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INTRODUCTION

The ACV (air cushion vehlcle) appears to be particularly advantageous
ln northern transportatLon owing to Lts abtl-ity to operate at tLmes
when and over terral-n where more conventlonal modes of transportation
are brought to a halt. One thinks partLcularly of the freeze-up and
break-up periods of rl-vers and lakes and of transportatlon over
muskeg. Unfortunately, operation under these clrcumstances during
sub-freezLng temperatures can result l-n the generatlon of a cloud of
supercooled water drops whlch turn to lce when they lmpinge on the
vehicle (ffg.1). Iclng can also occur when operating over loose snow
partLcles implnging on heated surfaces, melti-ng and the resulting
water flowlng to adjacent cool areas and refreezlng. To dlstlngulsh
between these two iclng mechanLsms, the former wtll be referred to as
droplet lcl.ng and the latter as snow-melt lcing. Both mechanLsms can
present problems; however, a good understandlng of the basic principles
lnvolved ln these two lcing processes can help considerabl-y in pre-
dlcttng where problems are ltkely to occur and so may go a long way
in arrl-vlng at deslgn conf lguratLons that wtll ml-nl-ml-ze these problems.

DROPLET ICING

Droplet lcLngr 8s its name Lmplies, results from the impingement and
freezi.ng of supercooled water droplets on surfaces whose temperature
ls at or below the equtlibrium freezlng point of the water, In the
case of hovercraft operating over water, droplets are generated by
the scrubbing of the cushion alr as tt escapes beneath the vehl-clers
skLrt; ln addition, ln rough weather the action of waves and wind-
borne spray (sptndrtf t) may supplement the vehJ.cle-generated spray.
Should the alr temperature be below that of the water, the droplets
wtll transfer heat to theLr surroundings by convective and evapora-
tive processes, the temperature of the smaller droplets approaching
that of the air more raptdly than that of larger drops, The droplets
do not lmmediately freeze when they cool below thelr equllibrium
freezlng temperature but exist Ln a metastable supercooled state.
Pure water can support a maxlmum supercoollng of about 40oC when in
droplets of only a few mLcrons ln diameter, and even volumes of a
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few cubLc centlmeters can be cooled to about -33oC before spontan-
eous freezing o.".rt"l . However, in nature, foreign particles in the
water act as freezlng nucleL causing freezing to occur at temper-
atures much warmer than those for homogeneous nucl-eatlon; neverthe-
less significant supercoollng sti1l occurs, the most llkely freezl-ng
temperature belng ln inverse proportion to the logarithm of the
droplet size. Supercoolings in excess of 30oC have been experienced.

Thus it ls seen that an ACV operatlng over open water or watery
terraLn in sub-freezlng al-r temperatures will produce the first
prerequisite for droplet icing an atmosphere of supercooled water
droplets. Next, the trajectorles of the droplets relative to the
exposed surfaces of the vehicle must be such that some at least of
the droplets will impinge on the vehl-cle. These trajectories appear
to be highly complicated, dependlng on the characteristics of the
vehlcle ltself (1.e., skirt geometry, cushl-on alr flow and scrubblng
speed, etc,), as wel-l as on the velocl-ties of the vehicle and the
wLnd, and the degree of dLsturbance of the water surface. The
resul-t is that lt is difflcult to predict with any certainty where
maJor droplet lmpingement areas are llkely to be, and all but
imposstble to estitnate rates of l-cing. However, a knowledge of
the behavlour of droplet trajectorl-es in the vl-cinity of solid
obstacles can tell us much l-n a quall-tative way about icing dlstrl-
butLon on a vehicle.

As droplet laden air approaches a solid object, it is deflected,
with the result that the droplets, the lnertia of which tries to
mal-ntaLn them ln a straight line motion, are acted upon by an
aerodynamic drag force tending to deflect their trajectory.
Because of this deflection, some of the drops that under straight
llne motl-on would have lmpi-nged on the obstacle follow a trajectory
that clears it. Thus the actual LmpLngement or catch rate is less
than the potentlal catch rate assumlng straight line motion; the
ratio of actual to potenllal catch is known as the catch efficiency
or collection efflciency2. In general, the collection efficiency
ls greater for larger drops and higher velocitles, but decreases as
the size of the object increases.

