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SUMMARY

An icing investigation was conducted in the lewis icing research
tunnel to detérmine the general de=icing and runback characteristics of
three production samples of electric rubber-clad cycliec de-icing boots.
The boots were all designed for the same Jjet airplane and, hence, were
of the same type and were designed to operate at the same values of
power density, heat-on time, and cyele ratio. The basic differences

- among the various boots were in the arrangement and construction of the
heater-resistance elements. Each boot employed c¢hordwise shedding and
l contained a parting strip designed for continuous heating.

The over-all de-icing characteristics of two of the boots investi-
gated were quite similar. The de-icing protection afforded by the boot
having small unheated areas existing between segments was slightly less
than that of the other two boots. The over-all runback characteristics
of the boots were similar for the icing conditions under which the per-
formance was evaluated. The cri‘tiCal sreas for all boots inVestigated

(located ad;]acent to the parting strlp) Whlle operating at design ‘
power densities and at an angle of attack of 2°, the range of free-
stream total temperatures at which the icing protection afforded by the
various boots became marginal was from 12° to 15° F for an icing condi-
tion having a free-stream velocity of approximately 395 feet per second,
a liquid-water content of 0.5 to 0.6 gram per cubic meter, and a droplet

diameter from 12 to 14 microns.

INTRODUCTION

The NACA Lewis laboratory is currently engaged in a general inves-
tigation of cyeclic de-icing of airfoils, which includes the study of
various heaters and methods of heating the surface susceptible to icing.

- Cyclic de-icing of airfoils 1s that method of thermal ice prevention
vwhereby ice is allowed to form on the airfoil for a relatively short
period of time; heat is then applied at a rate sufficient to melt the

- bond between th_e ice and the airfoill surface and allow aerodynamic
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forces to remove the ice. Upon ice removal, heat is discontinued and
the surface is allowed to cool and again to accumulate ice. The cycle
is repeated at regular intervals. The principal advantage of the
cyclic system over the continuously heated system is the large saving
realized in over=-all input power requirements (ref. 1). '

Inasmuch as previous NACA cyclic de 1cing studies (ref‘s. 2 a.nd 3)
this 1cing investigation was conducted to determine the ic1ng-protection
performance and runback characteristics of three samples of actual pro-
duction de=icing boots. The boots were investigated at two values of
angle of attack and free=stream velocity over a range of free-stream
total temperatures, liquid-water contents, and droplet sizes.

APPARATUS AND PROCEDURE

Three de-ic¢ing boots, which are of the same type but differ con-
siderably in construction and arrangement of heater-resistance elements,
were included in the investigation. Although the internal construction
of the various boots differs, the boots are all designed to meet the
same design and operating specifications. They are of the cyelic,
electric, rubber-clad type, and all are designed for the same fighter-
type jet airplane. Each boot is 1/8 inch thick (with 0.020<in. rubber
over the resistance elements), and each contains a parting strip
1-12—‘ inches wide designed for continuous operation at a power density
of 13.0 watts per square inch., The design power density for the cycled
areas of the various boots is 21.0 watts per square inch. All boots
vere approximately 28 inches long (spanwise) and extended approximately
12 to 13 inches along the uppér and lower surfaces of the airfoil model.
A photograph showing two de-icing boots mounted on the airfoil model
employed in the investigation is shown in figure 1. Two different boots
were mounted simultaneously on the model in order to obtain a better
comparison of the performance characteristics of the boots under identi-
cal icing conditions.

Whereas previous NACA investigations of cyclic de-icing have all
employed models using the principle of spanwise shedding, the boots
included in this investigation employed the principle of chordwise shed-
ding of ice. Chordwise shedding differs from spanwise shedding only in
the manner in which the cycled portions of the boot are divided into
segments., A sketch showing two hypothetical de-icing-boot installations
on the wing of the same fighter-type jet aircraft is shown in figure 2.
The boot shown in figure 2(a) provides spanwise shedding of ice, whereas
the boot installation shown in figure Z(b) provides chordwise shedding

98L2
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If the boots are assumed to be comparable in every respect, the
boot employing spanwise shedding might operate as follows: Heat is
first applied to cycled area 1 (upper and lower surface) for a specified
period of time. When heat is discontinued on area 1, it is immediately
applied to area 2; proceeding in a spanwise direction until all areas
have been heated. For the case of chordwise shedding (fig. 2(b)), the
boot is divided into six segments distributed three on the upper and
three on the lower surface of the airfoil. Heat might again be applied
first to area 1, then to area 2, and so forth, progressing in a chord-
wise direction across the upper surface of the airfoil and then in like
manner across the lower surface.,

For purposes of identification throughout this report, the three
boots employed in the investigation are labeled A, B, and C, and the
cycled segments of each boot are labeled as shown in figure 3. The
first letter of the segment notation (4, B, or C) denotes the boot which
contains the segment; the second letter (U or L) denotes upper or lower
surface; and the number in the segment notation indicates the relative
position of the segment with respect to the parting strip. For example,
segment BU2 is the second segment of boot B aft of the parting strip
on the upper surface of the airfoil.

