth.

To cover a range of cloud depths, the probability distributions of
Tigure 10 must be combined using a frequency distribution of cloud depths.
Such & distribution is shown in figure 11, which was also obtained from
the girline data of reference 5. The probability of a given water con-
tent increment P(w,) was then computed using figures 10 and 1l in the

following relation:

H=6000
P(va) =§ ; [Ba(wa)] 2(R) (2)

The combined probability P(wa) is the product of the two probabilities

if the frequency distributions of temperature and cloud depth are con-
sidered unreleted. The resulting average water-content probability in
the form of a cumulative distributlion curve is given in figure 5.
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APPENDIX C

CALCULATION OF TOTAL ICE ACCRETION PROBABILITIES WHEN
ICING IS ENCOUNTERED DURING CLIMB AND DESCENT

The amount of 1lce accretion I 1is calculated to correspond to an
ice thickness that would accumulaste on the icing-rate meter probe over
a distance D by the relation

I = 0.0634 1;% ~ (c1)

Since the probe is only 0.1 inch in diameter, a high collection efficilency
E can be assumed. The ratio E/pI can, therefore, be taken as approxl-

mately 1.0 (with proper units factor), which approaches the maximum ice
accretion conditions for any alrcraft component.

Flight path
(climb or
descend)

; 7 7 7

6697
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The total emount of ice sccretion resulting from a climb or descent
through a cloud layer is the product of an average water content wg in

the cloud and the distance traveled through the cloud layer. Thils dis-
tance Dy (as shown in sketch) can be expressed in terms of the cloud

depth H and the ratio of the true airspeed V +o the rate of elimb C
by the relation

v
Dy = H g55 (c2)

Substituting equation (C2) in equation (Cl) glves the total ice accretion
I, on the probe through a cloud layer as

Iy = 1.056x1073 (wgH)(E/p1) (V/C) (c3)
where

E/pI = 1.0

The probability of encountering s particular total ice accretion in
an lcing cloud P(It) at a given value of V/C depends on the probabili-

ties of given values of the product wgH. Frequency distributions of
total ice accretions for comstant V/C ratios were calculated using the
distributions of wg (fig. 10) and H (fig. 11) in a procedure similar to
equation (BZ). The resulting total ice accretion probability distribution
for a range of V/C ratios is shown in the form of cumulative distribu-
tion curves in figure 6.
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APPENDIX D

CALCULATION OF ICING EXPECTANCIES FOR CLIMB AND
DESCENT PHASES OF HIGH-ALTITUDE FLIGHT

The probabilities of relatively small Jice accretions occurring during
the climb and descent phase of any given flight P(Itp) can be determined

by combining the probability of icing being encountered during the climb
or descent phase of the flight P(e) with the probability of exceeding a
specified value of total lce accretlon after icing is encountered P(It);

this can be expressed as

P(Itg) = P(e)P(Ty) (p1)

The expected nuwber of flights necessary to exceed a specified vaelue of
total lce accretion once can be expressed as

1 L

Ne = B(Tep) = PleIE(Ty)

(p2)

Small probabilities can result in & significant number of actual
occurrences when the over-sll operation of & fleet of high-altitude
alrcraft is consildéred in which a large number of flights per year N
are conducted. From this viewpoint the icing expectancy Ie in terms of

the number of icing encounters per year wlth total lce accretlons ex-
ceeding & specified amount can be considered for over-all alrcraft opera-
tions. This can be calculated from the relation

Io = N/Ng = NP(e}P(Iy) . (D3)

This over-all operational probabilitly of total ice accretions is shown
in figure 7 for a range of climb and descent conditions consldering air-
craft operations involving 1,200 and 100,000 flights per year with an
icing encounter probability P(e) of 0.05. The particular operstion in-
volving 1200 flights per year represents the operation of the instrumented
fighter-interceptor aircraft, whereas 100,000 flights per year may rep-
resent combined large-scale airline operations of a fleet of Jet
transports.
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TABLE I. - SUMMARY OF ICING DATA FCR CLIMB AND IB3CENT CF JET-FIGHTER INTERCEPTOR AIRCRAFT

