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NATTIONAT. ADVISCORY COMMITTEE ¥FCR AERONAUTICS

RESEARCH MEMORANDUM

A REVIEW OF INSTRUMENTS DEVELOPED FOR THE MEASUREMENT
OF THE METEOROLOGICAL FACTORS CONDUCIVE TO
ATRCRAFT TICING.

By Alun R. Jones and Willism Lewis™

SUMMARY

-

The status of instruments suitsble for the meessurement of the
meteorological factors conducive to aircraft lcing is reviewed., The
meteorological factors to be evaluated are 1llisted, and tentative
values for the desired and acceptable accuracy of measurement for
each factor are suggested.

Nine instruments which sppear to be the most promising for the
procurement, of the meteorological ‘data are dlscussed with respect to
the quentities they measure, principle of operation, range and accu~
racy, duration of a single reading, and adventages and dlsadvantages
assoclated with their use. Recommendatlons are presented for the
continued research and development of lcing meteorologicel instriments,

INTRODUCTION

The design of thermsl lce—prevention sguipment for airplanes
has progressed to a state where a knowledge of the physical charac—
teristics of icing clouds is required (references 1.and 2). Consid-
ersble flight research in natural icing conditions haeg already been
accomplished by the NACA with the aim of providing the necessary
data. Some of the NACA results obtained in this field are presented
in references 3 end U4, and reference 5 presents a discussion of the
important meteorological factors conducive to aircraft icing and
suggests values for these factors to be considered in the design of
lce—prevention equipment.

1Meteorologist, U. S. Weather Bureau, assigned to the Ames
Aeronsutical Laboratory for collsboration on NACA icing research.
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Although the research which has been completed provides a
good basis for an initlal understanding of the physical charac—
teristics of lcing condlitlons, considerably more metecrological
data must be obtalned in order to establish, with reasonable accu—
racy, the probable ranges and relatlve frequencles of values of the
pertinent factors. One of the most serlous problems encountered in
the investigation of the meteorcloglical factors conducive to air-
craft lcing has been the procurement of sultable Instrumentation.
For basic or fundamental research in the fleld, the principal
physical characteristics of an lcing cloud which, ideally, would
be measured continuously and simultaneously may be listed as
(1) liguid—water content, (2) free—alr temperature, {3) altitude,
(L) average drop dlameter, (5) maximum drop diameter, and (6) drop—
‘8lze dilstribution. Fillling cut the framework established by the
results of the baslc research will require the procurement of data
in sufficlent guantitlies to be applicable to statisticel analysis.
For such a statistical Investigetlon, & contlinuous, correlated
record of liquid-water content, free—alr temperature, and altitude
would represent the minimum requirements, The addition of a record—
ing of average drop dlamster to these three 1tems would be very
desirable, and the further addition of recorded maximum drop size
would complete the statistlical picture.

Thig report presents the results of a review of avallable
meteorological lnstruments, or measurement techniques, to segregate
those devices which had eilther produced the beat results or showed
the most promise. It was origlnally prepared for the Oct. 18, 1948
meeting of the RACA Subcommitiee on Icing Problema, for the purpose
of establishing the status of the development of lcing meteorolog—
lcal Instruments and to serve as a basis for recommendatlons
concerning future development. In its present form, the report
incorporates the helpful comments of the Subcommittee members.
Appreclation 1s also extended to Pr. H. G. Houghton of the
Massachusette Institute of Technology and Dr. Vincent J. Schaefer
of the General Electric Company for providing suggestions and
information during the preparation of the initlal report for the
Subcommittee. In several lnstances, the commsnts by Dr. Houghton
and Dr. Schaefer constituted the main source of information.

RANGE AND DESIRED ACCURACY

Egtimated maximum values of the pertinent meteorological
factors for various possible lcing conditions are presented in
table I of reference 5. A study of this table provides an Indication
of the required range of any propoged icing meteorological instrument.
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The desired accuracy ls somewhat difficult to state, since reliasble
meoteorological instruments are not available in sufficlent guantity
to allow the linvestlgator tc be exacting. In order to provide an
approximate yardstick of the order of accuracy that 1s consldered
necessary and reasonable, however, two values wlll be assigned to
each of the pertinent meteorological fectors. The first value,
termed "acceptable,” represents the estimated maximum tolerable
error that an instrument could have and stlll provide useful data.
The second value termed "desirable™ represents the minimum error
that appears reasonable and practical to specify, considering the
limitations of existing instruments, human errors, and present
Intended use of the data.

