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FGR VARIOUS MCDES COF THERMAL ICE PROTECTION

By Vernon H. Gray and Uwe H. von Glabn

SUMMARY

The effects of primery and runbeck icing and frost formations on the
drag of an 8-foot-chord NACA 657-212 airfoll section were lnvestigated

over a range of angles of attack from 2° to 8° and airspeeds up to

260 miles per hour for icing conditions with liguld-water contents rang-
ing from 0,25 to 1.4 grams per cublce meter and datum air temperatures of
-30° to 30° F.

The results showed that glaze-ice formations, either primary or run-
back, on the upper surface near the leading edge of the ailrfiol caused
large and rapld increases in drag, especlally at datum air temperstures
approaching 32° F and in the presence of high rates of water catch. Ice
formations at lower temperatures (rime ice) did not appreciably increase
the drag coefficient over the initial (standard roughness) drag coeffi-
cient. Cyclic de-icing of the primary ice formations on the airfoil
leading-edge sectlon permitted the drag coefficient to return almost to
the bare airfoil drag value. Runback icing on the lower surface did not
present a serious drag problem except when heavy spanwise ridges of run-
back lce occurred aft of the heatsble area. Frost formations caused
rapid and large increases 1n drag with incipient stalling of the airfoil.

INTRODUCTION

One of the most important problems associated with aircraft icing
1s the effect of varilous-shaped ice formations on the performance of the
alrcraft, specifically the effects of ice and frost formations on 1ift
and drag characteristics of airfolls. Establishment of these effects
will help determine (1) the design requirements of lcing-protection
systems currently being developed and (2) the necessity for means of
preventing the accumulation of frost on alrcraft surfaces prior to and
during take-off.

A study of the ilcing-protection requirements for high-speed, high-
altitude, turbojet-powered aircraft (ref. 1) indicates that continuous
heating systems for airfoils, designed to evaporate all the impinging
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water for selected meteorological icing conditions, will result in pro-
hibitive loads on the available heat sources and large deterioration of
- aircraft performancé. As a means for reducing these high heat loads,
cyclic de-icing systems (refs. 2 and 3) have been proposed. Cyclic
de-icing systems, however, are subJect to runback icing on the surfaces
aft of the heated areas (due to melting of some ice during the heating
period) and considersble leading-edge icing during the heat-off perilod.
The effects of ice formations on airfoil characteristics were insuffi-
clently established to permit an evaluation in reference 1 of the reduc-
tion in serodynamlc performence of aircraft equlpped with cyclic de-icing
systems.

An evaluation of the effect of runback ice formations on airfoil
characteristics 1is also of iInterest for continuous heating systems. In
genersl, a continuous heating system 1s designed to evaporate the
impinging water for a particular icing condition; and 1f a more severe
icing condition 1s encountered, some water will not be evaporated, with
a consequent formation of rumnback icing. Furthermore, 1t is pointed out
in reference 1 that a considerable saving in heat can be accomplished
for a continuous heating system if some rumnback icing can be tolerated
for a selected design meteorologlcal 1cing condition. It .ls of interest,
therefore, to ascertain whether the drag resulting from runback icing is
more detrimental to performance than 1s the propulsion penalty incurred
by supplying the .additionel heat necessary to evaporate ell the Imping-
ing water.

The problem of frost formations on alrcraft is alsco of increasing
importance in cold climates. These alrcraft are subJject to heavy ground
freost formations over most of the exposed surfaces; and, 1f they are pro-
vided with a conventlonal wing anti-lcing system, removel of frost is
genereglly limited to the heatable areas which extend usually from the
zero chord peint to less than 20 percent of chord. The seriousness of
the problem must be established in order that the necessity for removing
all or part of such frost formations before take-off be understood.

In previous experimental studies, particularly those reported in
reference 4, the effect of protuberances on airfoil characteristics was
investigated; however, these studies used spoilers mounted perpendicu-
larly to the airfoll surface or smoothly faired protuberances rather
than the Irregular and rough surfaces associlated with ice formations.

An effort was made in reference 5 to simulate ice formstions by means of
tar, slag, and asphalt. These formations did not truly represent

natural ice formations, although the serodynamic characteristlcs exhibited

by the airfoll used in this study gave an indication of the serious aero-
- dynamic problems caused by lce formations.

The NACA Lewis laboratory 1s investigating experimentally the effect
of these frost and ice formations on alrfoil drag characteristics.
Studies have been conducted to relate size, shape, and type of varilous
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frost and ice formations to changes in the drag of an airfoil sectilon.
These studles include investigations with an alrfoil having its leading-
edge section unheated, continuously heated, and cyeclically heated for
de-icing. In addition, the portion of the airfoil aft of 1z percent of
chord has been heated continuously and also .unheeted to determine the
effect on airfoil drag of frost formations on this portion of the wing.
The change in adirfoll drag as a functlon of duration in ilcing for various
lcing conditions was also investlgated.

The results presented herein were obtalned with an 8-foot-chord NACA
£6571-212 alrfoll model employing a hot-gas lcing-protection system
(ref. 2). The airfoil study was conducted over tHe following range of
icing and operating conditions:

Angle of attack, deg .« ¢« « ¢« ¢« & ¢« « 4 ¢« 4 s e 2 e 4 s 4 s 2 to 8
Alrspeed, MPh o ¢ v o o o o« o ¢ o o o « o o & ¢ 4 8 o s 4w 100 to 260
Liquid-water content, g/fcum . . + « « 4 + « + « + o o« . . 0.25 to 1.4
Datum air temperature, OF ¢ . & v v ¢« v ¢« ¢ ¢ o o o o o o o -30 to 30
Mean effective droplet size, microns . .« « « ¢ « « &+ « + & 10 to 18

APPARATUS AND TNSTRUMENTATION

The model used in this study (and that of ref. 2) is an NACA
651-212 airfoil section of 8-foot chord spanning the 6-foot height of

the Lewils icing research tunnel. The airfoil leading-edge section, con-
sisting of three spanwlse segments, may be gas-heated by means of chord-
wise passages to 12 percent of chord. The center segment is 3 feet in
spen, and thé top and bottom segments are 1.5 feet each in span (fig. 1).
A1] segments were capable of being heated independently for cyclic ice
removal or collectively for continuous heating. For the cyclic de-icing
studies a continuocusly heated spanwise parting strip was used near the
zero chord line (ref. 2).

ATt of 12 percent of chord the model was divided into four compart-
ments (fig. 1), each capable of being individually heated by means of
steam. The inside of each compartment was lined with 1/16-inch-thick
neoprene to reduce the surface temperature, which otherwise might have
resulted in sufficient heat transfer to the alrfoll wake to affect the
drag measurements. In order to prevent steam leakage into the wake,
these compartments (hereinafter designated afterbody) were operated under
a slight vacuum.

As an aid in estimating the chordwise extent of ice and frost forma-
tions, l/Z-inch squares, spaced 1/2 inch apart, were painted on the air-
foil surfaces.
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A pressure rake located 1/4 chord behind the trailing edge of the
airfoil (fig. 1) was used to measure the airfoil drag. The rake con-
sisted of 71 electrically heated total-pressure tubes and 9 static-
pressure tubes. All the tubes were spaced on l/é-inch centers, The
supports for the reke were air-heated for lcing protection.

EXPERIMENTAT, CONDITIONS AND TECHNIQUES

For convenlence 1n evaluating the effect of ice formations on the
drag of an alrfoll, the following modes of heating were employed:

Leading-edge section | Afterbody| Desired drag information

Unhegted Unheated Comblned effect of frost
and lce deposits

Heated Effect of lce formation

Continuously hesated Unhegted | Combined effect of frost
and runback ice
deposits.

Heated Effect of runback icing

Intermittently heated | Unheated | Conmbined effect of frost
and lce deposits

Heated Effect of primery ice
deposlts and runback
lcing

For studies requiring heating of the leading-edge section, the
results of reference 2 establishing the heating quantitles necessary for
adequate 1cing protection at selected meteorologlcal ilcing conditions
were used in the initiel test conditions. Changes in these quantities
were then made, as required, in order to obtailn specifically desired
types or formations of 1ce on the airfoll surfaces, In general, the
rearward three steam-heated compartments were heated as a unit, and run-
back icing was allowed to form only on the first compartment behind the
leeding-edge section. For studies in which the leading-edge sectlon was
unheated and the afterbody steam-heated, all four compartments were
heated together. The range of conditions covered in these studies was
as follows: alrspeed, 180 and 260 miles per hour; water content,

0.25 to 1.4 grams per cubic meter; and datum air temperature, 0° to
30~ F.

S adRA
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The angles of attack included in the investigation were 2%, 50, and
8°. In addition, ice formations were allowed to build up on the leading
edge at a low angle of attack (2° or 50) for a period of about 4 min-
utes and the angle then changed to 8°. This procedure permitted a
measurement of the drag produced by icing that might be encountered with
a cyclic de-icing system during the heat-off period in an airplane let-
ting down through an icing cloud and then flaring out for a landing
approach.

Similar studles were made with the leading-edge section contin-
uously heated but with some runback icing permitted to form on the air-
foil swfaces aft of the heated leadlng-edge section to determine the
effect of runback icing.

Datum air temperature was defined and determined as the average sur-
face temperature of the unheated airfoil leading-edge section. 1In icing
conditions, the datum temperature was determined from thermocouples that
were shielded from or not subject to the fusion of impinged water. TFor
the range of conditions investigated, 1little difference between datum
and total air temperature was found. The icing conditions were deter-
mined from a previous.calibration of the tunnel and periodically checked
with a pressure-type icing-rate meter (ref. 6). The mean effective
droplet size in these studies ranged from 10 to 16 microns as determined
from a dye-tracer technique.

Because the tunnel airspeed was limited to 260 miles per hour, rates
of icing and ice formations associated with higher speeds were obtained
by increasing the liquid-water contents considerably above generally
accepted values for natural icing clouds with the air temperatures used
in the studies. In the absence of exact knowledge on droplet-impingement
characteristics of the test airfoil, the data are discussed in general
terms of water catch, defined in this investigation as a function only
of liquid-water content and airspeed, rather than the more complex func-
tion requiring airfoil collection efficiency based on droplet size. By
this means, the size of the ice formations obtained at airspeeds used in
this investigation and at high liguid-water contents may be assumed to
be approximately representative of ice formations at twice the airspeed
and helf the liquid-water content.

