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SUMMARY

Heating requirements for satisfactory cyclic de-icing over a wide
range of icing and operating conditions have been determined for a gas-
heatedj 36° swept tirfoil of 6.9-foot chord with a partial-span leading-
edge slat. Comparisons of heating requirements and effectiveness were
made between the slatted and unslatted portions of the sirfoil. Studies
were also made comparing cyclic de-icing with continuous anti-icing, and
cycll.cde-icing systems with and without leading-edge ice-free parting
strips. De-icing heat requirements were approximately the same with ei-
ther heated or unheated parting strips because of the aerodynamic effects
of the 36° sweep angle and the spanwise saw-tooth profile of leading-edge
glaze-ice deposits.
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111’’IRODUCTlON

~ IWCA hJiS laboratory has studied sever&1 hot-gas iciruzprotec-
tion systems in order to obtain data useful in the desi& of su;h”systems
(refs. 1 to 4). In some of these studies, the technique of cyc~c de-
icing was investigated to determine the heat-flow savings that result
from internrl.ttentheating of a portion of an airfoil surface subject to
icing as compared with continuous heating of the surface. In evaluating
the heat-flow savings resulting from cyc~c de-icing, the airfoil drag
caused by the ice formations tha~ accrue on the surfaces between heating
periods must be considered. The drag penalties for seversJ airfoil
shapes and ice-protection techniques have already been obtained (refs.
3, 5, 6, and 7), including the drag study (ref. 5) of the airfoil model
used in the present investigation.

In the present study, the heat requirements and effectiveness of a
hot-gas cyclic de-icing system in a 360-Swept-airfoil model with a

\
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2 NACA RME56B23

leading-edge slat have been investigated. The model utilized an NACA
63A-009 airfoil section with a slatted leading edge over only a potiion
of the span. TMs feature was incorporated to compare simultaneously
the heating and icing characteristics of the slatted section with those
of the unslatted airfOil. The model was provided also with both hot gas
and electrically heated strips along the leading edges in order to deter-
mine the effect of continuously heated ice-free parting strips on de-
icing pa-formance.

The airfoil model was studied over a range of icing conditions in
the NACA Lewis laboratory icing tunnel. Ice-removal data were obtained
for the swept-back model, and a study was made of the special problems
associated with de-icing of a movable leadlng-edge slat. The model,
furnished by an aircraft manufacturer, was the first hot-gas cyclic de-
icing system to be-developed for production. In an effort to correct
some heating deficiencies that became evident during the tests, modifi-
cations of the griginal internal heating arrangements were madey and
limited data on the over-all.effects of these changes were obtained.

8’
al
P

MODEL AND EQUIPMENT

The model used in this study (fig. 1) is a constant-sectionNACA
63A-CX39airfoil which spans the 6-foot height of the icing research
tunnel. The leading and trailing edges of the model are swept back at
an angle of 36° to the airstream. The airfoil structure and heating
pass-s were constructed either perpendic~ or parallel to the lead-
ing edge. However, in tMs report, chordwise dimensions will be taken
parallel to the airstream and spanwise dimensions parallel to the lead-
ing edge. The streamwise airfoil chord was 6.9 feet.

The airfoil leading-edge section consists d two-n parts: an
unslatted or “standard-airfoil”section with a spanwise extent of ap-
proximately 26 inches and a slatted leading-edge section with a spanwise
etient of 44 inches. The relation of the movable slat to the fixed-
airfoil section beMnd the slat is shown in figure 2. Slat extension
is normally associated with large angles of attack.

tion

slat

The leading-edge slat has a 20-inch chord in the streamwise direc-
(fig. l(a)). The slat moves forward on tracks and rollers into

the airstream in a direction normal to the leading edge. For the tests,
a hydraulic system moves and holds the slat irkany desired forward pOSi-

tion. The slat tracks are curved so that the extended slat moves on a
circular arc to positions forward of and below the lower surface of the

,1

fixed-sdrfoil section (fig. 2(a)). The radius of curvature of the tracks
is approximately 34 inches, and the full movement of the”slat is over a u)

16° central angle.

Qi?!5@i@
..

,J
. . .

.

.-



NACA RME36B23

u

-,

Original version. - In the original model version,
majority of the data were obtained, the upper and lower

3

for which the
surfaces of the

s~t we& gas-heated (figs. 2 and 3). Hot gas was introduced by means
of a jointed, swiveling tube into a D-duct which runs spanwise near the
leading edge of the s~t (figs. l(b), 2(b), 3(a), and 3(b)). To prevent
overheating of the leading-edge surface at the entrance point of the sup-
ply duct, a short baffle was positioned to deflect the gas flow spanwise
in both directions (figs. 3(a) and (b)). The hot gas was then distri-
buted to both e@s of the slat, passed through spanwise double skins in
the upper slat surface, and exhausted into the center of the slat through
small orifices. In addition, a series of six holes in the D-duct sup-
plied hot gas to the inside of the elat. A portion of the rear face of
the slat (slat surface contacting fixed airfoil when slat is retracted)
was provided with a double sldn to increase the heat transfer (fig. 3(b)).
The trailing lip of the lower s@ace was heated by an extension of this
double skLn as well as by conduction from the D-duct. !@ three tabs
(fig. l(b)) were heated by conduction only.

The slat leading edge was provided with an electrically heated ice-
free parting strip. The heating unit consisted of an element secured to
a spanwise fin which in turn was riveted to the airfoil skin at the stag-
nation region for normal cruise angle of attack (fig. 3(b)]. Electric
heating units were also secured around the periphery of the closing ribs
at the spanwise ends of the slat (figs. 2(b) and 3(c)) and along the
slat tracks (fig. 3(C)]c

Modified version. - An insulating fiberglass liner was inserted into
the D-duct in the modified version of the slat (fig. 3(e)}. The electric
heating elements were removed, except for those along the tracks. These
latter heaters were altered as shown in figure 3(d) with heating applied
only to the side exposed to impingement. The closing ribs were reversed
from the original positions so the flanges would not protrude toward the
air gaps at the slat ends (fig. 3(c) and (d)). The gas-flow circtit
through the slat upper surface was changed to that shown in figure 3(e).
In addition to the spanwise-flow pattern of the original version (fig.
3(a)), chordwise gas flow was induced across the first two spanwise
passages aft of the D-duct. This flow was accomplished by means of
milled spacers along the fivet lines, which provided a small opening
between the outer skin and the corrugations of the gas passages; there-
by, some gas was allowed to flow chordwise from the D-duct into the nefi
two passages. The lower-surface trailing lip and tabs were heated di-
rectl.yfrom the
double skin was

Partitions
sdrfoil section

D-duct by gas flow through a milled spacer bar. The
removed from the slat rear face.

Fixed Airfoil Behind Slat

Perpentictiar to the leading edge dititid the fixed-
Whind the slat into four heating zones (see fig. l(b))

~ ~$ i. ----——.——.-..-....-...——--——-———.-———.—— -——---——.--———
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necessitated by the location of the two slat tracks and the hot-gas duct
to the slat. Each zone was gas-heated by means of a small.supply duct
from a common header, a spanwise D-duct, and double-skin flow passages.

Original version. - A section through one of the heating zones nor-
mal to the leading edge is shown in figure 4(a). Dwble-skin passages
were provided on both the top and bottom surfaces. Electric heating
elements were used in each zone to obtain an ice-free parting strip near
the normal cruise stagnation region of this airfoil section when the slat
was extended. Between the four heating zones, lower-surface double-sld.n
constructions etiended spanwise over the areas of the tracks and the slat
gas-supply duct and were heated by gas farming out from both adjacent
gas-flow passages.

Motified version. - For the modified fixed-dtioil section, the
electric parting-strip elements were removed. The upper-surface double
skI.nwas eliminated whereas the lower-surface double skin was extended
nearer the leading edge (fig. 4(b)). The reinforcement at the airfoil
nose that isolated the leading-edge ~’gion from gas flow in the original
version was removed. In the modified version, gxeater gas flow was in-
duced in the lower-surface”double skins over the slat-track and gas-
supply-duct areas by increasing the size of the outlet orifices in the
gas-flow passages.

Standard-Airfoil Section

Orighal version. - The standard-airfoil section, which constituted
the part of the model near the tunnel floor (figs. 1 and 2), is shown in
cross section in figure 5(a). This section was heated by means of gas
passages in the double sldn, which etiended from the leading edge to ap-
proximately 22-psrcent chord on the lower surface and 15-percent chord
on the upper surface. Gas flow to these double skins was supplied
through a leading-edge spanwise D-duct. There are no ribs located for-
ward of the frent span as the stresses - csrried by a structural in-
ner sldn corrugated to conform with the corrugations of the flow passages.