TData | Months Dulnth (Aug. 1855 - June 1956) 3eattle {Nov. 1855 - Sept. 1956)
group
Total number of - Frequency of - Frequency Total mumber of - Frequency of - Fraquency
1 of icing of lcing
Flights| Clouds Toing Clouds Toing in clouds|Flights| Cloude Ioing Clouds Toing in elocuds
penetrated|encounters |penetrated|encounters| penetrated penetrated jenoountara |penstrated |encounters|psnetrated
June
July
1 55 S o] 0.09 0 0 390 89 11 0.18 0.03 0.16
Aug.
(May included)
Sept. | |
oy | |
2 188 16 8 0.10 0.05 Q.50 (Insufficient number of f£lights)
Oct.
Map.
3 App. 176 50 18 0.28 0.09 0.32 148 31 10 0.21 0.07 0.32
Hov.
Dac.
* Jan. 85 22 4 0.25 0.04 0.18 144 21 10 0.18 0.07 0.48
eb.
Totels| 494 93 28 0.18 0.06 0.31 880 121 51 0.18 0.05 0.26
Totals both [1174 214 59 0.18 Q.05 0.28
aresn o
\
[ L ol

T, i 569'_7‘;
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TABLE II. - ENCOUNTERS WITH MREASURED ICE ACCRETICN3
Cupnilative; Teuperaturs, Trua Prassure Rate off Cloud type Pillot remarks Data Location
ice oc airspeed, altituda olimb or|
aceretion, mph of leing, degoent, MonthjDay | Time
in. £t It/min
(a)
0.028 -9.3 402 6,100 1200 (o I ——— 3 21 | 1850
-15.4 314 9,400 3100 (d }Stramm 4 23 | 1348
-10.8 474 20,400 S000 (& 4 24 | ~—-= Duluth
-11.9 429 10,200 7100 (a)] Stratocumilus 4 16 | 0940
-15.8 332 8,800 1000 (o) - 4 20 |~
-23.3 504 26,500 ~=== {g]| Clrrogtratus 11 29 | 2135 Columbus, N. Max.
=-7.9 335 4,800 ~=== {d)| 3tratecumilns 11 30 | 1615 Portland, Oreg.
-1.2 130 900 R 0| . —— - e
-11.2 271 4,900 —- (d ST SN [
~18.3 345 14,900 6100 (d)| Stratus 31ight leing 2 1 |1 0930
5,8 404 7,500 1200 (c)| Stratus Light loing 2 12 | 0100
_____ . N == {a) ot I e -— S [
-12.8 394 19,00qQ = {0 ——— - | —— Seattle
-21.6 440 20,000 SR 01 | P — - | -
-7.2 417 6,900 1200 (o)| Stratocumlug 3 28 | 1906
~15.5 470 13,300 1300 (o 3 27 11855
4.4 348 11,700 2200 ig; Cursulus " 5 [ 1340
=2.7 285 4,800 1804 (d)|Cumnlus Light lelng 1 6 | 1600
0.059 -11.8 64 2,900 to 9,000 | 3100 (d)|8tratocumulus|- 4 18 | meene Dluth
----- — 8,000 === (4 Ioed windshleld 3 19 | 1010
-9.]1 to -6.6 350 6,100 to 4,300 |1200 (4)||Stratus Light leing 2 12 10100 Santtls
~11.1 to -8.1 350 6,100 to 5,100 | 1300 (d -1 2 12 11118
-11.8 2080 13,300 m=seee (d) | Cumnius Picked up froast 11 1 {1008
0.090 |remcrmmmemaee— —— 17,000 ot —me | GUmLIlUB Vary light ice & 9 | 0800 Duluth
-12.8 to -11.6 529 11,000 to 9,200 | 3600 {d) | 3tratooumalus 4 16 | 0840
0,162 ~15.4 to -10.9 324 11,300 to 9,100 11200 (4)1Cumlus 1/2 in, rime 158 on) & 3 |1431 | Duluth
wingn; engine 1lce
noted
-15.1 te -9.1 518 9,000 to §,400 |1100 (4)|Stratus -— 2 12 [ 1458 Seattle
C.400 ~10.7 to -16.2 418 11,300 to 14,500{1000 (o) Stratus Moderate nime loe 1 20 [ 0945 8eattle
AC1imb, c; descent, d.

