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MEASUREMENT OF FREE WATER IN CLOUD UNDER

CONDITIONS OF ICING

By Ji, Ko Hardy®
SUMMARY

Measurements have been made, in flight, of the concen—
tration of free water present in clocuds under conditions of
icing. These show the veneficial effect of kinstic heating
in reducing the severity of those conditions, and permit the
functioning of the thermal system for protecting airplanes
against ice to be analyzed,

The concentration of free water is deduced from measure—
ments of the humidity of the air after the water had been
vaporizede.

INTRODUCTION

A defect in all the tests of the protective equipment
of airplanes under conditions of icing, so far reported, is
that the physical characteristics of the conditions of icing
have not been specified. In the case of the thermal syst.m
of protection, this defect has retarded development, since
it has not been possible to analyze the performance of the
system under conditions of icing. The defect has bcen remedied,
in part at least, in tests in icing conditions ~f a C—46 air—
rlane which had been equipped by the Ames Aeronautical Labo—
ratory with a thermal ice—prevention system (reference 1).

*ilh i s eport was prcpared by Mr. Hardy in collaboration
with the staff of the Ames Laboratory during a period of ac—
tive participation by Mr. Hardy in the NACA icing rcsecarch
program.
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The physical conditions of icing are specified by the
temperature of the air, the concentration of free water,
and the size of droplet present in the cloud, The measure—
ments, which have been made in the C—46 airplane serve to
determine both temperature and the concentration of free
water. The size of drop has not been measured, but this ap—
pears to be of secondary importance.

The concentration of free water was determined indi-
rectly, by measuring the temperature of the dew point cf the
air after the free water had been vaporized, and by taking
such other measurements as served to determine the static
temperaturo of the air prior to heating. In the absence of
speclal appnratus, it was necessary to use air from the main
duct of the thermal system, The objection to this was real-
ized fullyi namely, that the concentration of free water
might be affocted seriously by deflection of the droplets
before vasorization. Vaporization occurs in the main ex—
changer on the exhaust of the engine. It was thought, how—
ever, that the measurements would be valuable in giving a
comparative measure of the severity of the conditions of
icing. There is, in fact, evidence to show that the con—
centration of free water, present in the air before dis—
turbance, is given with rmuch grcater accuracy than was
anticipated.

The measurecment of the concontration of free water is
the subject of the present report. The analysis of the per—
formance of the thermal system of protection, made possible
by thcse measurcments, is the subject of a separate report
(reference 2). Details of most of the flights referred to
by numbers in this report will be found in refercnce &. The
measuremenss wore made in the vicirnity of Minneapolis, Minn.

METHCD OF MEASUREMENT

Humidity

The humidity of the air in the main duct was measured.
This duct carries air, at a temperaturc of about 350° F,
fron the heat cxchangers on the inboard side of the engines
to the emponnage. A sample of the air is taken through a
3/8~inch—diancter metal tube to a dew—point instrument. The
tube, which is about 6 feet long, is at a temperature sonme
20° F above that of a highest recorded temperature of the dew
point so that there is no risk that water was condensed.
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The dew—point instrument is of the automatic type de-
scribed in reference 4. As an automatic instrument it had
defects. It was used practically as a hand—operatecd instru—
nent by setting the grid bias to give an oscillation in ton—
perature of the mirror of 1° F, or so, above that of the dew
point. The temperaturo of the mirror, as registered by a
thernocouple soldered to the surface, was measured in terns
of the deflection of a millivoltmeter. The cold junction of
the therinocouple was imnmersed in a nixture of ice and water.

Air Temperature

The tenperature of the air outside the cabin was nmeas—
ured by a mercury—in—glass thernometer. This is mounted
outside the window next the dew—point instrument 6 inches
from the side of the fuselage. The stem is nounted fore or
aft, and the bulb, at the downstrean end, has a double con—
centric screen against solar radiation consisting of tubes
7/8 inch and 9/16 inch in dianeter, 3 inches long. The
outer tubec is extended so as to support the stem of the
thermoneter., The ends of both tubes are open. The nount—
ing is shown in figure 1l.