X-ray photographs showing the internal construction of each boot
employed in the investigation are shown in figure 4. The photographs
show a small representative area of each boot and are four=fifths scale
reproductions of the internal construction of the boots. Boot A
(fig. 4(2)) includes a parting strip and six cycled segments evenly dis-
tributed around the airfoil. Each segment is approximately 3-;— inches
wide (chordwise). The solid resistance wires of the cycled segments run
in a chordwise direction, that is, parallel to the air flow with the
boot mounted on the model. The power leads shown lie beneath the resist-
ance wires with a layer of insulation between the resistance elements
and the power leads. The heavy dark areas are bus bars to which the
resistance wires are soldered. Approximately 1/8 to 3/16 inch of unheated
area exists between the bus bars of adjacent segments of the boot.

Boot B (fig. 4(b)) also consists of a parting strip and six cycled
segments, with the segments arranged in a manner very similar to that
described for Boot A. All cycled segments are approximstely 4 inches
wide, with the exception‘of segments BU3 and BL3, which are 3.1 inches
wide. All heater wires, however, are stranded, run in a spanwise direc-
tion, and woven into a heavy fabric. Hence, as a result of weaving,
when the fabric is sandwiched between two layers of rubber, the resist-
ance wires present & pattern similar to a shallow sine wave in a plane
perpendicular to the outer surface of the boot.
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Boot C (fig. 4(c)) consists of a parting strip and eight cycled
segments, arranged four segments on each side of the parting strip. The

segments are approximately Si inches wide in the chordwise direction, -

except segments CU4 and Cl4, which are approximately lfé inches wide for

the boot used in the investigation., The solld heater wires are crimped
(sine=wave configuration) in a plane parallel to the outer surface of
the boot to compensate for dimensional changes due to heating or flexing.

98L2

Boots A and C were cured on stainless-steel platens and; hence,
possess a smooth and rather glossy surface. Boot B was eured on holland
cloth, which resulted in a very fine textured cloth=like appearance of
the surface,

timer designed to provide a normal cycle ratio of 10 for an individual

segment of the eycled areas., The timing for a normal cyecle for each

segment of a boot was approximately 1lO-seconds heat=on, 90=seconds heat-

off; This timing was changed, however, from time to time during the »
course of the investigation by manual switching of the timer eircuit.

The cycling was identical for the three boots investigated and was “
done in the following prescribed manner: Cycling began with the appli-
cation of heat to segment Ul (see fig. 3). The instant heat was termi-
nated on Ul, it was applied to U2, and so on, progressing in a chordwise
direction across the upper surface of the airfoil. The instant heat was
terminated on the most rearward segment on the upper surface, it was
applied to segment L1 and progressed across the lower surface. After
application of heat to the rearmost segment on the lower surface, cycling
was discontinued and ice was allowed to form on the airfoil. The complete
cycle was repeated at regular intervals., The parting strip was contin-
uously heated throughout the icing investigation.

The internal circuitry of the boots was quite similar, The cir=-
cuitry of each segment of each boot (1nclud1ng the parting strip) was
arranged in a series=parallel circuit as shown by the schematic diagram
presented in figure 5. For boots B and C, several sets of individual
heater wires arranged in parallel were wound back and forth spanwise in
each segment of the boot. At the spanwise end of each segment, the wires
were fastened to electrically conductive strips. In general, the method
of construction employed for boot A was similar to that employed for
boots B and C, except that in this case, the sets of wires ran back and
forth chordwise and were fastened to bus bars which ran in a spanwise
direction (see fig. 4). The location of bus bars shown in figure 5 is s
representative of boots B and C. All segments of the boots were inter-
nally connected to a common ground,
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The model employed in the icing investigation of the various boots
was an NACA 65-213 airfoil section having a 9.3° leading-edge sweépback,
an 82,.3-inch chord at the center line, and a 7l-inch total span. The
model is symmetrical about the center line and was mounted vertically
in the 6= by 9-foot test section of the icing research tunnel., The air-
foil was constructed similarly 10 an actual wing section of the particu-
lar fighter-type jet airplane for which the boots were designed and,
hence, incorporated taper in addition to the leading=-edge sweepback. A
schematie drawing of the model employed in the investigation is shown

The boots were mounted on removeble leading edges (1/8ain, aluminum
skin) to facilitate installation of the boots. Boot A; which was arbi-
trarily chosen as & standard for comparison, was mounted on the upper
half of the airfoil model (fig. 1). Boote B and C were mounted alter-
nately on the lower portion of the model, A hotJair anti-icing cuff was
provided to prevent the formation of ice on the unheated area between
the two boots.

The instrumentation of the boots employed in the investigation was
rather limited in seope, consisting of only two thermocouples for each
segment of a boot. The surface thermocouples consisted of 30-gage iron-
constantan wire rolled into ribbons approximately 0.0025 inch thick.

The ribbons were butt-welded and laid chordwise over the surface of the
boot with the Jjunction located at the approximate center of each segment.
Thermocouples were also installed in the aluminum skin underneath the
boot at the approximate center of the boot segments.

The performance of the boots was studied for & constant free-stream
7elocity of approximately 395 feet per second, with the exception of one
run that was conducted at a lower free-stream velocity of 288 feet per
second. The angles of attack employed were 2° and 6°. The free-stream
total temperature was varied from O° to 25° F, and the liquid-water con-
tent from 0.20 to 1.8 grams per cubic meter.