In the ori@al standard airfoil, a gas-heated parting strip was
provided in the form of a small circ- duct (1/2-in. 1.D.) secured to
a fin which was riveted to the outer skin at the cruise stagnation re@on
(fig. 5(a)). The parting-strip gas supply was independent of the gas
supply to the double-skin passages. The D-duct =eas were partly Mned
with ‘fiberglassinsulation to conserve heat. The passage height between
double skins was tap=red from-5/16 inch at the inlet to 3/32 inch at the
outlet. This tapering promotes more uniform surface heating by increas-
ing the internal heat-transfer coefficient to offset the Mminishing
temperature of the gas. The closing rib adjacent to the slat was elec-
trically heated in a manner similar to that of the slat shown in figure
3(c) to prevent ice bridging across to the slat.

E“ 3. __
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Modified version. - In the modified standsrd-airfoil section (fig.
5(b)) the gas-heated pezting strip was removed and the D-duct supplded
with a tubular fiberglass insert to replace the sheet insulation of the
original model. The remainder of the standard airfoil was the same as
the o15.@al model.

Other Items of Equipment

5

For the original model only, the following surface areas abutting
the fixed-airfoil section were heated to prevent ice deposits (see fig.
1(b)): (a) the triangul.srarea between the fixed-airfoil upper extremity
and the top of the model was provided with a double stin and supplied
with an independent, manually operated source of hot gas; and (b) the
triangular area between the standard- and the fixed-airfoil sections was
provided tith a constant-gap double skin aud supplied with hot gas from
the standard-airfoil supply duct. I!&ween the standard-tirfoil section
and the tunnel floor was a small triangular sxea (fig. 1(a)) which re-
mained unheated during the tests.

The three airfoil sections of the model were capable of being heated
independently for cyclic ice removal or collectively for continuous anti-
icing.

.
CycMng of the hot gas was accompMshed by the use of double-

throated valves with two butterfly plates displaced 90° on a coumon
shaft. The valves were pneumatically operated and controlled by sole-
noids. In order to maintain steady gas flow, the cycling valves would
divert the flow into the tunnel downstream of the model when not deliver-
ing gas to the leading-edge sections.

Suxface and gas temperatures were obtained by thermocouples dis-
persed throughout the original model and connected to recording poten-
tiometers. The modified model was equipped with a limited number of
thermocouples. The main planes of surface-temperatureinstrumentation
are shown in figure l(b). N painted lines shown on the model in fig-
ure 1 were used as guides in recording the location and extent of icing
during the tests.

Electrical heating rates were obtained from wattmeters. Gas-flow
rates into each airfoil section were obtelned by mans of calibrated
orifices and venturi tubes in the supply ducts. 3?1owmstering both up-
stream and downstream of the cycling valves detected any leakage at the
valve. Hot-gas supply temperatures were obtained by thermocouples
mounted in the duct just upstream of the cycling valves. The approxi-
mate duct lengths between the cycling valves and the D-duct entrances

were as follows: slat, ~ feet j fixed tioil, 7* feet; standard air-

foil, 6 feet.

.—- — .- . . -—. —--- -.—.-—— —————- -— . .— — ———
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coImITIoIw AND PRxEDmE

Range of Conditions

The range of conditions in this study was

Airspeedj mph . . . . . . . . . . . . . . . . . . . . ...175 and 260
Liquid-water content, gm/cu m . . . . . . . . . . . . . . . . 0.3 to 1.3
Total airtemperature, OF.. . . . . . . . . . . . . . . . ..0t029
Cycling-valve inlet.gas temperature, OF . . . . . . . . . . 3~ and 450

The geomettic angle of attack of the airfoil was varied from O0 +0 8°
with the slat fully retracted; with the slat extended 8° (half of _-
mum travel), the angle of attack for the airfoil was set at 8°. A study
was also made at an angle of attack of 1~ with the slat half extended
(8°) and fully extended (16°). The studies with slat extended were made
at an airspeed of 175 mph.

Frocedure for Obtaining Data

In obtaining data during a de-icing run, the procedure was to estap-
lish first the tunnel conditions of airspeed and air temperature and
then the heating conditions of both gas flow and gas temperatm (at the
cycling valves). The gas flows were stabilized while the cycllng valves
were positioned to dump the gas flow into the tunnel. Thenj water sprays
were turned on and the cycle timrs were started simultaneouslyto con-
trol selected icing and heating periods. Generally, the first cycle
started with the icing period and followed with the heating (de-icing)
period.

In o~r to deterudne heating requirements, the first few icing
cycles we= utilized to adJust the heating rates until satisfactory de-
icing was obtained. For convenience, the heat-on times were adjusted
(with other conditions constant) until satisfactory ice shedding per-
formance was obtained. .

Satisfactory de-icing performance was determined by tisual observa-
tion and then the model was photographed at significant moments in the
cycle. The criterion of satisfactory, or mmginal, de-icing was selected
as the condition of complete ice removal from an airfoil section as far
aft as the limit of the beatable double skin. This criterion was com-
promised in certain local areas that were inadequately heated, and con-
sequently, some ice form~ions which were local in nature would not shed
and were ignored as much as possible in establishing marginal levels of
heating. This criterion, unavoidably subjective in nature, caused con-
siderable scatter in the data.

....- --
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Operation of the parting strips was considered satisfactory when the
leading-edge strips would remain ice-free over an average chordwise dis-
tance of approtimatel.y1/2 inch titer a 4- to 6-minute icing period.

Anti-icing heat req@rements were determined for the condition of
an ice-free model for which tbe impin@ng water efther evaporated on tk
heated areas or ran off the swrface before freezing. Water run-off was
frequently observed at the trailing lip.of the slat lower surface.

Method of Presenting Data

In order to establish a convenient reference temperature from which
to compute heat transfer in the tunnel, a datum air temperature was taken
as the average unheated surface temperature of the airfoil leading-edge
sections. In icing conditions, the tit~ tempe~t~ ~~s Men from
rea&Lngs that were not affected by the heat of fusion of impinged water
(fig. 5, ref. 2). The datum air temperature was essentially equal to

the total.air temperature within 1+0 F for the cordltions investigated.

,
During the heat-on period, the gross heating rates

are given by

q = Wcp(tg - td), Btu/(h??](ft span)

where

q gross heating rate per foot span

w gas flow, lb/@r) (ft span)

per foot of span

(1)

.
specific heat of air at constant pressure~

CP
0.24 Btu/(lb)(%’)

t
g

gas temperature at cycld.ngvalve, OF

‘d datum air temperature, %’

These heating rates are based on spanwise lengths along the leading edges
and exclude the various triangular areas mentioned previously. The heat-
ing values include the heat losses in the supply ducts between the cycling
valves and the D-duct entrances.

In order to compare interudttent heating rates with anti-icing heat-,-
ing rates, the heatiu =te for CYC~C ~-icing is ~~~d by the cycle
ratio to obtain an “equivalent-continuousheating rate.” The ratio of

.—. .—... .. ...— ——.—— ..__. __ —— --—— — — —... ——— ..-—— ———
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total cycle time to the heat-on time is defined as the “cycle ratio.”
@ heating rates per foot span for ice-free psrting strips are included
in the equivalent-continuous heating rates for the entire specified sAr-
foil section. The heating rates for gas-heated parting strips are pre-
sented as the product of total.gas flow, specific heat, and the gas tem-
perature drop per foot Span. For the electric parting strips, the
heating rates sre determined from the total required wattage dividedby
total effective spin.

the
ner

In the presentation of surface temperatures, unless otherwise stated,
temperat~s are measmed along rivet lines where the outer and in-
SHUS join.

with the
presents

RESULTS AND MSCUSSION

results are presented in two parts. The first part is concerned
over-all performance of the de-icing systems, and the second
several aspects of local and internal heat-transfer processes.

Over-All Rrformance of De-Icing Systems

Characteristic glaze-ice deposits. - Glaze icing on the unheated
model is shown in figures 6(a) and (b) with slat retracted and fully ex-
tended, respectively, and in figure 6(c) with the slat half etiended and
only the parting strips heated. It was observed during the tests that
the ice-free &ing strips did not appreciably alter the shape of the
rest of the ice formation at the nose.

The photographs in figure 6 illustrate a peculiarity of leading-
edge glaze ice on swept airfoils. Whereas ice on unswept airfoils forms
continuous spanwise projections of uniform shape along the leading edge
(ref. 2), the ice forms in a discontinuous, saw-tooth fashion on swept
-oils such as the present one. In rime-icing conditions, there is no
difference in appearance of the ice on swept and unswept airfoils (ref.
5).

Areas of insufficient heating. - With cyclic application of heat to
the model, residual ice formations indicate local regions of insufficient
heating. -With the slat extended, the tracks were insufficiently heated
even at a datum air temperature of 25° F and an airspeed of 175 mph. The
rear face of the slat (figs. l(b) and 2(a)) was virtually unprotected by
the cyclic de-icing system and accumulated sizable ice formations (fig.
7(a)). These ice formations decreased the etit area of the slot between
tb- slat and fixed airfoil and often prevented complete slat retraction
by as much as 3 inches of travel. Similarly, runback icing formed on
the last 4 inches of the slat trailing edge on the upper surface and
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could not be dislodged except by excessive amounts
ice masses on the slat tabs (fig. 7(a)) could only

9

of heat. The large
be removed by exorbi-

tant heating. With marginal-heatin& these ice formations would grow
for four to six heating cycles and then shed sporadically. The closing
ribs at the slat ends were insufficiently protected at datum air temper-
atures less than 20° F.

