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SUMMARY

An accurate knowledge of the physics of clouds is essential
to further progress in the field of iging research. A qualitative
discussion is presented of the instruments fitted and planned for
the experimental icing North Star aircraft for nephelometric
measurements. The principles of the theory, construction and
operation of instruments to measure ligquid water content;, cloud
particle size and distribution and alr temperature are consldered
briefly.

This paper was speclally prepared for presentation to the
Second Meeting of the Commonwealth Advisory Aeronautical Research
Council in Ottawa during September, 1950,

* Mr, Ko G, Pettit of the Meteorological Service of Canada is
seconded to the Aircraft De-iclng Project, Low Temperature
Laboratory, National Research Council of Canada.
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NEPHELOMETRIC INSTRUMENTATION

FOR_AIRCRAFT ICING RESEARCH

INTRODUCTION

An accurate knowledge of the physics of clouds 1s
essentlial to further progress in the field of alrcraft
icing research., Such knowledge could aid in the fore-
casting of icing conditions; would provide exact design
conditions for more effective and economical protection
of aircraft against ice; and would meke possible better
Simulation of icing conditions 1n the laboratory.

This paper proposes to discuss generally the Iinstru-
ments that are fitted or projected for the NRC-RCAF
experimental North Star aircraft* (Fig. 1, 2 and 3) to
measure the properties of clouds. Only a brief reference
wlll be made to the data collected to date since this 1s
still fragmentary and, in part, not analyzed due to
incomplete: calibration of the instruments.

Before proceeding with this dlscussion an examination
of the parameters involved would be of value. Of basic
interest to the meteorologist are temperature, altitude,
extent and severlty of the 1icing condition. In conjunction
with these variables the designer of iclng projection
requires quantitative data of liguid water content; cloud
droplet size and droplet size distrlbution. There are.

i1n addition, a number of other properties such as composition,

distribution and electrical charge of the cloud particles
which are of interest to the cloud physicist.

The overall range of magnitude of these parameters
is so great that only a statistical survey will be of real
value. Liquld water concentrations can vary from a few
hundredths of a %ram'per cubic metre to as much as 10 gAh5
although the latter concentrations are probably of such
limited extent as to be unimportant as a design figure.
Droplet slze extends from a few microns in cloud to several
hundred microns in drizzle to a few thousand mlcrons in
rain., If we could say definitely that the possibility of
encountering freezing rain or drizzle were less than one
in a hundred or even one 1n a thousand,; would the designer
cater for such extreme conditions? Icing has been report-
ed infrequently at temperatures as low as =40°C, Is the
penalty for protection at this low temperature greater
than the risk of such an encounter?

# The aircraft 1s provided; flown and maintained
by the Royal Canadian Air Force.
The Ngtional Research Cowic.il 1s responsible for
the scilentific instrumentation and equipment.
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Economy and efficiency of design require a solution
of these questions., The problem presented in the nephelo-
netric instrumentation of the North Star is therefore the
enlarging of our general knowledge of cloud physics and
the necessity for the development of instruments that can
be widely fitted to scheduled aircraft for a statistical
investigatlion of cloud properties., In addition, they will
ensure that propeller and wing de-icing experiments are
conducted under measured conditions,

The design of such meteorological instruments 1s
exacting. They must be capable of delicate measurements,
yet sufficiently robust for use in an aircraft. They
frequently require to be mounted at a distance from the
aircraft in order to approximate free air condltions.

In this case, they must also permit efficlent de~icing
without affecting the measured parameter. Finally, they
must be capable of obtailning accurate measurements at
flight speeds. The development and perfecting of such
Instruments . is difficult and time consuming.

The parameters and thelr range of magnitude of
probable interest in icing research are tabulated below,

| | TABLE T

Parameter 'Hffi £S Probable Range
Liquid water oontent ' »05 to 7.5 g/msﬁ?‘“‘ﬁ
Cloud droplet aize 2 to SOOO-microﬁa_ ]
Temperature - =50 to 10°C. ] g

‘Pgbleé IT-11s8ts the 1nstruments and the measured
parameters to be dlscussed in thils paper.