RESULTS AND DISCUSSION

The results presented herein were obtained largely from visual
observations and photographs of icing of the various boots. In certain
instances, surface-temperature data were obtained in conjunction with
the visual and photographic data. Although these temperature data are
not available for each test condition investigated, sufficient data are
available to evaluate the over-all performance characteristics of the
boots.

PRPIPE N
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Boot Surface Tefiperatures

Typical surface-temperature distributions measured in dry air and -
in & moderate icing condition for boots A, B; and C are presented in fig-
ure 7. The curves wWere obtained with the boots operating on normal eycle
and at design power densities. Normal cycle indicates a heat-on time of
approximately 10 seconds and a c¢yele ratio of 10 for an individual cycled
segment of the boot. All temperatures presented in figure 7 are peak
temperatures measuréed at the instant power was discontinued on a particu=
lar segment of the boot. Surface temperature is plotted against s/c,
where s/c 1s the ratio of surface distance (measured from the leading ;
edge) to the chord length measured at the planes of instrumentation,
expressed in percent. The surface-temperature distribution obtained for
each boot operating in dry air at a free-stream total temperature of
15° F, a free-stream velocity of 396 feet per second, and an angle of
attack of 2° is presented in figure 7(a). The maximum surface tempera-
ture measured for all thréeée boots occurred at values of s/c between
zero and 4.0 percent on the lower surface. The minimum surface tempera-
tures occurred on thé upper surface of the boots. The variation ir sur-
face temperature for each boot ranged from approximately 20° F for boot A
to more than 49° F for boot B.

98.L2

The variation of surface-temperature distribution measured for
boots A, B, and C in an icing condition is plotted in figure 7(b The
data shown are for a liquidswater content of 0.57 gram per cubic meter
and a droplet diameter of 12 microns. The lowest surface temperature
measured in icing occurred at or very near the parting-strip area for
each boot. -The minimum temperatures are all below 50° F, with the
parting strip of boot B reading the lowest value of approximately 430 F, ;
Photographs presented later in the disecussion will show that the surface- |
temperature distributions shown in figure 7(b) did not provide a com-
pletely ice-free boot surface for any of the boots investigated in the
icing condition listed.

Several curves showing typical variations of measured local surface
temperatures with time are presented in figure 8. The time-temperature
curves were obtained with the boots operating in an icing condition iden- {
tical to that presented in figure 7. The curves are presented for var- ]
ious points on the surface of the boots and represent a portion of the
data from which the surface-temperature-distribution curves of figure 7
were obtained. The values of s/c listed correspond to the approximate
center of the most forward segments, upper and lower surfaces, of the
three boots. A comparison of figures 8(a), (b), and (c) shows that the
peak surface temperatures measured on the most forward segments of the

ence of an 1cing cloud Th1s relatlvely small drop in surface tempera-
ture indicates the relatively small amount of impingement and runback N
occurring over a large portion of the upper surface at an angle of

AR
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attack of 2°. Comparison with figures 8(d), (e), and (f) shows that the
temperature drop experienced on the lower surface of the boots is about
2.0 to 3.5 times as great as those measured on the upper surface for

the values of &/c shown. The irregularities and breaks noted in fig-
ures 8(d), (e), and (f) occurred at random intervals and are associated
with slow or incomplete shedding of ice, sliding of ice back over the
thermoecouple Jjunctions, and freezing of water as the surface of the boot
falls below the freezing level, For example, the time-téemperature curve
presented in figure 8(e) shows rapid changes occurring in both the heat-
ing and cooling portions of the curve. The abrupt rise in temperature
experienced at 6.5 seconds indicates a sudden removal of ice from the
surface at that time, while the break noted at 30 seconds is due to the
freezing of water on the surface of the boot.

The effect of angle of attack on the surface-temperature distribu=
tion for boot A operating in dry air and in icing is shown in figure 9.
The temperatures presented are peak values measured at the end of the
individual heat-on periods. A considerable change in surface=temperature
distribution was observed when the angle of attack was changed from 20
to 6° in dry air, as evidenced in figure®9(a). The largest effect was
the change in the temperatures of the parting strip and forward seg-
ments on the upper and lower surfaces. The 14° F drop in parting=strip
surface, temperature is due to the movement of the stagnation point to
the lower surface of the airfoil. At high angle of attack, the parting
strip has moved so that the local air velocities over it are high, which
results in higher convective heat transfer from the surface (the
parting-strip surface thermocouple was located at the stagnation point
for zero angle of attack).

In an iecing condition, increasing the angle of attack from 2° to
6° had practically no effect on the temperature distribution over the
upper surface of the boot (flg. 9(b)). The temperatures measured across
the lower surface of the boot were higher for the higher angle of
attack, while the parting-strip temperature was lowered approximately
5° F by the angle-of-attack increase, For the moderate icing condition
listed, the surface-temperature distributions shown in figure 9(b)
resulted in essentially complete shedding of ice from the boot surface
at both 2° and 6° angles of attack.