For studies of the effect of afterbody frost formations on the drag
of the airfoil, no heat was furnished to the afterbody. Frost formed on
the efterbody because of alr-stream turbulence and the supersaturated
condition of the tunnel air. The studies with frost on the afterbody
only were made over the same range of conditions as the icing studies.
For studies in which the leading-edge section as well as the afterbody
was coated with a frost formation, the tunnel alr was refrigerated to
-30° F, after which refrigeration was turned off and the ventilating
doors of the tunnel were opened to permlt warm moist air to pass over
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the cold model. Moisture condenslng on the model from this warmer ailr
gsoon covered the model with a fine coat of frost. Drag measurements with
the pressure rake were made throughout the test., The frost studies with
a fully frosted airfoil were made at an angle of attack of 8° and at a
speed of about 100 mlles per hour, simulsting take-off conditions.

Throughout the investigations, photographs of ice and frost forma-
tions were taken to correlate the slze and shape of these formations
with the changes in drag as determined with the pressure rake.

RESULTS AND DISCUSSION

Evaluation of the data obtained in this study of the effect of
variocus ilcing formations is presented 1n terms of the general increase
in drag with duration in icing as well as wilth specific ice formations
permitted to form at particular locations on the alrfoll. After presen-
tatlon of the drag data cbtained in the investigation, a brief discussion
of the significance of the results is presented.

The investigation of the airfoil drag studies reported herein is
divided into two primary categories. The first category 1s concerned
with the increase in drag caused by ice formations asscciated with var-
lous modes of supplylng heat to the leading-edge section; and the second,
with an evaluation of the effect on airfoil drag of frost formations
with and without accompanying ice formations. Tumnel wall interference
effects were not evaluated.

Three general types of leading-edge ice formations were investigated
(fig. 2). The first, a rime-ice formation (fig. 2(a)), was assoclated
with a datum alr temperature of 0° F and was essentially Independent of
liquid-water content. These ice formations conformed closely to the alr-
foll contour and faired generally forward into the alr stream. The
second type, & glaze-ice formation (fig. 2(b)), was obtained with a datum
alr temperature of spproximately 25° F and relatively low rates of water
catch., These ice formations generally built outward at an angle to the
air streem, but the primsry ice formation was stilll somewhat failred into
the alrfoll contour and dld not penetrate excessilvely into the flow field
near the stagnation region. The final type, a rough, angular, glaze-ice
formation (fig. 2(c)), was cbtained at datum alr temperatures of about
30° F at moderate rates of water catch and at air temperatures down to
25° F with high retes of water catch. This glaze ice, especially near
the stagnation reglon, formed a double-peaked mushroom shape. The growth
of the ice formatlon was approximately normal to the alrfoil surface,
with the peaks jutting ebruptly into the flow field and causing a flow
disturbance, especially at high angles of attack, These glaze-ice for-
matlons may be assoclated with combinations of flight speed, liquid-
water content, and ambient-air tempersture; consequently, they can occur
at low altltude under conditions of low alrspeed in icing clouds of high
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anblient-air temperature, or at high altitudes under conditions of high
speed and low amblent-air temperature. In the latter case, the release
of the heat of fusion and the aerodynamic heating of the airfoll surfaces
combine to promote the formation of glaze ice.

A brief study of the effect of a water film at above-freezing tem-
peratures on airfoll drag characteristics was also conducted. The water-
film effect on drag at low angles of attack was negligible., At high
angles of attack (8°) an increase of as much as 15 percent in the drag
coefficient was obtalned with a high rate of water catch. This value
wes, however, within the range of drag change caused by normal roughen-
ing of the alrfoll surfaces by forelgn particles in the tunnel sir
stream.

Effect of Ice Formations on Ailrfoll Drag

Teading-edge section unheated. - The drag measurements indicated
that when lce was permitted to collect on an unheated airfoil model at
a low rate of water catch only small Incresses in drag occurred during
an icing period of 30 minutes (fig. 3). The drag coefficient increased
by about 6 percent during the initial 3 minutes of lcing, and thereafter
a more gradusl increase in drag occurred. The primary ice formations
blended smoothly Into the flow fleld about the airfoil, and disruptions
in the boundary layer that cause large drag lncreases were avolded. The
feather-type ice formations pointing forward into the air streem behind
the first 3 inches of primary icing on the leading-edge section were
sufficiently streamlined and faired into the general flow field (see
also figs. 2(a) and (b)) to avoid any excessive contributions to an
increase in drag. The lergest increases in drag coefficient with time
occurred et an angle of attack of 5°. The maximum increase, 0.00375 or
40 _percent, occurred at a 5° angle of attack and a datum air Temperature
of 25° F after 20 minutes of icing; however, part of this ice formation
subsequently broke off with a resultant decrease in drag coefficient.
For all the icing conditions illustrated in figure 3, the increase in
drag coefficient following a 30-minute ilcing period was less than 27 per-
cent, In conjunction with the drag velues shown in figure 3, & sequence
of photographs showlng the progressive bulld-up of ice formations at s
datum air temperature of 0° F together with corresponding drag coeffi-
cients is shown in figures 4, 5, and 6 for angles of attack of 2°, 5°,
and 80, respectlvely., A simllar sequence of photographs taken for an
icing condition at a deatum alr temperature of 25° F is shown in fig-
ures 7 and 8 for angles of attack of 5° and 8°, respectively.

The effect on drag of mushroom-type Ice formations associated with
lecing at datum air temperatures near the freezing point, discussed in
conjunction with figure 2(c), is illustrated in figure 9. At an angle
of attack of 8° the protrusion of the leading-edge ice formation into
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the flow field caused an increase in drag coefficient from 0.0128 to
0,0222 after 28 minutes. This increase In drag was accompanied by a
shift 1n the momentum wake toward the upper surface, which indicated a
possible loss in 1i1ft. Subsequent blow-off of a portion of the upper-
surface ice formation (fig. 9(b)) resulted in a sharp decrease in dreg
coefficient to 0.0153., It 1is apparent, therefore, that the ice forma-
tions on the upper surface near the leadlng edge of an alrfoll have the
greatest effect on drag. The shift of the momentum wake back in the
direction of the lower surface as the lce blew off indicated that the
upper-surface leading-edge ice formation was alsc responsible for the
apperent changes in 1ift.

Another example of a mushroom-type lce formation on the airfoill
leading edge is shown in figure 9(c) for a 5° angle of sttack. The mag-
nitude of the drag-coefflcient Increase 1s compargable to that obtained
at an 8° angle of attack; however, no particular shift in momentum wake
indicative of a loss in 1ift was observed.

Leading-edge section continuously heated. - The data presented in
thls section are particularly applicable to anti-icing systems that do
not eveporate all the impinging water, but allow runback icing (fig. 10).
Such runback icing may be encountered when an anti-icing system is
thermally submarginal for the lcing condltion encountered. On the basis
of the heating rates established for continucusly heating the leading-
edge sectlon 1n reference 7, the heatlng retes used herein were gbout
28 to 45 percent of those necessary for total evaporation of the imping-
ing water. The percentage of the total amount of water impinging on the
airfoil that was evaporated by the heatlng rates given In figure 10 would
be approximately of the same magnitude (ref. 1).

The drag-coefficlent changes caused by such runback lclng are pri-
marily functions of the rate of water catch, heating rete, and datum air
temperature. All three factors contribute to the size, location, and
shape of the runback ice formations and consequently to the drag of the
airfoil, From the drag-coefficient changes shown In figure 10, the drag
appears to lncrease more rapldly with time in icing at a high deatum air
temperature than at a low datum alr temperature, as a result of the
bulkler and generelly rougher ice usually assoclated with high datum air

temperatures,

The increase in drag coefficient at a 2° angle of attack with time
in an 1cing condition 1s shown 1n figure 10 with the corresponding photo=-
graphs of the runback icing shown in figure 11. The data shown are for
e high rate of water catch at a datum air temperature of 0° F. The drag
coefficlent increased 29 percent in 20 minutes of lecing with most of the
runback ice formation located near 13 percent of chord. Some small run-
back icing streaks on the upper surface may be observed at about 8 per-
cent of chord in figure 11(d), with two V-shaped formetions Just sbove
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the center of the airfoll span. Although the datum alr temperature was
low in this study, the rumback icing was of a glaze-type ilce structure,
with rime-ice deposite occurring only as the result of direct droplet
impingement on the residual runback icing. On the lower surface the
rurback icing extended from sbout 13 to 20 percent of chord (figs. 11(a)
and (c)). The runback formetions on the upper surface Were generally
shorter than those on the lower surface. After 20 minutes of icing at
a 2° engle of attack, the angle was changed %o 80 to simulate a landing-
approach condition with the ice -shown in figure 11(d) still on the air-
foil. Only a small increase in drag coefficient over the bare airfoll
drag at the 8° angle of attack was observed that could be attributed to
these runback ice formations (fig. 10).

At a 5° angle of attack an increase in drag coefficient of approxi-
mately 39 percent was obtained in lé%»minutes of icing (fig. 10) with a
relatively low rate of water catch and a datum air temperature of 250 F.
Photographs of the runback ice formatlons associated with this drag
increase are shown in figure 12. A spanwise lce rildge sccummilated on
the lower surface at approximately 13 percent of chord, while a series
of runback patches formed on the upper surface. The formation on the
lower surface was not caused by rumback icing alone, but also by direct
water impingement as the ice formation began to protrudé into the alr
stream. A comparison of figures 12(a) and 12(c) shows that, on the upper
surface, only the runback ice formations near the leading edge show an
apprecigble increase in size in 8 minutes of 1lcing; the increase in drag
coefficlent 1s apparently caused primarily by the spanwise ridge-ice
formation on the lower surface. At a datum temperature of 0° F with low
rates of water ceatch, the drag coefficient at an angle of attack of 5°
did not change appreciably with time in icing (fig. 10). For these
conditions, the airfoill drag coefficients with submarginal heating of
the leading-edge sectlon are nearly the same as those for comparable
conditions with no leading-edge heating.