P
- )

Meter

;e ; TABLE I1I
Parameter ' Instrument
Liquid Water Content Rotating Disc Rate of Icing

Rotating Cylinders nf
Heated Cyl:‘mdersff'f“"i

Heated Air .Intake .
and (1) Photoelectric Dew
Point Hygrometer

(2) Dobson-Brewer
- Hygrometer

#Cloud Density Meter
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Parameter Instrument
Cloud Droplet Size Cloud Droplet Camera

Oiled Slide
Rotatling Cylinders
Heated Cylinders
#Cloud Density Meter

Temperature Non Wetting Thermometer

Hilach Tube Thermomster

Total Head Thermometer

# The Cloud Density leter obtalns the ratio of
Ligquid Water Content to Average Cloud Droplet
Size,

MEASURMENT OF LIQUID WATER CONTENT

Probably the most important single cloud parameter
is the liquid or free water content, upon which the rate
of accretion of ice is largely dependent.

The primary method of determination of 1liquild water
content 1is the measurement of the amount of 1ce collected
by an impactor exposed to the supercooled water droplets
over a known length of air path. This 1s convertible to
liquid water content if the collection efficiency of. the
impactor is known. This collectlon efficiency lncreases
directly with water droplet size and inversely with impact-
or scale. Examples of this method are the rotating disc
and rotating cylinders,

2.1. Rotating Disc Rate of Icing Meter

The rotating disc type of instrument (Ref., 1)
is based on the premise that a small cross-section
Impactor approaches 100 per cent collection efficiency
and to a first approxlmation is independent of droplet
size.,

In the N.R.C. version a 1/16 in. thick by
2-1/8 in, diameter disc, rotating at 2 r.p.m. is present-
ed edge on to the alrstream. Any polnt on the edge of
the disc collects ice during approximately two thirds of
the interval that 1t 1s forward facing into the airstream.
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This 1in effect averages the rate of accumulation over
a 10=second period.

A feeler located at the rear of the dlsc continuous-
ly indicates the thickness of the ice accretion which 1s
then removed by a spring loaded scraper. Both visual
readings and a continuous photographic trace are provilded
by & wusnesyn ‘ransmitter geared to the feeler.

Figure 4 shows the measuring and transmitter portion
of the instrument. Flgure 5 shows the detail of the disec,
feeler and scraper.

This instrument may be regarded as one of the most
important meteorological instruments installed in the
aircraft. The rate of accretion is convertible into
reliable 1liquid water contents. The photographic record-
Ing is invaluable for the comparison of different icing
condltions. Further, since this instrument is compact,
can be made comparatively rugged and the data are capable
of easy analysis, it offers at present the most promise
for an Instrument which may be fltted on alrline aircraft
for the collection of statistical data.

Figure 6 illustrates the type of record obtained
with the Instrument under conditions of continuous icing.
The average water cgntent in this record is 0,3 g/md and
the maximum Q.7 g m Filgure 7 illustrates the type of
record obtained when flying through discrete cumulus
clouds, The peaks,of the record indicate water concen-

trations of 0.9 g/m°.

2.2 Rotating Cylinder Apparatus

The paths of moving water droplets in the vicinity
of cylinders have heen studied by M, Glauert (Ref., 2)
who assumed that Stokes Law applles and later by Langmulr
and Blodgett (Ref. 3) who modified the theory to include
larger droplets and the high accelerations experienced
at flight velocities when Stokes Law 1is no longer wvalid.
Standard theoretical curves have been prepared by whilch
the collection efflciency of a given size cylinder may be
determined as a function of droplet diameter, droplet
size distribution, and velocity of the dropleto

The rotating cylinder apparatus exposes simultaneous-
ly a number of cylinders of different diameters over a
known length of alr path. The cylinders are rotated to
ensure a uniform coating of ice., Since the cylinders have
different collection efficlencies, different amounts of
ice are collected from which a curve may be constructed
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against cylinder dlameter. This curve s fitted to the
standard curves and in effect extrapolatcd to zero dlam-
eter or 100 per cent efficlency from which condltion the
ligquid water content may be calculated. The shape of the
curve allows the determination of average droplet dlameter
in addition to the droplet size distribution.

