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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

FLIGHT INVESTIGATION OF AN NACA ICE~DETECTOR SUITABLE

FOR USE AS A RATE~OF-ICING INDICATOR

By R. BR. Gilruth, J. As Zaslovelk, snd A. R. Jones
SUMMARY

An ice detector, which serves as a basis for a rate-
of=-icing indicator, has been developed and tested recently
by the National Advisory Committee for Aeronautics. This
instrument consists primarily of a wire screen and a pitot
tube mounted some distance behind the screen; both are
enclosed in a cylindrical shell., In operation under icing
conditions, the pitot tube measures a total pressure that
decreases progressively as ice accumulates on the wire
screen ahead of it.

The present investigation has disclosed two important
characteristics of this instrument, either of which can be
vtilized in measuring the rate of icing. It has been found
that (a) the time required for the pressure to drop from any
given level to another given level is inversely proportional
to the icing rate, and (b) the maximum rate of change of
pressure or the average rate of change of pressure is pro-
portional to the rate of icing.

INTRODUCT ION

At the present time, several indicators are available
that are used to detect the presence of ice on aircraft in
flight. ‘The primary purpose of such instruments is to
insure either by direct or indirect means that the de-~icing
equipment of the airplane is set in operation at the proper
time, The desirability of a device to indicate not only the
presence of ice but also the rate of ice formation has been
repeatedly expressed by interested persons and agencies. The
Army, the Navy, and the air-line operators advance varying
opinions on the probable usefulness of such an instrument,
but all agree that the device should be developed. Meteor=-
ologists have been particularly interested in the project




.3 a source of fundamental information for the correlation
f atmospheric conditions with the actual rates of icing
incurred,

Because of the demand for a rate-of-icing indicator,
the NACA, as part of its general research on icing, has
given consideration to various designs that have been
proposed from time to. time during the past few years and

has tested some of them in flight, Most of these devices
have shown so little promise that a very brief investigation
has been sufficient to disclose inherent weaknesses in the
designs. A brief review of these previously unreported in-
vestigations is given as an appendix to the present report,

A recent development by the WACA, however, has shown
considerable promisc of providing a satisfactory solution
to the problem and is undergoing further development. This
device, termed the "rate-of-icing head," when used in con-
Junction with an instrument that indicates the pressure
variations experienced by the head will provide a measure
oif the dcing rate.

The primary purpose of this report is to describe
this rate-of-icing head, the theory of its operation, amnd
the results of flight tests under simulated icing conditions,

APPARATUS AND TESTS

The rate-of-icing head, recently developed and tested
by the NACA at Langley Field, Va., is shown schematically
in figure 1l. It consists principally of a cylindrical
shell with a wire screen at the upstream end and a pitot
tube inserted into the downstream end. The wire screen
was made by lacing a continuous piece of nichrome wire
back and forth across the shell entrance and then connect-
ing 1t in series with an electrical circuit so as to allow
the flow of an electric current whenever necessary to heat
the screen and, consequently, de-ice it. The pitot tube
was provided with a baffled chamber from which a pressure
lead was taken and from which a hole at the bottom allowed
drainage of any entrained moisture. The cylindrical shell
and the pitot tube were equipped with heater elements for
de~icing of those partse A photograph of a rate-of-icing
head is shown in figure 2.
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e monoplane., The
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head was mounted near the fuselage on a strut supvorted
from the baggage compartment. A water-spray system was
used to control the moisture content of the air for the
simulated icing conditions under which the rate=6f-icing
head was tested, The apparatus for this system consisted
of two air-water nozzles mounted on a strut ahead of the
rate-~of-icing head, a water pump drivea by an electric
motor whose speed was regulated by means of a rheostat,

a water tank, and a compressed-air cylinder. Thec air and
water lines leading from the compressed-air crlinder and
the water pump, respectively, were each connected to a
mercury manometer so that the pressure in each could be
adjusted to a desired level,

During the flight tests, the following procedure
was followed. All the tests were made in level flight
at a constant speed and at altitudes at which the air
temperature was between 26° and 28° F, 4 given spray
density was maintained throughout a given test rum by
adjusting the pressure in the water and air lines leading
to the spray nozzles. As the screcn of the rate-of~icing
head accumulated ice, the rate of decreace of %total pres-—
sure (referred to cockpit static pressure) in the head was
observed by means of a stop watch 2nd a pressure indicator,
The icing rate corresponding to the spray density used in
a particular run was determined for & streamline tube
(major axis 1,52 in.) by exposing i1t to the spray for a
given period of time and then measuring the amount of ice
built up. This procedure not only gave an indication of
the rate of icing but also provided a partial calibration
of the instrument,

THEORY OF RATE-OF-ICIN
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to discuss the physical processes i
of the rate-of-icing head.