The effect of free-stream velocity on the surface-temperature dis-
tribution measured for boot A in dry air and in icing is shown in fig-
ure 10. For the boot operating in dry air at an angle of 20
(fig. 10(a)), increasing the free-stream velocity from 288 to 397 feet
per second resulted in lowered surface temperatures over the entire sur-
face of the boot. The greatest temperature decreases occurred in the
area of the parting strip and forward cycled segments., A maximum
decrease of approximately 28° F was observed on segment ALl at an s/c
of 2.0 percent.
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The variation of the surface-temperature distribution measured in
icing for the two values of free-stream velocity is plotted in fig-
ure 10(b). The surface temperatures measured at the higher free=stream
velocity were all lower than those measured at a free=stream velocity
of 288 feet per second; with the exception of segments AU2 and AU3

inere&se in velocity for the icing condition listed, The maximum
decrease in surface temperature occurred on the lower surface at an

s/e of approximately 3.0 percent. The surfacestemperature distribu=
tions shown in figure 10(b) resulted in complete shedding of ice from
the heated surface of the boot for both free-stream velocities investi-

Boot B was used to study the effect of increasing power density
(cycled areas) on measured surface-temperature distribution. The vari-
ation of surface-temperature distribution for various values of power
density and heat-on time is shown in figure 11. The lower dashed curve
represents the normal operating conditions for the boot (21.0 W/sq in.
for cycled area, 13.0 w/sq in. for parting strip, and a heat-on time
of approximately 10 sec). For an icing condition having a free-stream
total temperature of 15° F, a free-stream velocity of 395 feet per sec-
ond, a liquid-water content of 0.55 gram per cubic meter, and a droplet
diameter of 12 microns, the normal c¢ycle did not provide complete ice
shedding from the surface. Increasing the power density from 21 to
30 watts per square inch and decreasing the heat-on time from 10.2 to
7.0 seconds, thus maintaining a constant input power of approximately
210 watt-seconds to each cycled segment, resulted in higher surface tem-
peratures for all cycled segments, as evidenced by the middle curve pre-
sented in figure 11l. This more favorable temperature distribution
resulted in better shedding characteristics for the boot; however,; com-
plete shedding was not attained. Maintaining the power density of
30 watts per square inch and opérating the boot at the normal heat-on
time of about 10 seconds resulted- in the temperature distribution
represented by the upper (solid) curve of figure 11. With the boot
operating at this over-design condition, complete shedding of ice was
sttained for each cycle. For the curves shown in figure 11, the parting
strip was operated continuously at a power density of 13.0 watts per
square inch. Operation at a power density of 30 watts per square inch
and a heat-on time of 10 seconds for approximately 30 minutes in the
icing condition listed in figure 11 had no apparent detrimental effect
on the boot. -

Typical variations of local surface temperature measured at a value
of s/c of 8.86 percent, upper and lower surfaces, for boot B in icing
are shown in figure 12 for several values of power density and heat-on
time. The temperatures were measured at the approximate center of seg-
ments BU2 and BL2 and in an icing condition identical to that presented
in figure 11. In figure 12(b) it can be noted that, for a power density

98L2
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of approximately 30 watts per square inch, the temperature measured at

the center of segment BL2 rose to approximately 32° F even before heat
. was applied to that segment. This rise was probably due to rumback

resulting from the application of heat to segment BL1l forward of BL2.

A limited number of temperature measurements made on the aluminum
skin beneath the boots showed that the fluctuations of aluminum skin
temperatures with time were only of the order of 10° ¥ during the time
interval (1—2— min) required for one complete cycle. These rather small
fluetuations in skin temperature result from the e¢yele ratio and heat-on
time employed and from the thermal insulating properties of the boots.
For a cycle ratio of 10 and a heat-on period of 10 seconds, the residual
heat in the boots is not dissipated into the aluminum skin during the

2786

gshort heat=off period of 1% minutes., Measurements on the upper surface

of the airfoil model beneath boot B showed the maximum aluminum skin tem-

peratures to vary almost linearly with s/c from a maximum of 85° F

measured beneath the parting strip to a value of 47° F beneath segment BU3
- for the following operating conditions: normal cycle, dry air, design
power density, free-stream total temperature of 15° F, free-stream velocity
of 398 feet per second; and angle of attack of 2°, Skin temperatures
meagsured at 1lsolated points beneath the other two boots indicate that the
aforementioned values of skin temperature and temperature fluctuation are
typical for all boots investigated.

General De-Icing and Runback Characteristics

The icing and rumback characteristics of boots A, B, and C operating
with the local surface temperatures and the temperature distributions
presented in figures 7 and 8 are shown in figure 13. The photographs
show the appearance of the upper surface of the boots after 14 and
22 minutes in the following icing conditions: free-stream total tem-
perature, 15° F; free-stream velocity, 396 feet per second; liquid-water
content, 0,57 gram per cubic meter; and angle of attack, 20 It is
apparent that, for these icing conditions, none of the boots provide
complete shedding of ice from the surface for operation at design power
densities and heat-on time. For longer periods of time in the abovemen-
tioned icing condition, the amount of ice adhering to boots B and C
remained relatively unchanged, while the amount of ice adhering to
boot A increased slightly, which indicated that boot A provides only
marginal icing protection for the condition listed. The photographs
showing boots A and B indicate the amount of residual ice after the

> ,application of heat to segments AU3 and BU3. The photograph of boot C
vas taken the instant heat was discontinued on segment CU2 and applied
to segment CU3. The ice adhering to segments CU3 and CU4 shed clean

“ vhen heat was applied to these segments.