Procedure

The procedure adopted was as follows: The nirror of
the dew—point instrument was clearned, with the bias set to
give full heat. The bias was then reduced slowly until the
condition, already mentioned, of slight irnstability about
the tonperature of the dew poirnt was obtained. This was
checked by 1ifting the 1id just enough to observe the nmirror.
The temperature of the nirror was then recorded and, as
quickly as possible, the temperature of the outside air,
height, and airspeced were recorded in this sequence. The
bias would be trinned as required to suit chang> in dew
point. The clecaning of the nmirror was repeated only as was
necessary.

METHOD OF CALCULATION

Concentration of Water

If the agueous vapor pressure in the air is known, both
in the undisturbed state ey with free water present, and

- P N
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in the duct e, when the free water has been vaporized, the

anount of frce water is given by the equation

e, — e
n = 0,628 22 (1)

o<

where p 1s the local barometric pressure, and n 1is given
in nass of water per unit mass of air in any units. The
quantity which is significant in deternining the rate of
precipitation of water on parts of an airplane is the weight
of free water per unit voclume of air. This quantity, in
grams por cubic meter, is given by the equation

B = 1215 n gl (2)
S

in which O/Po is the density of the air, locally, rela-—
tive to that at standard temperature and pressure (59° B
29.92 in. Hg). These equations are derived from the "gas
equation"§ derivation is given in the standard textbooks.

The value of e; 1is the vapor pressure, at satura—
tion, at the temperature of the dew point of the air in the
duct. The values given in the Smithsonian Physical Tables
(1934 edition) have been used for all the calculations.

The value of ey, the vapor pressure of the air in
the cloud in the undisturbed state, cannot be measured
direct, A sample of air, at rest relative to the airplanse,
has been subjected to kinetic hecating, in which process
water, in considerable quantity, passes from the liquid to
the vapor phasc; this may be seen from the example given
later. It must be presumed, therefore, that the air in ths
cioud is saturated. The possible departure from this con—
dition, either in the direction of supersaturation by reason
of the smallness of the drops, or unsaturation from dis—
solved substances, is relatively small. The real uncer—
tainty is the true static temperaiure of the air.

Static Temperature of Air
The rise in temperature from kinetic heating has been

calculated, on the assumption that full saturation is main-—
tained whenever there is sufficient free water to fulfill
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thic condition (i.e., whenever the temperature of dew point
0of the hot air in the duct exceeds that registercd by the
thermomcter outside the fusolage)u In this case, the theo—
*etical rise in temperature for wet air, in degrees Fahren—
1eit, is

2
Larpilit

c N .
A = 1.7% =2 /—L) (3)
p, \100,

V is the true speed in miles per hour, and ¢, and Cp
w

are specific heats of dry air and wet air, respectively.
The value of Cp is taken from the table in reference 5, ‘
w

In cascs whon there is insufficient water for saturation

to be muintained and the vapor becomes superheated, the cor-
rect value of At could be found by trial and error. The
procedurc adoptcd has been to calculate the values of At
both for dry and for wet air, and to proportion the differ-
ence in terms of the temperature of the dew point thus,

At = Aty + (Atg — Aty) 3—2—;’@;
where
va the temperature of the air observed
ta the temperaturc of the dew point

AT the effective tempcrature rise for wet air
w ]
Ate the effcctive temperaturc rise for clear air

The value of At on the right side of the equation is esti-
mated. The method is approximate but sufficiently accurate.

The value of At in clear air, in degrees Fahrenheit,
is -

o \2
AGE = LS
100/ (4)

The value of At given by equations (3) and (4) is the
theoretical value. That rccorded by a thermomcter is some
fraction of thig wvalue. Tests in clear air show that, on
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the (—46 airplane, the effective value of At for the ther-
mometcer is .0.8At theoretical. In conditions of icing, it
has to be assumed that this value holds, even when there is
a large piece of ice on the forward end of the thermometer
tube such as collects after prolonged flight.