Baslc research [Statlistical data
Accept—|Desir—| Accept— | Desir-—
Item able able able able
accu—- | accu—~| accu— acch—
racy racy racy racy
liquid—water content +15% +5% 25 4% +10%
free—air temperature +*39 F #]0 F | +50 F +20 F
altitude 300 £t |+100 £ 500 £t |+200 £t
average drop diameter +30% +10% £35% +10%
maximum drop diameter +30% +10% +h0 ¢ +10%
l4rop—size distribution,
o/8gy +30% +10% +50 % +15%
1 g _ root—mean—square deviation of volume distribution

dav

average drop dlasmeter based on volume of drops

REVIEW OF CURRERTLY AVATLABIE INSTRUMENTS
AND MEASUREMENT METHODS

The following pages present & review of the nine most promising
icing instruments. Wherever poseible, a plcture of the instrument
under consideration has been included. The Instrument descriptions
have been minimized, but in each case & reference which contains the
detailed information has been listed.

Rotating Cylinders

Factors measured.— The meteorologlical factors which can be
computed from rotating—cylinder data are liquid-water comntent,
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mean~effective drop dlameter,2 end drop—size distributilon.

Principle of operation and description.— Operation of the
instrument is based on the fact thet when a cylinder moves through
a cloud, the amount of weter intercepted per unit prolected area is
dependent on the dlasmeter of the cylinder and the slze of the cloud
drops. The collectlion efficiency of cylinders, defined as the ratio
of the amount of water intercepted to the amount of water originally
contained in the volume swept out, has been calculated (reference 6)
and is thus & known function of drop diameter, cylinder diameter,
alrspeed, temperature, and pressure. Collection efflclency increases
with increasing drop dlameter, decreasing cylinder diameter, and
increesing alrspeed. By means of these relationshlps, the liquid—
weter content, mean-effective drop diemeter, and drop—size distribu—
tion can be calculated from the welghts of lce collected dwring the
simul taneous exposure of a seriles of cylinders of different dlameters.
The methods of calculation are described in referemces 6 and 7.

The rotating-—cylinder instrument used by the Ames Aeronautical
Laboratory was comprised of four cylinders of 3-, l—l/h-—, 1/2—, and
1/8-inch diameters, each 5 inches long. (See fig. 1.) The cylinders
were Jolned together coaxially and the complete unit was extended
into the alr stream and rotated at about 20 revolutions per minute
during e meessured exposure period. After exposure the assembly was
disassembled and the cylinders stored separately in alrtight contalners
which were later weighed to determine the amount of 1ce coliected.

Range and sccuracy.— Although the rotating—cylinder instrument
provides data from which the liquid-water content, mean—effective
drop diameter, and drop—size distribution can all be evaluated, the
accuracy with which each factor is determined is different, In
generel, the method provides good average values of liquid-water
content, good to falr values of mesn—effectlve drop dlameter, and
falr to umuseble values of drop—size distribution.

The calculetion of liquid-water content is accomplished by an
extrapolation from the values of water intercepted per unit area
to obtailn the rate of water interception for a body having a
collection efficiency of 100 percent. The amount of extrapolation
is small since the collection efficiency of the 1/8-inch cylinder is
over 90 percent in most cases. Moreover, the curves from reference 6

2The emount of water in all of the drops of a dlameter greater than
the mean—effective drop dlameter is equal to the amount of water
in 811 of the drops of smeller diameter.
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provide a sound basgls for the extraepolation, hence the resulting
values of liquld—water content are rellsble and fairly accurate over
the entire range of condltions encountered in icing clouds, It is
egtimated that the four—cylinder apparatus as employed by the Ames
Aeronautical Leboratory provides values of average liguid—water
content accurate to x5 percent. The agreement between this average
value and the actual velue at any instant is, of course, dependent
upon the uniformity of the cloud. :

The mean-effective drop dlameter is determined from the
variation of amount of water intercepted per unit area with cylinder
diameter, hence the accuracy of the result depends on the amount of
this variatlon., PFor small valuss of drop diameter the variation is
considerable but as the drop slze increases and the collection
efficiency of all of the cylinders approaches unity, the variation
in collection efficlency with cylinder dismetsr becomes smaller.

The useful range of the instrument is limited to values of drop
dlameter for which the difference between the amount of water inber—
cepted per unit area by the largest and amallest cylinders is
significantly greater than the error in the determlination of the
amount of water Intercepted by each cylinder.

In order to obtaln an indication of the order of magnitude of
the effect of actuasl drop diameter on the accuracy of measurement of
drop dismeter, calculations have been made based on the physical
dimensions (3—, 1-1/4—, 1/2—, and 1/8-inch diameters) of the Ames
Aeronauticel Leboratory apparstus. These calculations were based on
the assumption of & maximm errdr of 5 percent in the determination
of the smount of water intercepted by each cylinder. The results
are presented as curve A in figure 2 which represents the maximmm
error to be expected in the determination of mean—effective drop
gize if the water interceptions can be relied upon to x5 percent.