When the supercooled droplets strlke the cold obstacle, it acts as
a nucleatlng agent to lnitlate freezing so that, depending on the
lnltlal supercoollng of the lmpl-nglng water and the varlous heat
losses and galns at the lclng surface, some or all of the impinglng
water f reezes in lts lmmedl-ate area of lmplngement3. The proportion
that does actually freeze on lmpact is call-ed the freezing fraction
n, whlle the remalnJ-ng fractlon (1-n) flows away from its
impingement zone under the influence of gravity or of aerodynamic
forces. Some of this run-off will flow over areas of heat loss
where f urther f reezlng w111 occur, whl-le some may actually f low or
be blown completely off the surface,
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I^ltren the droplets fteeze completely at thelr point of impact
(1.e.,D=1) the resultlng lce formatLon ls hlghl-y porous and conslsts
of numerous rime fingers extendLng from the Lced surface. At the
other end of the sca1e, when consl-derable free water exists at
the Lclng surface, a smooth transparent Lce, known variously as
clear, glaze or black lce, resuLts. Between these two extremes
of rLme and gLaze ice, a whole gradatLon ln the appearance of the
ice exlsts, the greater the freezing fraction, the more air is
entrained ln the resultLng lce and the whlter its colour whl1e at
the same tlme (on smaller obJects at least), its shape is more
tapered.

SNOI^I-MELT ICING

In the same way that a hovercraft operating over water creates
around ltself a cl-oud of water droplets, so when operatlng over
loose snor^r a cloud of snor^r particles Ls produced. However, the
concentration of snow particles that may be lofted in thls way
can considerably exceed that of water droplets as there is no
surface tension energy to overcome. Fortunately, though, there
is usually only a llmtted thLckness of loose snow, so that a
hovering vehlcle ls soon Ln the clear.

The trajectorles of the snow partlcles behave in the same general
manner as those of water droplets, except that because of their
greater drag/welght ratlo, thelr collection efflclencies are less
than those of water droplets of the same mass.

Dry snor^7 partlcles wtll not adhere to d.y, sub-freeztng surfaces
on whl-ch they LmpLnge, hence areas of particular slgnificance as
far as droplet lcLng is concerned are seLdom a problem ln snor^/
conditions. Prerequlsites for a snow.problem are elther a source
of heat or the presence of free water4. In the first lnstance,
lce particles lmplnging on a heated surface will either partJ-ally
or wholly melt producLng a water ftlm whlch may refreeze down-
stream. Any free water present, such as the water film just
mentloned or the presence of water spray ml-xed with the snow, will
act as the ttgluett requLred to adhere the snow particles to the
surface.

ICING PROBLEM AREAS

Two reglmes of operation need to be considered, hovering and
forward motl-on. In forward motlon, the cloud of spray generated
tends to be left behind and llttle or no icing problem is exper-
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lenced by smaller vehLcles. Larger vehLcles, however, because of
thelr greater length do tend to envelop their after areas in spray
with a result that propulsion unLts and directional control sur-
f aces suf f er the ef f ects of lcing. In hovering and l-n slow for-
ward motion below hump speed, and also whlle stopping, turning,
or running downwl-nd, the cloud of spray can completely envelop the
vehlcle causing vlrtually the whole craft to accrete ice. This
then l-s the more serl-ous mode of operation where lclng is concern-
ed.

Where and how, then, does this lce accretion cause problems? The
most Lmmediately apparent problem ls the loss of vistbility
resultlng from even the thlnnest coatlng of ice on the wLndshield
and other transparencies. Perhaps the next most serl-ous problem
ls the added weight of the lce, whl-ch can very qulckly overload a
smaller vehLcle. Other areas where problems may occur on
partl-cular types of vehLcles are: (1) the jamming of hinges due
to ice on control surfaces (Ffg.2); (2) the lclng and jamming of
control llnkages, cables, etc. ; (3) the icJ-ng of englne intakes
(particularly gas turbine engines) wlth the consequent danger of
l-ce ingestion; of particular seriousness is the icing of engine
al-r filters, the purpose of which are to prevent droplet erosion
of the compressor blades, and the lclng of foreign object screens;
(4) the Lclng of guard screens ahead of propulsion and ltft fans I
(5) the lclng of deck stores and cargo and thelr tLe-downs (Fig,l)

Skl-rts appear to present llttle problem due to their flexiblllty,
and thelr closeness to the water (llttle supercooling of the
tmplnging water) . However, cases have been reported of snow
packlng ln skirt sectl-ons. Snow may also result ln lcing within
the plenum should there be any sources of heat present; horrever,
ltttle obstructl-on to aLr flow is thought lLkeIy,

Fans and propellers tend to be somewhat self-protecting by virtue
of the centrlfugal loadLng on the ice, However, beeause propel_Ier
speeds tend to be lower than those of aircraft, greater masses
of l-ce are ltkely to be shed, resultlng ln probabl-e imbalance and
a damage potentLal from the thrown ice. SimLlar problems apply
also to centrLfugal blowers, but their less critical aerodynamics
Ls Ln theLr favour.

