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1

The invention relates to protective coverings
for preventing the accumulation of ice on the
leading edges of airfoils and other exposed sur-
faces, and especially to such coverings having in-
flating and heating actions for ice-removal and
prevention purposes.

Prior constructions of coverings generally hav-
ing inflatable tubes in a central zone and stretch-
able portions extending rearwardly therefrom,
have not been wholly satisfactory under some
icing conditions in preventing objectionable ice-
deposits on the leading edges of wings and other
airfoils. Also, the prior inflatable coverings have
been generally attached only along their margins
to the wings or other airfoils thereby permitting
objectionable lifting of intermediate portions of
the coverings at regions of relatively low pressure
rearwardly of the leading edges, ahd such cover-
ings have presented the difficult problem of vent-
ing beneath the coverings to prevent objection-
able bulging.

Prior constructions of coverings having heating
action ohly for ice-removal purposes have likewise
not been wholly satisfactory under some icing
conditions in preventing objectionable ice-depos-
its thereon. Also, such heated coverings generally
have one or more other disadvantages such, for
example, as aerodynamic and thermal ineffi-
ciency, complicated and heavy construction, ex~
cessive electrical power requirement necessitating
objectionably large and heavy generators, objec-
tionable heat losses to the airplane structure, and
objectionable “run-back” or “flow-back” of water
from melted ice at the leading edge of an airfoil
flowing rearwardly and refreezing on the covering
aft of the heating zone.

Variation in the character of ice-deposits or
formation such as glaze, rime or rime frost on the
airfoils adds to the difficulty of effectively pre-
venting the accumulation of ice at the leading
edges, as each form of ice presents distinet prob-
lems of removal. Also, the bond of adhesion of
the ice to the covering hag been found to increase
as the air temperature is decreased, i. e.; rela-
tively high adhesion is encountered at low tem-
peratures, which further increases the difficulty
of efiective ice-removal for the several species of
ice-deposits.

Objects of the invention are to provide for ef-
fectively overcoming such disadvantageg and dif-
ficulties of the prior constructions and for
proraptly and. thoroughly removing ice-deposits
from the leading edges of airfoils and other ex-
posed surfaces; to provide for combined inflat-
ing and heating actions -effective in apparatus
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or protective coverings for ice-removal and pre-
vention purposes; to provide for breaking the
bond of types of ice which heretofore have been -
difficult to remove; to provide for a configura-
tion of surface deformatmns together with a
heated zone or zones in a covering for breaking
and removing the ice-deposit thereon under a
wide variety of icing conditions; to provide for
stability of heating action at one or more zones;
and to provide simplicity and thinness of con-
struction, convenience of manufacture and in-
stallation and for effectiveness of .operation.

Other objects of the invention are to provide
for preventmg the entrapment of air beneath the
covering and the lifting of the covering away from
the airfoil or other structure at regions of low -
pregsure; to provide for overcoming “flow-back”
to the rearward regions of such covering; and to
provide for maintaining the aerodynamic charac-
teristics of the airfoil. :

More specific objects of the invention are to
provide for distending and stretching a portion )
of the covering and for heating an adjacent por-
tion of such covering; to provide for such dis-
tention and stretching at one or more spanwise-
extending zones of the covering and for electrical -
heating at one or more other spanwise-extending
zones of the covering; to provide for a surface-
configuration of one or more portions of the cov-
ering including relatively small, curved-in-section
ridges in closely adjacent parallel relationship to
one another and arranged in series in the direc-
tion across such ridges; to provide such surface-
conflguration substantially throughout the whole
extent of a distensible portion; to provide for::
cyclical distension and heating actions respec~
tively at spaced-apart regions substantially
throughout the whole extent of the covering; and
to provide for heating temperatures at one or
more zones of the covering effective for ice-re~ |
moval and prevention purposes and/or in accord-
ance with the thickness of the ice-deposit immedi--.
ately at such zones. ’

These and other objects and advantages of the ’
invention will be apparent from the following de-“l
seription.

In the accompanying drawings, which foxm a
part of this specification, and in which like nu- -
merals are employed to designate hke parts -
throughout the same: ’

Fig. 1 is a perspective view from above of a pro-
tective covering mounted upon the leading edge
of a wing of an aircraft and constructed in ac-::
cordance with and embodymg the 1nvention parts :
being broken away; Ll .
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Fig. 2 is a plan view from above of the protec-
tive covering shown in Fig, 1 before its attach-
ment to a  wing, parts being broken away;

Fig. 3 is a sectional view taken along line 3—3 _

of Fig. 2, parts being broken away;

Fig. 4 is a view like Fig. 2 showing a modified
construction of the protective covering-shown in
Figs. 1 and’ 2, parts being broken away;

Fig. 5 is a sectional view taken along line 5—5
of Fig. 4, parts being broken away;

Fig. 6 is a view like Fig. 2 showing another

10

modified construction of the protective covermg,

parts being broken away; and
Fig. 7 is a view like Fig. 2 showing s further

modification of the protective’ covering, parts.

being broken away.

To the ends of effectively removing. ice. de-
posited at the leading edge of an airfoil or other
surface exposed to flow of air under icing con-

ditions, the invention provides apparatus com- 2

prising a- covering of elastic material for the
leadm dge ‘having distending and stretchlng,
and:he ting actmns intermediate opp051te mar-
gins of the covering; and such apparatus 1ncludes
means for locally d1stend1ng and stretching the
covering to a surface-configuration effective to
loosen and break ice depos1ted thereon and
means for - heatmg the covering to temperatures
effective for 1ce-removal purposes.

tions of the eovering cooperate in effecting ice-

removal from such leading ‘edge by providing:

suﬁlc1ent heat to prevent the formation of ice
and evaporate the water droplets, -or by melt-

1ng “the ice at the bonded interface between the 3

ice and the covering. efrectwely breaking the ad-
hesive bond of the ice, or by preventing the freez-
ing of super-cooled water droplets at. such heat-
ing zone, and also by stressing the ice deposit
together with so distending the surface of: said
covering such that the bond of the ice at the dis-
tensible zone is broken effectively and the ice-

formatlon loosened and/or broken for removal
by the ‘scavenging action of the flow of air across.

the covering. The distending action may coact.
additionally with the heating action in lifting
the loosened. ice-formation, especially at a rear-
ward heatmg ‘portion, and moyving outwardly
such ice into the airstream for removal purposes.