It 1s seen that the percentage error incresses with an Ilncrease in
the actual mean-effective drop size; for example, in the most
commonly experienced drop—dismeter range in ilcing conditions (10 to
20 microns) the maximm error in the determination of measn—effective
drop diameter would range from h to 9 percent; whereas for the larger
drop sizes (40 microns) a maximum error of 30 percent would result.

The error in the determination of mean—effective drop diameter
by the rotating-cylinder method can be reduced by increasing the
dlemeters of the cylinders, and thus providing s lerger spread to
the values of welght of water intercepted per unit projected area
of cylinder. Curve B of figure 2 presents the calculated error for
four cylinders all twlce the dlameter of the Ames Aeronauticel
Laboratory cylinders, and again based on the assumption of a
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S5—percent error in the measurement of the weight of water inter—
cepted. It can be shown that for s given desired accuracy, which
would be obtalned with a specified set of cylinders for a mean—
effective diameter of D, the same accuracy cen be obtained at

B4 2 1f the cylinder sizes are doubled. Thus, lO—percent accuracy
et 22 microns (curve A, fig. 2) can be increased to 1O-percent
accuracy at 31 microne (22,/2) by doubling the cylinder size (curve
B, fig. 2). For accurate measurement sbove 35 microns it would
appear that the diameter of the largest rotating cylinder should be
gréater than 3 inches. '

The drop—-slze dlstrlbution is determined by a comparison of
the shape of the curve obtained by plotting the logerithm of the rate
of water interceptlion per unit area againgt the logarithm of the
cylinder diameter with a set of theoreticel curves calculsted for
five different arbltrarily specified drop—size distributions. (See
reference 6.) Since the data points are somewhat scettered and
freguently can be fitted to several of the calculated curves with
equel facility, the method does not represent a precise means for
the determination of drop—size distribution.

Duration of & single reading.- Experience indicates that an
exposure time of 1 to 5 .minutes appears to be a reasonable compromise
between the desirability of collecting enough ice to reduce weighing
errors (percentage) and collecting too much which changes the cylin—
der size, and possibly the shape.

Advanteges.—

1. The rotating cylinder technique represents the most
accurate and dependable method for the determinatlion of liquid—
water content and mean—effective drop size derived to date.

2. The cylinders collect ice in the same mennmer as
slrplane components so that, even if the absoclute values of
the date are incorrect, they are still useful qualitatively for
design purpose, provided everyone uses the same basis.

3. Operation of the roteting cylinders i1s very reliable
becsuse of the lack of technical complexity.

L, The method is adsptable to flight use.
Disadventages.~

l. Analysis of the cylinder data provides an integrated
record over the period of exposure;s therefore, maximum
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ingtantaneous values cannot be segregated from the results.
2. The method requlires one operator full time.

3. Work—up of the date ie somewhat leborious, and the
results are not avallable until some time after the flights.

4, The cylinders and attendant spparatus are bulky and
difficult to use 1n pressure cabins.

5. The method tends toward lnaccuracy at mean—effectivee.
drop diameters above 35 microns unless gqulte largs cylinders
sre used.

6. Drop—size—distribution data calculated from the
cylinder data are unrelisble. Checks made with four cylinders
of equel size, as suggested in reference 4, show an average
veriation sufficlent to make an actusl B distri‘bution (refer—
ence 6) appear as a D distribution.

Remarkg.— The method has assumed the position of a standard
egaeinst which other Instruments are callbrated, and is apt to remain
so untll replaced by a device based on operating princlples which
are considered, or proved, to be more fundamental and relisble than
the theory behind the rotating cylinders.

Fixed Cylinder

Factor measured.— The fixed cylinder is employed for the deter—
mination of the maximm drop diameter.

Principle of operation and description.— The area of impinge—
ment of water drops on a nonrotating cylinder is taken as an
Indication of the maxiwum dlameter of the drope present. A large
cylinder 1s used to essure & collection efficliency less than 100
percent. One form of the device consists of & h—inch-dismeter
cylinder with blueprint paper stretched over the surface. (See
fig. 3 and referemnce 3.) The cylinder is exposed for & brief pericd
of time and the area of impingement, easily discernible on the blue—
print peper, provides sn indication of the meximum diemeter of the
drops which were present in gufficient guantity to leave a trace.
Another form consists of a cylinder with markings on the surface
which are used to estimate the extent of the ice accretiomn. The
accretion is removed periodically by rotating the cylinder agains-b
a knife—edge scraper. (See fig. 4t and reference k4.)
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Range and accuracy.— As discussed in reference I, considerable

discrepancy has been noted between the maximum drop dlamster as
indicated by the fixed cylinder and that computed from the rotating—
cylinder data. Thie discrepancy i1s again present in the 1947-L8
meteorologlical data obtailned during the C-46 airplane icing opera-
tions by the Ames Aeronautical Laboratory and has not been resolved
at the present writing. The most probable source of error in the
determination of the maximum drop dlameter by the filxed—cylinder
method 1s the measurement of the extent of ths ice accretion on the
cylinder. This extent is commonly expressed as the Iincluded angle
26 between the two radil of the cylinder which defline the extrem-
1ties of the lce accretion. To obtein an indicatlion of the effect
of an error Iin the determination of 6 on the value of maximum drop
dlameter, calculations have been made for & S5—lInch-diameter cylinder
and an agsumed maximum error of 5° in the value of 6. The result
of these computations 1s presented as curve C in figure 2, which
repregents the maximum percent error 1n the meximum drop dlamster
for a 5° error in 6. On the basis of curve C in figure 2, it
would appear reaschable to assign the following accuracles to a
5—-inch fixed cylinder:

Actual meximum drop dlameter  Meximum mesasurement error,

(microns) (microns)
5 to 15 2

15 to 25 L

25 to 35 T

35 to 50 15

At the present time it appears that the princlpal source of
error in the fixed-—cylinder method as used gt Ames Aesronauticel
Laboratory during 1948 (fig. 4) lies in the ipability of the observer
to detect the extreme edge of the ice formation. Another contribu~
ting factor 1s probably the effsct of the slight change 1n profile
due to the presence of the ice layer. Reasonable agreement between
the rotating—cylinder and fixed-cylinder data may be obtalned by
adding a constant correction of 5° to the observed value of 8.
These considerations suggest that the method of measuring the angle
by means of a trace on blueprint paper (fig. 3) is more accurate and
dependable than by vieual observation of thse lce formation. The
range of the device is limited only by the practical aspect of the
maximum cylinder size that can be employed in any projJected investi-—
gation.

Duration of a single reading.— The form of the device shown in
figure 3, using blueprint paper, requires an exposure perlod of from
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2 to 30 seconds dependling on the severlty of the icing conditions.
With the form shown in figure 4 a longer period, ususlly from 1 to
5 mlnutes, is required 1n order to allow the formation of sufficient
ice to be observed visually.
Advantages .~
l. The method is based on reliable and simple theory.

2. The apparatus 1s mechenically simple, and easy to
operate, so a record is practlically assured.

Digadvantages.—

l. Recording of the data from the fixed cylinder requires
constant attentlor by the operstor.

Remsrks.— This device should glve good values of maximum drop

diameter, and the discrepancy between 1ts Indicatlons and those from
the rotating cylinders should be eliminated as soon as possible 1n
order that both can be used with confildencse.

Rotating-Disk Tcing-Rate Meter

Factor measured.— The rotating disk 1s ntilized for the
contlinuous measurement of liquid-water content.

Principle of operatlion and descripbtlion.— A thin disk about 2
inches in diameter, 1/8 inch thick at the center, and beveled to
1/32 inch at the edge 1s mounted with the plane of the disk parallel
to the direction of the free stream. (See fig. 5.) The disk is
rotated at about two revolutlions per minute., The thickness of the
ice accretion on the rim 1e continuously Indicated by a feeler at
the back of the disk and the accretion 1s then removed by a scraper
located behind the thickness feeler. Observatlons of the profile
of lce collected while the dlsk was stationary indicate that 95
percent of the ice is collected in an angle of 120°, thus the
effective exposure time at a rotation rate of twe rpm 1s about 10
seconds. On the Ames Asromautical Iaboratory inetrument the feeler
is located 1lh® from the forward point, giving rise to a lag of 12
seconds at two rpm. Use of a variable rate of rotation, for example,
from one-~thlird to five rpm, would give more accurate measurement of
very low values of water content and a more detalled record during
periods of heavy lcing. The effective exposure time would then very
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from 1 minute to 4 seconds. More detailled information is contailned
in references 7 and 8.

Range and sccuracy.~ The motion of the feeler 1s actually an

indlcatlon of the rate of ice accretion on the rim of the disk.

This indicatlon can be converted to a continuous record of liquid—
water content by assuming, or obtaining empirically, the ratic E/p
where X represents the collection efficlency of the disk and p

the density of the ilce accretion. DBased on 150 simultanecus readings
of the rotating disk and the rotating cylinders, for the same expo-
sure time, an average value of 1.1 for E/p has been establighed.®
The drop-size range during these 150 readings varied from 8 to 50
microns. The value of 1.1 1s an arithmetic average, with the root
mean square deviation being 0.22 and the maximum deviation between 10
and 40 microns being 0.6. It should be pointed out that the measured
values of E/p are influenced by errors in the rotating-cylinder
observatlons and errors due to the difficultles In synchronizatlon;
hence, the actual varietion of E/p 1s probably conslderably less
than indicated by these data. Based on these results it is believed
that the use of a constant value of E/p equal to 1.1 would result
in the computation of values of liquid-water content with a probable
error of +12 percent or lees over the entire icing range of table I
reference 5.