The instrument suffers from a number of disadvantages
(Ref. 4)., It 1s awkward to operate and requires consider=
able finesse in determination of the amount of ice. The
results are obtained intermittently and are averaged over
a considerable perilod of time, The calculations are
laborious. The droplet diameter and droplet distribution
values are subject to considerable lnaccuracy. Under
conditions of high water content and high temperature blow=-
off of water may occur,

In spite of these practical disadvantages the instru-
ment has become almost a standard elsewhere. In order,
therefore;, to have a means of comparison a set of rotating
cylinders 1s being designed and will be in operation during
the next iclng season.

2,53 Heated Cylinders

The fundamental theory of the rotating cyllnders
can also be applled to the heated cylinder apparatus.
A number of different diameter cylinders exposed simul-
taneously to the alrstream are heated continuously in
order to maintaln them clear of 1ice.

Surface temperature measurements are made and heat
transfer calculations allow the determination of the water
catch. Thls apparatus can be made to give a continuous
record and 1s not subject to blow=off., Unfortunately the
calculations are even more laborious than the rotating
cylinders and temperature measurements of extremely high
accuracy are required.

Thz design of a set of Improved heated cylinders is
under considergtion.

2.4 Hygrometric Method

The second general method of determining llguid
water content depends upon the evaporation of the liguid
or solid cloud particles and the determination of the
resulting absolute humidity. (Ref. 5).
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In order to avoid centrifuging of the cloud par-
ticles with consequent error in sampling, the cloud
must be inducted at flight velocity. This involves a
duct system (Fig. 8) with good aerodynamilc quallties
and a means of restoring pressure losses, The water
is completely evaporated at a heated grid or cascade
and a portion of the flow is then diverted to a humidity
measuring device.

A heated intake employed previously was capable of
handling 20 cfm. and demonsira.ed the feasibility of the
method although the sample was considered small. The
limiting factor In this case was the d-c., power available

= approximately 0.75 kilowatt being required for heat-
ing the sample,

A deslgn for the present alrcraft proposes the use
of a-c., power of the experimental wing and propeller de=
icing system, but involves the use of glycol fluid
heating for the cascade to achileve c¢lose control. A
100 cfm, sample requiring approximately 4 kiltowszti io
under consideration.

The heated air intake method 1s adaptable to the
measurement of ice crystal clouds as well as liquid
droplets either above or below freezing. The apparatus
can be arranged to give a continuous reading and does
not suffer from blow-off., The calculations are direct
and relatively simple, However with the present degree
of accuracy available in hygrometers the method 1is best
suited to high water contents., At an ambient air temp-
erature of =20°C, a 7.7°C., increase in dew polnt temper-
ature is equlvalent to a liquld water concentration of
1l gram metre=9S,

2.4.1 Hygrometry

Accurate humidity measurement at low temperatures
is a problem of many difficulties but of extreme import-
ance to many fields. To date, two instruments are avail-
able which show promise. Both of these employ the prin-
ciple of cooling a polished surface until dew or frost
just condenses, The temperature of -the surface at this
conditlion is the dew point temperature.

20.4,1.1 N.R.C. Photoelectric Dew Point Hygrometer (Fis. )

This instrument (Ref., 6) embodies a polished mirror
which is cooled by dry 1ce and heated intermittently by a
resistance coil. The current through the resistance coil
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is controlled by a photoelectric cell which in turn is
controlled by the amount of light reflected to it by

the mlrror from a constant intensity source. The current
is adjusted manually until a film of dew or frost just
forms on the mirror, and this balance is then sutomatic-
ally maintained. The temperature of the mlrror is deter-
mined by a resistance element on the periphery. The
accuracy of the instrument depends upon the ability of
thils element to record the mirror temperature and upon
the ability of the electronic system to maintain a close
balance, The resistance method of heating involves a

lag that causes "hunting" about the balance point. The
use of high frequency inductlon heating 1s reported to
overcome this disadvantage (Ref. 7 and 8).

