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FLIGHT INVESTIGATION OF AN NACA I0R-DETECTOR SUITABLE
TOR USE AS A BATE-OF-IOING INDICATOR
By R. R. Gilruth, J. A. Zalovelk, and A. R. Jones

SUMMARY

An ice detector, which serves as a basls for a rate-—
of=lcing indicator, has been developed and tested recently
by the National Advisory Committee for Aeromautics. Thie
instrument conslsts primarlily of a wire screen and a pitot
tube mounted some distance behind the screen; both are
encloged in a cylindrical shell., In operation under icing
conditlons, the pltot tube measures a total pressure that
decreases progresslvely ae lce accumulates on the wire
screen ahead of 1it,

The present investigation has disclosed two important
characteristics of this instrument, elther of which can be

utilized in measurlng the rete of lclng. It has besn found

that (a) the time required for the pressure to drop from any
glven level to another glven level ls inversely proportional
to the icing rate, and %b) the maximum rate of change of
pressure or the average rate of ochange of pressure 1is pro-
portional to the rate of icing.

INTRODUCTION

At the present time, several lndicators are avalilabdle
that are used to detect the presence of i1ce om alrcraft 1n
flight, The primary purpose of such lnstruments 1a to
insure elther by direct or lndirect means that the de-~licing
equlipment of the airplane 1s set in operation at the proper
time. The deairability of a doevice to indicate not only the
presence of ice but also the rate of ico formation has boen
repeatedly expressed by lnterested persons and agencles. The
Army, the Navy, and the alr-llne operators advance varying
oplnions on the prodbable usefulness of such an inptrument,
but all agree that the device should be developed. Meteor-—
ologists have been particulsrly interosted in the project



as a source of fundamental information for the correlation
of atmospheric conditlions with the actual rates of 1lcing
incurred,

Because of the demand for a rate-of-icing indicator,
the HACA, as part of its general research on icing, has
glven consideration to varlous designs that have been
proposed from time to time during the past few years and
has tested some of them 1in flight., Most of these devices
have shown so little promiee thet a very btrief investigation
has been sufficlent to disclose inhersnt weaknesses 1in the
designs. A bdrief revlew of these previously unreported in-
vestigations 1s glven as an appendlx to the present report.

A recent development by the NACA, howevor, has shown
considerable promlsc of providing a satlisfactory solution
to the problom and 1s undergolng further devolopment. Tkis
device, termed the "rate-of-lcing head," when used in cone-
Junction with an instrument that indlicates the pressure
varistions experlenced by the head wlll provide a measure
of the iclng rate.

The primary purpose of this report 1ls to describe
this rate-of-lclng head, the theory of 1ts operation, and
the results of flight tests under slmulated iclng conditilons.

APPARATUS AND TESTS

The rate-of-lcing heed, recently developed and tested
by the NACA at Langley Fleld, Va., 1s shown schematically
in figure 1l. It consists principally of a cyliindrical
shell with a& wire screen at the upstream ond ard a pltot
tube lnserted lnto the downstream end. The wlre screen
was made by lacing a continuous plece of nichroma wire
back and forth across the shell entrance and then connect=
ing 1t in series wlth an electrical cilrcuit so as to allow
the flow of an electrlc current whenever necessary to heat
the screen and, consequently, de-lce it., The pltot tube
was provided with a baffled chember from which a pressure
Yoad was taken and from whlch a hole at the bottom allowed
drainage of any entrained moisture. The c¢ylindrical shell
and the pltot tube were equipped with heater elements for
de~icing of those parts. A photograph of a rate-of-icing
head is shown 1lan figure 2.

The rate-of~icing head was tested in flight on a
Stinson Rellant, a high-wing, single-engine monoplane, The
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head was mounted near the fuselage on a strut supported-
from the baggage compartment. A water-spray syetem was
used t0 control the moisture content of the air for the
gsimulated l1lcing conditlions under which the ratewéf=-lcing
head was tested. The apparatus for this system conslsgted
of two alr—-water nogzles mounted on & strut ahead of the
rate~of~lcing head, a water pump driven by an elsectric
motor whose aspeed was regulated by means of a rheostat,

a water tank, and a comprossed-~alr c¢ylinder., Tho alr and
wator linos leading from the compressed—-alr cylinder and
the water pump, respectlvely, were each connected to a
mercury manometer so thet the pressure in each could bde
adjusted to a desired level,