In an illustrative embodiment of: the invention

shown especially in Figs. 1, 2 and 3, the construc-
--includes-a -covering (5. of. elastic material.
for example, as resilient rubber or other

er-like material 18a positionable about. the
lea,dmg edge of a wing 16 for an aireraft, which
may be of-the heavier-than-air type having one

,or more engines (not. shown) ‘mounted in one or’
more. nacelles {1 for rotatively driving one or.

more: propellers 18. The covering 15 may be
positioned- upon other surfaces of ‘the.aircraft:

~“The com-"
bined heatlng and dlstendmg and stretching ac- 3

" terioration from  heat.

4
tend rearwardly from the central heating zone
substantially to the respective spanwise margins
20, 2. The rubber material at the inner face
of the covering desirably has heat and electrical
insulating characteristics for minimizing heat
losses by conduction to the material of the wing
and for electrlcally 1solat1ng the covermg from
the wing.

At the central zone of the covering {§ is a flexi-
ble heating element 24 substantially coextensive
therewith for producing the desired tempera-
tures. effective for ice-removal purposes. The

- heéating element 28 is preferably imbedded in the

rubber body 3¢ intermediate the inner and outer
faces of the covering 15 as shown especially in

Fig. 3, and facilitates obtaining effective and

substantial stability, of heating action through-
out’ the ceinitral Zone {9. )

The héating element 24 is constructed prefer-
ably of stretch-resisting woven fabric sheet ma-
terial of cotton, glass-fiber, nylon, rayon or other
sultable ﬁlamentary material having the char-
actenstms of little or no electrical . conductivity,
relatively hlgh strength and resistance to de-
Electrically conductive
resilient composition including suitable rubber-
like material having particles of acetylene black
channel black, graphite or other suitable con-
ductive substance therein, is ‘coated or spread
as in paste or semi-liquid form desirably on both,
sides of the woven fabric. Each coating is rela-
tively thin and in- electrical contact with the
other ‘by virtue of the penetration of such con-

'ductwe compos1t1on through the interstices of
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such; for example, as the leading edges of the -

" empennage ‘members, ‘propeller “blades,  stiuts;
cowlings, masts, and other elements:which it is
fesn'ed to protect agamst the accumulation of
ce: o

The covering 15 includes a sheet-like body -18a
of; suitable resilient rubber material, fabrie re-
inforced or unreinforced, having a:central heat-
ing zone 19. extending spanwise ‘of the ‘covering
substantially to chordwise margins and’interme-
diate opposite spanwise margins.20; 21 and hav-
ing:spaced=apart distensible zones 22, 23 ektend-
ing:spanwme to ‘such chordwise margins in sub-
stantially: ‘adjoining relation with” the central:
heating zone, which distensible portions also ex~

‘the woven fabric and to some extent into the

threads of -the latter fabric. One or more thin
coats or layers of the conductive composition
may be spread in supenmposed relatmn on the
respective sides of. the woven fabric sheet to pro-

“vide the de51red uniformity of thickness and uni-

formity of conductivity, whereby a finer adjust-
ment of -such conductivity may be obtained as
compared to that obtained. by. painting or cal-
endermg the woven -fabric with the conductive

: -composmmn Such construction. of the heating

element prov1des the desired stability of con-
ductivity and. also provides a highly flexible ele-
ment for facmtatmg smooth- conformance of
the. covering to the curvature of the wing or other

-airfoil. and . a heatlng element. capable -of - being

integrally bonded and. united with the rubber
body 15a of the covering.

The. hnating alrangement shown: especially in
Pigs. 2.and 3, may have a double.layer or thick-
ness of fabric reinforced electrically conductive
composition at spaced-apart rearward marginal.
regions of the zone 8 relative to the longitudinal
center-hne l5b .of ‘the -covering 15 and a single
layer or th1cknesg of such conductive composition
at an intermediate. region’ immediately at such
center-line, whereby relatively higher tempera-
tures are provided at the central zone {9 along its

- intermediate region as compared to.the tempera-
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tures at its marginal regions more:remote from

ssuch:centerline. In thigmanner, a heating action

at the central zone 18.is provided in accordance.
with_the varying thickness of the ice-formation,
which may be in the form of a glaze ice-cap or
rime ice formation, for example, both of which

‘may be thicker at.the stagnation zone or immedi-

ate. leading edge region of .the airfoil than at
regions rearwardly thereof, or the heating action
may: be such as to maintain said- intermediate -
region. of .the zone 19:free of ice and -loosen the
“bond:of:ice deposited-at: said: marginal’ regions'r
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fortemoval: by the scavenging: avtion: of ithe gir=
flow aft of theStagndtion zone. : Ttis toheunder-
stood 'that ‘sueh - differences »in :temperatures
" chordwise-6f-the eovering may:be obtained; if de-
Sired, by varying: the:thickness:or:ithe specific
gonductivity>of the conductive composition rein-
forced with only a singleddyer of-iwoven-fabric
shéet material’ throughout’ the extent -6f .the
zohe 19. v

“The: déuble 2thickness . construction: deseribed
above.is-advahtageous ‘in promoting: the secire
attachment of: flexible conductor elements 25,26
to such heatingelement 24 betweeri the two thick-
nesses ol woven: fabric-and -adjacent the: span-
wisé‘matrging of thé ceritral zone (9/in addition to
protecting such flexible elemenits; especially dur-
ihgtheholding ahd assembling of thecovering.

TThe rubber-covering 1% being fexible ito won-
forni-to the profile of the wing 16 and being ad-

Heslvely-attaghed-throughout:its entire extent to:

such-wing as:by: a suitable rubbericement 27 of

air=curing“tybe, although, if: desired, it ‘may
irginally- attached by known ‘constructions,
contraets -and-expands correspondingly ‘with the
contraction ‘and éxpansion of ‘the material-of the
supporting -surface thereby avoiding. the setting-
up of ‘ebjectionable stresses “in :such-siirface or
wing; ‘eonseqiiently the flexible elements or elec-
trical - eonductors 25,7 26 are, :preferably,  of
stranded --matérial -and - of - flexible, ' relatively
loosely-braided wire construction in substantially
flatistrip “form ‘for- providing the: desired flexi-
Hility; exparision. and contraction characteristics.
THe- braided conductor elements may-be secured

adhesively between the respective sheets of woven'

fabric haterial of the heating element 24 but such
adhesive dttachment may permit some lateral dis-
tortion‘and shifting of adjacent portions of ‘each
braided conductor during the molding and curing

opérations in the manufacture of the‘covering 15.-

Such shifting oceurs in opposite chordwise di-
rections with-respect to the longitudinal center-
line ‘1 5b-of the-covering since the rubber material
itself“tends to flow away from such longitudinal

centertline toward ‘the ‘spanwise:margins. ‘The

lateral distortion and shifting -of the conductors
generally results-in a -heating ‘zone “having ‘ir-
regular, non-rectilinear or sinuous ‘boundaries
spanwise ‘and-having variable and different con-

ducticity-in ‘spanwise--adjacent -portions: of ‘the

heating zone.