Duration of a single reading.— The rotating disk provides a
continuous record of the average llquid-water content over an
effective interval of about 10 seconds when operated at two rpm.
When operated at varisble speed, the effective exposure time should
be adjustable from 1 minute to 4 or 5 seconds.

Advantages.—

1. The rotating-disk icing meter provides a continuous
indication of liguld-water content with reasonable accuracy
over the drop-dlameter range assoclated with icing conditions.

2. The instrument is rellable and can be converted reedlly
to a recording device.

3. The Instrument 1s adaptable to flight use.

Disadvantages .-

1. The rotating-disk icing meter esctually Indicates rate
of lcing instead of the more desirable fundamsntal factor,

Spate obtained during the 1g47-48 icing research flights conducted
by the Ames Aesronautical Laboratory,.
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liquid—weter content. Further verification of the independence
of the device with respect to drop slze, for =sll practical
purposes, 1s deslrable.

2. The lag of the instrument ie somewhat large for the
ideal determination of meximum instantaneous conditions.

Remarks.— This device holds morse promlise than any other cur—
rently available instrument for the statistical measurement of
liquid—smater content. The rotating disk could be used in conjunction
with some device for the contlnuous recording of the average drop
dismeter (such as the visibility meter to be discussed leter) to
provide the basis for a statistical study of icing conditioms.

Dr. Houghton hae indicated that the rotating disk with which he

was familar did not possess the necessary ruggedness and rellabllity
to qualify it as a statlstical instrument. However, experience
gained by the Ames Asronautical Isboratory during the 194748 icing
operations, with an instrument of somewhat different design from that
used by Dr. Houghton, indicated that the device held conslderable
promise for the collection of statistical data. As purely a research
instrument 1t 1s the most rellable development to date which could
provide a detalled record of wvariations 1in liguid-water content.

Caplllery Collector

Factor measured.— The caplllary collector was developed for the
determination of the liguid—water content of clouds.

Principle of operation and description.— A porous head is

exposed to the cloud and, by the application of suctlon to the aft
slde of the head, water collecting on the forward side 1s drawn
through the porous meterial. The relation between the amount of
water passing through the head In unit time and the free—stream
liquid—water content 1s established by calibration under controlled
conditions. In the original collector, as conceived by Dr. B. Vonmegutb
of M.I.T., references 7 and 8, the rate of water collectlon was
obtained by the visual observatlon of the movement of an alr bubble
in a callbrated capillsry. In a more recent development of the
instrument by the General Electrlc Company, references 9 and 10, the
collected water 1s deposited on a continuously moving glass tape,
impregnated with methylene blue dye powder. The width of the trace
on the tape is proportional to the rate of water Interception by the
head. The General Electric instrument is shown in figure 6.
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Range and accuracy.— The authors have had no personal experience
wilth the use of the caplillary collector. Drs. Houghton and Schaefer
concur in stating that the instrument provides satisfactory and
reliable readings in clouds above freezing. The specific range and
accuracy of the data which lead to this coemon conclusion was not
stated., Under icing conditions the collecting head requires heating
which, in turn, introduces evaporative errors. Dr. Houghton describes
these errors as serious. Dr. Schaefer does not mention the evapors—
tive error specifically, but states, "We have not concerned ourselves

with 1ts operation under icing conditlions because of the difficulties
involved."

Duration of a single reading.— The instrument provides a con—
tinuous record of the liquid—water content.

Advantages.~—

1. The caplllary collector provides for the continuous
automatlc recording of liquid-weter content at temperatures
above freezing.

2. The instrument 1s relatively slmple in operation and
1s dependable.

3. Accurate measurements at temperatures above freezing
are provided.

4, The instrument is adapteble to flight use.

Digadventages.—

l. Evaporative errors seriously complicate the use of the
Ingtrument in icing conditions.

Remarks.— At the present time the instrument represents a very
useful research tool at temperatures sbove freezing. Thus, the use
of the rotating disk below freezing and the capillary collector
above freezing would provide & continuous record of varlation in
liquid—water content.

Rainbow Recorder

Factors measured.—~ The instrument was developed by the Ames
Aeronsutical lLaboratory to provide a continuous record of liquid—water
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content, average drop dlameter based on projected areas, and drop—
size distribution.