SOME GENEML DESIGN RIILES

Bearlng ln mlnd the baslc prlnciples of lcing that were reviewed
above, and partlcularly the effect of the dynamics of the droplets
on the collection efflcLency, certal-n rules of good lcing deslgn
can be enunclated.
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Of major importance is the Lnverse relationship between the collection
efficLency and the sLze of the collector, The effect of the larger
lnltlal Lce growth rate resultlng from thls, combined with the
greater relative spreading of unfrozen surface water results in a
relatlvely much wlder Lce accretlon on a smaller collector than on a
larger one, and so presenting an lce collectLon surface that gror^,s
at a faster rate the smaller the collector. This effect is
demonstrated in Fl-gure 4, which Ls taken from some simple experiments
made at NRC on the iclng of cyllnders . A L!4" dlameter cylinder had
its effectlve width increased by Lce some 3 to 4 times (depending on
temperature) ln one hour under the partlcular conditions of the tesE,
whlle that of an 18" cyll-nder was increased only by a factor of
about 1.05. The result of this on the weight of ice caught is shown
l-n Flgure 5; l-n particular tt should be observed that a 12-fo1d
increase in baslc cylLnder diameter from LLrt' to 18t' resulted in only
a 3-fo1d lncrease Ln the amount of ice accreted ln the one hour
perlod.

The obvl-ous conclusion to be drawn from all this is that the number
of small scale ice collectors, such as handrails, support struts,
rlgglng, etc. , should be reduced to a ml-nimum and where complete
ellmLnation is not feasLble one larger scale component should be made
to serve the functlon of several smaller scale ones (Fig.3). In
other words, the external deslgn should be as ttcleantt as possible.

Deck cargoes (Ftg.1) should not be left uncovered, or lashed down
wlth rope netting, but shoul-d be completely covered over with an
impervLous cover such as a rubberLzed tarpaulin from which lce will
detach qulte readily when flexed. Tl-e-downs for such a tarpaulin
may stlll present a bit of a problem, but plastlc encapsulated
ropes are available from whlch l-ce can quite readily be removed.
Bollards are preferred over rLngs or sma1l cleats for tie-down
poLnts. Similarly, lnflatable llfe raft containers (Figures 1 and
3) may also be more readily released from their cradles and
launched tf they are covered over with such rubberized canvas.

Some allevlation of the windshteld lcing problem may be obtalned
by placlng the control cabln as htgh as possible and amldshlps,
ln this way, few of the larger drops Ln the spray will reach
thls crl-tical area. However, this solution may l-ntroduce other
and worse problems because of the addltional structure required and
the provislon of a companLon ladder to reach the cabin (rig.3).
Such a ladder, being a flne lce col-Iector, should be enclosed
wlthln the cabLn structure or other wlse shiel-ded from droplet
lmplngement .
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Control rods, cables, llnkages, etc. , whether for the engines or
control ports and surfaces should be totally enclosed, perhaps
below the deck surface, but where of necessity parts have to be
exposed, the use of rubber boots over hlnges, sllding surfaces,
etc., can be most helpful.

In the case of gas turbl-ne englne lnlets, aJ-rcraf t practice
wtll in most cases suff ice. However, the al-r flow patternsn and
hence the droplet traJectorles, in an actual- Lnstal-latl-on should
be checked for conformatlon wlth those of the lclng test ce1l
installation. Otherwise the lcLng test results may be invalld
and further lcLng tests usl-ng the actual Lnstal-lation geometry may
be necessary. The best primary saf eguard against j-ce ingestion
problems is a rugged engi.ne.

Where protective screens ahead of fans and propellers are
provided sole1y to prevent Lnjury to personnel, such screens must
have a consLderable open area to minlmLze the possl-bility of
blockage and unacceptable pressure drop due to lce on the wires,
Such screens should, therefore, be placed at least an arm's
length from any moving parts to fulfil thelr intended purpose, A
mesh dLmension of less than 6t' cannot be recommended.