~vAgeordingly, - for overcoming:the-objectionable
shifting; -the:relatively loosely-braided ‘condictor
elémentsi25,26 are desirably fizxedly secured to the
hedting-element 24 by -stitching or'sewihg the con-
ductor -elements .continuously along their extent,
the sewing extending: tlirough and’engaging both
of: the :fabric ireinforcements of the heating ‘ele-
ment 24 ;and the material of -the-conductor ele-~
ments 25, 26.-In the preferred construetion,esch
conductor elenient is sewed along its innermargin
with respect to - the longitudinal centerline I5b
of-the covering and then-additionally-secured be-
tween: the Iayers of -the heating element 24:by:a
suitable :conduetive rubbery T adheésive, - 'which
further-bonds the wires of thebraidéed conductor
to:the-heating element-24. : This arrangement.re-
sists effectively lateral shiftingrand distertion of
the -respective. conductor: elements: 25 and. 26
toward the spanwise margins 20, 24 and holds:the
conductor:-elements-permanently: in .the. desired
spaced-apart relationship facilitating maintain-
ing:the-desired-stability: and: uniformity :of tem-
peratures in the heating zone 49.

f-liIt,is:-toubaunderstood»thatother:temﬁpe,raturezy75_4
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‘distriviitions:of ‘the sheating zone than-thatide~

scribed hereinabove may be provided and:that
other-heating means such-as electrical resistance
wires may beuséd. “For-exaniple; the-coriductivity
charaeteristics of ‘the respective -conductor ele-
meits 25; 26;-and the conductivity characteristics
of theconductive composition (variakle thickness
and/or: schanges 'in. the-compssition: ‘per-se).-of
theé-heating element,or b6th may-be varied, if-de-

- sived; to‘provide utiiformity of temperatures along

the spanwise-extent-of the:covering or to-preovide
different: ‘or-gradusted-temperstures- along -the
same. ©-Also; ‘the wonduetivity : charscteristics of
stich-cenductors=-afnid/or ‘composition *may -be

" varied<to provide different or graduated-tempera-

tures‘in ddjacentveégionsichordwise of 'the cover-
ing. )

The gpeéific:eonstruction described-hereinabove
foF Pigs: 2'an@ 3 ninkes possible spanwise uniform
andikighers temperatures-at- the -intermediate
région-of the-zone 49 than'the:spanwise uniform
teniperatures-at-the-rearward marginal -regions
of ‘thezone-19. 'Fhe:power-dissipation-of ‘the
hedting-element 24-at-the-central zone 19 may be,

5 for-“exambple,- approximately’ 3 -to- 6 ‘wdtts - per

square ineh ‘for:providing ‘temperatures-effective
for ice-removal purposes-despite the ‘super-cool-~
ing-action of the airflow across the-covering and
somé-heat loss by conduction:to’ the 'wing. ~The
conductor-elements’256 and 26-are of-opposite
pelarity and ‘are-conneected to a -suitable source
of power-and- electrical “control~ means, - which
source of: power may: be an‘electrical -motor:gen-
erator-disposed; for-example, within-the -aircratt
structure at-any désired location,

The heating action‘at'the zone:19-may be con-
tinuous -(ahti-icing=:and/or “ice-prevention)- -or
intermittent  ¢de-~icing:-and/or-ice-removal)- and
some-water droplets-or water from melted-ice: or
both may :flow-rearwardly -over -the  distensible
zones-‘or: portions22; 23 of ‘the-covering 15 and
refreeze thereon, ‘generally-in’ the form of ‘slaze
iceat-relatively high temperatures. —As a conse-
quence of'such “flow-back,” the ice-formation ‘at
the' distensible -portions :22,:'23 may be of rela-
tively thin-or thick‘sheet-liké form; the ultimate
thickness-being dependent to-some -extent upon
whether or not there-is an- initial-depositof-ice
prior:to such “flow-back.” - To the end of effec-
tively stressing -and bréaking the bond of thé ice
including “flow-back-ice” deposited at-the rear-
ward-regions' of - the-covering and also-for mov-
ing'the lJoosened ‘ice away from' the wing-to a
pésition ‘where the-rapid-laminar flow of air can
dislodge: the broken pieces; the invention provides

"2 inégdch ‘distensible -portion 2223 a “plurality -of

inflatable tubes’28; 29 ‘also-imbedded-in‘the rub-
ber-body ‘t5a-of the covering’i5 between the inner
and outer faces thereof, as shown especially in
Figs. 2 and 3.

“'The inflatable. tubes 28,729 :of the respective
distensible portions ‘22,28 .esch extend: span-
wise substantially throughotit the.extent of such
portions. "Stch -fibes-extend désirably. in. closely

5 -adjacent parallel relation:to-one.another having

adjacent margins.of. adjacent. tubes. substantially
adjoining one.another, the.spacing.between ad-
Jjacent tubes-being preferably.less than the width
of.one-of-such-tubes. .The walls.of.the tubes 28,
29 being.of suitable resilient rubber material may
have-imbedded :therein -reinforcing . material -of
suitable-woven -fabric;: which: fabric may -be -ex-
tensible, .or-substantially inextensible, or-may-be
cut-on:the. bias:tg:give. a: slight-extensibility, - if
desired. = The- wovenifabric sreitiforcement smay
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be of cotton, rayon, nylon or other suitable
material.

While the construction shown in Figs: 1 to 3
has the inflatable tubes disposed to extend wholly
-in the spanwise direction, it is to be understood
that such tubes may, if desired, extend wholly in

the chordwise direction as shown especially in:

Fig. 4, or may be disposed in part chordwise and
in part spanwise in any suitable arrangement
thereof for obtaining the desired surface-con-
figuration of the covering while maintaining the
aerodynamic characteristics of the airfoil.