During the flight tests, the followlng procedure
wag followed. All the tests were made in level flight
at a constant speed and at altitudes at which the eir
temperature was between 26° and 28° ¥, A givon spray
donsity weoe malntalned throughout a glven test run dy
ad justing the pressure in the water and nir linoes leading
to the spray nozgzles. As the screon of the rate-of-lcing
head accumulated ice, the rate of decrease of total pres-—
sure (referred to cockpilt static pressure) in the head was
observed by means of a stop watch snd a pressure 1lndicator,
The 1cing rate corresponding to the spray density used 1n
a particular run was determinad for a streamline tube
(major axis 1.52 in.) by exposing it to the spray for a
g€lven poriod of time and then measuring the amount of lce
built up, Thls procedure not only gave an indlcation of
the rate of icing but also provided a partial callibration
of the lastrument.

THEORY OF RATE-OF-ICING HEAD

In the analysls of the dats, it is firast desiradls
to discuss the physical processes involved 1in the operation
of the rate-of-icing head.

The rate-of-lcing head operates as a rate~of-icing
indicator on the basis of lncreasling pressure loass due
to & contlnually decreasing opening in the screen as a
result of ice accretion., In the development of the
theory, each palr of adjacont sogmants of tho wires of
the screen are conslidered o form an orifice, as is
shown in figure 3. The pressure loss 1ln the rate-of-
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ioing head between sections 1 and 3 caused by the orlfice
affoct of tho wires can be ghown to be

T

EENCEE

where

Ap pressure loss

q dynamlic pressure 1ln rate-of-lcing head without ascreen
Al crosse~sectional area of the opening of the rate-df-—
lcing head

Ag cross-sectional area of screen opening

a coefficlent of contraction, which will bs assumed
to be unity

Lat

Ag = Ay - Id
where
a diameter of wire, 1lnches
L total length of wire exposed
then

2wy

E= I-Ld

T 14 _._:.__-1)
Ay - Ld

(1)

In terms of free-stream dynamic pressure q,, the pressure
loss can be written ee:

AR _ AP, 9
%, Q@ 4,



In the debtermination of the variation' of Ap/q vith

time, the increase in diameter of the wire for a given iciag

rate is assumed to be proportional to time, as

dy = 4, + KIf (2)
wnere
dy diameter of wire at any time t (in sec)
do initial or uniced diameter of wire, inches
I iciag rate on leading édge of streamline tube,
inches per second
X coastant of proportionalit& 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 crder of magnitude of K in equation (2) may be
seen to be roughly 2 Dby assuming that as much ice forms

on ecach side of the wire as forms on the leading edge of a

streamline tube per unit time. Actually, & value of
XK = 2,2 fits the experimental data betiter,

RESULTS AND DISCUSSICH

The results of tests of the rate—-of~icing head are
presented in table I, in which the observed datz are
tabulated giving the time %! required for the total
pressure H3 in 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 given pressures for three
different icing rates., It should bec 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 +t7? in table I there-
fore represents the relative time intervals for the ob-
servations at each icing vate but not the absolute time.
The data listed in table I are also presented graphically
in subsequent Ifigures.




TABLE I

OBSERVED DATA

I = 0,03 in./min |[I = 0.05 in,/min | I = 0,08 in./min
Hy t! By t! By t!
(in. water)| (sec)|(in. water)i(sec) (in. wvater)|{(sec)
4,00 0 4,00 0 4,00 0
3.15 11 3.15 7 3,15 4
3,15 12
2.40 19 2.40 11
1.80 =& 1.80 18
1.2 30 1.25 20
.80 36 » 80 24 » 80 12
. 80 38

Equations (1) and (2) indicate that a valid comparison
of the data at the varicus icing ratcs presesnted in tadble I
can be made only on the basis of absolute time. A cor-
rection must therefors be applied to the elapsed time 1
by adding to i% the time intoerval required for the dynamic
pressurc in the rate—-of-~icing head to drop from an initial
value of 4.45 iunchces of water to 4,00 inches of water. The
correcition At, in seconds, can be shown to be

0.016

A% = THT

o+

aad the absolute time %, in seconds

+ 0,016
XI

t = 1!

When this correction %o the elansed time had been
made and the pressure variation was changed t¢ a non-
dimensional form, the results shown in figure 4 were
obtained, Calemnlated values of pressure variation with
time are also incluvded in figure 4. It may be seen that
the calculated curves are in good sgreement with the cx-
perimental points. The most important characieristic %o
be noted of this rate-~of-icing head is that the time

e - o



required for the pressure to drop to a given 'level isg
inversely proportioral to the icing rate as is also the
time required for the pressure to drop From any given

level to another given level., Other characteristics can
be investigated by further examining equations (1) and (2).