ORI I
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The photographs shown in figure 13 are typieal of the comparative
de=icing characteristics of the boots operating in similar icing condi=
tions. 1In general, for the icing conditions investigated, no appreci-
able differences in the performance charactéristics of boots B and C
. were observed. Boot B had a fine=textured ¢lothlike surface as compared

@ with the smoother surface of boot C, but this slight difference in sSur-
face roughness had little or no effect on iee removal. As evidenced in
figure 13, the amount of icing protection afforded by boot A was
slightly lower than that of the other two boots; and, hence, the boot
provides marginal protection at a slightly higher value of free-stream

; temperature than does boot B or C, other conditions being equal. 1In |

‘ general, for a free-stream velocity of about 395 feet per second, an F
angle of attack of 20, and a ligquid-water content of 0.5 to 0.6 gram per
cublc meter, the range of free=stream total temperatires at which the ‘
icing protectlon afforded by the various boots became marginal was from i
12° t6 15° F. The slightly lower performance characteristics observed
for boot A are attributable to the internal construction of the boot.
The presence of rather large bus bars (which act as heat sinks), small
unheatéd areas between all cycled segments, and heater wires ruaning
parallel to the airflow at 1/8=inch spacing all contribute to local .
cold spots from which ice fails to shed during heat-on time, The ice
adhering between sSegments of boot A (flg. 13) is typical of the icing
characteristics of the boot. In some cases the ice adhering between ,
segnerits formed ahead of and behind the small unheated areas between ¢
segments to a length of 1 inch or more without adhering to the heated :
areas, In figure 13(a) it can be noted that considerable ice has formed
d on the unheated area between the parting strip and the forward cycled
segment.
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A comparison of figures 13(a), (b), and (c) shows that the runback
pattern obtained for the boots in the icing condition listed is quite
similar, with no rumback occurring on the aluminum skin behind the boot
scarf., The runback is a smooth clear ice formation not exceeding
1/8 inch in thickness on the uppér surface. g

At values of free-stream total temperature of approximately 18° F
and less and for velocities of approximately 395 feet per second, the
] runback was limited essentially to the scarf areas for an angle of :
1 attack of 2° and ligquid-water contents to 0.6 gram per cubic meter. i
3 However, since the boots did not maintain the surface clear of ice at .
these lower temperatures, the detrimental effect of the small amount of
runback is probably slight in comparison with that due to ice accretions
observed on the upper surface near the leading edge.

The runback pattern obtained on boots A and B after 56 minutes in .
icing at a free-stream total temperature of 20° F and a liquid-waeter con-
tent of 0.54 gram per cubic meter is shown in figure 14 for a free-stream
velocity of 396 feet per second and a 2° angle of attack. The thickness -




T e L L o O ML T

T o e T PR N Lt

NACA RM ES3C26 11

of the rumback ice shown in figure 14 was about the same for both boots,
measuring approximately 1/8 inch thick on the upper surface and 1/4 to
5/16 ineh thiek on the lower surface., With the boots operating at
design power densities and a heat-on time of 11.0 seconds, the heated
portion of the boots shed completely ¢lear of ice on each eéycle, In
general, at the higher twinel air temperatures and for a free-stream
velocity of approximately 395 feet per second, the runback increased

in thickness and chordwise extent because of the longer time at which
the boot surface remained abové the freezing level after a heat=on
period.

The runback pattern obtained on boots A and B after 32 minutes of
operation in ic1ng at the lowest value of free-stream velocity investi=
gated (288 ft/sec) is presented in figure 15. The runback pattern was
obtained in an icing céondition having a free-stream total temperature of
20° F, a liquid-water content of 0.66 gram per cubic meter, and a drop-
let size of 14 microns, The boots were operated at design power density,
a heat=on time of 10.0 seconds, and an angle of attack of 2°, The run-
back pattern and nature of the ice formations observed on the upper and
lower surfaces of both boots were found to be very similar. The run-
back ice was rathér clear and smooth, On the lower surface, the run-
back ice formed a solid sheet approximately 1/4 inch thick for a dis~
tance of approximately 3 to 4 inches behind the heated area before
changing into a rivulet-like formation which extended back an additional
4 to 8 inches. On the upper surface of the airfoil, the rumback ice was
approximately 1/8 ineh thick with thin rivulet-type ice formations
extending as far back as 12 inches behind the heated area.

As can be noted from a comparison of figures 14 and 15, the effect
of decreasing speed in a given icing condition is an increase in chord-
wise extent of runback icing, with a corresponding decrease in rumback
ice thickness, Although figures 14 and 15 present runback patterns
obtained in different icing conditions, the conditions are not so dif-
ferent as to preclude a comparison or an effect due to changes in free-
stream velocity. R

The runback pattern obtained on the upper and lower surfaces of
boots A and C after 32 minutes of operation in an icing condition similar
to that presented in figure 14 is shown in figure 16. The runback pat-
tern was obtained in the following icing condition: free-stream total
temperature, 20° F; liquid-water content, 0.55 gram per cubic meter;
droplet size, 14 microns. The boots were operated at design power den-
sities, a heat-on time of 10.3 seconds, and an angle of attack of 2°,
For boot A, runback ice occurred on the aluminum skin behind the boot
trailing edge; whereas, for boot C, the runback ice is confined to the
scarf area. This apparent difference in runback pattern is probably due
to the difference in design of the scarf area of the two boots. The
scarf of boot A tapers from 1/8-inch thickness just behind the heated
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area to almost a feather edge at the trailing edge of the boot. Boots A
and B are designed to be mounted onto the basic airfoil, whereas boot C
is designed so that, when mounted on the airplane, the outer surface of
the boot is flush with the basic airfoil comtour. For this investiga-
tion, boot C was cemented onto the leading edge of the airfoil model,
and, hence, a sharp step=off of 1/8 inch existed at the trailing edge

of the boot. If this difference in trailing-edge design did not exist,
it is probable that the rumback obtained on boot C would be very similar
to that obtained for the other two boots.