Example

The method of calculation will be illustrated by an
example from observations taken on flight 65, run 1. The
following were observed:

Temperature of dew pcint, 30.3 F

Temperature of air, ow.1° B

Indicated airspeed, 170 miles per hour

Pressure sltitude, 3900 feet (660 mm Hg)
From these observations

p

=N ()OS
Po
and
true speed = 177 miles per hour
From equation (3)
24 5 B
OR2 N7 \ = 0
= 1. X ——— X | === = 3,7° F
B X 5 Eel (100,/ :

Effective At = 3.7 X 0.8 = 2,9° F
Static air temperature = 27.1 — 2.9 = 24.2 F
Vapor pressure (saturated) at 24.2° ¥

(eg) = 3.31 millimetsrs of mercury
Vapor precsure (saturated) at 30.3° T

(e,) = 4.27 millimeters of mercury
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From which
(ey—eo) = 0,96 millimeter of mercury

-
£

From squation (1)

o

660

n = 0,625 X = 0,0C091 gram per gran

and from (2

n = 1,03 grams per cubic metcr

As a matter of interest, the amount of water evaperated
by kinetic heating will be ealeculated. The theoretical
value of At, 3,7° F in this example, will occcur on the
leading edge of the wing and other parts of the airplane.
The kinetic temperature of these parts will be 27.2° F and
vapor pressure 3.86 millireters of mereury. The increase
in vapor pressure, from that at static air temperature, is
0.55 millimeter of mercury which corresponds to the evapo—
ration of 0.59 gram ef water per cubic meter of air. The
amount decreasos with temperaturc in proportion to the de—
crease in saturated vapor pressurc with temperature.

RugULTS

A selcction from the considerablce number of observa—
tions has becn madc primarily with a view of showing the
conditions in which tests of the thermzl system of the (—46
airplane were conducted, and when possible, the constancy
or otherwise of these conditions. The results are givern in
table I, Inciuded in thic table are the texzeratures of the
surface of the wing measured at the leacing edge of station
1569 for convenicnce of retfcerence in the report on the analy—
sls of the thermal system of the C—46 (reference 2). These
temperatures were taken with a surface—type thermocouple.

The results of measurements, from ground level up
through a layer of cloud, are shown graphically on a pseundo—
adiabatic diagram in figure 2.
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DISCUSSIOK

The value of concentration of free water in the table
i1s given to the nearest hundredth of a gram per cubic meter.
This precision is quite unwarranted by the accuracy of the
method of measurement, but it shows the steadiness of con—
ditions during a particular run, and is valuable, in certain
circumstances, in demonstrating the effect of a small change
in conditions.

Measurement of Dew Point

It is difficult to assess the accuracy with which ob-—
servations are made in flight. In favorable conditions the
dew point could be measured, it is believed, to within
£0.2° F, The possibility of systematic error, from leakago
of exhaust gas into the air in the heat oxchanger, was
checked from time to time by measuring, in clear air, both
the dew point of the hot air in the main duct and that drawn
direct from outside the fuselage. The variation was within
that normally observed in air drawn from the same source.
The most critical observation of this character was a dew
point of —41° F at 10,000 feet on flight 60 with air at
13.3° F, This was measured with air drawn from the duct; the
change to —43° F on changing to the external tube is ‘insig-—
nificant.

Air Temperature

The temperature of the air outside the fuselage was
read to #0.1° F, but the actual temperature is known with
considerably less precision than this would imply. Frost—
ing of the stem of the thermometer was of regular occurrence,
and while the dulb could not be seen, it is probable that
frost formed also on this. While frost is forming, a tem—
perature stove correct will be registered. This is the
disadvantage of having open the ends of thc tube screening
the thermometer. An advantage is that the kinetic tempera—
ture rise At is definitely that for wet air. With the
forward end plugged, the value of At will be, presumably,
somewhere between the values for wet and for dry air. Exact—
ness in the value of At is not so important as might be
expected., This has been shown by rcepeating some ¢f the cal-
culations with At as for dry-air. In the worst case,
wherc the temperature is high, the value for concentration
of free water is increased by 0.2 gram per cubic meter.
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In changing conditions, lag in response of the thermom-—
eter will cause an error of uncertain magnitude., A thermom-—
eter of the resistance or thermocouple type should be used,
it is believed, and comparative tests should be made with
different types of shield.