The fixed-atrfoil section behind the slat was inadequately protected
at the leading-edge region by the electric parting strips. A nonuniform
distribution of gas heating to the lower surface of this fixed section
caused several cold areas. These areas accumulated mssive ice forma-
tions, especially near the track openings and on the airfoil sMn over
the track stations (fig. 7(a)). At low datum air temperatures with slat
extended, ice formed on the insulated gas supply duct to the slat.

The standard-airfoilportion of the model showed a rapid reduction
in the width of the gas-heated parting strip iu the direction of gas
flow. In addition, a surface strip between the skin junction with the
parting-strip fin and the entrance to the upper-surface double skin was
inadequately heated. This caused an ice ridge to remain near the lead-
ing edge after the rest of the airfoil was cleanly de-iced.

The unheated or poorly heated regions of the modified model can be
seen in figure 7(b). Although figures 7[a) and (b) illustrate residual
icing under different icing conditions, generally the saw areas are
under-heated in the modified version as in the original model. This il-
lustrates the difficulty of heating certain localized areas because of
structural complications. The modified model, however, showed marked
improvement over the original version in the de-icing of the slat tracks,
the slat trailing lip, and the le~ng-edge regions of the fixed- and
standard-airfoil sections. The improved ice protection for the tracks,
however, was largely offset by the ice that built up (on both versions
of the model) on the unheated areas nesr the track openings in the fixed
airfoil. ,

Msrginal de-icing. - Typical operation of the various de-icing sys-
tems in the models is shown in figures 8 and 7(b). lHgures 8(a) and (b)
show de-icing of the airfoils in glaze-icing conditions (air~eed, 260
mph) for the original and modified models, respectivel.y,whereas figures
8(c) and 7(b)(airspeed, 175 mph) can be compared for operation in rim-
icing conditions. The heat-on periods and heating rates for these exam-
ples of marginal de-icing - given in the fol.lowingtabulation for the
three airfoil sections of the model:

.--—. -—-- . .. .. —-—.———-. —.— ~—— — _._. ._—. —.—
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Fig-
ure

8(a)

8(b)

8(c)

7(b)

Icing
condl-
tion

Glaze

Glaze

RLme

Rime

Heat-
Off
peri-
od,
tin

&
z.

5
%
3
&
4

Heat-on psriod,
sec

stand-
ard

19

10

27

M

15

10

27

M

Fixed

15

10

30

15

Heating rate,
Btu/(hr)(ft span)

Stand-
ard

18,200

20,375

18,100

24,204T
slat Fixed

18,125 14,6(X

21,597 15,168

15,900 17,35C

20,584 16,197

Parting-strip
heating rate,

Btu/(hr)(ft span)

1
226 140 252

---- ---- -

378 280 630

---- ---- -

The ice formations remaining on the model after the heating periods
(figs. 8 and 7(b)) vary considerably in appearance. The insufficiently
heated areas pemitted ice formations to remain on the model and serve
as collectors for other ice pieces that would otherwise slide or blow
off of the model. In establishing heating levels for msrginal de-icing,
these ice formations were intentionally ignored, although their presence
undoubtedly influenced in varying degrees the aerodynamic removal.of ice
from adjacent surfaces. This ice also made it difficult to judge when
marghsd. conditions for cyclic operation were attained for the rest of
the model. This uncertainty resulted in considerable scatter in the
marginal heating values.

In order to permit better visualization and comparison of the vari-
ous cyclic de-icing results, the succeeding sections wiK1.present the
marginal de-icing heating rates for various icing and model conditions
and also a generalization of parting-strip heat requirements. These two
heating requirements till then be combined in the form of an equival.ent-
continuous heating requirement, which permits direct comparisons of
model components and also of auti-icing with de-icing heating requirements. “

lbrginal de-icing heating rates. - The heating rates for the de-
icing portion of the cycle (determinedby eq. (1)) are shown in figure
9 as a function of the heat-otipried for the three airfoil sections of
both model versions. These data are for a tots cycle time of about
four udnutes and cover a wide range of test conditions. The liquid-water
content values for tk se data are presented in either a high or a low
range. The low Mquid-water-content range extends from approximately 0.3
to 0.7 gram per cubic meter, whereas the high range extends from 0.7 to
1.3 grams per cubic meter.

Effect of datum air temperature. - The variable having the greatest
effect on de-icing heat requirements is the datum air temperature, which

.3

is presented in figure 10 for a 25-second heat-on petiod aud mean values
d
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of the secondary
and liquid-water

IL

variables of airspeed, angle of attack, slat position,
content. A decrease in the datum air temperature re-

quires a significant increase in heating rate for de-icing with a con-
stant heat-on period; at 0° F, the heating requirements are approximate-
ly double those at 25° F. The three airfoil sections shown in figure 10
require approximately the same heating rates. At a datum air tempera-
ture of 10° F, the heating requirements range from 16,800 Btu psr hour
per foot span for the slat to 20,800 Btu per hour per foot span for the
standard airfoil.

Effect of parting strips. - The effect of a parting strip on the de-
icing heat requirements can be determined from figure 9 by comparing large
and small identical symbols. The large symbols denote tests in which the
psrting strips in the original model were unheated. In general, at high
datum air temperatures, the heat requirements for de-icing are nearly in-
dependent of whether the parting strips were heated or not heated. At low
air temperatures, more heat is required to de-ice the airfoil with un-
heated than with heated parting strips. This increased heat requirement
at lower temperatures appeared more pronounced with the standard airfoil
than with the skt.

The effect of p=ting strips in the present swept model on the over-
all de-icing heat requirements was on an average less than that in ref-
erences 1 and 2 for unswept models. A swept airfoil facilitates ice re-
moval by an sir velocity component along the span of the leading edge,
thereby preventing a balance of the aerodynamic forces on an ice cap
over the airfoil nose. In addition, the leading-edge glaze-ice forma-
tions are discontinuous in spanwise extent (see fig. 6). This disconti-
nuity permits easy break-up of the ice formation during de-icing and re-
sults in removal in small pieces. This latter effect of airfoil sweep
is not as evident with rime-ice deposits and may partly explain the in-
creased heating required for de-icing at the low air temp-eratureswhen
the parting strips are not heated.

The rates of heat flow to the parting strips will be presented in
“Parting-strip heat requirements.”

lE?fect of angle of attack and slat position. - For the range of con-
ditions studied, no consistent or pronounced effects on the heat require-
ments axe noted for the slat or standard airfoil (fig. 9), either from
changes in airfoil angb of attack or slat position.

Effect of airspeed. - The effect of airspeed on de-icing heat re-
quirements was feud to be _ over the r~ge studied, partly because
of compensating effects of two opposing factors. Whereas higher air-
speeds require increased heating to elevate the surface temperatu?.wa
given amount, higher speeds also increase the aerodynamic forces that
remove the ice.

:
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Effect of heat-off (icing) period and llquid-water content. - The
effect of the heat-off period on the heat-on period required for de-icing
is shown in figure 11 for the low range of liqtid-water content. Each
curve in figure 11 represents conditions of constant airspeed, air tem-
perature, angle of attack, liquid-water content, and heati~ rate. AU
increase of 1 udnute in the heat-off period generally requires an in-

crease in the heat-on period of between 1 and 1+ seconds. However, in

the case of the standard airfoil at 260-mph airspeed, the increase was
unaccountably about double that of the other cases. The increased heat- E

off periods allow the supply ducts and model interior to cool down nearer B

to the ambient teuprature and largely explain the increased heating time
requirement for de-icing.

The effect of the heat-off period as shown in figure U_ is compa-
rable to that determined in reference 1, in which the heat-off period was
varied through a range from 4 to l-lminutes. However, in reference 1 an
increase in the liquid-water content (other factors constant) required
a slight increase in the heat-on time, whereas in the present investiga-
tion no significant trends with liquid-water content are evident.

Comparison of airfoil models. - The de-icing heating rates required
for the modified model were less than those required for the original mod-
el; the two versions of the standard-airfoil section compared most closely
(fig. 9(a)). These reductions in heating rate were caused in part by re-
duced heated areas in the modified model and will be discussed later. .

The stankd-airfoil section is somewhat similsr in construction to
the 12-percent-thick airfoil in references 1 and 2. Differences in size,
gas supply system, and test conditions prevent a direct comparison be-
tween these airfoils. However, the de-icing heat requirements for the
standard-airfoil section appear to be sldghtl.ygreater than those of the
12-percent-thick airfoil of reference 2.

Parting-strip heat requirements. - The parting-strip heat require-
ments are shown in figure 12 as functions of datum air temperature and
airspeed for both the gas and electticall.yheated parting strips of the
original model. ‘T& heat requirements sre approximately linear with air
temperate. The data in figure 12 cover the whole range of operation
of the two parting-strip heat supp13.es,and the curves sxe drawn to rep-
resent mean values. The standard-airfoilparting strip, for example,
required approximately 530 and 450 Btu/(hr)(ft span), respectively, for
260- and 175-mph airspeed and 300-F temperature differential.