In an icing condition for which the free=stream total temperature
was 200 F, the free-stream velocity 395 feet per second, and the angle of
attack 29, no secondary buildup of runback ice was observed for opera=
tion in clouds composed of droplets whose diameters were less than
15 microns. When larger droplet diameters were employed, direct impinge-
ment occurred on the runback 1ce, and the typlcal mushroom-lce forma-

1ower suxface behind the heated port;on of the boots. At times the
mushroom ice attained a height of 2 to 2% inches before being removed
by the aerodynamic forces. For a free-stream total temperature of 25° F
and high liquid-water contents, the effective parting strip became very
wide, extending at times beyond the center of the forward segments. In
addition, in some instances the entire upper or lower surface of the
boots was observed to be above the freezing temperature for a short
interval of time. During this interval, runback, of course, occurred
over the entire surface. Because of the nature of the cooling curves
and the manner in which the boots were eycled, the surface temperature
of the forward segments did not cool to 32° F before the application of
power raised the temperature of the rearmost segments above the freezing
value. For example, for boots A and B operating at 10-seconds heat-on
time, the surface temperature of -segment U3 will exceed 320 F approxi-
mately 12 seconds after heat is discontinued on segment Ul.

Boots A and B were investlgated in an 1cing condltlon hav1ng a free-
second and & liquld-water content of O 56 gran per cublc meter. Thelr
icing characteristics in this condition at normal power densities but at
approximately ll-seconds heat-on time are shown in figure 17. Photo=-
graphs were taken after 6 and 22 minutes in the ieing condition. Both
boots began icing on the forward cycled segments, upper and lower sur-
faces, from the beginning of the icing exposure. After 15 minutes of
icing, the parting strip of each boot was narrowed by approximately
1/2 inch because of the building forward of ice from the cycled area.,
The parting strip of each boot was completeliy bridged with ice after
20 minutes in the icing condition. 1In order to determine the de-icing
ability of the boots after leaving an icirg condition, the tunnel cloud
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was discontinued after 22 minutes while boot power remained on. After
9 minutes of cycli¢ operation in clear air, no ice wWas removed from the
surface of either boot.

As a result of the icing investigation, it was found that the for-
ward cycled segments, upper and lower surfaces, were the most critical
areas for the three boots investigated. Bridging of the parting strip
occurred at the more severe icing coéonditions included in the investiga-
tion., In some cases, parting=strip surface temperatures in excess of
75° F were recorded without effecting removal of the ice cap. Although
considerable melting occurred beneath the ice cap and the resulting water
melted holes through portions of the cap, the inability of the forward
cycled segments to melt the bond prevented ice removal.

SUMMARY OF RESULTS

The following results were obtained [rom an icing investigation of
three production samples of electric, eyclic de=icing boots.

1. The forward cycled segments, upper and lower surfaces, of all
three boots were the most critical areas for the ieing conditions investi-
gated.

2. Unheated areas as small as 1/8 inch wide occurring in the heated
surface of an external, rubber-clad, electric, cyeclic de-=icing boot
contributed to local cold spots on which ice forms.

3. The runback characteristics of the three boots were similar.

4, The performance characteristics of two of the three boots were
very similar. The icing protection afforded by the boot having small
unheated areas existing between segments was slightly less than that of
the other two boots.

3. For icing conditions 1nvest1gated at free- stream total tempera-
runback ice observed is pro'bably small 1£1— eeﬁparison with the effect of
ice adhering to the surface of the boot just aft of the parting strip
because of incomplete shedding.

6. For a free-stream velocity of 395 feet per second and an angle of
attack of 2°, the range of free-stream total temperatures at which the
icing protection afforded by the various boots became marginal was from
120 to 15° F for the values of liquid-water content included in the
investigation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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(b) Chordwilse shedding.

Figure 2. = Schematic drawing of de-=icing-
boot Installation showlng spanwilse and
chordwise shedding.
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(v) Boot C.

Figure 3. -~ Segment notation for de-icing boots used in investigation.

(a) Boots A and B.
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Figure 4. - Internal constructlon of various boots used in investigation. C-31728 ;
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Flgure 5. -~ Schematic diagram showing internal ¢ircuiltry of boots.

Air flow
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Hot-air
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Figure 6. - Alrfoil model employed in lnvestigation.