Four additionazl characteristics, somewhat related
to the one noted, appear if eguations (1) arnd (2) are
differentiated with respect to time, combined, and the
corresnonding evalvation for the three icing rates is
plotted as in fiyure 5. The rate of icing may be seen in
figures 5 and 6 to be (1) proportional to the maximum
rate of change of pressure, (R) proportional to the
average rate of change of pressure, (3) inversely pro-—
portional to the time required for the rate of change
of pressure to attain a maxinum value, and (4) iaversely
proportional to the time required for the rate of change
of pressure to drop from its maximum value to zero.

The utilizatiorn of some of these operatioral charac-
teristics will be further illustrated. Consider the rate~
of~icing indicator schematically drawn .in figure 7 with
the pitot tube in the rate-of-icing head connected to a
pressure indicator for which the reference is the free-
stream total pressure,

A-typical pressure~loss curve, as obtained with this
rate~of~icing head, is shown in figure 8 for a given free-
stream velocity and =z given icing rate. The pressure loss
ragistercd by the pressure indicator will bs made up of the
initial pressure loss due to the presence of the uniced
wire screen and the prasszure logs due t¢ ice aceretion on
ths screen, TFor the arrangement and size of wires used in
the rate of icing head tested, the pressuvre loss due fo
the uniced wire screen was calculated t0 be about 2 per-
cent of local dynamic pressure, It will be seen from this
result that the position of the needle on the pressure in-
dicator for the uniced condiftion of the screen will vary
with speed, the deviation from =zero being about 2 percent
of local dynamic pressure., If the pressure 10ss Apg
due to ice accreticn. is timed as in figure 8 from point
a, corresponding to the uniced condition of the screen,
to any point such as b, the rate of ice formation can
be easily determined, since

-~ Ap.
I=Kl<t1>

——— a1 ot A i —_




Figure 9 represents a typical curve for a given
veloclty showlng how the time required for the pressure
to drop a fixed amount Ap, from a pressure level corre-
sponding to the uniced conditlon of the screen, variles
with the rate of 1cing.s ¥For velocities different from
that for which curves in flgures 8 and 9 wers drawn,
the time required <Tor the pressure to drop a fixed amount
Apy willl vary lnversely as the local dynemic pressure.
This verletion for e glven leing rate is shown in fig-
ure 10, With a sultableo arrangement of pressure dlaphragms,
stop watch, and an electricel circuit, the 1lndication of
rato of i1cing may be made practicelly automatiec and in-
depondent of speoed.

Another characteristic of the rate-of-icing head
investigated may be used if the instrument empioyed is
capeble of measurlng small changes 1n pressure Ap in
small intervals of time At (see fig. 8), that 1s, the
rate of change of pressure. The maximum rete at which .
AP changes wlth respect to At can be used as a mesasure
of the rate of 1lclng because the icing rate was previously
shown to be proportional to the maximum rate of change of
pressure. An lnstrument that would measure tha rats of
change of pressure and, consequently, the icing rate,
could be constructed on the same princlplo as a rate-of-
¢linbd meter and could also bo made independent of speed,
variation in speed, and variation in altitucde, An elec~
tricel circult conslisting of an ammeter and a varlable
condenser controlled by the pressure variatiorn 1in the
rate~of-icing head and subJected to e flxed potential
counld also be used to measure indirectly the rate of
change of presaure by measurling the lnduced current. 1If,
insterd of an emmeter ian such a circult, an integrating
devlice were used, the average rate of change of pressure
thus obtained could be used s & memssure of the rate of
icing.

JUTURE DEVELOPMENTS

Although tests conducted thus far have indicated
that the rate-of-lclng nead as designel has been repsat—
edly consistent in lts behavlior, 1%t 1s belleved that con-
slderable improvement can be obtained by modifications
now belng investigated., One of these modiflcations con=-
slstes in replacing the pitot tube with tvo static-pressure
orlfices, one ahead of and one behind the screen, with the



result that considerabls simplification and reduction
in gize of the rate-of-lecing head will be achleved,

.- —{800--£1ge- 1l.) -—-Such an arrangement is of particular

advantage in that there 1is no neced to refer any pres-
gsure ln the head to any pressure external to the in-
stallation as must be done in tho case of tho hoad with
the pltot tudbo. This simplified arrangement would also
materlially reduce the slectrical heating required for
the body and the support of the devlice, As may be seen
from theory, the prossure drop esoross the screen as
measured with the two statlc~pressure orifices should
be practically the same as that reglstered by the plitot
tube with the result that no change in the operational
characterlestice previously discussed 1s to be expected,