Error in Sampling

The magnitude of the error in sampling, produced by de—
flection of the drorlets of water prior to vaporization,
has not been determined with certainty. Before reaching the
heat exchanger the concentration of free water is decreased
slightly by precipitation onto the propeller, is increased
by deflection round the cowl of the engine, and is decreased,
finally, by deflection at the entry to the heat exchanger.
The entry has an area of 0.32 square foot, and the velocity
on entry is about one—eighth the velbeity of Eldiaht,

The error in sampling can be determined by measurement
in a cloud of the type which has formed as a result of
adiabatic cooling, with no mixing by convectional or other
Process, In this type of cloud it is possible to predict,
from the pseudo—adiabatic diagram, the gradient both of
temperature and concentration of frec water.

These conditions were encountered, it appears, immedi-—
ately after take—off in flight 60. The record is imperfect,
as it has been necessary to estimate airspeed and to in—
terpolate the height at which two sets of observations were
made. In this, it is assumed that a normal steady climb was
made. The results are plotted in figure 2 and are given
also in table I.

Starting with the temperature at ground level, observed
while taxiing, the temperatures observed in flight are al-
most exactly thosc predicted by assuming dry—adiabatic ex—
pansion to the bagse of the cloud and wet—adiabatic through
the cloud. The base of the cloud occurs at the point of
intorsection of the lincs of temperature of the air and of
the dew point, The agreé¢ment between the temperaturcs pro—
dicted and those observed indicates that there is no mixing
of the air, 'either in or below the cloud. In these circum—
stances, the total water content (i.e., vapor plus free
water) should not change with height. The temperature of
the dew point, therefore, should follow the linec of constant
total water on the diagram. In the cloud at 3600 feet, the
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dew point predictcd, from that measured in clear air below
the cloud, should be 15.5° F; whereas, it was found by meas—
urement to be 16.2° F, These correspond to concentrations

of free water of 0,32 and 0.40 gram per cubic meber, re~ .
spectively. How much of this difference may be ascribed to
errors, both of observation and estimation, and how much to
deflection of the droplets, is not known., The agreement is
sufficiently close to warrant the conclusion that the con—
centration of free water, as given in table I, is not greatly
above the true value.

Reduction in Severity of Icing by Kinetic Heating

This report would be incomplete without some mention
of the response of the heated wing of the airplane to dif-—
gerent concentrations of free water, since this illustrates
the physical reality of the evaporative effect of kinetic
heating, An analysis of the heated wing is the subject of

a separate report (reference 2).

The effect of kinetic heating in wet air is discussed
in reference 5, principally in terms of the temperature of
the surface. The effect in reducing the severity of icing,
by evaporation of water before it strikes, receives no em—
phasis, It was not known how far, in reality, the droplets
of water would respond to the rapid change in temperature
on approach to the surface, or how far the advantage of
evaporation might be nullified by an increase in concentra—
tion of water by deflection round the leading—edge sections,

The tests of the C—46 airplane in conditions of icing
have shown that the severity of conditions is reduced sub—
stantially by the effect of kinetic heating. TFor irstance,
on flight 64 with tke thcrmal system in operation, the lead—
ing edge of the wing was observed to be quite dry and the
temperature of the surface was identical with that in clear
air at the same temperature; this with free water from 0.4
to 0.6 gram per cubic meter.