At an 8° angle of attack the physical dimensions and locatlons of
runback icing have a pronounced effect on the drag coefficient (fig. 10).
As the heating rate is decreased or as the rate of water catch is
increased, the drag coefficient 1ncreases correspondingly. The effect
on drag coefficient of a reduction in heat supply of 23 percent from
5850 Btu/(hr)(ft span) to the leading-edge section for a given icing
condition is shown 1n figure 10 for an 8° angle of attack and a datum
air temperature of 25° F, At the reduced heating rate of
4500 Btu/(hr)(ft span), a 1l0-percent increase in drag occurred in the
initial 2 minutes of icing; thereafter the drag coefficlent increased at
approximately the same rate as with the higher heat flow. The use of a
lower heating rate caused a forward movement of runback ice formetlons
as well as sllightly larger ice formations because of the evaporation of
less water in the heated area.
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For the rumback ice formation shown in figures 13(a) and (b) the
drag coefficlent was i1ncreased only 12 percent after 15% minutes of

lcing. From the appearance and location of the icing, 1t is seen that
most of this increase in drag was caused by the lower-surface icing.

After an additional 6% minutes of icing (fig. 13(c)) the drag coefficient

had not lncreased apprecisgbly, primearily because the spanwise ice ridge
shed intermittently in small chunks and thereby prevented a large
increase 1n the total amount of runback lce accumulation.

A photograph of a heavy runback 1lce formation on the upper surface
near the alrfoil leading edge at an 8° angle of attack is shown in fig-
ure 14(a). The accompanying spanwlse ice ridge caused by runback icing
on the lower surface is shown in figure 14(b). These ice formations
occurred at a datum air temperature of 25° F and a relatively low
liquid-water content for 22 minutes of icing, after which a high
liquid-water content was obtained for 7 more minutes. The drag coef-
ficient of 0.0217 is 67 percent higher than the bare airfoll drag
value and was accompenied by & pronounced shift in the momentum wake,
whilch indicated inciplent stalling of the airfoll. Removal of the
patches of runback icing on the upper surface to a distance gbout
12 percent of chord behind the leading edge §fig. 14(c)) resulted in a
reduction of the drag coefflcient to 0.0175 (35 percent sbove bare air-
foil drag), slthough the lower-surface ice ridge was substantially
unchanged. The majority of this remalning drag can probably be attri-
buted to the ridge of runback icing on the lower surface, as was indi-
cated for figure 13.

Leading-edge sectlon cyclically de-lced. - For a cyclically de-iced
leading-edge section, the change In drag coefficient caused by leading-
edge icing during the heat-off period and runmback lcing during the heat-
on period is shown in figure 15 as a function of icing time; all the
icing conditions shown in figure 15 resulted in the relatively small,
generally stresmlined ice formations shown in figures 2(z) and (b). The
curves in filgure 15 indicate that only a gradual increase in drag occurs
for icing times up to 50-minutes duration. The drag coefficient at all
angles of attack studied ilncreased a maximm of 00,0012 (10 percent)
during & 4-minute heat-off period with a datum alr temperature of 25° F,
After the heating period the drag coefflcient generally approached
within 5 percent of the initisl bare asirfoil drag value., Practically no
increase in drag was obtalned at a datum air temperature of 0° F. At a
datum air temperature of 0° F, permitting the airfoil to ice at a low
angle of attack (2° or 5°) during a 4-minute heat-off period and then
increasing the angle of attack to 8°, to simulste a landing approach,
increased the drag coefficient by approximately 18 percent over the drag
value assoclated with a 4-minute icing period st the high angle of
attack; however, upon lce removal the drag coefficient nearly approached
the bare airfoll drag value. An increase in the liquid-water content to
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obtain a high rate of water catch did not significantly increase the
drag coefficient at a 2° angle of attack and a datum alr temperature of

0° F.

Photogrephs illustrating the type and magnitude of itypical leading-
edge icing and residual icing following the heating period are shown in
figures 16 to 19 and apply to the drag data shown in figure 15. TIncreas-
ing the heat-off period from 4 to 12 minutes with a low rate of water
catch at a datum air temperature of 0° F did not appreciably change the
drag coefficient (fig. 15), although the ice formations accumulsted in
the longer icing period were considerably larger (fig. 18(c)). The use
of a parting strip with a cyclic de-icing system at low rates of water
catch had no apparent effect on the airfoil drag during the lcing periocd
when compared wilth an unheated leadlng-edge section (see figs. 3 and 15).

For conditions that produced mushroom-type glaze-ice formations
(high liquid-water content and high datum air temperature), rapid and
large drag increases were incurred during 4-minute lcing periods
(fig. 20). At 2° angle of attack the drag coefficlent increased by as
much as 0.0081 (59 percent) during a 4-minute icing period. With an
8°-~angle-of—-attack attitude, the drag coefficient incressed by as much
as 0.0089 (68 percent) during the .Initial 2 minutes of a heat-off perlod
and as much as 0.0093 (71 percent) for the full 4-minute heat-off period.
4t 5° angle of attack, the rate of increase of the drag coefficient with
icing time was not as rapid as at 2° and 8° angles of attack, because
the rate of water catch was lower. The largest percentage of drag
increase during a heat-off period at 5° angle of attack was about 22 per-
cent, except for the iInitisl cycle.

The effect of a gradual increase in residual runback lclng with
icing time on drag coefficient is illustrated in filgure 21. After
approximately 9 minutes in ilcing at an angle of attack of 20, the drag
coefficient before ice removal reached a value of 0.014z and returned
to 0.00973 after ice was shed (figs. 21(a) and (b)). After epproximately
23 minutes 1n icing, the drag coefficient reached a value of 0.0164
before ice removal and returned to & value 0.0114 after removal
(figs. 21(c) and (d)). The cause for the increase with time of the drag
coefficient after ice removal 1is apparent from the larger lce formations
remaining on the lower surface after 23 minutes in icing. The growth of
these ice formations may be greatly limited by the use of a secondary
cycling arrangement. With this procedure, the de-licing system is
operated for several cycles so that runbaeck ice forms on the rear portion
of the heatable area. Then, on a subsequent cycle, a higher heating rate
or longer heating time 1s used, which ellows the rear surface areas to
heat up more than previously and thereby remove the runback ice.

Although some runbeck lcing will occur on unheatable areas during the
secondary cycles, repetition of this heating pattern will greatly
decrease the permanent runback ice formations.
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Additional photographs of typical ice formstions obtained on the
alrfoil under conditions of high rates of water catch and a dstum air
tempersture of epproximately 25° F together wilth the associated dreg
coefficlents are shown in figures 22 and 23. In most cases, e drag
coefficient on the order of 0.020 at an angle of attack of 8° was
eccompanied by a marked shift of the momentum wake behind the sirfoil
toward the upper airfoil surface, which indicated a loss in 1lift and
approach of stall for the airfoil., These shifts of the wake often
occurred within 80 seconds after the start of a heat-off or icing period.
A study of the drag-coefficlent changes associated with the icing photo-
grarhs of flgure 24 again indicates that the high drag value is csused
by the upper-surface icing at the leading edge. The large residusl or
runback ice formations on the lower surface, together with runback on
the upper surface 6 inches behind the leading edge, contribute only an
increase of about 0.0032 (26 percent) to the drag coefficient; whereas
the ice formed at the leading edge during the heat-off period contributes
an additional increase to the drag coeffilcient of about 0.0084 or a total
drag increase of sbout 96 percent. The shift observed in momentum wske
behind the alrfoil was caused by the upper-surface leading-edge ice for-
mation. The drag value after several cycles of ice removal showed an
increase over the bare alrfoll drag of about the same order as runback
lcing discussed in the section on continuous heating.

A decrease 1n the hest flow to the leading-edge section and an
increase in the heating time had no appreciable effect on the drag coef-
ficient. The runmback icing incurred by changes in cycle timing is
apparently In the same category as rumnbeck icing incurred with a con-
tinuously heated system that does not evaporate all the impinging water;
hence, only small increases in drag are obtsined,

The drag assoclated with lce accumulated during a heat-off or icing
period at a datum alr temperature of 259 F during three simulated
landing-approach procedures was studied. The date obtained are shown in
figure 25. The drag coefficient for approasch condition A (see legend in
fig. 25 for conditions) increased from 0.0088 to 0.0393 (347-percent
increase) as the angle of &ttack was changed from 2° to 8°. Following
cycllc operation of the icing-protection system the drag coefficient was
reduced to within 20 percent of the bare airfoil drag coefficient at 8°
angle of attack. At a high rate of water catch (condition B) the drag
coefficient for a simulated approach increased from 0,0123 to 0.,0502
(308-percent increase) when the angle of attack was chenged from 2° to
8° near the end of a 4-minute icing period. This is an increase of
509 percent over the bare airfoil drag at a 2° angle of attack and
285 percent over the bare airfoil drag at 8° angle of attack. Similarly,
changing the angle of attack from 5° to 8° (condition C) increased the
drag coefficlent from 0.,0113 to 0.027 (139 percent). Upon removel of
this ice formation during the heating period, the drag coefficient
returned to within 5 percent of the bare airfoil drag at 8° angle of
attack., These large drag increases were caused by the ice formation just
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aft of the leading edge on the upper surface of the airfoll and were
accompanied by a stalling characteristic of the airfoil. The number of
cycles at the low angles of attack does not appreciably affect the sharp
rise in drag as the angle of attack is increased to 8°; however, the
residual runback icing formed during cycles at low angles of attack will
determine how closely the drag after an angle-of-attack change to 8° will
epproach the bare wing drag at 8° angle of attack following the heat-on
period.

General comments on effect of icing on airfoll drag. - In general,
the studies showed that primary ice formations incurred near the air
stagnation region on the upper surface of an airfoil at high datum alr
or surface temperatures in the presence of a high rate of water catch
cause a severe and often prohibitive increase in drag, especlally at
high angles of attack. From the datas presented herein it is apparent
that ridges or heavy accretions of runback ice formations on the upper
surface near the zero chord point are detrimental to airfoll aerodynamic
characteristics at high angles of attack. Spanwise ridges of heavy
runback lcing on the lower surface may csuse appreclable drag Increases
at low angles of attack. Chordwise stresks of runback icing away from
the leading edge on €ither surface of the airfoil do not appesr to cause
significant changes in alrfoil drag.