The ice-free width of both parting strips
conditions and icing period from approximately
the greater widths occurring at the higher air
heated parting-strip requirements are compared

varied with operating
3 inches to 1/2 inch;
temperatmes. - The gas-
in figure 12(a) with .

,,.

—
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those of

width of

about 30

13

the gas-heated parting strip of reference 2 for an ice-free

about l+ inches. The parting strip of reference 2 required

percent less heat flow mainly because of less chordtise thermal
conductio~ in the thinner outer skLn of the airfoil. The electric part-
ing strip on the slat (fig. 12(b)) at the higher -turn air temperature
required slightly less heat than the gas-heated parting strip because of
less conduction in the structure and better heating control. At low air
temperatures, the two types of parting strips required nearly equivalent
heating.

The foregoing hot-gas parting-strip heat requirements (fig. 12(a))
are based on the spanwise drop in duct gas temperature per foot span.
In ttis short-span model, no account is taken of the heat left in the
gas at discharge from the parting-strip duct. This heat should be con-
sidered in a full-scale design, as it also must be applied by the heat
source. Come quentl.y,more input heat flow is required in a full-span
design than is inticated in figure 12. Since’the heat wasted at dis-
charge is affected by the operating levels of gas temperature and flow,
these factors have been correlated with the spanwise drop in gas tem-
perature for use in the design of similar gas-heated parting sttips
(fig. 13). The correlation is obtained by plotting the ratio of the
spanwise gas temperature drop per foot span Atg/AL to the differential

temperature between the parting-strip inlet gas and datum air
(
tg,i

)
- td

as a function of parting-strip gas flow where

‘E! parting-strip

L parting-strip

tg,i parting-strip

gas temperature, OF

span, ft

inlet gas temperature, OF

td datum air temperatum, 9!?

Figure 13 includes all the data obtained during this investigation of a
gas-heated parting strip, and the liquid-water content ranges are the
same as in figure 9.

As an example, one approach to the parting-strip design problem is
to determine the minimum levels of gas temperature and flow that will
allow a fin construction to conduct heat to the parting strip in the
amounts dictated by figure 12 (and figs. 13 and 14 of ref. 2). These
levels can then be assigned to the parting-strip etit. Using figure 13
and figure 9 of reference 2 for the gas flows and temperature assigned,
the gas temperat~ drop per foot span may be estimated. For a long
duct, several segments should be assigned, and for each segaent, figure

—- —. —. —.— .-. ..—
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13 should be used and the fin design altered to account for the increas-
ing es temperature with distance toward the inlet. The inlet gas tem- I.

perature is then used to calculate the parting-strip heat-source
requirement.

Equivalent-continuous heating rates. - As stated previously, the
equivalent-continuous heating rate is defined as the heating rate re-
quired for de-icing divided by the cycle ratio, with the ptiing-strip
heating rate (continuous) added whenever heated parting strips are used.
This &efinition of heating requirements is analogous to a steady-state $

heat-source demand and permits a direct comparison between anti-icing P

and cydi.c de-icing heat requirements.

The equivalent-continuous heating requirements per foot span for
the three airfoil sections of both model versions are shown in figure
14 as a function of the cycle mtio. Anti-icing corresponds to a cycle
ratio of 1.0 (continuousheating). The cyclic de-icing heat requirements
with cycle ratios greater than 6 (fig. 14) are only a fraction of the
anti-icing requirements. The anti-icing heat requirements, defined in .

CONDI’ITONSAND PROCEIWRES, vary slmost Mrectl.y with airspeed and l.iqui.d-
water content, whereas for the cyclic de-icing heat req@rements, these
two variables are of secondary importance. The ~eate st proportionate
reduction in heat requirewnt between anti-icing and de-icing, theretore,
occurs at high values of liquid-water content and airspeed. For the con-
ditions shown in figure 14, the de-icing heat requirement for the origi-
nal model averages about 25 percent of the anti-icing heat requirement,
and for the modified model (dashed lines) the requirement is even less.
The heat reqtiement for the slat is nearly constant for cycle ratios
between 8 and 26, Whereas for the standard and fixed airfoils the heat
requirement decreases slightly as cycle ratio increases. For d13Si@

purposes, selection may be made from a wide range of cycle ratios for a
given heat-sowrce capacity with nearly the same de-icing performance.

.

In general, the equivalent-continuousheat requirement data of fig-
ure 14 follow the trends discussed for the data of figure 9 (de-icing
heating rate). In figure 14, the parting-strip heat requirements have ‘ “
been included in the ordinates and, compared with’figure 9, cause a
slight increase in the heat requirements for the heated parting-strip
cases relative to the cases with unheated parting strips. The modified
model (without parting strips) reqtired an average of about 60 percent
as much heat-source capacity as the original model using heated psrting
strips. The unswept airfoil of references 1 and 2 using heated parting
strips required total heating rates between those for the original and
modified models used in this study.

Comparison of anti-icing and de-icing. - The designer
protection systems is often confronted with the problem of
between anti-icing and de-icing heating systems. De-icing

of ice-.
selecting
requires

-
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much less heat than anti-icing but allows soresamount of ice to form on
the airfoil. If, however, some runback.ice may be tolerated, then sub-
marginal anti-icing might appear attractive as a means of lowering the
heating requirement below that for complete anti-icing without the com-
plexl.tyof a cyclic de-icing system. As heat flow rates are reduced be-
low the anti-icing level, small amounts of runback ice Iegin to accrue.
As heating levels are further reduced, the resulting ice formations ap-
pear progressively farther forward toward the leading edge and form flow-
disrupting spanwise ridges. It is thus necessary to compare these two .

d methods of heating in terms of airfoil drag due to the resulting ice

8 formations as well as by their over-all system heat requirements.

A comparison of the heat-source capacities required for cyclic de-
icing and anti-icing systems is shown in figure 15. For the original
and modified cyclic de-icing systems, the marginal heat requirement data
of fifie 14 for a cycle ratio of 12 sre presented in figure 15 as a
function of the datum air temperatm for a speed of about 260 mph. TWO .
curves sre also shown for anti-icing (continuousheating of the otiginal
model); the higher representing ice-free anti-icing, while the lower
curve represents an arbitrary reduction to approximately 55 percent of
the heating rate of the anti-icing condition.

With this submarginal anti-icing, ice formations build up on the
subfreezing areas of the model as shown in figmes 16(a) and (b). For
comp~son, photographs of a marginal cyclic de-icing condition are al-
SO shown (fig. 16(c)). The resultant runback ice formations after 6 to
9 minutes of submarginal anti-icing form spanwise ridges near the lead-
ing edge (figs. 16(a) and 16(b)). These ice formations will appreciably
increase the bag of the airfoil and also *y impair the lift. The
cyclically de-iced airfoil, requiring only about 40 percent as much heat
flow as the submarginal anti-icing example, is completely free of ice
over the entire heated leading-edge area after each heating period (fig.
16(c)). Ikrl_ngthe icing phase of the cycle, ice ti-lldeposit on the
airfoil leading edge as shown in figure 8, but is restricted to a small
size by the short duration of the icing period.

The effects of ice formations on the drag of airfoils are presented
in references 3, 5, 6, and 7. In addition, comparison of airfoil drag
values as affected by de-icing and submarginal anti-icing systems is
given in figure 24 of reference 5. From this comparison and the addi-
tional information in this investigation (figs. 15 and 16}, it is con-
cluded that as anti-icing heating rates are lowered toward the cyclic
de-icing heating values, the resultant airfoil drags for the two cases
are eqtivalent after a short time in icing (one or tw” cycles.of the de-
icing system), and thereafter, the submarginal anti-icing system wilL

a always contribute more drag.

— .. -—----—— —... ——— ——-– .— —.
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The following properties of the gas-heating system wilJ.now be pre-
sented: surface temperature variations, gas temperature variations, and
ice-shedding characteristics. These data were obtained during marginal
de-icing operation of the heating system.

Surface temperature vmiations. - The variation of surface tempera-
ture with time is shown for several thermocouple locations in figures
17, 18, and 19(a). The operating conditions ~or these curves -- Msted
in table 1. In figure 17, four representative temperature curves show
the typical heating and cooling portions of the surface temperature h3.s-
tory. The peaks of the temperature curves represent very closely the
points at which heat flow was turned off. The tim at which shedding of
ice occurs is also shown. Wge variations in the temperatures and times
of ice-shed and the peak surface temperatures were obtained.

The general shape of all of the temperature-time curves shown con-
currently for six lower surface thermocouples is about the same (fig.
18). The temperature curves for thermocouple locations farther from the
leading edge peak at lower temperatures because of cooling of the gas
flow in the passages. The ice-shedding points also indicate shedding
at lower temperatures at positions fhrther from the leading edge. TMs
trend results from the nature of the ice deposit toward the rear of the
impingement =ea. =re, because the ice forms in small isolated parti-
cles, the formations shed more easily and more nearly at a surface tem-
perature of 3A F than do the large, thick leading-edge ice formations.