To the ends of obtaining the desired surface-
configuration at the distensible portions 22, 23
such that the desired stretching and stress for
breaking the bond of the ice to the covering is
provided; and also for distending the covering
so as to loosen the ice and lift the latier suffi-
ciently into the airstream for its removal by the
scavenging action of such airstream while avoid-
ing objectionable turbulent flow across the wing
or airfoil, the tubes 28, 29 are desirably relatively
small in diameter as compared to the inflatable
tubes of prior constructions. The small tubes are
effective to break the bond of the ice to the sur-

face in cases where such prior constructions have

lacked full effectiveness.

As to the size of the tubes effective to produce
the improved ice-removing action, satisfactory
results may be obtained where the diameter of
the tube passage is on the order of one-quarter

(%) of an inch, and good results may also be
obtained with tubes up to about one (1) inch in
diameter. Tube sizes greater than about one
inch may be less effective in removing strongly
bonded ice for some icing conditions.

Each of the spanwise tubes 28, 29 in the uppe1
and lower rearward distensible portions 22, 23
is preferably less than about one (1) inch in
diameter and each tube may be of uniform bore
throughout its length. Inflatable tubes within

the desighated dimensional range make possible

distending and stretching the surface of the
covering into a plurality:of ridges having rela-
tively small radius of curvature and cause rela-
tively sharp changes of contour having a wash-
board-like arrangement at such surface during
inflation, whereby sufficiently severe, highly
locahzed disrupting and stressing forces are ap-
plied to the adhered ice for breaking the bond

of such ice to the covering and loosening and:

breaking the ice-deposit free from the covering.
The smallness of the tubes is further advan-
tageous in that they may be arranged close to-

gether so that an appreciable number of tubes

are operative on a small zone of ice and diverse
directions of the disrupting forces are obtained
on a small area of ice spanning several adjacent
tubes.

The improvement in the ice-removing action
of the small tubes is noticeable especially where
strongly adhered ice is deposited in a thin layer
upon the surface of the covering; since with such
small tubes, upon inflation and as soon as a crack
in the ice develops; the rubber material stretches
in the crack and a high stress-concentration at
the edge of the ice-piece results.  The stress im-
posed by the inflation of such small tubes -is
greater than the strength of the adhesive bond
and such loosening action combined with the
relatively sharp curvature of each ridge causes
the rubber to peel away from the ice deposit,
which action continues unti] the stress decreases
to an extent such that the remaining stress in
the.rubber equals that of the strength of the ad-
hesive: bond, .. Such . relatively. high- stressing

<
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action of the small tubes combined with the rels-
tively sharp curvature of the surface deforma-
tions effectively loosens: and breaks the ice de-
posited. Also, the tubes being relatively small
project, upon inflation; only a relatively short
distance into the flow of air and create little or
no aerodynamic disturbance.

While the respective series of inflatable tubes
28, 29 may, if desired, be arranged to have alter-
nate tubes inflated simultaneously, all of the-
tubes for each distensible portion 22, 23, for the
construction shown in Fig, 1, are desirably in-
flated simultaneously. If desired, each chord-
wise series of spanwise ‘tubes for the respective
distensible portions may be inflated in alterna-
tion with one another.

For inflating purposes, the series of inflatable
tubes 28 ‘beginning at the upper margin of the
zone 19 and extending chordwise in the disten-
sible portion 22 are in communication desirably
at their inboard ends with an inflating manifold.
or conduit 30 of suitable reinforced rubber ma-
terial extending in the chordwise direction across
the tubes, and such manifold 30 is connected to
a supply conduit 3! in communication with a
source of air under pressure suitably located with-
in the aireraft structure. The other chordwise
series of inflatable tubes 29 beginning at the
lower margin of the zZone {8 are also desirably
in communication at their inboard ends with an
inflating manifold 32 of suitable material extend-
ing in the chordwise direction across such tubes,
which manifold is connected to a supply conduit
33 in communication with the aforesaid source
of air under pressure.

The fabric and rubber parts of the covering
{5. are preferably united under vulcanization
under heat and pressure. The respective span-
wise margins 20 and 21 are preferably tapered
in section for promoting smooth flow of air across
the covering, as shown especially in Fig. 1.

The covering 15, which may be marginally at-
tached, is attached desirably to the leading edge
of the airfoil by being adhered to such wing 16
continuously throughout the extent of the cover-
ing by a suitable adhesive 21 such, for example,
as rubber cement. Such a mounting arrange-
ment has the advantages of permitting only sub-
stantially outward expansion of the inflatable
tubes facilitating distending and stretching the
distensible portions at the outer surfaces thereof
each into a plurality of closely-adjacent parallel
ridges relatively sharply curved-in-section, and-
of ellmlnatmg objectionable lifting of the cover--
ing from the airfoil at regions of low pressure
rearwardly of the leading edge. The adhesive
attachment also eliminates the necessity for addi-
tional marginal attaching structures such as
metal reinforcing beads and fairing strips of prior
constructions and the necessity for venting air
from the space beneath the covering, thereby
simplifying the construction of the covering and
facilitating providing a covering of light-weight
and thinness. Such construction and mounting
facilitates providing a relatively smooth outer
surface of the covering whereby objectionable
protuberances, which promote the local forma-
tion of ice, are avoided.

In the operation of the protective covering 15,
the heating action at the central zone 19, which
may be continuous or intermittent, makes pos-
sible .temperatures substantially uniform in the
spanwise direction and varying chordwise in ac-
cordance with the thickness of the ice-deposit’
for effectively preventing the accumulation of
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ice by preventing the formation of ice and evap-
orating the water droplets (greater temperatures,
continuous heating) or by breaking the adhesive
bond at the interface between the ice and the
covering (lesser temperatures, intermittent heat-
ing) and dynamically unbalancing the ice at such
zone for facilitating removal of the ice by the
flow of air. The heating action at lesser tempera-

- tures by virtue of the insulating effect of ice rela-
tive to convection cooling of the covering by the
airflow is effective for removing the various kinds
-of ice such as glaze ice, rime ice and rime frost,
especially at the stagnation zone or immediate
leading edge region of the airfoil.