A comparison of the effect of runback icing incurred with & contin-
uously heated leading-edge section that does not evaporate all the
impinging water with one that is cyclically de~iced (figs. 10 and 20,
respectively) shows that in a severe icing condition (datum air temper-
ature, 25° F; angle of attack, 8°; airspeed, 260 mph; and a water con-
tent of approximately 1.0 g/cu m) the drag coefficient with continuous
heating increased to a value of 0.018 in 12 minutes, whereas the maximum
value after de-lcing with a cycllic system did not exceed 0.016 in
28 minutes. The slope of the drag-coefficient curve for continuous
heating indicates that for a similer 28-minute icing period the drag
coefficlent could have reached a value of about 0.024, an increase in
total drag due to runback icing of 50 percent over the cyclically de-iced
airfoil. For low rates of water catch (figs. 10 and 15), the drag
increases incurred with a continuously heated leading-edge section that
allows some runback icing to occur are about the same as the drag incurred
with runback icing for & cyclically de-iced sirfoil.

Glaze-ice formations on the leading-edge sectlion during a simulated
approach cause a severe increase in drag coefficient and are accompanied
by a shift in the position of the momentum wake, whilch indicates Incipi-
ent stalling of the airfoil. '
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Effect of Surface Frost on Drag Characteristics

Unpublished NACA date indicate that frost deposits on the surface
of an airfoil afterbody behind the heated leading-edge section have a
great effect on the airfoll drag characteristics., An effort was made to
evaluate this effect quantitatively by epplying several grades of sand-
paper to speclfic areas of the afterbody and to study the effect of this
roughness on airfoil drag vaelues. With both airfoll surfaces covered
symmetrically with fine grade, 120-grit sandpaper aft of 20 percent of
chord, an almost linear rise in drag coefficient as a functlon of the
alrfoil surface covered was noted over a range of angles of attack from
0° to 8°. This increase in drag coefficient amounted to 0.00005 per
percent of the total surface covered. It was also observed that epplying
sendpaper to the lower surface alone contributed only about 25 percent
of the total increase in drag obtained with sandpsper on both upper and
lower surfaces.

The afterbody frost formatilons obtained in icing tunnels are
believed to be caused by turbulence of the alr stream, which deposits
minute droplets on the surfaces, and by a condition of supersaturation,
which promotes the growth of frost deposits. The initial frost deposit
on an afterbody sppears immediately upon starting e spray cloud through
the tunnel and takes the form of a latticework of pinhead size crystal-
line deposits on both upper and lower surfaces of the sirfoil
(fig. 26(a)). As the frost formstion increases in size with time in the
lcing conditlon, water droplets begin to impinge directly on the frost
pinnacles (fig. 26(b)). The deposition of droplets on the frost pin-
nacles causes small featherlike formstions composed of ice and frost
perticles to grow forwerd into the air stream (fig. 26(c)). These
feathers increase 1n size and may reach a length of several inches and
protrude as much as 1 inch in a direction normal to the air stream

(fig. 26(d)).

In order to illustrate the increase in drag that may occur from
frost formations on an airfoil, the following sections discuss the drag
changes obtaslned in combination with leading-edge icing and several
modes Of removing the leading-edge lcing while permitting the frost for-
mations to remasin on the afterbody surfaces. Such combinstions of cir-
cumstance may be encountered in flight during a change from cold to
wermer, more humid icing conditions and in a taske-off in cold wesgther
conditions conducive to frost formations on aircraft surfaces.

Leading-edge section unheated. - The combination of leading-edge
ice formations and frost on the afterbody surfaces causes a rapid and
large increase in airfoil drag (fig. 27) for icing periods up to 32-
minutes duration. At a 3° angle of attack and approximately equal water-
catch rates, a change in datum air temperature from 0° to 220 F 4did not
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materially affect the rate of change in the drag coefficient. For these
conditions the drag coefficient was increased by about 100 percent after
25 minutes of icing. At an angle of attack of 8° the rate of change of
the drag coefficlent with time in icing was approximately the same as at
a 5° angle of attack. An increase in liquid-water content from 0.53 to
1.4 grams per cubic meter, resulting in a higher total water-catch rate
and an increased frost-deposit rate, increased the rate of change of the

drag coefficient, the drag increasing by 100 percent after only 7% min-

utes., The rapid rise in drag for this condition is due 1In great part to
the heavy glaze mushroom-ice formation on the leading edge (fig. 28).

A sequence of additlonsl photographs lllustrating the ice and frost for-
mations that caused the drag changes presented in figure 27 are shown in
figures 29 and 30. A comparison of figures 6(a) and 6(b) with fig-

ures 30(a) and 30(b), respectively, indicates that the leading-edge ice
formations are gquite similar; the difference in drag coeffilcilent

(36 percent after 21 min) can, therefore, be sttributed to the afterbody
frost formstions.

Leading-edge sectlon continuously heated., - Continuously hesting
the leading-edge sectlon and permitting frost to accummulate on the
afterbody cen result in an extremely rapld 1lnitisl increase In drag
coefficient at high rates of water catch (fig. 31). Such a condition
mey be encountered during take-off and climb in cold climetes, At an
angle of attack of 2° with a high rate of water catch, an increase in
drag coefficient from 0.00785 to 0.0132 (88 percent) occurred within
1 minute after icing started. Photogrephs of the frost formations on
the afterbody indicate that the 1nitisl drag increase was caused by
small pilnhead frost deposlts on both upper and lower surfaces of the
airfoil similar to the frost shown in figure 26(a). At the end of
25 minutes 1in the same lcing condition, the drag coefficlent had reached
0.0235, an increase of almost 200 percent over the bare airfoll dreag
velue. Photographs of this icing condition (fig. 32) indicete runback
icing simijar to that shown in figure 11 in addltion to the afterbody
frost. For an icing period of 15 minutes, the drag coefficlent was about
70 percent greater with frost than without frost formations on the after-
body. It 1s apparent that the difference in drag velues ggain 1s caused
by the afterbody frost formations. After 25 minutes in the icing condl-
tion at an angle of 20, the angle of attack was changed to 8° with a con-
sequent rise in drag coefficient from 0.0235 to 0.0274 (fig. 31).
Although the afterbody surfaces were covered with frost and the drag
coefficlent was high, the lncrease in drag coefficient as the angle of
attack was increased was of the same order as the drag increase shown in
figure 10 for simlilar conditions without afterbody frost formations.

At an angle of attack of 8%, a 53-percent rise in drag coefficient
oceurred within 3 minutes after the start of the lcing condition. A
peak value of drag coefficlent, 0.0251, was obteined for thls condition
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after 30% minutes in the icing condition. Typlecal runback ilcing and

afterbody frost formations at an 8° angle of attack are shown in fig-
ure 33, With a reduced water catch, the dreg coefficient at a 5° angle
of attack with practically no runback lcing did not increase as rapidly
as at 2° and 8° angles of attack. A peak value of 0.0143 (Sl-percent
increase from initiel bare airfoil drag), obtained after 41 minutes in
the icing condition, was completely attributable to frost formations on
the afterbody (fig. 34). Cessatlon of the water spray cloud in the
tunnel results in gradual removal of the frost formation by wind forces,
and to some extent by sublimation, with a consequent decrease 1n drag
coefficient from the peak value.

Ieading-edge section cyclically de-iced. - With the leading-edge
section intermittently heated as 1n cyclic coperation of the de-icing
equipment, frost formations on the afterbody again caused a rapid initial
rise 1n drag coefficilent (fig. 35). At a 5° angle of attack and a
liquid-water content of 0.6 gram per cubic meter, the drag coefficlent
with a datum alr temperature of O° F increased from 0.0089 to 0.0123
(38 percent) in 2 minutes. This increase in drag coefficient was caused
by frost formations on both alrfoil surfaces and by leading-edge lce
formetions. At a dabum air temperature of 25° F and a lower rate of
water catch, the increase in drag coefficient at a 5° angle of attack
was spproximately 60 percent of that incurred at 0° F datum air tempera-
ture.

With a high rate of water catch and a datum air temperature of 0° F,
the drag coefficient increased from 0.0089 to 0.0139 (56 percent) in
2 minutes, the latter value belng attalned after shedding of the leading-
edge ice formation. The drag coefficient became somewhat stable at about
0.0158 as the time in lclng was contlnued, and intermittent shedding of
the leading-edge section had very little effect on the drag coefficient
(fig. 36). For this particular run the upper surface remained unusually
clear of frost. After a total time of 40 minutes 1n this icing condl-
tion, the angle of efttack was changed from 5° to 8° during a heat-off
period and the study was continued st the latter angle, In the first
three cycles after the change in angle of attack to 8°, the ice on the
lower surface was not completely shed. Photographs of the lncomplete
ice removal are shown in figure 37 together with a close~up of the frost
formetion on the afterbody. Although there was a marked reduction in
drag coefficient at 8° angle of attack after each shedding cycle
(fig. 35), the trend of drag coefficient was generally upward, reaching
a peak value of 0.0218, which after ice shedding was reduced to 0.0194.
It 1s apparent, therefore, that airfoil afterbody frost formations cause
severe drag increases that cannot be appreclably reduced by use of cur-
rent lcing-protection systems.
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In polar regions, sublimation frost accumulating on parked aircraft

may be removed by varilous technigues before take-off; however, atmos-
pheric conditions often occur whereby the aircraft again becomes coated
with frost duwring the short period of taxiing and teke-off. Such for-
mations of frost have resulted in accidents 1in Alaska during World

War II.

A brief study was made 1n the icing research tunnel of the effect
of a sublimation frost on the drag of an ailrfoil. This study indicated
that the drag may increase as much as 300 percent over the bare alrfoil
drag value. This increase in drag was obtained at an 8° angle of attack,
an airspeed of 100 miles per hour, and & datum alr temperature in the
range of -25° to -89 F. A photograph of the frost formetions causing
this increasse 1n drag is shown in figure 38, This drag increase must be
consldered conservative, because only the upper half-span of the airfoll
model was covered with frost. Hence the momentum loss in the wake
(measured at the center of the model span) did not measure the full drag
change of the frost-covered section of the girfoil. The amount of frost
shown In figure 38 was accumulated in sbout 5 minutes. The growth of
the leading-edge frost formation was probsbly caused by a combination of
frost and small condensation droplets, and close examlnation showed the
microstructure of the formation to be very brittle and crystalline.