Comparisons of surface temperatures measured at the midpoints of
the double-sldn gas passages with those measured at the rivet lines are
also shown in fi~ 18. Near the leading edge, the temperature at the
rivet line rises above that for the passage midpoint, probably because
of thermal conduction from the D-duct through the sJd.nsand stiffeners.
Farther aft from the leading edge where Mttle internal conduction occurs,
the rivet-llne temperature lags behind the midpassage surface temperature.

A comp@son of surface temperatms in dry air and icing conditions
for the modified model is shown in figure 19 for simtlar heating and air-
flow conditions. At the leading edge (fig. 19(a)), the surface tempera-
ture in icing reached a higher value throughoti the heating period than
that in @ air, possibly because the thick ice cap, prior to its removal,
shielded the surface from the cooling effect of the air flow. Elsewhere
over the heated area, as shown in figure 19(b), the temperatures in icing
tended to be less than those in dry ah, especially in the impingement
zone. ‘T& vmiation of surface temperature is shown for only the peak
values of the time curves (appmx. at point of heat-off). The upper sm-
face shows little difference between icing or dry air conditions (practi-
tally no impingement at 4° angle of attack), whereas on the lower surface,
the temperatures were appreciably lower in &
suit of the droplet impingement effects.

icing condition as a re-

.

1.

.
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The surface tempsratw variations for the original standard air-
foil and slat are compiled in figure 20 at various time increments during
their heating periods. These data show that at any @ven time, surface
temperatwes for such cyclic gas-heating systems tend to be undesirably
nonuniform. The temperature pattern over tk original slat surface was
characterized by elevated temperatures over ths D-duct area and relative-
ly low temperatures over the rest of the surface. The lower-surface
trailing lip lagged in temperature rise because of the circuitous path
taken by the hot gas. (This lip area received heat by conduction from
the D-duct and by the gas flow from the re= face.) Soresof the surface
temperature gradients during the heating period shown in figure 20 exceed
100° F @r inch of distance. This nonuniforud.tyof surface temperature
causes ice formations to adhere to subfreezing surfaces while adjacent
parts of the ice are needlessly melted away. Simultaneous mslting of
all of the ice bond requires uniform surface temperatures @ring the
heating period which, as shown in figure 20, are difficult to obtain in
a practical construction.

The minimum width of the ice-free area, or parting strip, can be
seen in figure 20 from the curve for zero heating time as the distance
along the surface that is above 320 F (see example in fig. 20(a)). For
heat economy as well as reliable de-icing, it is desirable to have narrow
parting strips. In order to accomplish this, the conduction of heat away
from the parting-strip fin in the outer stin should be low, resulting in
steep temperature gradients on either side of the fin attachment point.
These regions near the fin in the standard airfoil were sometimes slow
in shedding ice. This local heating deficiency was not due to the
parting-strip design as such, but rather to the heating arrangement for
cyclic de-icing. These =eas were not heated sufficientlyby the
internal gas flow, because the entrances to the upper- and lower-surface
double-skin flow passages were too far from the parting-sttip fin and
thus too far apart. The remedy is to extend the inner skins closer to
the parting-strip fin without making thermal contact wtth either the fin
or the outer skin.

Gas temperature vsxiations. - The temperature loss or lag in the
supply lines and distribution ducts is significant to the design and
performance of a hot-gas cyclic de-icing system. !l!heamount of tempera-
ture drop throughout the slat and standard-airfoil gas supply systems may
be seen in figure 21 together with the resulting surface temperature pro-
files. The gas temperature at the cycking valve was maintained constant
(420° to 4600 F) whereas the other temperatures in figure 21 increased
with time during the heat-on period to the peak values shown. The tem-
peratures are plotted in terms of the developed lengths of flow channel
and surface. This plotting permits visualization of the temperature
loss through the system. The D-duct temperature gradients exceeded
those in the supply ducts but were less than those in the double-skin
heating passages. The surface temperatms were measured in the tin
instrumentation @anes (fig. l(b)), which are normal to the leading-edge

~’

__- —.— —. ....— —— —



—.

18 NACA RM E56B23

D-ducts at the points shawa in figure
measured in the instrumentation plane
the foremost spanwise heating passage

21. The gas temperatures were )$
for the standard airfoil but along
for the slat.

For the standard airfoil (fig. 21(a)), the temperature losses in the
supply ducts for the original and modified models were quite large. For
example, the gas temperature at the D-duct instrumentation plane (modi-
fied model) was only 57 percent (based on temperature differentials above
the datum temperature) of the temperature available at the cyclAng valve E
at the end of the heat-on period, and was only 78 psrcent as high when E
the flow was maintained until ultimate levels were stabilized.

The D-duct temperatures in the modified model showed a temperature
gradient less than half that for the original model; the increased D-duct
insulation and the absence of a parting-strip duct in the modified model
helped to account for this improvement.

The surface temperatures for the modified standard airfoil are more
uniform and considerably below those for the ori@al model. This great-
er unifotit y resuited from removal.of parting strips, added insulation,
and better adjustment of flow &lstribution. The difference in surface
temperature levels resulted, in part, from the instrumentation plane on “
the modified model which appeared to run colder than the rest of the air-
foil section, as shown by the incomplete ice removal in figure 7(b).

For the slat (fig. 21(b)), the supply duct for the mcdified model
shows a reduction in temperature 10Ss over the standard airfoil (1112°F
in 65 in. of duct length compared with 164° for the standard airfoil
with 63 percent more gas flow). This reduction was due to more complete
insulation of the slat supply duct. ~ modified-slat D-duct showed a
marked decrease in tempsrat~e ~adient over the original slat, as was
the case for the standsrd airfoil. A more uniform and lower surface tem-
perature pattern also resulted with t~ tified version of th slat. .

Ice-shedding characteristics. - The observed time of ice-shedding
from some of the thermocouple locations on the lower surface of the orig-
in&l model during de-icing is given in table II. ~ shedding time is
tabulated against de-icing heating rate and surface temperature at the
time of shedding, although the sh?dding tem-peratum,,W& rather random for
locations near the leading edge. The ice-shedding time was found to in-
crease as the heating rate decreased. ~ta from table ~, shown in fig-
ure 22 for one operating condition, indicate that ice-shedding charac-
teristics may be consistent for a given component but may Mffer for
other components. The ice-shedding curves for the slat have the same
shape as those for the standard sirfoil, but are spaced differently with
respect to surface location because of differences in internal heating .
arrangements. A general copulation of ice-shedding factors might be
possible on the basis of localized surface heat-transfer rates if these
were tiown. ,.
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The heating time reqwired to shed ice is compared in figure 23 with
the time required to reach a surface temperature of 32° F for the standard-
airfoil section. The heated lower surface tends to shed ice at the rear-
most locations at the tiw the swface temperatu reaches 32° F. Near
the leading edge, the surface reaches 32° F several seconds before ice-
Shedding occurs. These trends were dJ30 etident in the &~ of reference
2. As the heating rates were increased for a particular icing condition
(e.g., W to 30,000 Btu/@r) (ft span), (fig..22)),the ice would tend to
shed at nearly the saw time from the whole lower-

SUMMARY OF RESULTS

Heating requirements for satisfactory cyclic

surface.

de-iCiUE were obtained
over a wide‘ra~-e of icing and operating ~on&tions for a slat and a
standard-airfoil section with and without leading-edge ice-free parting
strips. For the models and conditions studied, the following principal
resuits were obtained:

1. Cyclic de-icing was compared with anti-icing and found to requLre
about 25 percent or less of the heat source required for complete anti-
icing.

2. De-icing heat requirements were approximtel.y the sw with either
heated or unheated parting strips. This resulted from the spanwise flow
component associated with swept wings, which helped remove ice by blowing

=el to the lemng edge and which also caused leading-edge glaze ice
to form in discontinuous spanwise saw-tooth pieces that broke up and shed
readily without need of a parting strip.

3 ● c%c~cde-iciw heat =wi.rements increase markedly with decrease
in the datum slr temperature. Negligible or inconsistent effects on heat
requ.irementswere found for the following variables: angle of attack,
slat position, airspeed, and M quid-water content. An increase in heating
rates was required with an increase in the icing period of the cycle.

4. The heating time required to shed ice formations near the lead-
ing edge was several seconds longer than that required to elevate the
surface temperatures to 32° F. Toward the aft end of the heated area,
the ice shed when surface temperatms were close to 32° F. At high rates
of heating, the ice would tend to shed almost simultaneouslyover the
whole heated lower stiace of the standsrd airfoil.

5. Several localized areas of the model were extremely slow in shed-
ding ice because of instificient’“heatingat these points. Most of these
deficiencies were attributed to the structural complexity inherent with
leading-edge slats and illustrate the need for providing uniform surface-
temperatures over the model during the heating period.

— — . —-— ——. — .
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and with
improved insulation and flow distribution; required-less ~at -s&rce cafic- -
ity than the original version by about 40 percent. The cyclic heat-source
requirements of the unswept gas-heated, 12-psrcent-thick sirfoil of ref-
erence 2 were approximately between the requirements of the present orig-
inal and modified models. More unifozm surface-te~ratures and smaller
D-duct gas-temperature losses were obtained with the modified model than
with the otiginal version.