Principle of operation and description.— The instrument is

based on the rainbow-forming properties of ‘water drops. A high—
intensity, modulated beam of light is projected into the air stream
contalining droplets, and the rainbow produced is scapned by an
oscillating mirror. The varying intensity of the rainbow light is
recorded., From a plot of intensity ageinst mirror angle, and the
basic optical theory of the ralnbow, values of liguid—water content,
average drop diameter, and drop—size distribution can be camputbed.
For the Ames instrument, figure 7-and reference 11, the rainbow
scamning rate is 1/2 second

Range and accuracy.— Theoretically, the Instrument should be
usable for the entire range of icing conditions in teble I, refer—
‘ence 5, Actually, difficultlies in operation have resulted in very
few usable flight records. These problems are associated with
excessive background light, and discontinuities in the cloud
structure experienced in flight. During ground tests of the instru-
ment, where the deleterious effects of background light and cloud
variation have been eliminated or minimized, the records from the
rainbow recorder have been much more encouraging than those obtained
in fiight. In one such test, the recorder was operated at night on
a mountain in a fairly consistent fog. Fhotographs were taken of
the drops to obtain drop size, and the liquid water was separated
from a known quantity of the air by mechanicael means. The results
from these two procedures were in reasonably good agreement with
those computed from the rainbow records. In another test, the
Instrument was operated 1n a darkened room containlng a cloud formed
by a water spray. Although the actual value of the liquid—water
content and the drop size of the spray were not known, the rainbow
recorder produced light—intensity curves of the general shape
predicted by theory. It is estimated that basically the instrument
could produce data in flight accuirate to 10 percent for average
drop diameter and £15 percent for liquid—water content if operation
similar to that experienced in the c¢loud chamber could be achieved.
Although the instrument is theoreticelly capable of measuring drop—
size distribution, it is not considered 1:!_kely that this can be
achleved in practice.

Duration of a single reading.— The elapsed time for one complete

record with the Ames Aeronsutical Leboratory instrument ie 1/2
gecond.
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Advantages.—

1l. Potentially, the Instrument could provide, in flight,
a continuous autamatic recording of liquid—water content, and
average area drop size.

2. The alr stream is not disturbed by the instrument.

Disadvantages.—

1. The device 1is electrically complicated.

2, At the present scanning rate of the Ames Aeronsutical
Laeboratory instrument (1/2 sec), the rate of varilation of
liquid—water content and drop size in some clouds precludes
the procurement of a satisfactory record.

3. Varistions in background light in clouds seriously
affect the readings.

L. At present, the instrument requires continuous attention
by personnel skilled in electronics.

5. The instrument with attendant apparatus is bulky.

Remarks.— Potentislly, this is a very desiraeble instrument

because so much information can be obtalned from one record. It
also has the advantage of not requiring any protuberance into the
alr gstream. Although its present limitations restrict its immedi-
ate use for flight testing, the instrument might prove useful where
these restrictions do not apply or are minimized; for exesmple, for
measuring liguid—water content and drop size for the flow of a
relatively uniform cloud in a dark duct such as an icing wind tunnel,
or the inlet ducting to a turbine engine in simulated icilng tests.
Under conditions of no background light e simple device based on a
light source and a camere might suffice. In any further development
of this type of instrument, an Investigation of the corona rather
than the rainbow might be profitable since the corona is 10,000
times as Intense as the rainbow,

Dew—Point Recorder

Factor measured.— The dew-point recorder provides data from
which the free-water content of s cloud can be calculated.
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Principle of iperation and description.— A representebive

sample of the cloud is inducted, heated to evaporate all of the

free water (liquid water plus snow) present, and the dew point of
the sample is measured. From this reading and the free—stream
temperature, the free—water content of the air stream can be calcu—
lated. The dew~polnt recorder is designed to provide a continuous
record of the dew point of the heated sample., The sample is caused
to impinge on a mirror surface, the temperature of which is continu-
ously regulated to maintaln equilibrium conditions at the dew point.
Control of the heating and cooling cycle is effected by utilizing
the first signs of dew forming on the mirror surface as & signal

to turn on the heating current., The surface tempersture is measured
with a thermocouple., Further details are availasble in reference 12,
and the instrument of that reference is shown in figure 8.

Range and sccuracy.-— The accuracy with which ligquid—water

content can be computed from the dew—point recorder readings is
directly proportional to the accuracy with which the difference
between the free-alr temperature and the dew point of the free—
stream air can be messured. Experience in icing flights by the

Ames Aeronsuticel Laboratory has shown that, for ‘the relatively low
values of liquilid-wabter content assoclated with icing conditions, the
required degree of accuracy of temperature measurement 1s prohibitive.

Duration of a single reading.— The Iinstrument provides a

continuous record.

Advantages.—

l. The instrument operates and records automatlicaily.

Digadvantages.—

1. The accuracy required in the determination of the dew—
point and free—alr temperatures for the computation of liquild—
water content in icing conditions is too great.

2, The dew point ie not always clearly indicated, and is
sometimes confused with the 1lce point.

3, Difficulties are encountered in obtaining a represent—
ative sample.

Remarks.— The percentage accuracy of this method of determina—
tion of free—water content decreases with the decrease of water
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content experilenced as temperatures are reduced, The accuracy 1s
not considered acceptsble for measurements in icing conditions. The
Ingtrument produces reasonably accurate readings at temperatures
above freezing and could prove useful in that range.