At temperatures below freezing, the accuracy of
measurement is dependent upon the determination of
whether the deposit on the mlrror consists of frost or
supercooled water. Thilis presents a problem that will
requlre considerable study. A solution may be found
through the use of 1lce-forming nuclei on the mirror
surface,

2.4,1.,2 Dobson=Brewer Hygrometer

This instrument was developed for the use of
the British Meteorologilcal Office and 1s now available
commercially (Ref. 9). (Fig., 10 amd 1l1l). A jet of cold
refrigerant is projected by a manually operated pump onto
the lower surface of a well illuminated observing plate.
An alr jet 1s directed horlzontally across the plate and
the formation of dew or frost 1s observed through an
ocular.

The accuracy of the instrument depends upon the
ability of the observer to detect the onset of condensation,
and upon the abillity of a resistance thermometer embedded
in the plate to determine the surface temperature.

Only intermittent dew point temperatures can be
obtained since both the coolant pump and temperature
resistance bridge are operated manually,
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35,0 CLOUD DROPLET SIZE AND DROPLET SIZE DISTRIBUTION

The measurement of these parameters in flight 1s an
exacting problem. The results are of interest to the
designer of de=-licing equipment in planning extent of pro-
tection. The use of rotating or heated cylinders mention-
ed above offers one method of attack although the accuracy
of the results are in doubt. Two other methods employed
at present on the North Star aircraft show considerable
promise. These are the Cloud Droplet Camera and the Oiled
Slide technique.

3,1 N.R.C. Cloud Droplet Camera

A camera capable of photographing cloud particles
has been under development in the laboratories for a
number of years. (Ref, 10). Two models have been construct-
ed, of which the second improved type (Ref. 11l) shown. in
Figures 12 and 13 1s now in use on the North Star and has
successfully photographed cloud particles.

The cloud droplet camera depends upon the shadowgraph
method of photography whereby the object to be photographed
is situated between the light source and the camera lens.
The object then appears on the dseveloped fllm as a light
image against a dark background.

To adapt this method to the photography of cloud
droplets in flight compensation of the movement of the air-
craft must be effected., This is accomplished by
(1) A high intensity short duration spark gap discharge as

a source of 1lllumination,

(2) The use of rotating prisms between the objective lens

: and the film in order to "stop" the droplet and to
obtain a true image rather than an image elongated in
the direction of flight. A stationary lmage on the
film is obtained by adjusting the angular veloclty of
the prisms to the true speed of the droplet relative
to the camera, The present camera design employs two
prisms rotating at different speeds thus &llowing
light to pass through both of them only once during
a number of revolutions., No shutter is therefore
necessary. When the prisms are synchronized with the
true air speed, coincidence of the prisms allowing an
exposure every 197 feet 1s obtained with the present
gear ratio. Completion of the electrical circuit and
breakdown of the spark gap are arranged to occur only
at colincidence of the prisms. The fllm moves contlnu-
ously through the magazine at a rate sufficient to
eliminate overlapping of the exposures.
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A 6,88 magnification of the droplet is provided by
the optical system, since otherwise the image of small
droplets approaches the grain sige of the film.

The use of a camera to obtain cloud droplet size
and size dlstribution data has obvious advantages. The
droplets are undisturbed in thelr motion. The operation
of the camera is convenient and a large number of indlvidual
samples can be obtained in a short period and recorded
permanently. A serious disadvantage is the small focal
volume and the necessity for a large number of photographs
for statistical analysis. Moreover the analysis of the
results 1s extremely slow and tedious.

Notwithstanding, with further lmprovements now in
hand, the cloud droplet camera may become a standard.

5.2 0Olled Slide

A technique of catching droplets on an oiled slide
has been developed in the Engine Laboratory (Ref., 12).
Similar methods employing slides coated with heated vaso-
line, soot and hydrophobic compounds have been used
previously but the droplets were broken, flattened or -
absorbed and corrections to the observed diameters were
necessary., The particular oil used in this technigue
has a viscoslity such that the droplets apparently are
decelerated gently and retain their original form. An
oilled slide (Fig. 14) is exposed briefly to the airstream
by means of a tubular holder (Fig. 15). Thils method
appears to obtain a representatlve sample before the air
'flow can adjust itself to the obstruction and centrifuging
of the small droplets can occur, In an average exposure,;
several hundred droplets are caught and these are photo=
graphed through a twenty power microscope. Further enlarge-
ment to a total magnification of 100 is obtained in printing
of the negative. Measurement of droplet slze 1s made direct-
ly from the photographic print. A high standard in the
developing, enlarging and printing technlque 1s required,
The method shows promise for a statistical analysis of drop
slze and drop size distribution since a large number of
droplets can be obtained in each sampling. As with the
droplet camera the analysis of the data 1s lengthy.