Lewis F13.ght Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, February 25, 1956
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TABLE n. - ICE—REIEASE DATA

irfoll Distance E9ating Tempma- Heatlng rate, Tim for Airspeed, rMJJm Angle slat Parting
from tim -b ture at Btu/(hr)(ft qmn) surface m @ of POaition Strip

leading .&d ice- to reach t%l!lp., attack,

ef@> ice) Bhad, 320 F, ‘% dog
tn. sec % eac

tandard L.9 5 54 28,600 1.5 1.75 10 8
4 50

WE out Eeatid
27,850 1.5 175 10 12 out Heated

3.5 53 22,KXY 1.5 260 25 2 In Heatecl

4.5 53 20,400 1.5 260 25 2 In Heated

6 4s 20,4CU) 2.5 260 25 0 In
7 50

Unheatid
20)500 4 175 10 8 Half out Unheated

7 68 29,950 3 260 10 4 In Unheated

3 51 28,250 0 260 25 4 In

6 46
Unheated

24,400 1 175 25 8 Half out Unhaated

1.3 63 L5,7LXI 1 L75 25 8 Half out Unheated

8 66 23,30) 2.5 260 10 4 m Heated

5 57 241m 1.5 175 10 8 Half out Heated
4 57 24,700 1.5 260 25 0 In Heated

8 60 24,603 2 mo 25 0 p
4 54

Unheated
23,7(X) 1 260 25 4 ‘In Esated

5 58 24,003 1.5 260 25 4 In Ekated

6 49 a3,9(x) 2 175 10 8 Half out Eeatid
5 55 31,m 2 175 10 8 Half out Eeatad

5.2 7 35 28>6W 4 175 lo 8 Half out Eeate&

7 32 27,850 7 175 10 12 out Heated
10 40 20,500 5 175 10 8 w out Unheata~
6 39 29,950 5.5 26a 10 4 In
2 40

Unheated
28,250 .5 260 25 4 In Unheated

3.5 32 24,7CQ 3,5 260 25 0 In Eaatmi

5 40 23,700 2 260 25 4 In Heated

8.5 7 26 28,6~ 8 175 10 8 Hew out Heated

7 28 27,850 a 175 10 12 out Ekatecl

!4
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TABLE n. - Continued. ICE—RELEASE MN.

drfoil Distance Heating Tempera- Heating rate, Tim for Airepeed, Wtum Angle slat Parting

from time to ture at Btu/ (hr) (ft Spin) BMW= Lu@ air ~
laadlng shed

position strip

ice- to reach temp., attack,

edge, ice, shed, 3%’ F, % &g

in. sec %
sec

ltandexd 8.5 6 32 22,303 6 260 25 2 In
7

Heated

W3 ZO,-MM .7 260 25 2 In &ated

12 33 20,5C0 1.1.5 175 10 8 Half out Unheatad

8.5 56 .23,9= 7.5 260 10 4 ItI Unheatad

2 3!) 2a,250 3 280 25 4 In Unheated

6 20 24,40C 7 175 25 8 Half -out Unheated

6 34 24,700 5 260 25 0 In Esated

5 32 23,7W 5 26C 25 4 In Heated

12.1 12.5 31 20,5CX3 13 175 10 8 Half out Unheated

11 31 28,930 12 260 10 4 Tn Unheated

5 31 24,7C0 5.5 26C 25 0 In Eeated

5.5 31 23,7@3 5.5 260 25 4 In Heated

15.5 9 36 22,3&0 3 260 25 2 In Heated

5 31 20,4Cm 5 260 25 2 In Heated

16 34 m, 5CQ L5 175 10 8 Half out Unheated

12 31 28,930 12.5 260 10 4 In Unheated

4.5 5~ 28,2543 5 260 2s 4 In

5 30

Unheated

24,703 5 26C 25 0 In Heated

17 38 m, m 14 L75 10 8 Half out Esated

8.5 33 25,503 8 175 10 8 Half out Ekated

~lat 1.5 7 51 EA,lm 1.5 175 10 12 out Heated

3 53 23)5CKI 1 Zi 2 In He@e&

8 54 14,3m 1?5 R 10 8 Halt’ out Unheated

7 58 26,350 1.5 260 10 4 In Unheated

3,5 58 2.4,350 .25 260 Z5 4 In Unbatad

4.5 44 2A,150 1.5 260 10 4 In Heated

2 40 19,0CQ 1 L75 10 8 w -out Heated

I



TABLE It. - CJmcluaetl. IOE-RELEA&JI DATA

Urfoil Distance Eeating Terup9ra- EeatL rate,

Y
Mm for Airspeed, Datum Angle Slat . pwting

from tim to ture at Btu/ (h) ft Span) surface mph air of

leaMng shed ice-
position Btrlp

ta reach temp., attack,

e@wj ice, shed, 3* F, 9 aeg

In. 8Ec % sec

!w.at 1.5 1.5 47 25,900 0.5 260 Z5 o In
3.5 55 25,500 1

Eeate&
260 25 0 In Unheated

1.5 50 25,6C0 o 260 25 4 In
6 44 12,5~

Heated
2.5 175 10 8 KM out &ate&

3.9 Z5 B 24,1al 29 175 10 12 out %at.ed
25.5 31 14,303 27 175 10 8 Half out Unheabi
20 32 26,350 20 260 10 4 In Unheatacl
7 33 24,450 3.5 260 25 4 In Unheatea

16 33 24,150 15 260 10 4 In &ate&
13 39 19,0a3 E 175 10 8 w out &ate&
8 38 25,6Wl #l 260 25 4 In Eeated

, > 1 .
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-1 Isllsnl - 1“ .

(a) Uppers&ace.

Figure 1. - Installation of swept a~oil with partial-span leading-
edge slat in icing tunnel.
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b

(b) Iower surface.

Figure 1. - Concluded. Installationof sweptahfoil with partial-
span leading-edgeslat in icingtunnel.
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NACA RM E56B23

/

k

~ Gas-heated .7

———.- =
Electric
heating units
(see fig. 3(c))b, ,

ing-

.-.
[ CD-33141

showing heating passages.(b) Cutaway drawing of model

Figure 2. - Concluded. Relation of main components of model.
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D-duct -

Entrance
baffle —

Leading edge

A
I
I
I

Ill 1
II L__- _–_--_–_-l_.

I

I I

(a) Plan view of heating circuit (original version,

Figure 3. - Slat heating system.

Flo~7regulating
orifices

upper surface).

— — ———... .
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~auot Wltition
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(wi~ 6 holee) ,

Entranoe OrIfioe
baffle

O. Ml”
Electrical L
W~iU&8trip
elemmt

trailing lipl

(b) Typical

F@m 3. -

mm motion (ori~l version).
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ting elemeti / / \
S_panwise

I
oorzugation\ . ----- -----

Chordwise

Heat ing element

(me fig. Z(b))

gas paseage

Lower

(c) Tg@oal qmwiee oross section of track and end of

‘1surface

slat ( original

Aluminum oover

k

(laS flow: Spanwiee and chordwlae

S illoone strip heater r
Chordwise

r ‘ldd ~tor
7

version) .

S~nwiee

corrugation

Closlng ,

r lb

~’
(d) Typio.1 epanwlse orose motion of traok and and of ,1.at (modified version).

Figure 3, - Continued. Slat heating ayatem.
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2)
o
m

O.CWJA1 E_atrance

HI +

baffle

Electric
parting- A\II
strip / \\[\
element J \\\

H
\ A<

Supply duct

(a) ~ical cross section (original

Figure 4. - Fixed airfoil behind

version).

slat.
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SUpply duct

Lower surface

~

.

“

(b) Typical cross section (modified version).

Figure 4. J Concluded. Fixed airfoil behind slat.

4
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CC-5 baok
? 3081

Structwrel inuer skin, 0.051” thick

Parting- etrip

gas Lluot

Flow pa8e-e,ge IIIner

skin, 0.016” tbiok

insulation

0.040”

I.ower surfaoe

(a) Typical croaa section (orlginel version) .

Fi~e 5. - Standerd airfoil.

I
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~ Structural inner skin /

Entrance baffle

fiberglass
insert

143wersurface

ln-7..v –––––––– –---

K“
II1/’ supply duct

I I
I I
I

II ‘\

1 \-—. _ —__ ___ ___—- \

(b) Typical cross section

Figure 5. - Concluded.

(modified version) .

Standard airfoil.

.

.
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C&pr surface. Iciw time, 5+ minuted, Lwer .eLmeaoe . Ioimg time, 10~ minutes.

(a) Slat retrected. Alrswed, 2S0 mphJ angle of attack, @j lignid-water content, O.8

g’em pr cubio meter.

Big-me 6. - G18Z&i0e dOpOBitB on @MM tCOdel. D3tum & t.SW@T8~e, 2S0 F,

.

!’
:,,,
i

w
-1



Upper surface. Iolng tima, 10$ ndnutes.