. “Flow-back” ice, which results from the melt-
ing of the ice at the central zone (9 and re-
freezing at the rearward distensible portions 22,
23, together with such ice-deposit as may be ini-
tially formed at such rearward portions, is re-
moved upon inflation of the respective series of
inflatable tubes 28, 29, which inflation also dy-
namically unbalances any loosened ice remaining
at the cenfral zone 19 facilitating the removal of
the latter ice by the airflow. The simultaneous
inflation of the tubes for each series thereof dis-
tends the surface of the covering into spanwise
ridges of small radius of curvature at each rear-
ward portion thereby imparting highly localized
rupturing and stretching stresses at each of the
tubes to the ice-deposit thereon effectively loosen-
ing such ice and lifting the same into the rapid
laminar flow of air for removal by the scavenging
action of such flow of air.

In.some cases, the rearward ice at zones 22, 23
by virtue of its thickness and total strength, may
be broken loose in the form of relatively large
chunks. Due to the localized and high stressing
action of the inflated tubes, only a relatively
narrow bonded zone as compared to the tube
width may remain at each of the tubes, the in-
termediate regions of ice between such latter
zones being unadhered. The large chunks of ice,
when lifted into the laminar flow of air, are blown

_away by the force of such flow of air. Such infla-
tion of the tubes also lifts and dynamically un-
balances any remaining loosened ice-deposit
spanning the heating zone 19 for removal by the
airflow. In this manner, the protective covering
15 effectively prevents the accumulation of ice
upon the wing i8.

The modified construction 40 of the protective
covering shown especially in Figs. 4 and 5 differs
from the covering {5 in that inflatable tubes 41,
42 and 43, 44 at rearward distensible zones or por-
tions 45, 46 are arranged such that they extend
substantially parallel with one another in the
chordwise direction, and in that a heating ele-
ment 47 extending spanwise in a central heating
zone 48 comprises two layers 49, 50 of suitable
fabric reinforced conductive composition, each
coextensive in length and width with one another
and substantially coextensive with the heating
zone 48, the heating element being disposed be-
tween the inner and outer faces of a suitable re-
silient rubber body §1 of the covering 43.

The inflatable tubes 41, 42 and 43, 44 are desir-
ably each less than about one (1) inch in diam-
eter and may be % inch in diameter; and extend
chordwise in substantially adjoining relation to
one another throughout their extent, the space
between adjacent margins of adjacent tubes be-
ing less than the width of one of such adjacent
tubes. The chordwise tubes are arranged in se-
ries spanwise and all of the tubes of each series

at each portion 48, 46 may, if desired, be inflated .7
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simultaneously; but preferably, alternate tubes
are inflated in alternation in a cyclical manner
with the other tubes of each aforesaid series and
to this latter end, inflating manifolds 52, 53 and
54, 85 are provided. Such manifolds are inter-
connected through conduits 58, 5T and 58, 53 with
a suitable source of air under pressure for ac-

- complishing such alternate inflation.

For example, at the distensible portion 45 the
alternate inflatable tubes &1 are each in commu-
nication with the manifold 52 and the other tubes
42 are each in-communication with the manifold
§8. Similarly, the alternate tubes 43 at the dis-
tensible portion 48 are each in communication
with the manifold 5% and the other tubes 44 are
each in communiecation with the manifold 54. In
this manner, alternating inflation of alternate
tubes in each series may be accomplished for dis-
tending the surface of the covering into chord-
wise-extending ridges in closely-adjacent parallel
relation with one another throughout their extent,
the ridges being relatively small and generally
rounded-in-section whereby the desired relatively
high and localized stresses are imparted to the
ice deposited thereon to locsen the ice for re-
maoval by the airstream. Such alternate inflation
further provides a rocking action dynamically un-
balancing the ice further facilitating its removal.

Since the stress created upon inflation of the
tube increases in proportion to the rate of curva-
ture of the tube wall, better removal of ice at such
rearward portions, as compared to that of rela-
tively larger tubes, is ohtained with the small

- tubes having diameters within the designated

range. Desirably, all of the tubes 41 to 44 are of
uniform diameter relative to one another. and

- throughout their extent, thereby promoting uni-

formity of ice-removal action. Such tubes also
provide the desired lifting action for placing the
ice into the path of the rapid laminar flow. The

- chordwise arrangement of the tubes is advanta-

geous in minimizing turbulence of flow of air
across the rearward portions £5, 45; since.such
tubes extend generally parallel with the direction
of the laminar flow of air. Spanwise margins
€0, 61 may be tapered in cross-section for facili-
tating smooth flow of air across the covering.
The heating element 47 at the central heating
zone 48 comprises a pair of sheets 49, 50 of suit-
able electrically-conductive resilient composition
having a suitable fabric reinforcement therein,
the sheets being positioned in superimposed rela-~
tion to one another and substantially coextensive
with one another throughout the extent of such
central zone 48. Suitable flexible braided con-
ductor elements §2, 63 in substantially flat strip
form are sandwiched ketween the sheets of con-
ductive material and extend spanwise along the
heating zone adjacent the opposite spanwise mar-
gins of such zone. The conductor elements 62, 63
are desirably fixedly secured in place as by a suit-
able adhesive and by sewing engaging the rein-
forcing material of the conductive sheets 48 and
58 and the material of the conductor elements
62, 63, such sewing preferably being along the in.
ner margins of each conductor element 62, 63
with respect to the longitudinal center-line 40g
of the covering, thereby effectively resisting lat-
eral shifting and distortion of the conductor ele-
ments during the molding and curing operation.
The heating element 47 is embedded in the resil-
ient rubber body §{ between the inner and outer
faces of the covering, as shown especially in Fig.
5. The respective fabric and rubber parts of the
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feevermg &9 are united preferably by molding and
vulcamzmg under heat and Pressure.