The rate-of-icing head operates as a rate-of-icing
indicator on the basis of increasing pressure loss due
to a continually decreasing opening in the screen as a
result of ice accretion. In the development of the
theory, each pair of adjacent segmonts of the wires of
the screen are considered to form an orifice, as is
shown in figure 3. The pressure loss in the rate-of-




icing head between sections 1 and 3 caused by the orifice
effect of the wires can be .shown to be

2
(e +2)
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where
AP pressure lossg
q dynamic pressure ia rate-~of-icing head without screen
Al cross~sectional area of the opening of the rate-cf-
icing head
Ag cross—-sectional area of screean opening
o coefficient of contraction, which will be assumed
to be unity
Let
A, = Ay - Ld
where
d diameter of wire, inches
L total length of wire exposed
then
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In terms of free-stream dynamic pressure q,, the pressure
loss can be written as:
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In the determination of the variation of Ap/q with

time, the increase in dlameter of the wire for a given icing

rate is assumed to be proportional to time, as

&, * 4 8 RV (2)
where
dy diameter of wire at any time t (in sec)
dg initial or uniced diameter of wire, inches
I icing rate on leading edge of streamline tube,
inches per second
X constant of proportionality relating the icing

rate on the leading edge of a streamline tubde
to that on the diameter (normal to air stream)
of a wire

The order of megnitude of K in equation (2) may be
seen to be roughly 2 by assuming that as much ice forms
on each side of the wire as forms on the leading edge of a
streamline tube per unit time. Actually, a value of
K = 2,2 fits the experimental data better.

RESULTS AND DISCUSSION

The results of tests of the rate-of-icing head are
presented in table I, in which the observed data are
tabulated giving the time t! required for the total
pressure Hy 1in the rate-of-icing head, measured relative
to the cockpit static pressure, to drop from a pressure
of 4,00 inches of water to the givern pressures for three
different icing rates, It should be pointed out that the
initial value of the pressure given by the rate-of-icing
head was 4.45 inches of water so that some ice had accu-
mulated on the screen before the 4 inches of water pres-
sure was reached, The elapsed time ¢! in table I there-
fore represents the relative time intervals for the ob-
servations at each icing rate but not the absolute time.
The data listed in table I are slso presented graphically
in subsequent figures.
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OBSERVED DATA

I

1 =008 in./min |I = 0,06 dn./min | I = 0,08 in,/min
Hi 1 Hi t! Ei e,
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required for the pressure to drop to a given level is
inversely proportional to the icing rate as is also the
time regquired for the pressure to drop from any given

level tc another given level, Other characteristics can

be investigated by further examining equations (1) and (2).

Four additional characteristics, somewhat related

- %0 the one noted, appear if equations (1) and (2) are

differentiated with respect to time, combined, and the
corresnonding evaluation for the three icing rates is
Plotted as in fisure 5. The rate of icing way be seen 1in
figures 5 and 6 to be (1) proportional tc¢ the maximum
rate of change of pressure, .(2) propocrtional to the
average rate of change of pressure, (3) inversely pro-
portional to the time required for the rate of change

of pressure t0 attain a maxinum valuve, and (4) inversely
proporticnal to the time required for the rate of change
of pressure to drop from its maximum value to zero.