(b) Slat filly ea+ended. Airspeed, 260 mph;

Fi- 6. - Continued. Gleze-ioe

Iuwer eurfaoe. Ici@# tire-s,10 minutaB.

angle of attack, 8°; liquid-water content, 0.9 g’am w oubic inter.

dwsits on tmheatad model. Imtum air timprature, 2$’ F.

. >
-Kim
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I
{

I

t

I
Upper mrface. Ioing tire, 10+ mimteB . Imfer an+tce. Ioing the, 10 mlnutea.

(C) Partim.6 6tripB heated.

meter.

Fi@?ze 6. - Concluded.

Airspeed, 17’6 mph; angle of attaok, 6°j liquid-water oontamt, 1.1 @?amn Wr oublo

Glase-ice deposits on vmheated model. ratum air temperature, 25° F.

I
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.

(a) Originalmodel. Iatumairtemperate, 0° F; liguid-watercontent,
0.6 gramper cubicmeter.

Figure 7. - In6ufficientlyheatedareasofmodel.Atispeed,175mph.

‘
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I

I

I
I

;1i’

I
I

Upper mmfaoe. Angle of attack, 12°; icing tima, 1- 2 mitiea.

(a) Concluded. @iginal mdel. Warm air teu@rature, &’ F} llquld-

water oontent, 0.6 gram par aubio umtar.

Figure 7. - Continued. Ins&floMrtly heated ez’eaB of Imdel. Airspeed,
175 mph.



Upper surface, Icing time, 1 hour 1 minute,
L-ov4r surface. Ioiqztire, .57mjmIbB.

(b) M=lified model.

.

Iktum air temperake, 10° F; liquid-vatir oontant, 0,5 ~ w oubio met=; angle of attack,
‘9°. (Heating Conditions, p. 10. )

~W 7. - Conoluded. ~icimtly heatecl ar~e of rmdel. Airspeed, 1~6 ~.

n3cE



TWA RM E56B23 43

l-l
m
o
to

Lowertiace, beforeiceremoval.
Icingthe, 26 minutes.

Lower surface,after ice removal.

Icing time, 26+ mimutes.

Uppersurface,beforeiceremoval. Icing
time, 39 minutes.

t

VW= we, aftericeremoval. Icing
time,39Zmtite6.

(d ~@@mael, glaze Icing. Airspeed,260 mph; datum alr temperate, # F; angle of
attack,4°; llqula-watercontent,O.8- percubicmeter.

Fi~e 8.-“TypicaliceformationWing marginalcyclicae-icing.(Heatingconditlona,
p. lo.)

.—— .——. —.— —- —.. —.
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1 .- .. NACA RM E56B23

Lowersurface,beforeiceremoval.
Icingtime,40 minutes.

LJPpersurface,beforeiceremval. Icingthe,
44 minu%es.

Lowersurface,aftericeremoval.
Icingtime,4@minutis.

G

.

.

~C--78 “
Uqer surface,after ice remuval. Icing time,
44_minutei3..G

(b) Modifiedmodel, glaze icing. Alm’peed, 280 mph; datum air temperature,25° ~; angle
of attack,4°; liquid-watercontent,0.7- percubicmeter.

Figure8.- Continued.TypicalIceformationsdwlngmarginalcyclicde-fcing.(Heat-
ingcondlticme,p. 10.)

,

.
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Lowersurface,beforefceremoval.
Icingthe, 49 minutes.

Uppersurface,beforeiceremoval. Icing
time,54 minutes.

I Aiiiil
Lower surface,after ice removal.

Icing time, 49~mirn.&s.

L--- -~ C-41276

Upper
T

ace, after ice removal. Icing
time, 54Z minutes.

(c)Originalmodel,rimeIcing. Airspeed,175mph;datumairtemperature,10°F; angleof
attack,8°; liquid-watercontent,0.6~~ per cubicmeter.

Figure 8. - Concluded. !C’ypIcalice formationsduringmar~l cyclic de-icing. (Heating
conditions,p. lo.)

~
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ingle’& Slit “
attack, w3tt ion

deg

o 0 m
-n 2 In

o 4 In
A 8 In
v 8 Half out
P 12 Ha&P out

and out

I , 1 i

Open syrfibolsdenote low Ilquld-watercontent
Solid symbolsdenote high liquid-water
content

~11 syuibolsdenoteheatedpsrtfngstrips
Iargesynibolsdenoteunheat~psxting
strips

~il&l S@OI.Sdenote26wr@ airspeed;
othersymlJols,175-mphairspeed.

1
, I I , ! I t

Orlgina model Modifiedmodel

4X104
1

catumair-t~ature, 25° F

2 v

r
2
:

f

.-l
~ 4xlo4:

J
v

k
6

2

Datum ati tenpr ature, 00F

o 20 40 0 20 40
Heat-onEicd, sec

(a)8tam3ard&foil.

F@= 9. - Merginalde-icingheatingrate as a functionof heat-onperiod.
Total cycletime, approxbnately4 minutes.
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.

I

Angle of Slat
attack, psit ion

aeg

o 0 In
❑ 2 In
o 4 m
A 8 In
v 8 Hale out
v 1.2 Half out

I , ,

Open Eysibolsdenote low Iiquld-water’content
Solid synibolsdenote high liquid-water
Centent —

Small symbolsdenote heated parting strips
Large symibolEdenoteuuheatedparting
strips

Tailed symbolsdenote 26O-mphatispeed; —
other symbols,175-mphatispead.

—

I and out
I I I I

original mcxiel M3d.3fieamodel

4 X104

\<
IM.tumah temperature, 2P F

v

2 \ \4 f

v

a

; o-

.
$’
:
2

~lo4
I I I

IWcumafr temperature,ld F I

4X104
Datum air temperature,@ F

o
v

2 \F {f
v \

T~

4
0 20 da o 20 40

Heat-onperiod,sec

(b) Slat.

Figure 9. - Centinued. Marginalde-icingheat@ rate as a functionof
heat-onperiod. Total cycle time, approximateely 4 minutes.
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1

Angle of Slat
attack, pvsitfon

deg

o 0 In
2 h

: 4 In
A 8 El
v 8 Half out
v 1.2 Half out

ad out

1 i
“opens@ol.s denote low liquid-watercontent

,

Solid s@bolE denote high liquid-water
content

Small symbols denote heated parting strips
Iarge syrribol.sdenote unheated parting
strips

Tailedsymbolsdenote260-mph*speed;

othersymbols,175-mphairSPea.

‘~m “:
I I

MMified model

Wtum W temperate. 25° F , ,

,2m-H+
‘1111111 I

u

‘lo-’ I [ 1 I

IMmm atc temperature,100 F

4X104
I I 1

lMn.malr temperate, & F

%

2
\o

r

o 20 400 20 40

Heat-onpmio.1, sec

(c) IHxed edrfoil.

me 9. - Concluded.Marginalde-icingheatingrate as a functionof
heat-onperlai. Totalcycletime,approxlmtely 4 minutes.

.
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“

A

10* I I

Airfoil

\ o standard—
n Slat
Ol?ixd’

-\
‘L

%\-
\\
\\

v
1

--
u u 16 24 32

lhtum air temperature, ‘F

Figure 10. - Effect of datum air temperature on
marginal de-icing heating rate (original
mcdel). Total cycle time, approxtitely A
minutes; heat-on period, 25 seconds.
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I I I I I I I I
tdxspeed, Imtum ah M@ei =@e Liquid-~t~

mph tempera- of attack, content,
ture, ‘F deg gm~cu m —

o 175 10 8 0.6

175 25 8 .6 —

: 260 25 4 .4

—Standard airfoil
—— —-slat
—- —l?ixd airfoil

I I I I
s

/
De-icing heating rate,
Btu/(hr)(ft S@?l)

20

u
@
m

g

~ 16

8
:
$
m

12

81 2 3 4 5 6 7
Heat-off (icing) period, min

Figure 11. - Effect of heat-ofl (icing) period on heat-on period for
marginal de-icing with heated parting strips.
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1 1 1 I ,

Nrapwd, mph

-- -o- -175

~2E.o

—- —2W (1+-inch-widm p9rt-
Rx -

lug sti-lp, ref. 2) /

_ — --— WO (l&inch-vIda @- /

IUS uti-ip,raf, 2) //-

.Kxl
/ 0/’ ~
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& /
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/

gm

1

,{l

~//
/

fm

/ /

/ /’

i

A t /

~m /y ‘:1 ,“

t / r

!

/

I / / ,/

i!
100

& ‘

o 10 m 32 4C
Datum edrtemm=aam differential Imlnw freesiag,32 - td, %

(a) EtEn4Qrd airfoilj .gae-haata-aXIng trip. (b) Slat} eleotrio ~ atElp.