98L2

I ALK st ¥ s raotine s

o




L B AR e sttt A Wt M+

19

NACA RM E53C26

*QT ‘07381 IToA> fepuoods 2°0T ‘awpy uo-38ay ¢,z ‘N08IYE Jo ITBus puooss
Jad 3987 968 ‘A3T00TeA WBAIGE-33XF €d oOT ‘oamyvaadmey; 8303 WBSIYS-IL *BUTO UT puw ITE®
AIp UF paamssIm ) puUv ‘g ‘Y £300Q JOF UOTINQFIISTP 9IN3BIIANAZ-I0BIMMS JO UOTIBTIOA - °, anBTd

*smoIoT® ZT ‘xajamep jerdeap ¢asjam opqno Jad weaP ;G°0 ‘jueruod Jagem-pInbET  *SUTOT uI {a)

. y3Bual pIoyy
Fuadaad ‘g ‘pmmmmeeeeer
soBIame Joaddn 8  JIDUBYIBTP I0wFANG 90BJING JAMOT
et 8 i4 0 i 8 2T 91

TR oy
:/ i : | ]
i ” i
1 m / e =1 W +
|| :
h el LN - e eI | : 09
| 4 PR B ! I AN )N T
] , , 1 (\\// [ /?/
i i A | ' i 2 S A
i i i i , ) 4
| . _” ” : W = -
f j i | i 1 X 8
: *are Lap uI (8)
¥ ,3
H . . . 1
" Baxw dixys-Bupiied
Ly Lo |
& i e ” ] L‘ \ L~ 8
| \Va‘T! P\ - ! / | ‘ - " P
X , , | | / 1 \-,\.\ i
L g | o b
R 1 T A o8
] _W ] f A\l ‘ \.,\
3 ——= - — R 71
q - —_— - ! ”” | 1 / r\ ,w . , “
E Y - — , 4 hl : 'll\\, IS—— _, | 00T
] | woca I | ]
I ; I3 ,
| | R | ; _
! , W | ) g X i ,

98L2

" }0Bq’ §=AD

do ‘aamyeredua; 20BJIMG




I A A

R R s T e R I I

20

Surface temperature, OF
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o S e e e e e bt et
(a) Boot segment AUl. Surface distance/chord length, 3.63 percent.
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(b) Boot segment BULl. Surface distance/chord length, 3.54 percent.

—.—JHeat | .|
1 on

— Heat-of f—r

] ] _-9—_@!-_—;5?_-—

o e SR V—— mrerre——— W - _ - A,, - ', _
=20 0 20 40 60 80 100

Time, sec

(¢) Boot segment CUl., Surface distance/chord length, 3.07 percent.

Figure 8. - Typical variation of local surface temperature, upper and lower
surfaces, measured in dry air and in icing for three boots. IFree-stream
total temperature, 15° F; free-stream velocity, 396 feet per second;
liquid-water content, 0.57 gram per cubic meter; droplet diesmeter, 12
microns; angle of attack, 2°; heat-on time, 10.2 seconds; cycle ratio, 10.
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Surface temperature, OF

(4) Boot segment ALl. Surface distance/chord length, 3.63 pércent.
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(e) Boot segment BL1. Surface distance/chord lemgth, 3.54 percent. ‘

- ¥
Heat

on

’l‘ine , Bec

(£) Boot segment CL1. Surface distance/chord length, 2.92 percent.

Figure 8. - Concluded, Typical variation of local surface temperature,
upper and lower surfaces, measured in dry air and in icing for three
boots., Free-stream total temperature, 15° F; free-stream velocity,
396 feet per second; liquid-water content, 0.57 gram per cubic meter;
droplet diametér, 12 microns; angle of sttack, 2°; heat-on time, 10.2
seconds; cycle ratio, 10.

21

FUVSRERP N P TP PIFe SRR




— D e . . - - s
2786 ) '
4 ] 1 0 ki »
&
&) *puooss Jad 937 $65 ‘AJFOOTIA WEIIFE-29X] ¢V j00Q
m Wu *8ugol ur pu ape KIp UT WOTINQTIFSTD SMmjeradmal-998JIMe UO FOBIIE JO oTBUB JO 09JFF - °6 oINBTd
r M *suoxofw gT ‘Iojewetp j3oTdoxq °Bugol ul (a)
mAu“ queoxad ¢2 ¢ YISUST _pIou)
Q § 20ueysTp ao8Fang
= @o8Zans gaddp . 30BJIME ISMOTT
8 ¥ o ¥ 8 2T 9T
, T - + - , 074
| 4, 1
| | 'y
t W, - ——
! : e N W ,
¥ | “ i ! , i - I_l
M A , ‘_ — , - T 3 ” i [ 3 - f [ »
L ! | | weze drays-surjasq—i—sf | fo—t | | :
: i 1 , | , , [ I I : i X : | ,
| | | SO | g S | I ) I oot
i g
i | T . 1 HON ”
i i i | I | B o
i ] \ i 1 d | ' g
i ; ", ” | w 8
| EAV — 20V IOV - e g 4
i | u | | i M . quauBag | .
| i H 1 | ,, | ; : I o+ .
{ “ —t——+—— —— G
b ; — ¥ 1 1 | I
‘ T ==
U , 00T

| 2 85
. 02 7570

(o]

dg - mnof8 SEL Sap i i [ i i
1 ‘samysaadmag ¢ quaquod ‘autg 308338 | ” ot I I : ! o
I 18303 Jo38M uo Jo | A , ,, , Or1
4 1 weaaye-saxg -pynbiT  -383H aT8uy 1 I3 1 W : { A

IS T NN E U S IR SRR SR I | I S |

22




13

23

NACA RM E53C26

"02 ‘Yow33e JO a1BuUB ¢1 o0z ‘oeanjerodme) T80} WEAIYE-33IF ¢y qo00g *SOFFFOOTIA WBIILE