The utilizatior of soms of these operatioral charac-
teristics will be further illustrated. Ccnsider the rate-—
of-icing indicator schematically drawn in figure 7 with
the pitot tubc in the rate-of-icing head coancetzd to a
pressure indicator for which the reference is the free—
stream total pressure,

A typical prcessurc-loss curve, as obtazined with this
rate~of-icing head, is shown in figure 8 for a given free-
stream velocity and & given icing rate. Tho pressure loss
rogistered by the pressure indicator will bs made up of the
initial pressurc loss due to the presence of the uniced
wire screen and the prossure loss due tc ice scerction on
the serecen., For the arrangement and size of wires used in
the rate of icing head tested, the pressure loss due to
the uniced wire screen was calculated t0 be about 2 per-
cent of local dynamic pressure. It will be seen from thig
result that the position of the needle on the Pressure in-
dicator for the uniced condition of the screen will vary
with speed, the deviation from zero being about 2 percent
of local dynamic pressure. If the pressure loss Ap,
due to ice accreticn is timed as in figurs 8 from point

&, corresponding to thae uniced condition of the screen,
to any point such as b, the rate of ice formation can
be easily determined, since




Figure 9 represents a typical curve for a given
velocity showing how the time required for the pressure
to drop a fixed dmount Ap,; from a pressure level corre-
sponding to the uniced condition of the screen, varies
with the rate of 2cinge, For wvelocities different from
that for which curves in figures 8 and 9 were drawa,
the time required for the pressure to drop a fixed amount
Apy will vary inversely as the local dynamic pressure,
This varietion for a given iecing rate is shown in fig-
ure 10, With a suitable arrangement of pressure diaphragms,
stop watch, and an electrical circuit, the indication of
rate of icing may be made practically automatic and in-
dependent of speed.

Another characteristic of the rate~of-icing head
invegtigzated may be used if the instrument employed is
capﬂble of measuring small changes in pressure Ap in
amall intervals of time A%, (see flg. 8), that. is, the
rate of change cf pressures The maximum rate at waich
Ap change' with respect to At can be used as a measure
of tke rate of icing because the icing rate was previously
shown to be proportional to the maximum rate of change of
pressure. An instrument that would measure the rate of
change of pressure and, consequently, the icing rate,
could be constructad on the same principle as a rate~of-
climb meter and could also be made independent of speed,
varistion in speed, and variation in altitude, An elec~
trical circuit consisting of an ammeter ard a wvariable
condenser controlled by the pressure variation in the
rate~of-icing head and subjected to a fixed potential
could also be used to measuvre indirectly the rate of
change of pressure by measuring the induced currente. £
instead of an ammeter in such a cgircuit; an integrating
device were used, the average rate of change of pressure
thus obtained cculd be used as a2 measure of the rate of
icinge

FUTURE DEVELOPMENTS

Although tests conducted thus far have indicated
that the rate-~of-icing head as designed has been repeat-
edly coasistent in its DbDenevior, it is believed that con-
siderable improvement can be obtained by modifications
now being investigated. One of these modifications con-—
sists in replacing the pitot tube with two static-pressure
orifices, one ahead of and one behind the screen, with the




result that considerable simplification and reduction
in gize of the rate-of-icing head will be achieved,
(See fig. l1l.,) Such an arrangement is of particular
advantage in that there is no need .to refer any pres-
sure in the head to any pressure external to the in-
stallation as must be done in the case of the head with
the pitot tube. This &simplified arrangemcnt would also
naterially reduce the electrical heating required for
the body and the support of the device, As may be seen
from theory, the pressure drop across the screen as
measured with the two static~pressure orifices should
be practically the same as that registered by the pitot
tube with the result that no change in the operational
characteristics previously discussed is to be expected,

Another modification under congideration consists
in using a rotating screen in a properly designed head
in order that a continuous indication of the rate of
icing may be had instecad of the intermittcont indication
now possible with the fixed-screen type of rate-of-icing
head, In such an ianstrument only a portion of the ro-
tating screen would be exposed; the rest is protected
and continuously de-iced. With the screen rotating at.
a constant rate the amount of ice accumulating on the
exposed portion of the screen is expected to be constant
for a given rate of icing and the pressure drop across
the exposed portion of the screen to be a measure of the
rate of icling., Por such an ingtrument a rate indicator
would consist simply of a pressure indicator calibrated
for the icing rate,

The use of the rate~of-icing head solely as an ice
indicator, for which it is particularly well adapted,
should find greater application than its use as a rate
indicators, The pressure leads from the static-pressure
orifices may be connected to a pressure diaphragm (see
figo 12) that can be adjusted to complete an electrical
circuit for the operation of a warning device or for
the operation of the de~icing equipment,

CONCLUSIONS

.