Visilbility Meter

Factor measured.— This instrument measures the total projected
srea of cloud drops per unit volume of alr, which ia proportional to
the ratio of the liquid—water content to the average drop dlamster
based on proJjected arees.

Principle of operation end description.— Operation 1s based on
the degree of ebsorption of light by water drops in the path between
a light source and a receiver, The reduction of illumination
observed by the receiver 1s inversely proportional to the ratio of
the average drop dlameter based on projJected area to the liquld—
water content. If elther of these quantities 1is measured similta—
neously by other means, the other quantity can be obtained from the
vislbility meter record. An instrument besed on the visibility
principle is described in reference 13, end shown in figure 9.

Range and accuracy.— The authors have had no experience with
this Instrument. Dr. Houghton offers the following remarks: "This
is basically s simple and reliable instrument. However, many
problems arise in designing one sultable for use on alrcraft. It
should be particularly useful as an over—all check of dependsble
measurements of drop size and liguid—water content. If a satis—
factory mechanical and electrical design can be achieved, 1t should
be a reliasble and useful resgearch insgtrument. The time lag can be
made very small and can be adjusted electrically to any desired
value."

Duration of & single reading.— The instrument provides a
continuous record. - -

1., A continuous record is supplied sutomatically.

2. Operation of the instrument is based on simple
principles.
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Disadvantages.—

1. An indicetion of the ratio between two factors is
provided, whlile the absolute vaelues of each factor are the
more desirable quantities to measure.

2. The device is moderstely complicated electrically.

Remarks.~ The main value of this ingtrument lies in its potential
use in conjunction with some continuously recording liguid—water
content device (such as the rotating disk) in the statistical deter—
nmination of liquid-water content and average drop size. The instru—
ment might elso prove useful as an independent check on other instru—
ments used to provide liquid-water content and drop—size readings.

Sooted Slides

Factor measgured.— The sooted—slide technique is used primarily
for the determination of drop—size dilstribution.

Principle of operetion and description.— A small glass slide
covered with scot is momentarily exposed to free—stream conditions.
Drops impinging on the slide leave a trace and the drop dlameters
are calculeted from this record. The time of exposure is very
short, in the order of 1/100 second, One device used 1n flight
(reference T) for exposing the scoted slide to the air stream is
shown in figure 10. In this device & scoted slide sbout 3/16 inch
square 1s supported (by means of s specilal mount not shown in
fig. 10) in the cylindrical cavity between the jaws of the shutter.
The ingtrument is held in the elr siream and the trigger pulled.
The Jaws then quickly open and close, exposing the slide for an
instant to the air stream. Further iInformastlon on the detalls
of the sooted—slide method, and representative photogrephs of drop—
impingement traces are availsble in references 7 and 1k,

Range and accurscy.— The accuracy hes not been established
because the relationship between the sooted—slide traces and the
size of the drops making the traces, even under lsboratory conditions,
is not completely esteblished. The iInfluence of the velocity of the
drop at impact on the resultant trace requires further investigetion.

Duretion of & single reeding.—~ The time of exposure of the

slide to the air stream is very smsll, and can be consldered as
ingtantaneous. :
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Advantages.—

1. The scoted—elide technique represents one of few methods
avellable for measuring drop-size distribution.

2. The method presents a quick means of making a spot
check of drop diameters.

3. The method is simple in operation.

Disadvantages.—

1. Drops larger than 20 microns splash upon impact and
do not leave a measurable trace.

2. The method 18 inaccurate at high velocities.
3. Evaluation of the data is very tedious.

Remarks.— Obteining traces of water—drop impingements on a
sooted slide represents a simple and useful technique for the deter—
mination of representative drop dlameters under the proper conditioms.
The method, however, does not represent a satisfactory amswer to the
need for determining drop sizes in flight.

Drop Photography

Factors measured.— Drop photography is used primarily for
the determingtion of drop—size distribution.

Principle of operstion and description.— A representative sample
of the cloud is photographed with a high-speed camera., The exposure

on the film 1s actually the shadow of the drop rather than a picture
of the drop itself, Because of the speed of the drops. the record
will be a line image with currently available light sources unless
a rotating prism is inserted in the optical system. Such a prism
was used by the Cansdian Netional Research Council who plonesered the
photographing of cloud droplets in flight. (See reference 15.) The
Netional Research Councill equipment is shown 1n figure 11. Imn
figure 11(b) the light source unit is visible below the fuselage
Just aheed of the nose wheel.

Range and accuracy.— The writers have no experience with this
method of measuring drop—size distribution, Dr. Houghton offers the
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following: "The line imeges are accepteble if they are not too
long. At the megnificatlon necessary to resolve the small drops,
the focal volume is very small as is also the depth of focus. In
order to avoid errors due to dropvs outside the focal volume, the
i1lumination should be confined to the focel volume. This is
difficult but not totally impossible. The final straw is that the
number of drops in the focal volume at any one instant 1s of the
order of 1 to 10 and, hence, a great number of photographs is
required to secure sufficient date for a drop-size distribution.
For these reasons, we discarded this technique many years ago."