In addition to the large drag losses measured for a frost-covered
airfoll, momentum wake considerations indicate that stalling character-
istics of the airfodl have developed at low angles of attack, and the
hazard of stalling gt teke-off is thereby introduced.

General comments on effect of frost on airfoil drag. - In general,
frost formations over the entire ajrfoll (sublimetion frost) or over the
surfaces aft of the heatable sreas cause a severé\drag increasge and at
high angles of attack are accompanied by shifts in the position of the
momentum wake which indicate & loss in 1Ift and possible stall. Con-
ventional heating systems (continuous or cyclic de-icing) do not remove
g sufficient amount of frost to permit safe operatlon of the airfoll at
high angles of attack where loss in 1ift is critical.

Correlation of Drag Caused by Icing with Drag
Caused by Protuberances

The data presented hereln are necessearily limited to specific operat-
ing and lcling conditions; consequently, it is highly desirable to be
able to extend the drag data associated with ice formations by compara-
tive means., Reexsmination of the aerodynamic effects of protuberances
(fig. 39) at various positions on an airfoil (ref. 4) together with the
effects of lce formatlons presented herein indicates that a large part
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of the dats in reference 4 1s directly applicaeble for estimasting the

effect of ice formations on airfoll characteristics., From reference 4

1t is apparent that protuberances near the stagnation reglon for low .
angles of attack do not greatly change the alrfoll characteristics. A
protuberance such as & mushroou-type ice formaetion (fig. 2(c)) is, of
course, an exceptlon. Reference 4 indicates that protuberances on the
lower surface generally do not serlously affect the airfoll drag unless
the protuberance 1s very large, as 1s glso shown in the icing drag
studles. Although the airfoll drag is affected in varylng degrees by
protuberances on the upper surface for all angles of attack, the most
serious effects are obtalned when the protuberances are near the leading
edge, as was demonstrated by the serious drag increases caused by the
leading-edge ice formations durlng the heat-off period of a ecyclic
de-icing system under conditions of hilgh rates of water catch and high
datum air temperature (figs. 21 to 24). The mushroom-type leading-edge
ice formatlon and runmback lcing that forms in spanwlse ridges can be
represented by the spoiler protuberance of reference 4 (fig. 39(z2)). A
smoother, sheet-type runback lce formatlon can be represented by the
faired protuberance (fig. 39(b)) used in reference 4. Such a falred
protuberance generaslly does not affect the drag of an alrfoil seriously
except 1f located near the stagnation regilon on the upper surface of the
airfoil. A protuberance located at a speciflc point on the lower sur-
face wlll generally have a smaller percentage effect on drag as the angle .
of attack is increased,

VLS

The data in reference 4 are directly applicable only to an NACA 0012
alrfoil section and should not be applied to alrfoils of thickness ratios
greatly different from 12 percent. Because, however, the present alrfoil
model is of lZ-percent thickness, the magnitude and trend of the aerody-
namic changes caused by the protuberances of reference 4 are believed to
be generally similar to those expected for an NACA 657-212 alrfoll section.

On the basis of this assumption, some of the date presented in reference 4
are replotted in figure 40 in terms of the percentage of drag lncrease asg
a function of protuberance helght for the subject airfoll for three chord
statlions and three angles of attack., In addition to these data, limited
data on a faired protuberance of 0.5-inch thickness (fig. 39(b)) indicate
that a small increase of 0.0005 to 0.00L (6 to 10 percent of bare airfoil
drag coefficient) may occur in the drag coefficient over the range of
chord staticns and angles of attack shown in figure 40. At the sgstagnation
region, data for a spoiler protubersnce falred on the downstream side
(f1g. 39(c)) indicated marked drag reduction as compared with an unfaired
protuberance.

By discriminating use of the data of figure 40, reference 4, and .
the preceding discussion, the drag-coefficilent change caused by ice for-
mations can be estimated. However, the data presented herein and in
reference 4 are limited in scope and all ice formations cannot be repre-
sented adequately by the simple protuberances Iinvestigated, especlally
those ice formations near the leading edge. In these cases only rough
estimates of the effect of such ice formations can be made,
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For the runbsck ice formetlons shown in figures 11(c) and (4) near
the l1l2-percent-chord stetion, the height of the ice formstions on both
the surfaces after 20 minutes of icing is estimated at between 1/8
end 3/16 inch. According to figure 40(c), this protuberance height
should result in a drag increase of about 28 percent for each formation,
or a total of 56 percent. On the upper surface, however, the ice for-
mation is more nearly represented by a faired protuberance for which the
drag increase amounts to sbout 6 percent (ref. 4). The total estimated
drag increase would therefore be approximately 34 percent., The measured
increase 1n drag for the ice formations in figure 11 was approximately
29 percent, which agrees satisfactorily with the estimsted value.

In figures 21(c) and (e) the predominant ice formations are located
gt the leadlng edge of the upper surface and st about 13 percent of
chdrd on the lower surface. Although there is an 1ce formstion near
3 percent of chord on the lower surface, the effect of such a protuber-
ance 1s overshadowed by the greater formation at 13 percent of chord.

An estimate of the leading-edge ice from figures 21(c) and (e) indi-
cates & thickness of sbout 1/2 inch, with the averasge thickness on the
lower surface at 13 percent of chord gbout the same, By use of fig-
ures 40(a) and (c), the estimated drag-coefficlent increase is sbout

101 percent compared with a measured increase in drag of 96 percent.

For figure 21(&) much of the ice has been removed after the heating
period, and the average ice thickness near the center span of the girfoll
at 13 percent of chord is sbout 1/4 inch. Only thin faired runback
stresks were evident on the upper suwrface, with a maximm thickness of
about 0.1 inch which, according to reference 4 and substantiated by the
drag measurements reported herein, can be neglected for drag evaluations.
The total drag Increase for this runback icling is estimated from fig-
ure 40(c) to be 46 percent compared with the measured increase in drag
of 37 percent.

The foregoing examples were selected to 1llustrate the degree to
which the effect of ice formations on airfoll drag characteristics can
be estimated. No such close agreement between estimated and measured
increases in drag coefficient can be made for the dangerous lce forma-
tlons occurring between 1 and 5 percent of chord on the airfoll upper
surface without additional dste simllar to those presented 1n refer-
ence 4, The estimated drag values willl ususlly tend to be high, because
the ice formations are generally more falred and discontinuous than the
protuberances used in reference 4. :

Effect of Ice Formations on Lift and Moment Coeffilclents
The results of reference 4 show that protuberances on the lower sur-

face do not greatly affect the slope of the 1ift curve or the maximum
1lift; in fact, these protuberances may even increase the 1ift slightly.
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At low angles of attack, protuberances on the upper surface tend to
decrease the 1i1ft slightly. At high angles of attack, however, protu-
berances on the upper surface have detrimental effects on the 1lift curve
slope and the maximum 1ift coefficlent, especlally when the protuberance
1s located near the leading-edge radius region. According to refer-
ence 4, the effect of protuberances at a specific location on the air-
foill upper surface is generally to decrease the maximum 1I1ft ccefficlent
nearly proportionally to the protuberance height; however, protuberances
‘neer the leading edge cause disproportionately large decreases in 1ift,
Although the change in 1ift coefficient due to lce formations could not
be estesblished, the shift in the momentum wake behind the sirfoil (dis-
cussed previously) provided a good indication of a large change in 1ift
and an spproach to an airfoil stell condlition. ©Such 1ndicatlons of
stall were usually caused by large mushroom-type lce formations, heavy
runback ilcing, or frost on the airfoll upper surface at the leadlng-edge
radius region. In the absence of more exact corroborative dats, it
would appear that changes in 1ift due to 1ice formations can be estimated
from reference 4.

In general, the effect of protuberances and hence ice formetions on
the moment coefficient appears to be negligible except for large ice
protuberances on the upper surface forward of the meximum thickness
location of the airfoill. Large protuberances, especlally near the lead-
ing edge, cause a more negative slope and a sharp bresk 1n the moment-
coefficient curve (ref. 4).

Significance of Results

In the interpretation of the significance of the data presented in
the preceding sectlons, consideratlion must be taken of the probability,
frequency, and duration of encountering icing conditions that would
cause serious increases in drag and losses in 1ift during flight. For
example, the data for a condition of hilgh rate of water catch and high
datum alr temperature indicate lerge drag lncreases at high angles of
attack; however, such an attitude is generally of short duration for
the aircraft and occurs primarily during the initial take~off or the
final let-down stages. On the other hand, a condition of high rate of
water catch and high datum air temperature at a low angle of attack may
occur relatively frequently for Jet-powered fighter or bomber aircraft;
consequently, this icing and operating condition may be of much greater
interest with respect to drag changes and alrcraft performance,

With the possibility of frost formations on airfoll afterbodies in

flight assumed negligible, it would sppear that low rates of water catch -

generally obtalned by a combination of smell droplets, average liguid-
water content, low subsonic alrspeeds, and large airfoll chords and
thicknesses - do not seriously affect the girfoil drag chagracteristics.
For these same conditions of low water catch, cyclic de~lcing of the
leading-edge section does not improve the drag characteristics of the
alrfoll, principally because the airfoill drag is not seriously affected
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by the primery leading-edge ice formations (fig. 15). The formation of
runback ice aft of the heated areas, caused by elther a cyclic de-icing
system or a contlnuously heated system whilch does not evaporate all the
impinging water, therefore constitutes the maejor means of incurring a
drag penalty. These drag penslties are, however, of small msgnitude
over the normal range of icing conditions generally encountered by Jet
alrcraft in flight, and the loss in 1ift associated with these drag
penalties is negligible (refs. 4 and 5). It appears, therefore, that
for large sirfoil chords and for thicknesses of the same magnitude as
the airfoil studled, no lcing protection is required for a condition of
low rate of water catch and streamliined 1ce formation.

It should be noted that these comments apply specifically to the
l12~percent-thick airfoil section investigated. Use of smaller chord or
thinner airfoils will result in higher and more rapid drag-coefficilent
Inereases and possibly a more seriocus deterioration in 1ift for compar-
gble ice formations., The inltial drag coefficient of the bare airfoil
was in the range generally assoclated with standard roughness, for
which some surface waviness, dustiness, and protectlive coating may be
present. It is believed that if a completely clean and aerodynamlcally
smooth airfoil were exposed to icing conditions, the drag coefficient
would qulekly rise, especially in the low-drag range, by as much as
100 percent to approach the inltiael drag coefficients reported herein
for the bare airfoll. Thereafter ice formatlons of the streamlined
type would contribute no apprecisble drag incresase.