From the experimental data and the theory of the
rate~of-icing head, it may be concluded that the instru-
ment designed at the NACA is capable of measuring the
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rate of icinge Two important operational characteristics
of the ingtrument have been found, either of which may
be utilized in measuring the rate of icing:

le The time required for the pressure in the rate-
of-icing head to drop from any given level to another
given level is inversely proporticnal to the icing rate.

2¢ The maximum rate of change of pressure or the
average rate of change of pressure is proportional to
the icing rate.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va,

APPENDIX
TESTS OF OTHEER DEVICES INTENDED TO. BE USED

AS RATE-OF-ICING INDICATORS

Mhe various devices proposed as rate-of-icing in-
dicators from time to time are shown in figures 13
through 184

The indicator A in figures 13 and 14 consisted
of four tubes, each of which was hooked at one end and
welded to a common header at the other end. This device
was intended to operate as a rate-of-icing indicator by
having ice build up on the header and out toward the
hooked tubes, sealing each of the tubes in succession
as the ice formation ingreased in sizes The rate of dece
formation was to be determined by timing the sealing of
successive tube openings and knowing the distance between
the tube openings., Figure 12 shows that the manner in
which ice formed on the tubes under simulated icing con-
ditions rendered this device useless as a rate—-of-icing
indicator.

The indicator 3 shown in figures 15 and 16 cons=
sisted of & 1/4~inch rod, 6 inches long, welded perpen=
dicularly to a 3-inch~diameter disk, and mounted with
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the rod pointing into the air stream. The depth of the
lce formation on the disk was to be determined by means
of alternate black-and=-white-color bands cach 2 inch
wide, The rate of ice formation would presumably be
calculated if the time rcquired for the formation of the
depth of ice accumuleted on the disk was noted., From
figure 16 it may be seen that the accumulation of ice

in the rod precludes the use of this arrangement of

rod and disk as a means of measuring the rate of icing.

Indicator (€ shown in figure 17 was ratterned after
a successful ice detector, which operated on the principle
that ice formation would seal the three holes directed up-
stream causing the pressure in the indicator to drop to a
static~pressure level produced by the rearward drain hole,
The conversion of the ice detector to a rete-arf~icine
indicator was btased on the assumption that the sealing of
the three holes would Do accomplished at a rate depending
on the degree of icing prosent,

A somewhat similar device, indicator D shown in
figure 18, was also intended to operate as a rate-of-
icing indicator on the same principle, A bdrief examination
Of these designs was sufficient to disclose the fact that
they would not operate as rate—-of-icing indicators inasmuch
as the pressure registered would remain total pressure
(except for the loss resulting from the flow of air through
the drain hole) until the forward holes were entirely
sealed, Tests of these devices confirmed the foregoing
conclusion and, in addition, showed that a considerable
amount of ice could accumulate on the heads without seal-
ing off the openings,
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NACA Figs. 143
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Figure 1.- Schematic drawing of rate-of-icing head.
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Figure 3.- Orifices formed by iced wire screen
of rate-of-icing head.
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Figure L.~ Variation of pressure in rate-of-icing head as a
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NACA Figs. 7,48
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Figure T.- Schematic drawing of rate-of-icing head
and pressure connections.
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NACA Pig. 9,10
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NACA . Figs. 11,12
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Figure 11.- Sketch of proposed rate-of~icing head with
static-pressure orifices replacing pitot tube.

Contact for electrical
circuit

SR

Pressure diaphragm——"4( Lr— Static-pressure orifices

i

«— Screen

Direction of

— -

00000 O

air flow

4/
P
~— Body

Figure 12.- Proposed schematic diagram of rate-of-icing
head used as an ice detector.




L-364

NACA Figs. 13,15,17,18
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Figure 13.- Rate-of-icing indicator A.
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NACA Figs. 14, 16

FIGURE |4= Ice ACCRETION ON INDICATOR A. NOTE THAT I1CE
ACCUMULATIONS ON ENDS OF TUBES ACT AS SHIELD

FOR HEADER,

FIGURE 16.- ICE FORMATION ON INDICATOR Be LARGE AcCCUMULATION
OF ICE ON END OF ROD ACTS AS SHIELD FOR DISK.,

i. M 4o 2277