The covering 68, which also may be mar-
ginaily. attached, is desmably adhesively attached
throughout its entire extent fo the airfoil or

“wing 16, which attachment eliminates the prob-
“lémi of venting and facilitates outward bulging
only of the inflatable tubes. Such bulging fur-
‘ther promotes the desired sharpness of curvature
~of the: ridees for effective removal of the ice.
" 'In"the operation of the covering 49, the heat-
ing dgetion-at 4 central zone may be continuous
(anti-icing-action) or intermittent (de-icing ac-~
tion), the temperatures at such zone 48 being
effectlve for preventing the formation of ice and
‘evaporating the water droplets, and/or for ice-
removal purposes. The heating at the cenfral
Zone &8 may be such that the temperatures may
be varied or uniform in the spanwise and/or the

-chordwise directions, and for the construction

shown, the temperatures are desirably uni-
form both spanwise and chordwise substantially
“throughout the entire extent of the heating zone
48. “Flow-back water” re-freezing at the disten-

sible zoneés 45, 45 and any initial ice-deposit at 2

such zones are removed by the cyclical inflation
of the inflatable tubes which, by virtue of their
‘getion  deéscribed hereinabove, effectively lift,
loosenr and break the ice for removal by the rapid

laminar flow of air. Such inflation of the tubes

also lifts and dynamically unbalances any re-
maining Joosened ice-deposit spanning the heat~
‘ing:zone 48 for removal by the airflow,

Another modified .construction 65 of the pro-

tactive covering, as shown especially in Fig. 6,

has & plurality of alternately chordwise-arranged )

heating  and “distensible zones €6 to 76, inclu-
sive, .extending spanwise of the covering. Like
the coverings 15 and 49, the covering 65 has a

body of suitable resilient rubber material and 4

includes .inflatable tubes 77 to 82, inclusive, ex-
tending spanwise in the respective distensible
Zones or portions 66, 68, 70, 12, 74, 76 in closely-
‘adjacent. pardllel relation to one another. The

‘covering also.includes heating elements 83 to 87 :

desirably of suitable resilient conductive com-
position having' suitable fabric reinforeement
therein extending spanwise at the heating zones
or -portions 67, 69, T1, 713 -and 75, the respective

heating elements each being desirably coexten- ::

‘sive with the extent of each said heating portions.
The respective distensible and heating zones are
relatively narrow in width as compared to the
distensible and heating zones of the coverings

{5 and 40, thereby providing a plurality ef nar- ::

row zonhes each effective for ice-removal purposes
and each cooperating with one anether te this
end.

The inflatable tubes 17 to 82 are desirably rela-

tively small in diameter, each being less than ¢

about-one (1) inch in diameter. In the preferred
eonstructlen the opposite rearward distensible
portlons 66, 76 each include three inflatable
~tubes 17, 82 of uniform diameter, arranged in
chordwise series and having adjacent margins of
adjacent tubes substantially adjoining one
another. The- intermediate distensible portions
68, 70, 12, 14 each may have a pair of inflatable
‘tub'es 18 19 80 81 of umform dlameter smular-
.11 to 82 inc1u51ve make p0551b1e the des1red sur-
face c0nﬁgurat10n ‘of ridges relatively small in
curvature, arranged "in chordwise series. at
-spaced-apart positions across the covering.

The tubes for all of the distensible “portiotis

‘quarter (34
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may be of uniform size, or the tihes, by zones,
may be of graduated and decreasing size:in the
yearward direction with respect to the ‘longi-
tudingl center:line 854 of the cover. For.ex-

-smple, the adjacent innermost -distensible por-

tions 70, T2 may have tubes about one (1) inch
in diameter, the other intermediate distensible
portions 68, 74 may have tubes abeout three-
y inch in diameter, and the -outer
rearward d1sten51ble portions. 86, 76 may have
tubes about one-half (33) inch in -diameter.
Such tube arrangement is advantageous in facili~
tating removegl of relatively heavy jce-caps .2t
the immediate leading edge region: of the wings
together with- efiactively removing sheet-like ice
formations rear wardly of ‘the immediate leading
edge region of the wings, while avoiding objec-
tienable disturbance of the smooth flow of air
aeross the covering, when such tubes are inflated.
It will be appreciated that this arrangement
using relatively small tubes is also. effective in
its ice-removal action; since- the stress imparted
to the ice is in pr oportion to the rate of curvature
of ‘the tube; under-inflation, and such relatively
high localized stretching and stresses ab the re-
spective spaced-apart distensible zones not only
break the bond ef the ice but also loosen the ice
for removal by the airflow.

For inflating purposes, each greup of tubes in
the respective distensible portlons is provided
with an inflating manifold 88 to 93, inclusive,
which manifolds are conneeted by suitable eon-
duits 94 to 89, inclusive, to a suitable- souree of
air under pressure The arrangement is such
that all of the tubes in each of the dxstensmie

-portions-are inflated simultaneously, and the re-

spective groups of ‘tubes in. such chstens1b1e per-
tions may be-inflated simultaneously, or in al-
ternation te one another with respect to the

“longitudinal center 6%¢ of the covering, or in

alternate sequence -across the covering, or in any
other desired manner.

The heating elements 23 to §7.inclusive, are
imbedded in°the rubber body of the covering 83
at the respective heating zones or portions 67,
€3, “Tt, 73 and 75, each heating element Leing
substantially -coextensive in length and width
with the extent of such heating portions for
providing temperatures effective for ice-removal
and/or ice-prevention purposes. Each heating
element desirably includes a pair of superim-
posed layers of suitable electrically- conductive
composition Laving a suitable fabric reinforce-
ment therein, and each includes a pair of suit-
able flexible braided conductor elements- 165 to
{14, inclusive, extending spanwise adjacent the
opposite margins of the distensible portions and
sandwiched between the aforesaid layers. Each
of the conductor elements 108 to {14 are fizedly
secured as by a suitable adhesive and by sewing
extending through the material of the fabric
reinforcement and the material of the conductors
per se, such sewing being disposed adjacent the
inner margin of each conductor element with re-
spect to the longitudinal center-line 6%a of the
covering for resisting lateral distortion and
shifting of the conductor elements during the
molding operation.

The opposite spanwise margins of the cover-
ing are desirably tapered in section to facilitate
smooth flow of air across the covering. The rub-
ber and fabric palts of the cover 6% are desirably
united by molding and vuleanizing under heat
and pressure. The covering 65 is also desirably

75 adhesively attached to the wing substantially
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“éontinuously throughout the entire extent of the
covering, advantageously eliminating the neces~
sity for venting together with facilitating the de-
sired light-weight, simplified construction. ’

In the operation of the covering 65, the heating
elements may be operated contmuously or inter-
mittently and simultaneously or alternately, as
desired, providing desirably uniform tempera-
tures” chordwise and spanwise throughout the
extent of the heating zones, which temperatures
may be different at ditrerent zones and are effec-
tive to prevent the formation or aceumulation
of ice, especially at the stagnation zone of the
‘leading edge, and/or loosen the ice-deposits ad-

hering to the covering at such heating zones. "

The inflation of the inflatable tubes loosens and
breaks the ice at the respective distensible por-
tions and also lifts loosened ice~-formations span-
ning the respective heating zones into the path

of the flow of air dynamically unbalancing the ¢

same for removal by such air. In this manrer,
the respective distensible and heating actions co-
~ operate in effectively preventing the accumula-
tion of ice on the covering 65.