The temperature of the heated surface of the wing is
extremely sensitive to the impact of water owing to the
cooling effect of evaporation. For instance, with air at
29° F, the teumperature of the surface in the viicinity of the
leading edge falls from 154° to 81° F, as the surface passes
from the condition when no water reaches it to the condition
when it is just wet. The quantity of water required just to
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wet the surface (in addition to that required to saturate
the boundary—~layer air at the kinetic temperature) is found
by calculation to be equivalent to 0.14 gram per cubic meter
for 10u (107° meter) droplets. The break in temperature is
shown by observations on flight 65 (table I). The limit of
evaporation by kinetic heating is approached at 2:02 to 2:07
hours, with free water 0.8 gram per cubic meter, and at 3:06
hours the temperature of the surface shows that it 1is just
wetted with free water at 0,96 gram per cubic meter. Theo—
retically, 0.6 gram Per cubic meter should bve evaporated by
kinetic heating on both of these occasions. The concentra—
tion of water at which the surface becomes wet seems to de—
pend upon the size of droplets in the cloud. The size in
flights 64 and 65 was estimated to be S5p to 10p diameter.

In flight 59, when the sise was larger, the wing was dry at
0.4 gram per cubic meter and just wet at 0.5 gram par cubilc
meter., It appears that the larger drops may have broken
through to the surface, leaving the air saturated only in
part.

Clearly it is impossible to calculate with any cer—
tainty the concentration of free water in cloud from the
teuperature of the surface of a heated body, dbut it is
rossible to calculate the rate at which water reaches the
surface., This is Precisely the information which ig re—
quired in the design either of thermal or chemical systonms
for preventing the formation of ice.

The Effect of Depth of Cloud on Severity of Icing

It is common experience to find that the most severe
conditions of icing occur Just below the top of a cloud.
The reason for this is that the concentration of free water
increases as the temperaturs decreases with increase in
height, This is shown clearly by the observations taken
on flight 60 (fig. 2). The same general effect is shown by
those taken on flight 64 (fig. 2). 1In the latter case, the
structure of the cloud is complex, and is not accurately
portrayed on a pseudo—adiabatic diagram, as the observa—
tlons were taken along an oblique path and there is evidence
of variation in the composition of the cloud in a horizontal
direction,
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CONCLUS IONS

The weakness of the method used for determining the con-—
centration of frec water in cloud is the uncertainty as to
the static temperature of the air in the cloud, and the un—
certainty as to the magnitude of the error in sampling. The
error in sampling can be reduced to negligible proportions,
it is believed, by using a special entry for the air, by
mounting this in a position free from disturbance, and by
taking in air at the same velocity as that of flight. The
determination of the static temperature of the air remains
a problem,