Another modiflication under conslderation consiats
in using a rotating screen in a proporly dosigned hoad
in order that a continuous indicatlon of tho rate of
icing may boe had instead of the intormittont 1indication
now possible with the fixed~screen type of rate-of-icing
head. In euch an instrument only a portlon of the ro-
tatlng soreen would be exposed; the rest 1s protected
and contlinuously de-iced. With tkhe screen rotating at
a constart rate the emount of 1lce accumulating on the
exposed portion of the screen 1s expected to be constant
for a glven rate of icing and the pressure drop across
the exposed portion of the screcn to be a measure of the
rate of 1cling, ¥For such an instrument a rate indicator
would consist simply of a pressure indlcator calibrated
for the 1lcing rate,

The use of the rate~-of-icing head solely as an 1ce
indicator, for which 1t 1s pariicularly well adapted,
should find groater appllcation than its use ns a rate
indlcators The pressure leads from the static-pressure
orifices may be connected to a pressure dlaphragm (see
fig, 13) that can be adjusted to complete an electrical
circuilt for the operation of a warning device or for
the operation of the de~icing equipment.

CONCLUSIONS

From the experlimoental data and the theory of the
rate~of-1cing head, 1t may bs oconcluded that the instru-
ment desligned at the NAOA is capable of meassuring the
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rato of 1lcing. M®wo important operational characteristics
of the iastrument have beon found, elther of which may
be utilized 1in measuring the rate of icing:

l., The time required for the pressure in the rate-
of-lclng head to drop from any given level to another
glven level 1s lnversely proportional to the icing rate.

2., The maximum rate of change-of pressura or the
average rate of change of pressure 1ic proportionml to
the icling rate.

Langley Memorial Aeronautical Laboratory,
National Advisory Gommlittsee for Aeronautics,
Langley Fleld, Va.

APPEEDIX
TZSTS OF OTHER DEVICES INTENDED TO 3E USED

AS RATE~-OF-~ICING INDICATORS

The varlous devices proposed as rate-~of-icing in-~
dicators from time to time are shown in figures 13
through 18.

The indicator A 1n 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-lcing indicator by
having 1ce bulld up on the hLeader and out toward the
hooked tubes, scaling each of the tubes in successlon
ap the 1lce formatlon lncreased in slze, The rate of icoe
formation wes to be determlned by tlming the sealing of
succeeslve tube openings and knowing the distance between
the tube openings. Figure 12 shows that the manner in
which 1cs formed on the tubes under simulated icing con-
ditlions rendered this device useless as a rate-~of-icing
indicator.

The indicator B ehown in figuree 15 and 16 con-
sisted of a 1/4-inch rod, 6 inches long, welded perpen=-
diculerly to a 3-inch-dlameter dilsk, and mounted with
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the rod pointing into the air stream. The depth of the
ice formation on the disk was to be determined by means
of alternate black-and-white-color bands each § inch
wide, The rate of ice formation wquld presumably be
caloculated 1f the time roquired for the formation of the
dopth of 1lco accumulated on the disgk was noted. Fronm
figure 16 1t may be seen that the accumulation of ice
in the rod precludes the use of this arrangoment of

rod and disk as a means of measuring the rate of lcling,.

Indicator € shown in figure 17 was patterned after
a sucoesaful ice detector, which operated on the principile
that 1ce formation would seal the three holes directed up-
stream causing the pressure in the 1lndicator to drop to a
gtatic~pressure level produced by the rearward drain hole,
The converslon of the ilce detector to a rate-of-icing
indlcator was based on the massumption that the sealing of
the three holes would be accomplished at a rate depending
on the dogree of iclng prosent.

A somewhat simller device, indicator D shown in
figure 18, was also intended to operate as a rate-of-
lcing indicator on the same princlple. A dPrief examination
of these deslgns was sufflclent to disclose the fact that
they would not operate as rate-of-icing indicators inasmuch
ags the pressure registered would remein total pressure
(axcept for the loss resulting from the flow of alr through
the drain hole) until the forward holes were entirely
sealod, Tests of these devices confirmed tho foregoing
concluslon and, in additlon, showed that a considerable
amount of ice could asccumulate on the heads without soal=-
ing off the openings,
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