Duration of & single reading.— A reading may be obtained prac—
ticelly instentanecusly.

Advantages.—

1. Drop photography probably represents the most direct
method of determining drop-size distribution.

2. Operation of the photogrephic equipment is normally
a simple procedure.

Disadvanteges.—

1. A large number of photographs are required.
2. Evaluation of the data 1s very lengthy and tedious.
3. The photogrephic equipment is somewhat bulky.

Remarks.— Although attractive at first sight, the method hsas
latent difficultles. ILack of other reliable methods of determining
drop—-size dlstribution may necessltate use of this method, but the
development of slternate methods should be encouraged.

Note on the Effect of Increased Flight Speed
on the Foregoing Remarks

Attention is directed to the fact that the foregoing discussion
of icing instruments is based entirely on experience at £flight speeds
below 200 mlles an hour. If icing encounters at speeds above this
value are proposed, the possible effects on the operation of the
icing instruments should be considered. Instruments such as the
rainbow recorder and visibility indicator are probably not affected
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to any appreclable extent. The cylindsrs and rotating disk,
however, would probably experlience a blow—off of drops &t Increased
speeds with resultant errora. The possible effects of compressi—
bility and adlabatic heating should alsoc be considered.

RECOMMERDATTORS FOR CONTINUED RESEARCH
AND IEVELOPMENT OF ICIRG INSTRUMERTS

A revlew of the present status of research on the meteorological
factors conducive to alrcraft icing reveals two outstanding needs:
(1) means for the contimuocus indication or recording of simultaneocus
values of ligquld-water content, free-air temperature, altitude,and,
1f poseible, average and maximum drop size; and (2) means for the
statlstical determination of liquid-weter content, free-alr tempera—
ture, altitude, average drop size, and, if possible, maximum drop
size, The firet need is a baslc research requlrement to supply
further data on instantaneous values of the loing perameters in order
that the instantaneous and intermittent icing classes (see table I,
reference 5) can be more accurately specified. The second require—
ment 1s to provide a broader basls for the specification of icing
parameters than was avallable in the preparation of reference 5.

To satisfy these needs the following recommendations are presented.:

1. Development of the rotating dlsk shounld be contimied. This
device should prove very useful in both the formative and statisti~
cal investigations Just discussed, since 1t glves evidence of being
capable of producing a continnous record of liquld-water content,
with small lag, prectically independent of drop size.

2. The visibility meter should be investigated &s a posslble
statiatical instrument for use with the rotating disk to provide
average drop—size iInformation.

3. Development of the rainbow recorder as a potential single
instrument for providing both liguid—water content and drop-size

data should be continmued.

4, A reliable method for the messurement of drop-size distri—
bution should be developed.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeromautics,
Moffett Fleld, Calirf,
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Figure l.— Rotating—cylinder apparatus for the measurement of liguid—water
content and drop size during flight in lcing clouds.
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Figure 3.— Nonrotating, blueprint-papsr-covered, 4-—inch-diameter cylinder for the messurement of
waximm drop diameter in slouds.
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Figure 4.— Nonrotating, 5-inch—dismeter cylinder for the measurement of
maximum drop diameter in icing clouds.
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Figure 5.— Rotating dlsk for the measurement of liguld-wmter content in lelng clouds. HNote lce—
thlckness feelar anl ice-removal scraper behind dlsk.
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Figure 6.— The capillary collector for the measurememt of liguid-weter
content in clouds. Fhotograph reproduced from reference 10 through
courtesy of the U, S. Alr Force.
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(b) Amplifier and recording galvenameter.

Figure T.— The ralnbow recorder used for measurement
of ligquid-water content and drop slze in clouds.
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Figure 8.~ Dew—point meter ueed for the determination of liquld-water content in c¢louds by calcula—
tions based on the dew—point and actual bemperatures of the free—stresm nir.
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Figure 9.— Vielblllty Indloator used to determine the ratic of average drop diameter to liqu:l.d.—wa.‘l:.eu:' cantent.

Photograph reproduced from reference 13 through the cowrkssy of the U, 8. Air Foroe. v
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(a2) Uncocked position. (b) Cocked position.
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(c) Open position. (&) Front view.

Figure 10.— Drop-size sampler employed f or exposing soot-coated glass :]Jides
to an lcing cloud during flight tests. ¥rnotograph supplled through
courtesy of the U, S, Alr Force,
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(=) Assembly,

(b) Camers installed on aircraft.

Figure 11.,— Cemsrae developed for photographing cloud
drope during flight. FPhotograph supplied through
the courtesy of the National Research Council of
Canada,