A still further modified construction 148 of ¢

the resilient rubber protective covering, as shown
especially in Fig. 7, includes a plurality of alter-
nate heating and distensible zones (41 to 145 ex-
tending spanwise substantially throughout the
entire extent of the covering, which zones or por-
tions 141 to 145 may be relatively wide as com-
pared to the zones of the construction 65 shown
especlally in Fig. 6. Each heating zone or por-
tion 141, 143, 145 has a suitable heating element

146, 147, I48}of reinforced conductive composi- ¢

tion desn'ably embedded in the rubber material of
the covering for providing substantially uniform
temperatures spanwise and chordwise through-
out the entire extent of such heating portions,
but the temperatures at the center element 147
may be higher than those at the rearward ele-
ments 146, 148. Also, each heating element is
provided with a pair of spaced-apart flexible
braided contactor elements 149—150, {5(—152,

153—154, suitably fixedly secured as by sewing 4

to such heatlng element, which sewing extends
continuously along the inner margins of the con-
duetor elements with respect to the longitudinal
centerline 140a¢ of the covering for preventing

lateral shifting and distortion of such conductor :

elements. )

Each distensible portion 142, 144 has a plural-
ity of relatively small inﬂatable tubes 155, 158,
each less than about one (1) inch in dlameter
for providing the desired surface-configuration
of ridges, upon inflation thereof. The inflatable
tubes 155, 156 extend spanwise substantially
throughout the entire extent of the distensible
portions {42, 144 and are positioned such that
adjacent margins of adjacent tubes are substan-
tially contiguous with one another throughout
their entire extent. For simultaneous inflating
purposes, a suitable manifold 157, (58 is in com-
munication with each chordwise series of in-
flatable tubes. The manifolds 157, {58 are con-
nected to a source of air under pressure by suit-
able conduits 159, 160 in communication with
such manifolds.

The covering 140 may have spanwise margins
161, 162 tapered in section and may be adhesively
attached throughout its entire extent to the air-
foil. When so mounted on the airfoil, the cover-
ing (40 is arranged such that the central heat-
ing zone 143 is at the stagnation zone or imme-
diate leading edge region of such airfoil.
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~ In the éperation of the covering 140, the heat-

"ing zones may be heated continuously or inter-

mittently as described hereinabove, and have
desirably substantially uniform temperatures
throughout the heating zones for effective ice-
removal purposes. Intermittent operation of the
heating zones at relatively low temperatures
eliminates the problem of “flow-back.” Each-
series of tubes 145, 145 may be inflated intermit-
tently or coincidentally and in a cyclical man-
Such inflation of the tubes provides the
desired surface-configuration having a plurality
of relatively small sharply-curved-in-section

‘ridges in closely-adjacent paralle]l relation to one

another - throughout their extent. The ice-
removing action of the tubes is substantially like

-that described for the inflatable tubes of the pro-
“tective covering 28.

The invention thus makes possible new and
useful protective coverings of elastic material
having various arrangements of heating and dis-
tensible zones, which coverings are effective in
preventing the accumulation of ice on the leading
edges of airfoils by virtue of the cooperative ac-
tion of their elements in a new relationship. The
invention also makes possible the selection of a
particular covering arrangement best fitted to
cope with one or more kinds of icing conditions,
which may be encountered in the operation of
aircraft; and the selection of a particular cover-
ing arrangement best fitted to cope with the ice-
formations which occur on streamline bodies or
airfoils of different profiles and thicknesses.
Such coverings also have further advantages in
that they facilitate the provision of smooth sur-
faces about the leading edge, eliminate the diffi-
cult problem of venting, facilitate the attach-
ment to the airfoil, and which are characterized
by their thinness and light-weight construction
and convenience of manufacture.

Variations may be made without departing
from the scope of the invention as it is defined
in the following claims.

T claim:

1. Apparatus for preventing the accumulation
of ice on the leading edge of an airfoil, said appa~-
ratus comprising a unitary covering member
having at least one spanwise~extending disten-
sible surface portion for disposition at a rear-
ward area of said leading edge and one spanwise~
extending non-distensible portion adjacent the

- first said portion for disposition at the frontal

area of said leading edge, the distensible portion
comprising a plurality of spanwise-extending
inflatable tubular passages each less than about
one inch in diameter disposed in said member
in closely adjacent parallel relation one to an-
other inflatable to provide under inflation a plu-
rality of sharply curved spanwise-extending
ridges at the surface of said distensible portion
for breaking the adhesive bond of overlying ice
at said rearward area of the leading edge, means
for inflating said tubular passages to distend said
surface of the distensible portion into said span-
wise-extending ridges without distending the
adjacent non-distensible portion, and means in
and constituting a part of said non-distensible
portion of said member for heating the surface
thereof at said frontal area to interrupt the con-
tinuity of ice deposited on said member. ]

2. Apparatus for preventing the accumulation
of ice on the leading edge of an airfoil, said
apparatus comprising a unitary covering member
having at least one spanwise-extending disten-
sible surface portion for disposition at a rear-
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ward area of said leading edge and one spanwise-
-extending nen-distensible surface portion-adja-
cent the first said portion for disposition at the
frontal area of said leading edge, the distensible
portion comprising o Pplurality ef chordwise-
extending inflatable tubular passages-each 1ess
than about one inch in-giameter disposed in said
- saeinber in closely adiacent parallel relation one
to -another inflatable to provide under inflation
o -plurality -of sherply curved ¢ -hordwise-extend-
ing ridges at the surface of said distensible por-
tion for breaking the adhesive hond of overlying
ice-at said rearward-area of the leading-edge,
-means for inflating said tubular passages to dis-
tend-said surface of the distensible portion jato
said chordwise-extending ridges without distend-

ing the adjacent non-distensible portien, and
means in and constituting a part ef said non-

distensible portion of said member for heating
the surface thereof at said frontal area to inter-
rupt the . centinuity of ice deposited on said
-membker.