3,3 Comparison of Oiled Slide and Droplet Camera Techniques

The droplet camera permits photographing of cloud
particles in thelr' environment. The oiled slide technique
removes ihe droplets from their environment. A comparison
of tne results is therefore of interest in assessing thelir
degree of accuracy. Comparisons both of natural droplets
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in flight and simulated droplets in the icing wind tunnel
are in progress. Preliminary analysis indicates a remark-
able degree of agreement, particularly in the determination
of average droplet diameter. The oiled slide technlque
shows a higher number of small droplets which although they
do not seriously affect the average diameter, cause a
considerable variation in the distribution curves,

Flgures 16 and 17 show histograms of total number and total
volume of droplets respectively of comparable samples taken
in Altostratus cloud. Figure 18 shows a portion of a cloud
droplet film with a total magnification of 100. A compar-
able olled slide photograph with a total magnification of
100 is shown in Filgure 19. The last two figures were
obtained from simulated droplets in the lcing wind tunnel.

The cloud droplet camera 1s capable of photographing
elther liquid or ice crystal cloud particles. - To date,
the olled slide technique has been applicable only to
liquid cloud droplets.,

CLOUD DENSITY METER (LIGHT TRANSMISSION METER)

The percentage extinction of a constant intensity
light source projected through a known path length of
cloud gives & quantity which 1s related to the ratio W/Dg
where W is the liquid water content and Dy is the
average diameter of the cloud droplets. ( Ref. 13 and 14).
Although nelther of these guantities is directly measured
by the instrument, 1f the value of one is known the other
can be Ilmmediately derived. Moreover the ratio 1s of use
in checking the more fundamental measurements of the other
instruments described heretofore.

Measurement of the light extinction 1s made by means
of a photocell, Settings of 100 per cent and O per.cent
transmission are made manually and intermedlate percentages
depend upon the linearity of the electronic smplifiers of
the 1nstrument.

The .effect of natural illumination is overcome by the
use of a 1200-cycle light source and the selective filter-
ing of this frequency by the amplifier.

The outrigger; by which a folded light path through
the cloud is obtained; is shown in Figure 20. Figure 21
illustrates the control portion of the instrument.

A number of difficulties, both mechanical and electrical,
have been encountered to date in the operation of the instru-
ment., Upon completion of the simulation equipment in the
large icing tunnel it is anticipated that the difficulties
will be solved and an Instrument capable of giving relisble
results achieved,
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5.0 THERMOMETRY

Considerable effort has been devoted to an increase
in the accuracy of air temperature measurement in flight.

A moving thermometer experiences an aerodynamic heat
rise. (Ref, 15)., 1In dry air, calibration of the individ-
ual thermometer in situ allows this temperature rise to
be determined with a fair degree of accuracy. In cloud,
above freezing, a correction for evaporative heat loss 1s
possible if the thermometer element is completely wetted.
(Ref, 16)., If however, the thermometer element is only
partially wetted or if the thermometer element becomes
coated with ice the exact extent of the evaporative cool-
ing correction is in doubt.

5.1 Non=Wetting Thermometer

A thermometer which 1s adequately shielded to prevent
icing of the element usually has only a small and uncertein
alr flow over the element, thus inducing a large lag in the
temperature response,

A design has been evolved whereby adequate ventilatlon
of the thermometer element 1s achleved from the rear of thse
housing after separation of the water droplets. This 1is
shown in Flgure 22. Preliminary observations in flight have
shown the instrument readings to be unaffected by cloud.