FIEP NL VOVN

6T




._*' .
Y

Figure 1. - Location of ice-ssnsing probe on fighter-interceptor alroraft,
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PROJECT ICE
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TEYIS FLIGET PROPULSION LABORATORY
21000 BROOKPARK RD
CLEVELAND 35, OHIO

TICING DATA SHEET

Please Note: 'These dats mumlement measurements of ebmospheric conditlons being £1lm recorded
by FACA loing meter in ths alroraft. Meter aotomstleally sterts wpon encountering iclng
{(Recording light-green), and gbops 10 minubes after end of icing rate cycla (Icing rate
1ight-gmber). In ordsr to utilize ths recorded Information, this fom must be properly

filled out for emch flight regerdiess of wvhether icing comditions wers anCOUNTHTEN.

Organization

Pllot

Alreraft No.

Date of Flight 21 Mar. Flight Plan
Teke off Time (local) __ 1850 40X103

Duration of Flight 1 hra 30 min

Wap lolng encountered Yes NoD 50

Altitude of leing 3500 to 5000 ft

Cloud Type Stratus

Duration of Recorder Operatlon 30 sec

Remarks: _ CGreen light was on about 30 se¢, Amber

Altitude, It
5
i
\
__._-__,—-"'

for only 10 to 12 gec. 10

3
Duratlon of Flight-hours

Flgure 2. - Sample of apeclal log sheet supplisd to supplement recorded data.
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Pressure altitude, ft

NACA TN 4314

30%103
20
10

| | | 1
o 7 8 12

(a) Seattle area.

30x103
20
10

| | | | | ]
0 4 8 12

Number of flights encountering icing
(b) Duluth area.

Figure 3. - Histogram of altitude distribution
of icing encountered during climb and descent.
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Cumulative ice acecretion, I, in.

Ve
4
A

.08 N

.06 \';\
.04 \

.02

1 2 4 6 8 10 20 40 80 80 100
Number of encounters with lce accretions equalling or
exceeding I

Figure 4. - Cumulative ice accretions measured on sensing probe
during climb and descent arranged according to number of
encounters in which particular ice accretion values were
equalled or exceeded.



Probability of exceeding liquid water content at one-half depth of cloud layer, wg

NACA TN 4314
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.004
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Average liquid-water co

8 1.0
titent, g/cu m

1.2 1.

Flgure 5. « Probabllity distribution of average liquid-water content
based on adlabatic 1lifting in lcing clouds encountered during climb

or descent.
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Probabllity of exceedlng total i1ce accretion, Iy

25

Total 1ce accretion, I, In.
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Figure 6. - Probabllity distribution of total ice accretion on ilce-sensing probe for range of climb

and descent conditions.



Total ice accration, It' in.
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Fimms 7. - Operationsl probability of totel ice accretion on lce-cenalng probe for range of c¢limh and dsscent ccnditions. Ieing frequency, 0.05.
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Frequency of icing clouds colder than T
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NACA TN 4314
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Teing cloud tempersture, T, ©C

Figure 9. - Cumulative frequency distribution of temperatures of lcing clouds.
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Frequency of exceeding cloud depth, H
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Figure 11. - Cumulative frequency distribution of depth of an icing
cloud layer :
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