Fig.u?e 12, - Heat flow ta XI-W striy am a function of &tum ●ir tempemture (ori@nd model).
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.12] I I I I I I I I I I I I
Mrspeed, mph

—.- — o 175
—- ● 175
--—— --n 260

■ 260

Open symbols denote
low liquid-water

!!1%””1”p+- , ,s?i*’$y:-

.“-.

m“ti 1(XI 120 140 160 100

Parting-strip gae fi~, lb/hr

Figure 13. - Spmwise gas temperature drop la standard-airfoil parting-
strip duct aO function of gas flow ad gas-to-datum temperature

differential.
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)3

$0.7
I

I 1

I [ I t
Anti-icing liquid-water
content, gm/cu m

1
I I ,

I
v 1.05
1
\

Datumair -&l-
p31-ature,2+ F

\
\ r’ .

4“

-at

;
m
3 - Datum.sLrt’9n-
3, - perature,0° F

4
G

\ ~

1 1

12

10

8

6

4

2

[

0.54 0
n

.6A o
I A
I v

I
v

I

I .
,

I

1

\
I

\
o
d 260 ~ Original

\

\

Datum air a-
perature, 100 F

Angle of attack, Slatposition
aeg

o In
2 In
4 M
8 In
8 EaM out

Half out and out
Ctpen#bob denote low liquid-
vater centant

Solla eymbola &note M.@ Wplid-
Water content

Smll aymboti denote heated pert.-
Ing strips

Large eymhola denote unheated
pmx.llg mps “

AiW:a-% Model

175 —-+ Wid:

0 5 10 I.52O.2533
Cycle ratio

(a)S@dard airfoil.

E@re 14. - Equiv-alent-continuousheating re@rement ae function of cycle ratio. Total cycle
time,appro~t.ely 4 minutes.
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o 5 10 E 20 25 30

I I i ,
‘ Angle of attack, slat position I

D o

0
0
A

i+

v

loxlos
.54 v

1 .63

1

I

8 I

I

I

I

6 1

I
o 175 — - * lhmried
d 260 ~ Original

!

I

I

4 I Datum all’tem-

\
perature, l@ F

t t

\
\

2-

,

aeg

0 In
2 In
4 In
8 m
8 Hall-out

Half Out and OUt.
Open$bols denotelow liq@d-
vatercontent

Solid S@)Oh denote high liquid-–

Watar content
Sumll.aynboh denote heated ~-
ing strips

Iarge aynibob denoteunheated
pmrting strips

M.rspeea, Model
m

o 5 10 E20253O
cycle ratio

(b)Slat.

FigureM. - Continued. Equivalent-ccmtinuousheating requirementas function of cycle
ratio. Total cycle time, appradmately 4 minutes.
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6* .03

40.79 Anti-icingI@lia-water
T 1.05‘content,@/cu m
I

~4 !

\
g \

~ \ Datumem tem-

~2
perature,25°F

.
% A

!

$0
0h

u o 0 In
D 2 In
o 4 In
A

Ill

1 $:.% v :
In

Half out

I
P Half outanaoui

OPen *OIE danote low W@d-
V .6 water content

I So13d eynibob denote high liq@d-

8
water content

SmsJ.1symbols denote heated part.

I
log strips

Iarge mole denote unheated
perting Strips

Model

\. ~
175 — -- Mc&wled

\ d 260 ~ Orlghal

\
4 \ 1 #

7 Datum dr tem-
perature, 10° F

\ v

1%

2 - A

6

%.

$ ~

o 5 10 15 20 25 30
Cycle ratio

(c) Fixed eirfoll.

Figure14. - Concluded.Equivalent-cmtl.nucmsheatingreqtiementas functionof cycle
ratio. T&al cycletime,apprtitely 4 minutes.
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(a) Standmd airfoil.

11111 l\ll I \l

c&
u -.+
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-o- --- _
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+
\

0 8 16 M 52
I
8

Y
16 24 52

DEW air temperature, ~

(b) Slab. (o) Fixed alrfoll.

Fig-a-a 15. - 00mpariBcm of anti-ioing EM ds-iOiTW heat MWi_b5. Airweed, 260 mph; angle of attaok, 4°; slat ntraoted;
dc-ioirg cwole ratio, 1’2;liquid-water oc’niwmt, 0,5 to 0.8 gram per oubio matar.
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I-mm uorfaoe Upper m.ufa~e

(a) Subu@i@n&l .mti-icing. Mb air temperature, 10° F} liquid-water oontent, 0,6 grem Mr cubio inter; ioing
time> 9 Minlitea.

mgure 16. - Comparie.m of ioe formtfom resulting frcm submrgiml enti-ioing and mrgizml de-ioin.g. Afrrped,
260 qm) angle of att.eak, 4°} slat retraoted; for heating ratea, Bee fiwe 15.
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Lower iarfaoe Upp3r m.rface Ij
(b) Submarginal anti- ioiig, Iatun alr ~ture, 25° FJ liquid-vater oontent, 0.8 P per oubic meter~

5

ioing t-, 6 mlnatea.
E

Figure 16. - Continued. Ccmrpxcinan of ioe formations resul.tlng fram m&margiw.1 enti-ioing and mrgti

de-io~. Airspeed, 260 mph; angle of attaak, 4°; Blat re+maoted; for heating ratas, see figure 15. !
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30B1

Lower e-uxfaoe, after Ioe removal. tipparamrace, after ioe removal.

(0) Marginal de-ioing, Datum air tampereture, 10° F; liquld-watir cort+mt, 0.5 gram per cubio mater; loins time,

77 mirrute,9; oycle ratio, 10 ‘m 13.

FQmre 16. - Cowluded. Cmnpsrison of foe formatiom resulting from aulxmrginel anti- ioing and margirml de-ioing.

Airs~d, MO mph; angle of attack, 4°; Blat retraotcdj for h~tfng ratea, see figure 15.
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Figure 17. - Representative surface temperature-time curves
showing shedding of ice. Conditions listed in table I.
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Conditions listed in telle I.
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100 I I I I I I I I I
Icing conditions

80 — ——–Dry air

60 P L

/!r ‘ \ h
40

// \\i \

\
20 #

[
\

-#
-

0

-20 0 20 40 60

Time, sec

(a) Temperature-time curves for leading-edge
thmocouple.

Figme 19. - Comparison of surface temperature
curves in dry air and icing conditions.
Conditions listed in table I.
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40

20
-8 -4 0

Upper surface

I I I I I

Icing conditions
——— — —Dry air

—II

\

\

\

Iingel

\.
\ — o—

,ntzone d
I

4 8 12
Lower surface

Distance from leadlng edge, in.

(b) 8urface vsriation of peak temperature.

Figure 19. - Concluded. Comparison of surface temperature
curves in dry air and icing conditions, Conditions listed
in table I.
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.

40

20

0
).2 8 4 0 4 8

Rearface Up= surface
surface

Distance from leading edge, in.

(a) Slaf.;heating rate, 32,250 Btu/(hr)(ft span); airspeed, 175 mph;
datum alr temperature,@ P, angle of attack, 12°; slat open; liquid-
water content, 0.55 gram per cubic meter; parting strip heatedj gas
t~erature at valve, 450° F.

row-e 20- - Vexiationof surfacetemperaturednringheatingperiod.
originalmowl; totalcycletime,approdmately4 minutes.
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(e) MI-8PM, 175 mphj dab.m tir tazwratma 25° F; awle Of attnak,
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m=Q. - Conoluded, Vnri8tlon of aurrwe ~erature dt!ring heating period.
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DiBtanoe frcim oyoling valve along supply duct, in.
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(a) Standard .Irfoll.

Figure ‘z. - Variation of gae and eurfaoe te

$
~ for a tYPlod de-icing condition.

eraturea with dietanoe for original
at end of heat-on period peak temperatures
datim air temperature, 10 F) angle of attack, 40 ; elat olosed; heat-on period,
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Figure 21. - Concluded. Variation of gaa and eurfaoe temperatures with M.stanoe fer original and
❑cdlfied models at end of heat-on pericd (peek temperatures) for a typioal de-iolng condition.
Ati6peed, 260 mph; datum air tem~rature, 10° F; angle of attaok, 4°; slat aloaed; heat-on
period, 20 to 25 aecendej parting Btrip utieated.
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Figure 22. - Vexiation of ice-shedding time tith heating rate for several l.ower-mlrface locationa

on original, nmd.el during marginal de-icing. Airepeed, 176 mph; datum air tempera-, 10° F~.
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NACA m E56B23 73
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~ of ice-shed
8 !Clm to reach sur-_

face temperature
c of 32° F
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NACA - Langley Field, Va

(a) Airspeedj175 mph; datum * tanperature,
l@ P, angle of attack,8°; slat half out;
heatingrate, 20,500~/(hr) (ft span).
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(b) Airspeed, 260 mph; datum alr temperature,
10° F; angle of attack,4°; slat h, heating
rate, 29,950Btu/(hr)(ft SX).
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Distancefrcxn lead- dge, in.

(C) Airspeed, 260 mph;datumairtemperature,
2S0F; angle of attack,4°; slat ~, heating
rate, 23,7~ Btu/(hr)(ftSW):

-e 23. - Relationof ice-sheddingtlma with time to
reach surfacetemperatureof 32° F on lower surface
of Origin standardairfoil.
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