The values for the concentration of free water given in
this report are believeod to be slightly greater than those
actually encountered. They are of valuc principally in that
they show the variation in conditions between different tests
of the thermal system of protection against ice, and they
allow the performance of the system under conditions of icing
to be analyzed.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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NACA ARR No. 4111 TABLE I.- CONCENTRATION OF FREE WATER, C-48 AIRPLANE 14
° Temper=-
Pressure | Speed Temperature (°F) ative
Flight Time altitude | (true) Free | jeading
number | (hrimin) (rt) | (mph) s Ar Dew water | edge Remarks
) ob- static | point (e/m®) sta.159
served (°F)
50 10143 5600 184 27.0 23.8 28.0 0.68 ———————
45 5600 184 27.0 23.8 28,3 T2 ecee—ee Run 1
47 5600 184 26,3 23.1 28,5 +85 ———————- Glaze ioe, rough,
50 89
53 5600 184 27.0 23.8 28.5 K T —— k
57 12122 7450 177 31.5 28.6 35.5 1.35 ——————-
29 8000 177 I e S e T == Run 1
31 8000 197 32.0 29,1 36,0 1.38 ——————— Glaze ice, rough,
35 8000 3 Gy 4 30.0 27,1 33.0 1.06 —————— extending about
38 8000 3 Ly v/ 29,0 26,1 28.5 «40 ——————— 18 inches back
50 7900 177 26.5 23,6 25,0 «21 ———— on engine cowls,
58 12320 3300 157+ 27,5 24,1 25,7 22 —————— No ice formed on
21 3900 157« 26,7 22,6 23.0 .08 ——————— unheated surfaces
in passing through
this oloud.
59 11:27 4000+ 171 30.0 27,3 30.0 «46 84
48 4000 171+ 30.2 27.5 32.8 1.00 75
50 4000+ 171e 30.5 278 33.1 1.01 76 Glaze ice, rough.
52s 4000+ 171+ 30.2 27,5 32.8 1,00 aa
54+ 4000+ 171= 30.1 27.4 32.4 «93 765
12:02 3000 165 29.0 25,7 28.5 47 85
04 3000 165+ 27.8 24,9 28.5 57 82
06 3000 165+ 28,3 25,8 29,2 54 82
11 3000 165 27,3 24,8 28,0 42 ——————— Run 1
113 3000 165 27.3 24.8 28.5 .51 —————
12 3000 165 27.0 24,5 28,0 «55 —————
123 3000 165 26.8 24,3 28,0 .58 P
14 3000 165 2R,0 25,5 28,5 .49 [
21 3000 165 28,0 25,5 28.0 +40 ——————
22 3000 165 27.3 24,8 28,0 42 —————— Run 2
23 3000 155 27.0 24,5 28,0 «56 ———————
24 3000 165 26.5 24,0 28,0 «61 ———————
57 5200 170 2R,0 24,3 26.5 «34 ———————— Run 3
59 5200 170 27,0 24.3 27.0 .41 ———————
1:02 5000 170 26.0 22.6 25,0 36 130 Run 4
04 5000 170 27.0 22.8 24,5 «24 ———————
Observation plotted in
figure 2.
60 10:47 1000 0 24,0 24.0 ————— nil —————— On ground before
50 2000 148+ 22,0 18.9 17.0 nil ——————— take-off.
52 2800* 150« 17.5 14.7 16.0 .18 c—m————
54 3600+ 153¢ 15.0 12.6 16,2 «40 —————
56 4500 156 18.0 14.6 10.5 nil ——————
11:50 10200 ——— 13.3 cmenee | «47,5 nil ——————
12325 4000 177+ 14.0 10.6 16.7 64 ————— Rime ioe, fibrous,
29 4000 177 15.2 11.8 18.3 70 114 from very small
58 4000+ 180+ 14,0 10.5 18,0 «81 ————— drops.
1:01 3500 173+ 14.5 11.1 16.4 <4 ———————
14 3600 174 18.0 14.7 18.0 «38 ——————
16 3600 174 18,2 14.5 17.6 42 —————
17 36800 174 18.0 14.7 18.5 48 ————
Observation plotted in
figure 2,
64 9100 E
20
40 5200 182 21.3 17.8 21.8 52 —————
41 5200 182 22,0 18.5 21.8 43 130
45 5200 182 21.0 17.5 21.3 49 128 Rime ice, fibrous.
54 5100 178 21.8 18.5 22,0 45 128,56 '
56 65200 178 21.3 18.0 21,8 «50 ————
10:01 6300 173 21.0 17.8 22,5 .82 125.6 Run 1
03 6300 173 21.3 18,1 22,5 «60 127
08 5000 173 22,0 18.8 23,0 «58 126 Run 2
11 5000 173 23.0 19.8 22,5 -39 ——
65 1:59 3900 177 27.0 24.1 30.3 987 ———
2:00 3900 177 27.1 24.2 30.3 1.01 —————— Run 1
o1 3900 177 27,0 24.1 29.3 oT8 | emeeeee
2 3900 177 27,0 24.1 29,0 o2 BU—
07 3800 181 25,0 22.0 27.8 +83 126
51 4100 190 29.2 25,9 31.6 «95 e————
54 4000 185 30.2 27.0 34,5 1.33 97
3108 4900 175 29.1 26.3 32.0 «96 82
07 4900 175+ 29.0 26.2 31.0 79 108
19 4700 184 30.3 27.2 34.0 1.21 78
24 4300 182 32,0 28.9 356.5 1,05 86 Run 3
25 4300 182 32.0 28.9 34.6 1.06 —————

*Estimated or interpolated values.
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Figure 1.- Free-air thermometer mounting
on C-46 airplane.
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