3. Apparatus for preventing the accumulation
of ice on the leading edge of an airfoll, said appa-
ratus comprising a unitary .covering -memper
having -distensible surface portions spaced-apart
for  disposition af the rearward areas of said
leading edge and a nen-distensible surface por-
tion intermediate the first said portions for dis~

position at the frontal area of said leading edge, 3

o pilurality of inflatable tubular passages in said
member at each of said distensibie portions for
inflating the latter and distending the surface
thereof in said rearward -areas without distend-
ing the intermediate pertion of said member, and
-electrical heating means in-and constituting a
part of said intermediate portion of said member
for heating the surface thereof to interrupt in
{he region of said intermediate porftion the .con-
tinuity of ice depesited on said member.

‘4. Apparatus for preventing the aceumulation
of ice upon the leading edge of-an airfoil, -said
apparatus comprising a unitary covering -mem-
per of resilient rubber-like material having dis-

tensible surface pertions spaced-apart for dis- 4

- position at the rearward areas of said leading
edge and a nen-distensible surface portion inter-
mediate said portiens for disposition at the
frontal area of said leading edge, a plurality of
spanwise-extending - inflatable tubes each less
than abeut one inch in diameter disposed in said
member at eaeh of said distensible portions in
closely -adjacent -parallel relation one te another
throughout ‘their extent for distending the sur-

face of the distemsible portions in said rearward |

aress into a plurality of sharply curved ridges
to loosen ice rearwardly of said frontal area-with-
out distending the surface of the intermediate
portion, and eleetrical heating means incorpo-
rated in the rubber-like material of said.inter-
mediate portion of said member for heating the
surface at said frontal area to interrupt the
continuity of ice deposited on said member.-

5. Apparatus for preventing the accumulation
of ice upon the leading edge of an airfoil, said
apparatus cemprising a- unitary covering mem-
per of resilient rubber-like material having-dis-
%;eusi}gle surface portions spaced-apart for dis~
position at- the rearward areas of said - leading
edge and a non-~distensible surface portion in-
termediate said portions for disposition -at the
frontal area of said leading edge, a plurality of
chordwise-extending inflatable tubes each less
_than-about one inch in diameter disposed in said
member -at -each of said distensible portions in
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~closely adiacent pargliel zeletion one to another

throughout their extent for distending the sur-
face of the @istensible-portions in said rearward
areas into g “plurality of sharply -curved ridges
to leesen ice rearwardly of said frontal grea
without distending the surface of the interme-
diate portion, and electrical heating means in-
corperated in the rubber-like material 0i said
intermediate portion for heating the surface-at
said-frontal area to interrup} the continuity of
ice depesited -on said member. :

6. Apparatus for preventing:the acoumulation

-of iee .on the leading edse of an firfol] said

-apparatus comprising g uniary coverin
per of resilient rubber-like material havin -
tensible surface portions spaced-apart for (is-

position .t the rearward areas of said leading
edge and a non-distensible portion .intermediste

.the first said portions for disposifion at the

frontal area of said leading edge, a plurality of
inflatable tubes in said member at each :of said
distensible portions for inflating the Jatter and
distending. the surfaee thereof in said: rearward
areas without distending the-intermediateportion
of said member, said tubes at each distensible
portion extending in closely adjacent parallel re-
lation .one to another-along their extent and be-
ing less than about one inch in- diameter and
inflatable to provide a plurality of .sharply
curved ridges at the surface .of each of said dis-

_tensible portions to leosen iece rearwardly of said

frontal avea, and a heating element ingorpo-
rated in the. rubber-like material of said inter-
mediate portion .of said member for heating the
surface at-said frontal area te interrupt the
continuity .of ice deposited on-said member, said
heating element eomprising electrically condue-
tive composition of resilient rubber-like material
having particles of eonductive substanee therein.

7. Apparatus for preventing the aecumulation
of iece upon the leading edge of -an -airfoil; said
apparatus comprising-a unitary-covering mem-
ber .of resilient rubber-like material having @
series of spanwise-extending -distensible-surface

-portions spaced-apart chordwise for- disposition

at fhe rearward areas of said leading edge arnd
a series .of -spanwise-extending non-distensible
surface portions intermediate the distensible

- portions for disposition of a nen-~distensible per-
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tion at the frontal area of said leading edge, a
plurality of spanwise-extending inflatable- tubes
posed in said member at each of said distensible
portions in closely adjacent parallel relation one
to another throughout their extent and inflat~
able to provide a plurality of sharply curved
ridges at the surface of each distensible por-
tion, means for inflating said tubes to distend
the surface of =said distensible  portions-in said
rearward areas into said ridges  to- loesen -ice
rearwardly .of said frontal -area without distend-
ing the surface of the intermediate portiens;and
a - heating element incorporated ‘in the-ritbber-
like madterial of each of said intermediate por-
tions of said member for heating the-surface
thereof including that at: said frontal area to
interrupt in-the region of each :of said interme-
diate portions the continuity of ice.deposited on
said member, said heating element eomprising

_electrically - conductive -composition of ‘resilient

rubber-like material having particles of condue-
tive substance:fherein. - .

8. Apparatus for preventing -the accumulation
of ice upon the leading edge of an airfoil, said
apparatus comprising - unitary -covering mem-
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ber having distensible surface portions spaced-
apart for disposition at the rearward areas of
said leading edge and a non-distensible surface
portion intermediate said portions for disposi-
tion at the frontal area of said leading edge,
means imbedded in the intermediate non-dis-
tensible portion of said member for heating the
surface at said frontal area to interrupt the con-
tinuity of ice deposited about the leading edge,
and g plurality of inflatable tubular passages in
said member at each of said distensible por-
tions for distending the surface in said rearward
areas to loosen ice rearwardly of the interruption
in the ice at said frontal area.

9. Apparatus for preventing the accumulation
of ice upon the leading edge of an airfoil, said
apparatus comprising a unitary covering mem-
ber of elastic material having distensible sur-
face portions spaced-apart for disposition at the
rearward areas of said leading edge and a non-
distensible surface portion intermediate said
portions for disposition at the frontal area of
sald leading edge, electrical heating means im-

5
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bedded in the elastic material of the inter-
mediate non-distensible portion of said member
for heating the surface at said frontal area to
interrupt the continuity of ice deposited about
the leading edge, and a plurality of spanwise-
extending inflatable tubular passages in said
member at each of said distensible portions for
distending the surface in said rearward areas to
loosen ice rearwardly of the interruption in the
ice at said frontal area.

BENJAMIN ¥. JONES.
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