A mushroom-type glaze-ice formetion resulting from icing encounters
with combinations of high ligquid-water content, large droplet size, high
girspeed, and high datum alr temperatures will cause large and rapld
increases in drag for which most sircraft may require protection. From
the data presented in figures 20 and 25 1t 1s epparent that an airfoil
equipped with a cyclic de-icilng system is most susceptible to drag pen-
alties at high angles of attack and during approach operation. It is
therefore essential that high angles of attack be avoided if a heavy
deposit of mushroom-type glaze ice has been incurred on the leading edge.
Proper operation of the ailrcraft, by shedding of heavy leading-edge ice
formations before assuming an approach attitude, should minimize the
danger of stalling the airfoll.

Runback ice formations on the lower surface increase the drag some-
what but do not eppear to affect seriously the alrfoil aerodynamic
characteristics. If the upper surface of an airfoll is subject to little
or no runback lcing and the lower surface 1ls permitted to accumulate run-
back icing, & substantlal reduction 1n heating requirements over those
calculated in reference 1 can be achieved. Thus, the use of a continuous
heating system might be extended to protect high-altitude, high-speed,
turbojet-powerad alrcraft without the large performance penalties indi-
cated in reference 1 for a system designed to evaporate all the impinging
water,
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For certeln types of aircraft that need only penetrate a stratus
cloud layer immediately after take-off and are capable of rapld descent
through such a cloud layer, the magnitude of the 1lce formation accumu-
lated during the flight through the layer may not seriously affect the
aircraft performance. Upon ascent, the lce formations may decrease by
sublimation at high altitude and high speed at rates up to 1 inch of
thickness per hour. Should the expected accumulation of ice formations
on an airfoll during descent prove incompatible with the alrcraft per-
formance speclfications, an icing-protection system may be included that
ig designed to operate only for low-speed let-down conditions. Such an
icing-protection system could operate eilther cyclically or continuocusly
with a relatively low heating requirement.

The icing of an aircraft in flying through a cumulus cloud at high
altitude should not prove excesslvely detrimental to aircraft perform-
ance, because the aircraft will iIn all probability be at a low angle of
attack, a flight condition not conducive to large changes in sairfoil
performance cheracteristics.

Although the possibllity exists of forming frost on asircraft sur-
faces during flight, the probability of such an occurrence gppears to be
quite remote. Frost formatlons during ground operation, however, are
quite common in cold climastes and, with respect to the drag losses
assoclated with such formations on airfoll surfaces, merit attention.
The use of & conventlonal thermal lcing-protection system to remove
frost from the leading-edge region of an airfoil will not provide suffi-
clent protection to ensure a safe take-off, It is, therefore, necessary
in sall-weather operatlon to provide additional protection from frost for
the slrcraft while on the ground, such as sheltering the wings and
empennage surfaces with heated covers, tents, or hangars.

SUMMARY OF RESULTS

The results of an investigation of the effects of ice and frost
formations on the drag of an NACA 657-212 alrfoil section may be sum-

marized as follows:

1. At high angles of attack (8°), a prohibitive increase in drag
coefficlent of approximately 70 percent was obtained within 2 minutes
when ice formed on the upper surface nesr the leading edge of the airfoill
under conditions of heavy glaze icing (high rate of water catch and high
datum air temperatures).

2. Relatively small formations of glaze icing (low rates of water
catch and high datum air temperature) increased the drag coefficient of
the airfoil over the range of conditions studied by less than 27 percent
following & 30-minute icing perlod, except for simulated landing
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approaches., Rime-ice formations assoclated with lower air temperatures
did not increase the airfoil drag coefficient appreclebly sbove the
initial (standard roughness) level, even with high rates of water catch.

3. A glaze-ice formstion on the leading-edge sectlon for a simdated
gpproech condition, during which the airfoill attitude is increased from
20 to 8° angle of attack, caused a severe increase in drag coefficient
of over 285 percent over the bare airfoll drag at 8° angle of attack and
was accompanied by a shift in the position of the momentum wake that
indicated Inclpient stalling of the airfoil.

4, Runback icing on the lower surface obtailned with the use of a
continuous heating system that does not evaporate all the impinging
water caused moderate drag increases only when & spanwise ridge of ice
was formed aft of the heatable area.

5. Removal of the primary ice formations by cyclic de-iclng caused
the drag to return glmost to the bare airfoll drag coefficlent, except
for the drag caused by runback ice formations. In general, runback
lcing with a cycllc de-icing system increased the drag less than did
runback icing Incurred 1n simller conditions with a continuous heating
system that only eveporated spproximately 28 to 44 percent of the

lmpinging water.

6. Froet formations on the alrfoll surfaces casused a large and
rapld increase in the drag coefficient and at high angles of attack (8°)
were accompanied by incipilent stalling of the eirfoil.

Iewis Flight Propulsion ILaboratory
Natlional Advisory Commlttee for Aeronsutics
Cleveland, Ohlo
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Figure 1, - Sketch of airfoil drag research installation in icing research <tunnel.
(Dimensions are in inches.)
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(a) Rime ico. Datum air (b) Glaze lce. Datum alr
temporsture, 0° F. temperature, 25° F; low

rate of water catch.

(c) Double-rpeak mushrocm-type
glaze lce. Datum air ftem-
perature, 25C to 30° F;
modarate to high rate of

wvater catch.

C-31278

Flgure 2. - Gemeral types of primary 1cing observed om airfoll lsading sdgse.
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Flgure 3. - Drag coefficient as functlon of time in icing with leading-edge sectlon
Airgpeed, 260 mlles per hour.

unheated and no afterbody frost formatlons.
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(b) Icing time, 19 minutes, .
Drag coefficient, 0.00934.
Lower surface.

(2) Icing time, 11 minutes.
Drag coefflcient, 0.00928.
Lower surface.

(¢) Icing time, 31 minutes. QQI@iEEE;:P’ () Icing time, 31 minutes.
Drag coefficilent, 0.00964.

Drag coeffilclent, 0.00964. C-31279
Upper surface. Lower surfaoce.

Flgure 4. - Typlcal rime-ice formaticns on unheated airfoll leading-edge sectlon at 2° angle
of attack. Alrspeed, 260 miles per hour; deatum alr temperature, 0° F; ligquid-water con-
tent, 0,65 gram per cublc meter; initial drag coefficient, 0.008s.
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(a) Ioing tims, 10 minutes, Drag (b) Icing time, 27‘1 minutes., Drag
coefflolent, 0.0110. Lower surface. coefficient, 0.0109. Iower surface.

C-31280

(c) Icing time, 27% minutes. Trag
ooefflclent, 0.0100. TUpper surface,

Tigure 5. - Typical rime-ice formaticns cn unheated airfoll leading-edge sectian at 5O angls
of attack. Alrspeed, 260 milss per hour; datum air temperature, 0° F; liguid-water ocn-
tent, 0.70 grem per ocublc meter; Initial drmg cosfficlent, 0.0109.

2962 KL VOVN

52




30 NACA TN 2962

(a) Icing time, 7 minutes, (b) Icing time, 23 minutes.
Drag coefficlent, 0.0142. Drag coefficient, 0.0137,

C-31281

(c) Icing time, 31% minutes.
Drag coefficlent, 0.0138.

Flgure 6. - Typlcal rime-lce formations on lower surface of unheated alrfoll leadlng-edge
section at 8° angle of attack. Ailrspeed, 260 miles per hour; datum alr temperaturs,
Q° F; liquid-water content, 0.55 gram per cublc meter; initial drag coefficlent,
0.0137.
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(b) Icing time, 20 minutes. Drag

() Icing time, 7 minutes. Drag
coefficlent, 0.0128. ILower surface.

coefficlent, 0.0102. Lower surface.

C'31283(d) Tcing time, 30 minutes. Drag
coefficient, 0.0113. Upper surface.

(¢) Icing time, 30 mlnutes. Drag
coefficlent, 0.0113. ILower surface.

Figure 7. - Typical glaze-ilce formations with low rate of water catch on unheated airfoll
leading-edge sectlon at 5° angle of attack. Alrspeed, 260 miles per hour; datum air
temperaturs, 25° F; liquld-water content, 0,52 gram per cublc meter; Initial drag

coefficient, 0.00904.
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(a) Icing time, 4 minutes. (b) Icing time, 14 minutes.
Dreg coefficlent, 0,0133, Drag coefficilent, 0.0134.

Flgure 8. - Typilcal glaze-ice formations with low rate of water catch on lower surface of
unheated alrfoll leasding-edge section at 8° angle of attack. Alrspeed, 260 mlles per
hour; datum alr temperature, 259 F; liquid-water content, 0.52 gram per cublc meter;

initial drag coefficlent, 0.0126.

C-31284
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(a) Alrspesd, 260 miles per
hour; datum alr tempesrature,
300 F; liquid-weter content,
0,52 gram per cublc meter;
angle of atteck, 80; lolng
time, 28 minutes; initial
drag coefflolent, 0.0128;
drag coefflolent with ice,
0.02ZE.

CH=-5

(b) Alrapeed, 260 miles per
hour; datum alr tempsrature,
300 F; liquid-water content,
0.52 gram per ocubic metor;
angle of attaok, 89; loing
time, 32 minntes; initial
drag coefficient, 0.0128;
drag cooffioclent with lca,
0.0153.
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(c) Alrapesd, 180 miles psr
hour; datum alr temperature,
29° F; ldgquld-water comtent,
1.4 grems per cublo meter;
engle of attaock, 5°; icing
time, 24 minutes; Initial
dreg coefficlent, 0.003958;
drag coeffilclent with ice,

0.0241.

C-31285

Figure 9. - Typlcal heavy mushroom-type glaze-ice farmatlons on lower swrface of wmheatod alrfoll leading-edge sectlon.
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Airspeed, Datum alr Angle Liquid- Heet input, Heat supplied

—  mph tempera- of water Btu/{hr)  8Feat required,*
ture, attack, content, (ft span) percent
deg g/cu m
o 260 25 5 0.63 _. 4,300 33 T
o 260 25 8 .63 5,850 45
| © 260 25 8 .63 4,500 34 ]
A 260 0 5 71 11,200 33
v 260 0 5 .53 7,000 28
| > 260 25 8 1.05 7,300 33 |
< 180 C 2 1.40 14,000 44
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.020 870 evaporete —
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Filgure 10. - Effect of runback icing on drag coefficient as function of
time 1n icing with leading-edge section continuously heated and no
afterbody frost formations.
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(a) Icing time, 5 minutes. Drag (b) Icing time, 10 minutes. Drag
coefficlent, 0.00909. Lower surface. coefficlent, 0.0098. Upper surface.