-sa1] oM} J0F Supol Wy pus Ife AIp UL UOFINATIISTD sangBIrodiieg -908FME JO WOTGBLIBA - *OT mITd

91

,.,m.ﬁo.nuaa 3T ‘aojemeip jo1doag °BWFOT UI {a)

2

quaozad qlm. ¢

sosyang xaddn

y3BusT pIOYD

S5uByBTDP 30BJaNG
20BIJME: JISMOT
) ¥ 2] 21

ot

Baae dyaye-Bujjred

STVt

emosw,on

56° g0t
99°0 0° 0T
w no /3, oo8
“quaguod  ‘amyy
Jajem uo
-pInbyT  -38SH

I S

LEE e et cmuem
§82 e | :
oe8 /33 |
€ fapo0T9A | I
WeIIS T
~s9ad 1

F IR SR

o8

do ‘aanjeradmoy sosgang




NACA RM E53C26

‘02 ‘YMo®3lje Jo aTus fsUOIOTW ZT ‘I939
-meTp 3oTdoap ¢aojem ofqne Jad wBIB GG Q ¢jusjuod JaqeM-pPEnbIT ¢pucces Jod 3997 ST ‘A3FOOTLA
WBaI18-931F ¢ oS8T ‘samiesadmay TB303 WBAIS~331F g qo0g *L3Tsusp Jemod pue swWFy UO-38B3IY JO
SONTBA SNOTJIBA JI0J JUFOT U PIJINSBIW UOTINQTIFBIP aangeiadmaq-s08Fms JO UCTIBTIBA - °*TT amItd

2 ,__y3dual pIoyp
8 J0UBLSTP 208BIING
somgans gaddpn 20BFaNE JIDMO'T
2T 8 4 ¢} ¥ 8 2t 9T

quaoxad ¢

S et n SR A o i

i
i
}
{
H

- _, = o | M | - T2 Al E——
: : : | IR I S SN : og 0L e
| ! | (*ut bs/m 0°¢T) | | og 2°0T
| w ! saas drays-3urjasd W “uy @m\z oes . :
! | o | ¢(ssaaw patoko)  ‘smp3 107
| | ! | | KLaTsusp aomogd uo-9B3Y
/ 1. | w \ | 1
] T +- | |
[ e . i | | I 09
{ | A, ,, > \\ i - _ ” , |
1 | M ! — T T~ |
1 ; ; i 1 el | “ [ ,
1 1 | o |
1 | ; 1 « ; W
| S H m \\\AA L AT N
| _ j L~ | ) , ~
m T | | |
‘ _ T | ” _ | b M
| \ | S T e I
end T m Tng 4 A e ; -1 218 7 m e
. 1 ! ! [ | " ” | | juswdag
! | | S| I ) ; |
] I ) , _ g ] | 1 . N 1

24

- = - - 4 pre g D P b e

do ‘amysiedmag sowlang



2786

NACA RM ES3C28

25

100 e
f \ Heat<on Power
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o (a) Upper surface.
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(b) Lower surface.

Figure 12, - Variation of local surface temperature at &/c value of
8.86 percent, upper and lower surfaces, for various values of heat-on
time and pover density. Boot B; free-stream total temperature, 150 F;
free-stream velocity, 395 feet per second; liquid-water content, 0.55
gram per cubic meter; droplet diameter, 12 microns; angle of attack, 2°.
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(b) Upper surface.

€-30275

Figure 14. - Rumback pattern obtained on boots A and B after 56 minutes in-icing. Free-
stream total temperature, 20° F; free-stream velocity, 396 feet per gecond; ligquld-water
content, 0.54 gram per cubic meter; drople} dlameter, 12 microns; angle of attack, 29;
heat-on time, 11 seconds; heat-off time, 1% minutes; normal power densitles.
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(2) Upper surface. .
Figure 15. - Runback pattern obtained on boots A and B after 32 minutes in icing. Free~
gtrean total temperature, 20° F; free-stream velocity, 288 feet per second; liquid-water
content, 0.66 gram per cubic meter; droplet diameter, 14 microns; angle of attack, 2°; )
heat-on time, 10.0 seconds; design power densities.
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(b) Lower surface.

. Figure 15. - Concluded. Runback pattern obtained on boots A and B after 32 minutes in

icing. Free-stream total temperature, 20° F; free-stream velocity, 288 feet per second;
liguid-water content, 0.66 gram per cubic meter; droplet dismeter, 14 microns; angle of
attack, 29; heat-on time, 10.0 seconds; design power densities.
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c-30358

(a) Upper surface.

Figure 16. - Runback pattern obtained on boots A and C after 32 minutes in icing. ZFree-
stream total temperature, 20° F; free-stream velocity, 397 feet per second; liquid-
water content, 0.55 gram per cubic meter; droplet diameter, 14 microms; angle of
attack, 20; heat-on time, 10.3 seconds; design power densities.
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(v) Lower surfacs. C-30357 '

Figure 16. - Concluded. Runback pattern obtained on boots A and C after 32 minutes in
icing. Free-stream total temperature, 20° F; free-streem velocity, 397 feet per second;
liguid-water content, 0,55 gram per cubic meter; droplet dlameter, 14 microns; angle of
attack, 29; heat-on time, 10.3 seconds; design power densitles.
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