Screens which are provLded for foreign object damage prevention
may themselves become a source of forelgn objects (1,e. ice) afEer
an LcLng encounter quite apart from problems associated with the
pressure drop resulting from the l-ced screen. Such screens are,
therefore, not recommended and greater efforts should be made
either to ellminate the sources of foreign objects, or where this
ls impractical (due to the sources belng external to the vehicle)
to provide means of deflection upstream of the engine or fan
inlets.

For operatLon in snow, it is essential that sources of stray heat
to critl-cal surfaces be ellminated. Such critl-cal areas are
likely to be ln or ahead of engLne and fan lnlets, ot close to
controls or other movLng parts vulnerable to water ingress and
subsequent freezing,

PROTECTIVE MEASIIRES

Good baslc desLgn can do much
cannot ln l-tself elLminate lt,
and operatLonal procedures may

to reduce the lclng problem but
so that certal-n protectlve measures
sttll be found necessary.
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Icing problems may largely be avoided, where operational requirements
permLt, by crossing open water areas at high speeds and restrictlng
manoeuvrlng and hovering to ice covered areas or dry l-and.
However, extensl-ve htgh speed operatlon over open water wil-l-
eventually cause signtflcant lcing partLcularly lf the water is at
all rough.

As stated earlier, when J.cLng occurs the most immediate problem
Ls that of vistblllty through the transparencies of the control
cabin. A number of solutions are avallable for this problem, the
most desirable and effective being the use of electrically heated
wlndows. These wl-ndows, employLng a transparent go1-d f ilm, are
avaLlable ln both glass and plastic, and good temperature control
ls achleved using an embedded temperature sensor, Even wlth
their use, some care is requJ.red Ln their mountlng arrangements
to avoLd problems resultlng from the f reezJ.ng of run:-of f water.
Power ratl-ngs are expected to be Ln the order of 150 watts per
square foot, and total system cost of about $500 for an area
the sLze of a standard truck wLndshLeld.

For smaller vehl-cles, the use of alcohol spray in conjunction with
windshleld wl-pers can give acceptable vislbllity within the swept
area of the wlpers. A hot alr blast on the lnner surface of the
transparency, olthough perhaps the most easlly impl-emented solution,
is not the most efflcient and may result in damage to the
transparency besides causing dl-scomfort to the operator.

For flat areas or for surfaces wtth simple curvaturer 3D effective
method of ice removal is the use of rubber pneumatic de-icers such
as have been used on low speed aircraft for many years, Such
de-icers might well be used on fin leading edges for instance,
and other for:ward faclng vertical surfaces subject to hearry icing,
but are not suitable for working deck areas because of the
damage they may sustaLn,

On smaller vehicles whose deck areas are frequently of fibreglas
and relatlvely f lexlble, Lce can be readlly removed by an impuls j-ve
deflectl-on of the surface (1.e., by banglng lt). This leads to the
ldea of applylng a deflection perlodically whlle in icing condi-
tlons by a devl-ce located beneath the deck and operated by the pllot.

For larger vehlcles havlng metal- decks, 8o electro-impulse method
of de-tclng developed l-n Russla appears f easl-ble and attractive6.
Thls method employs a serl-es of lnductors mounted behind the surface
to be de-iced and lmpulsively energl-zed perlodically by connectlon
to a charged capacltor. The Lmpulse so applled to the metal
structure results in fail-ure of the lce bond at the surf ace. The
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system l-s sald to be llghter and more economical ln electrical
energy than a conventLonal electro-thermal- de-lcing system.

A word of cautlon on the use of thermal antl-lcing systems
must be glven. This applles to operation in dry snow condl-tions,
for should antl-icing systems be employed under these condltLons,
the addltional thermal energy requLred to supply the latent heat
of fusLon.may exceed the system capacity and result l-n ice
formatior4. A safe rule to follow when operating over loose snow
is to turn off all thermal anti-lcing systems, i-.e., windshields,
englnes, englne ln1et ducts, etc.

CONCLUS IONS

It ls apparent that lclng is a serious operational problem for
air cushion vehlcles l-n water/lce interface conditions. Thls
paper has attempted to give in a qualitative way some idea of the
physical processes involved in the lcing phenomenon, so as to
give the designer a better grasp of what he is dealLng with and
so a1low hlm to avold or mlnimize posslble problem areas. Some
possible methods of lcing protection have been suggested.

It is to be expected that as more operatl-onal experience in
icing conditions ls logged, more definlte guidelines on desl-gn
principles and protectlve measures w111 be possible.
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