(¢) Icing time, 15 minutes. Drag (d) Icing time, 20 minutes. Drag C-31286
coefficlent, 0.0103. ZLower surface. coefficient, 0.0113. TUpper surface.

Figure 1l. - Typlcal rumback lcing with high rate of water catch on airfoil at 2° angle
of attack with leading-edge section continuously heated. Airspeed, 180 miles per hour;

datum air tempsrature, 0° F; liquld-water content, approximately 1.4 grams per cubic
meter; 1nitial drag occefflclent, 0.0088. )
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(a) Icing time, 6% minutes. (b) Icing time, ll—;‘- minutes.
Drag coefficient, 0.0105. Drag coeffilclent, 0.0122.
Upper surface. Lower surfacs.

~—

C-31287

|
i
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1
(¢) Icing time, 147 minutes.

Drag coefficlent, 0,0131.
Upper surface. -

Figure 12. - Typlcal rumback icing with low rate of water catch on airfoil at 5° angle of

attack with leading-edge sectlon continuously heated. Alrspeed, 260 miles per hour; datum

alr temperature, 25° F; liquid-water content, 0,63 gram per cublc meter; initisl drag
coefflclent, 0.00943.
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L
(a) Ioing time, 15% minutes. (b) Icing time, 157 minutes.
Drag coefflclent, 0.0144. Dreg coefficient, 0,0144.
Upper surface. Lower surface.
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C-31288

(¢) Icing time, 22 minutes.
Drag coefficient, 0.0146.
Lower surface.

Figure 13, - Typlcerl runback lcing wilth low rate of water catch on ailrfoill at 8° angle of
attack with leading-edge section continuously heated. Ailrspeed, 260 miles per hour;
datum alr temperature, 259 F; liguld-water content, 0.63 gram per cublc meter; initial
drag coefficient, 0.0128.
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(2) Icing time, 29 minutes. Drag

(b) Icing time, 29% minutes.
coefflclent, 0,0217, TUpper surface,.

~Drag coefficlent, 0,0217,
Lower surfeoce.

C.31289

(c¢) Icing time, 40 minutes. Drag
coefficlent, 0,0175, TUppsr surface.

Figure 14. - Typlcal runback icing with high rate of water catch on airfoll at 8° angle of
attack with leading-edge gectlon continuously heated. Ailrspeed, 260 mlles per hour;

datum air temperature, 25° F; liquld-water content, 1.05 grams per cubic meter; initial
drag coefficlent, 0.0129.
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Figure 15. - Effect of streamlined lce formatlons on drag coefficlent as

function of time in 1cing with leading-edge section cyeclically de-iced
and no afterbody frost formations.
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(a) Icing time, 13% minutes. {b) Icing time, 15% minutes. -
Drag coefficlent, 0.C09l. Drag coefficient, 0,0088.
Before lce removel,

After lce removal,
Figure 18. - Typlcal glaze-ice formetions with low rate of water catch ocn lower surface of -
cycllically de-iced airfoll leading-edge section at 20 angle of attack. Airspeed, 260

miles per hour; datum elr temperature, 26° F; liquid-water content, 0.60 gram per cublo

meter; initial drag coefficlent, 0.00836; icing perlod, approximately 260 seconds; ST
heat-on periocd, 15 seconds.
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(8) Icing time, 9 minutes. Dmreg ocoef- (b) Ioing time, 14 minutes. Drag
ficlent, 0.00877. Lower surface, coefficient, 0.0082z2. TUpper sur-
before lce removal. faca, bafors ice removal,

Flgure 17. - Typleal rime and runbeck toing formatlons with low rate of water catoh on air-
foll with oyolicelly de-iced leading-sdgs sectlon at 2° angle of attmck. Alrspeed,
250 miles per hcur; datum alr temperaturs, O° F; llguld-water content, 0.57 gram per
oublo meter; initilal drag ooefficiant, 0.00863; lcing period, epproiximately 260 meconds;

heat-on perled, 17 peconds,

C-a1282
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(a) Icing time, 14 minutes. Dreg coeffi- (b) Icing time, 147 minutes. Drag coeffi-
clent, 0.0110. Before ice removal. clent, 0.0L08. After 1
Icing pericd, approximately 260 seconds. onty N ) er ice removal. *

{¢) Icing time, 45 minutes. Drag coeffi- (d) Icing time, 46 minutes. Drag coeffi-
clent, 0.0109. Before ice removal. clent, 0.0104, After lce removal.

Icing pericd, approximately 720 seconds.

C-31291

Figure 18, - Typical rime and runback icing formationms with low rate of water catch on
lower surface of alrfoll with cyclically de-iced leading-edge section at 50 angls of
attack. Alrspeed, 250 miles per hour; datum alr temperature, 0° 7; liquid-water con- -
tent, 0.75 gram per cubic meter; initlal drag coefficlent, 0.0106; heat-on period,
17 seconds.
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(8) Icing time, 15 minutes. (b) Icing time, 155 minutes.
Dr;s coifficient, 0.0133. Drag coefficienmt, 0.0131.
Befors 1ce removel. After ice removal.

C.31292

Figure 19. - Typlcal rime and runback icing formations with low rate of water catch on
lower surface of alrfoll with cyclically de-iced leading-edge sectlon at 8° angle of
attack., Alrspeed, 260 miles per hour; datum alr temperature, 0° F; liquld-water
content, 0.58 gram per cublc meter; Inltial drag coefficlent, 0.0141; icing period,
approximately 260 seconds; heat-on pericd, 17 seconds.
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Figure 20. - Effect of mushroom-type glaze-ice formatlions on drag coeffi-

clent as function of time in icing with leading edge cyclically de-iced
and nc afterbody frost formations.
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1 1
(8) Icing time, &5 minutes. (b) Ioing time, 95 minutes.
Drag coefflclent, 0.00973.
Drag coefficlent, 0.0l42. 2
Lower surface, befors 1o6 Lower surface, after ice
remova 1 removal.

C-31293

(c¢) Ioing time, 23 minutes.
Drag. coefficient, 0.,0164.
Lower surface, before lce
removal.

Figurs 21. - Typical heavy glaze-1ce formatlons on alrfoll with oyclically de-lced
leading-edge sectlion at 2° angls of attack. Alrgpeed, 260 miles per hour; datum
alr temperature, 25° F; liguid-water content, l.4 grams per cublc meter; initilal
drag coefflclent, 0.00835; lcing perlod, epproximetely 260 seconds; heat-on period,
15 seconds.
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AR T

L 1 ;
(d) Icing time, 237 minutes. (s) Toing time, 27% minutes,

Drag coefficlent, 0.0114, Drag coefficlent, 0.0158. C-31294
lower surface, after lce Upper surface, before ice
removal. removal.

Figure 21. - Concluded. Typlcal heavy glaze-1ce formations on airfoll with oyclicelly
de-1ced leading-edge sectlon at 20 angle of attack. Alrspeed, 260 miles per hour;
datum alr temperature, 25° F; liguld-water content, 1.4 grams per cubic meter; initial

drag coefficlent, 0,00835; icing period, epproximately 260 seccnds; heat-on period,
15 geconds.
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(a) Icing tims, 5 minutes. (b) Icing time, 6 minutes.
Drag ccefficilent, 0.0129, Dreg coefficient, 0.011l.
Before lce removal. After ice removal.

C-31295

(¢) Icing time, 16 minutes.
Drag coefficient, 0.011S8.
After 1ce removal.

Figure 22. - Typlcal glaze-lce formations on lower surface of alrfoil with cyclically
de-1ced leading-edge sectlon at 5° angle of attack. Alrspeed, 180 mlles per hour;
datum eir temperature, 230 F; liquid-water comtent, 1.25 grems per cublc meter;
initial drag coefflcient, 0.00956; lcing period, approximetely 260 seconds; heat-on
period, 16 seconds.



48 NACA TN 2962

(e) Icing time, 9 minutes., Drag (b) Ioing time, 23 minutes. Drag

coefficient, 0.0240. Upper sur- -coeffloient, 0.0135. Upper sur-
Tace, before loe removal, face, after lce removal.

1
(¢) Icing time, 27 minutes. Drag (&) Ioing time, 275 minutes.
coefflclent, 0.0217. Lower sur- Dreg coefficient, 0.0135. Lower
face, before loe removal. surface, after ice removal.
C-31296

Flgure 23. - Typlcal glaze-ice formatlons on airfoil with cyclically de-iced leading-edge
section at 8° angle of attack, Alrapeed, 260 mlles per hour; datum air temperature,
25° F; liguid-water content, 1.0 gram per cublc meter; initisl drag coefficlent, 0.0130;
icing period, approximately 260 seconds; heat-on perilod, 17 seconds.
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(a) Icing time, 16 minutes. (b) Icing time, 16% minutes.

Drag coefflclent, 0.0237.
Before lce removal. Drag coefficlent, 0.0153.
After 1ce removal.

<A

C-31297

Figure 24. - Typloal heavy ridge-type rumback lcing on lower surface of airfoil with
cycllcally de-iced leading-edge section at 8° angls of attack. Airspeed, 180 miles
per hour; datum alr temperature, 25° F; liguid-water comtent, 1.25 grama per cubilo
meter; initlal drag coefficlent, 0.0121; lcing perlod, approximately 260 seconds;
heat-on perlod, 15 seconds.
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Figure 25. - Drag penaslties associated with change in angle of attack (simulating a
landing approach condition) during icing perilod of airfoill with cyclic de-icing
system. Datum alr temperature, spproximately 250 F; icing perlod, approximately
260 seconds; heat-on period, 15 seconds.

FoLe



' t CH-7 bacl

2744

(2) Tnitial frost deposlt an afterbody lower surface
after approximately 1 minute in icing condition.