An extensive calibration of the Instrument both in dry and
wet air must yet be undertaken before temperature measure-
ments can be considered reliable.

5,2 Hilsch Tube Thermometer

The Hilsch effect, by which air 1s admitted tangentially
to a tube so as to form a vortex, causes a reduction of
temperature at the centre of the tube. (Ref. 17). It is
belleved that this temperature reduction may be adjusted to
exactly counteract that due to aerodynamic heating (Ref. 18).
In effect, a thermometer 1is created which has no kinetie
temperature correctlon,

Study of a thermometer of this type is in progress in
the Laboratory. The exact effect of water droplets and ice
accretion on the temperature 1s as yet unknown and combining
of the Hisch effect with a thermometer housing of the anti-
icing type may be necessary.



Page - 12
MD=33

5.3 Total Head Thermometer

If an adequately shielded thermometer element is
mounted 1n a region where total head pressure 1s reallzed,
the thermometer should experience 100 per cent kinetic
temperature rise (Ref., 19), Such a thermometer can be
constructed by mounting 1t in a forward facling pltot tube
(Fig. 23}. Adequate ventilation of the element to reduce
temperature lag can be achieved by a slow leak which
affects the temperature rise by less than 1 per cent.

A thermometer of this type is in use at present in
wind tunnel calibration of other thermometer installations.
Although such a thermometer entirely fails under conditions
of icing, 1t has obvious use for flight calibration in
clear air,

6,0 FLIGHT RECORDER

Continuous records of alr temperature, indicated air-
speed and altitude are obtalned as photographic traces on
a moving film, In addition, the rotating disd rate of
icing and a base time marker are recorded. Figures 24 and
25 1llustrate this instrument. Two film speeds are available,
the higher sveed providing a more detailed record. The
results of such an lnstrument are extremely valuable both as
a record of flight and icing conditions, and as an aid in
evaluating data of the other instruments discussed previously.
Filgures 6 and 7 show typlcal records obtained with this
instrument.,

7.0 CLOSURE

It is recognlzed that the foregoing discussion is
largely qualitative in nature. A detailed quantitative
study of each instrument would result in a paper of pro-
hibltive length. It 1s hoped that the large number of
references will be of value to those requiring a more
detaliled discussion.

No attempt has been made to assess the absolute
accuracy of the instruments., This awaits the complete
calibration and conslderable experience in the use of
each instrument.

Reference, only, has been made to the calibration
of these instruments. This is a separate problem in
1tself and will be eventually the subject of separate
papers.



8,0

Fage = 13
MD=33

FPinally, it is anticipated that with the nephelometric
instrumentation now availsble and with the addition of that
planned, a large mass of statlstical data willl be collected
during future experimental icing fllghts.
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FIG. 3 METEOROLOGICAL OBSERVERS PANEL

NORTH STAR ICING RESEARCH AIRCRAFT
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ROTATING DISC RATE OF ICING METER

MEASURING 8 TRANSMITTER PORTION




ROTATING DISC RATE OF ICING METER
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N.R.C. PHOTOELECTRIC DEWPOINT

HYGROMETER
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FIG. 10
DOBSON—-BREWER HYGROMETER
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N.R.C. CLOUD DROPLET CAMERA
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CLOUD DROPLET GAMERA

CONTROL PANEL
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FIG. 14 OILED SLIDES

FIG. I5 OILED SLIDE TUBULAR HOLDER
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VARIATION OF NUMBER OF CLOUD DROPLETS

PERCENTAGE OF TOTAL NUMBER

WITH DIAMETER
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VARIATION OF THE TOTAL VOLUME
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CLOUD DROPLET CAMERA

SPRAY SAMPLE
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SPRAY SAMPLE: OILED SLIDE
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N.R.C. CLOUD DENSITY METER
OUTRIGGER SHOWING LIGHT SOURCE

AND PHOTO CELL
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N.R.C. CLOUD DENSITY METER

CONTROL PANEL
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NON-WETTING THERMOMETER HOUSING
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N.R.C. FLIGHT RECORDER
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N.R.C. FLIGHT- RECORDER
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INTERIOR OF INSTRUMENT AND FILM MAGAZINE