() Targe froet feathers and formmtlons protruding into (b} Frost plnnacles (¢) Growth of frost

alr atream after approximately 1 hour in heavyy lcing cauged by dlrect plrnacles inieo

condition. water lmpingement alr stream due to
on Inltial froat droplet Impingement,
depoelt,

Figure 26. - Typloal frost formation end growth an alrfoll afterbody.
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Figure 27, - Drag coefficients associated with combination of leading-edge ilce
.formations and afterbody frost formations as function of time in ilcing. Air-
speed, 180 miles per hour.
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(s) Ioing time, 4 minutes. Drag
coefficlent, 0.0148. Leading-
edge lower surface.

(b) Ioing time, 8 minutes, Drag‘
coefflclent, 0.0204. Leading-
edge upper surface.

WA~

C-31299

(¢) Icing time, 10 minutes, Dreg (d) Icing time, 12 minutes.
coefficlent, 0.0226. Ieading- Drag coefficient, 0.0235.
edge lower surface. Lower-surface frost on

campartment 2.

Figure 28. - Typlcael glaze-ice and frost formations with high rate of water catch on
unheated airfoll at 5° angle of attack. Alrspeed, 180 miles per hour; datum alr tem-
perature, 25° F; liquid-water comtent, 1.4 grams per cubic meter; initial drag coeffi-

clent, 0,00958.



54 NACA TN 2962

(a) Icing time, 4 minutes., Drag coefficient,
0.0120, ILeading-sdge lower surface.

(b) Icing %time, 10 minutes., Dreg coefficient,
0.0133. Ieeding-edge lower surface.

(c) Icing time, 13.minutes. Drag coeffi- (d) Icing time, 16 min- ~ (e) Icing time, 25 min-
clent, 0,0144. Leading-edge upper surface, utes. Drag coeffi- utes. Drag coeffi-
cient, 0.0154, ILower-  clent, 0.0178, ILowar-
surface frost on swrface frost on
compartment 2. camrartment 2.

Figure 29. - Typical lce and frost formations with low rate of water catch on unheated ailr-
foll at 5° angle of attack. Alrspeed, 180 miles per hour; datum alr temperature, 22° F;
liguid-water content, 0.53 gram psr cubic meter; initial drag coefficlent, 0.00911.
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(a) Toilng time, 8 minutes, Drag coef{l- (b) Tcing time, 21 minutes. Drag coef-
clent, 0.0166. Leadling-edge lce, ficlent, 0.0187. ILeading-edge loe.

£-31301

(o) Toing time, 23 minutes. Drag coefficlent, 0.01SS.
Frost formatlona on afterbody.

Fiours 30, - Rime-ice and frost formations on lower surfacs af unheated alrfoil at 89 angle
of attack. Alvapeed, 180 miles per hour; dstium sir tempsraturs, 0° F; liguid-water con-
tent, 0.64 grem per oublc meter; indtial drag cosfficlent, 0,0ll4,

2962 NI WOWN
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Figure 31. - Variation of drag caused by afterbody frost forma-
tions and runback lcing as function of time in lcing with
leading edge continuously heated. Airspeed, 180 miles per
hour; datum air temperature, 0° F.
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C-31302

2744

(a) Icing time, 13 minutes. Drag coefficient,
0.0171. Ieading-edge lower surface.

CH-8

(b) Icing time, 17 minutes. Drag coefflclent,
0.0172. 1Isading-edge upper surface.

(&) Icing time, 21 minutes.
Lower-surface frost on
compertment 3.

(¢) Icing time, 21 minutes. Drag coefficlent,
0.0204, ILeadlng-edge lower surface. :

Figure 32. - Comblnatlon runback icing and afterbody frost formations on airfoil at 2° angle
of attack. Alrspeed, 180 miles per hour; datum air temperature, 0° F; liguid-water con-
tent, approximately 1.5 grame per cublc meter; initlal drag coefficient, 0.00785; leading

edge continuously heated.
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C-31303

(a) Telng time, 15 minutes, Drag cosfficlent,
0.0198, Ieadlng-edge lower eurface.

(c) Ieing tiwe, 3012' minutes. Drag ccefficient, (b) Icing time, 15 minutes. (d) Icing time, 50% minutes.
0.0251. Laading-edge upper surfacs, Lowar surface frost on Lower-surface froat an
campartment 2. compartment Z.

¥lgurs 33. - Rupback icing and frost formatlons on alrfoll with lsading-sdge sootion continuously heated at 8° angle of
attack. Alrepeed, 180 miles psr hour; datum ailr tempersture, 0° ¥; liguld-water content, 1.3 grams por cubic meter;
Initial drag coefficiant, 0.0115,

¥vLe
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CH-8 back

NACA TN 2962 59

(b) Icing time, 24 minutes. Drag coefficlent,
0.0130. Ieadling-edge lower surface.

1
(a) Icing time, 77 min-
utes. Drag coeffilclent, 0.01386,

Uppsr-surface frost on compartments
0.0107. TIower-surface % and 4.

(¢) Icing time, 31 minutes. Drag coefficlent,

frost on compartment 2. c-31304
Figure 34. - Frost formetions on airfoll at 5° angle of attack. Alrspeed, 180 miles per

hour; datum elr temperature, 0% F; llquld-water content, 0.52 gram per cubic meter;
initial drag coefficient, 0.00850.
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Drag coefficient

NACA TN 2962

.022 ﬁ
A
A\
.020 .
<§ / / I \ L
Angle of attack //j !
increased { / / !
.018 \ ‘
¥
016 P } = /f \Vfﬁnplete ice removal
. on lower surface
s i / -
’ FLsﬁ\jj‘ Aél. »/
.0l4 !fb
L9 .//X*’J
V Airspeed, Datum air Angle = Liguid-
mph tempera- of water
.0l2 ture, attack, content,
Op deg cum
o 260 25 ) 0.46
o 250 0 5 .80
/ % 260 0] 5 1.40
260 o) 8 1.40
.010
Solid symbols indicate ice removal
|
b 1
.008 I ]
o] 10 20 30 40 50 60 70

Icing time, min

Figure 35, - Drag coefficients associated with cyclically de-iced airfoll leading-
edge section and frosted efterbody as function of time in icing.
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-
3

' LTI RTE T TT Ty

(a) Ioing time, 7 minutes. Drag coeffl- {b) Ioing time, B8 minutea, Drag coeffl-
clent, 0.0155. Lower surface, before clent, 0.0153. Lower surfacs, after
lce removal. lce removal.

< oAb

T 15 o Mot & A% Emcd . N —— ——

—rE

{¢) Icing time, 25 minutes, Drag coaf- m {d) Iolng time, 26 minutes, Drag coef-

ficlent, 0.0156. TUpper swface, C-31305 fielent, 0.0145, TUpper surface,
befare lce removal. after lce remowal.

TFigure 36. - Oyclically de-lced lsading-eodge and afterbedy froet formaticne for alrfoll at 50 angle of attack, Alrspeed,
260 miles psr hour; datum air tempsraturs, 0° F; Mgquid-weter content, 1.4 grems per cublc meter; indtdal drag coeffi-
olent, 0.00886; icing period, approximetsly 260 gacordde; heat-on %ime, 10 ascconds.
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(a) Total time In lcing, 45 minutes.
Drag coofflclent, 0.0195. Leading-

odge lower surface, before ice removal,

{b) Total time 1in icing, 45% minntes.

Drag coefflclent, 0.0174., ILeading-
edge lower swtace, after lce removal.

C-31308

(c) Total time in icing, 54 minutea., Drag
coofficient, 0.0208, Ieading-edge lower
surface, before ice removal.

Flgure 37, - Cyclically de-ioced leading-edge and afterbody frost formatlons for airfoll at 8% angle of attack following

40 minntes in icing condition at 5° angle of attack.

Alrapeed, 260 miles per hour; datum air temperature, 0° F; liguid-

water content, 1.4 grams por oublc meter; Initlal drag coeffiolent, 0.00886; lcing perilod, approximately 260 seconds.
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NACA TN z96Z2 63

(d) Total time in icing, 54% minutes. Drag

coefficlent, 0.0181. Leading-edge lower
surface, after ice removal. Heat-on time,
25 seconds.

a
=
-
%

(e) Total time In lcing, 64 minutes. Drag m

Ce31307 (f) Total time in icing,
coefficlent, 0.0194, ILeading-edge upper 64 minutes. Iower-surfacge
surface, after lce removal. Eeat-on time, frost on compartment 2. -~
25 seconds, —_—

Figure 37. - Concluded. Oyclically de-lced leading-edge and afterbody frost formation for
airfoil at 8° angle of attack following 40 minutes in icing condition at 5° angle of
atteck. Alrspeed, 250 miles per hour; datum air temperature, 0° F; liguid-water con-
tent, 1.4 grams per cublic meter; Initlal drag coefficient, 0.00886; icing perlod,
approximately 260 seconds,
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W

C-31308

Flgure 38, - Typical sublimation frost formetlon on lower surface of alrfoll. Alrspeed,

agproximately 100 miles per hour; datum air temperazturs, -25° to -8° F; angle of attack,
8%; time in frosting condition, 5 minutes.
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Ry

(a) Spoiler protuberance extending full span
of airfoll model.

(b) Faired protuberance aspproximating small
half-girfoil sectilon.

__

(c) Modified spoiler protuberance with

faired trailing section.

- Figure 39. - Sketch of protuberance types used in
reference 4 to determine airfoll section
characteristics.
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Drag increase above bare airfoil drag

coefficlent, percent

NACA TN 2962
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(a) Protuberance locatlon, O-percent-chord station.

Figure 40. - Peércentage drag increase with protuberance height for several

angles of attack at three chord stations (ref. 4).

fig. 39(a).)

{Spoiler protuberance,



NACA TN 2962

Drag lncrease above bare alrfoll drag coefficlent, percent
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(b) Protuberance locatlon, S-percent-chord stetion.

Figure 40. - Continued. Percentage drag increase with protuberance height
Tor seversl angles of attack at three chord stations (ref. 4). (Spoiler
protuberance, fig. 39(a).)
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Drag increase above base airfoll drag coefficient, percent
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(c) Protuberance location, 15-percent-chord station.
Figure 40. - Concluded. Percentage drag increase with protuberance

helght for several angles of attack at three chord stations (ref. 4).
(Spoiler protuberance, fig. 33(a).)
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