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DE-ICING SYSTEMS OF PLIGHI VE4ICLES.

BASES OF DESIGR METHODS FOR TESTLNG.

R. Kh. Tenishev, B. A. Strogamov, V. S. Savin, V. K. Kordinov, A. I.

Teslanko, V. N. Leont'yev.
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Page 2.

In the book are presented tnsoretical bases and practical
methods for calculation and testaiuy of the de-icing systems (POS) of

aircraft and helicopters.

On the basis of the yeneralization of the results of
experimental investigatioas are shown the meteorological conditiors,

under which is possible tae aircratt icing and power plant and are

prescribed/assigned the conditions, which can be accepted as

calculated for design of POS.

oo ot il

Is shown the adverse effect of different forms and forms of
icing on stability and aircrait nandling and operation of engine. Are

given the approximation methods of sizing of the icing up zones,

Are briefly examined contemporary mechanical, physicochemical

P otperiln st e rdmr A i L

and thermal deicers and are proposed criteria according to their
.4
§ evaluation during design of POS. Primary attention is given to the
§ thermoelectric and air-neat systems, for which are given the detailagd

procedures of thermal desigyns.

Are described methods and the tests technique of POS under the 1

£ et e s
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actual and artificial ccnditions or icing and are noted the special

features/peculiarities of tusts sicth the imitators of icing.

The book is intended ror the engineers of the aircraft industry,

instructors and students of aviation VTUZ [higher technical

educational institution].

Page 3.

Preface.

For contemporary aviation transport the task of reducing to <the

; minimum of the effect cf meteoroioyical conditicns on the regularity
; of flights is extremely urgent. in its soluticn one of the
fundamental places occugpies the protection of aircratt and

g helicopters from icing.
Fl

j On this question tnere 1s a sufficiently large number of foreiyn
: and Soviet works, but scme of tnem became obsolete, and others either
3 vere dedicated to separate pronleams or represent only the
descriptions of the constructions/designs of de-icing systems. 0. K.
Trunov's recently publishad book [ 58) is the most complete work, in

vhich are generalized many materials on existing means of defense
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from icing; however, in it are insufficiently represented the

practical methods for calculation and testing of de-icing systenms.

At present most efiective are thermal methods of the prctection
of flight vehicles from iciny. They require the expenditure of tnhs
very considerable power whose selection of engines in many instances
noticeably affects the tligyat characteristics of flight vehicle.
Therefore the creation ot sutticiently effective and at the same time
economical protective systeas in many respects depends on how are
correctly selected their desiyn anud thersal parameters. Specifically,
to these questions - to tae caiculation of thermal deicers, to the
criteria of the selecticn or thair optimum parameters and to the
methods for testing de-icing systems - is given primary attention ia

this book.

The authors express deep yratitude to N. G. Shchitayev, who
wrote Section 2 of chapter 1i, 0. B. Buslayev for the participation
in writing Section 1 of chapter ViiI, and alsc L. L. Kerber, V. A.
Krupenikova, A. F. Folomeyev and T. P. Meshcheryakova for valuable
observations about the manuscript and V., V. Yegorova, L. P. Festova,
L. F. Vinogradova and othaer colieagues for large by aid for the

creation of the book.

The authors express their yratitude to Cand. of tech. sciences,
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docent A. S. Z2uyev wvhose recoammendations regarding the number of

questions of calculaticn and ianvestigations of protective systems of

flight vehicles from iciny are used in the bock.

Page U4,

PRINCIPAL NOTATIONS AND UNALES OF MEASUREMENT. (remaining desiqratioas

are given in text).

Mechanical values.

b - size/dimension of caord w;

C - profile thickness m;

D, d - diameter m;

H - flight altitude m;

R, £ - radius m;

S - sizesdimension on the enclosure of profilesairfoil m;

x - projection of size/dimension on chord direction a;
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5 - thickness of the layer m;

F - area in the m2;

a - speed of sound in m/s.

1. — speed of the growta ot ice in a/s;

V - true airspeed in m/s;

g - acceleration of gravity in a/s2?;

v - water content of clouds (mass of drop-forming water into 1

air) in kg/m3;

p - density in kg/m3;

G - mass flow rate per the unit of area in kg/sem2;

p - specific pressure in N/m2;

Ap - drop/jump in the specitic pressures in N/m2;

m3 of
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Pan — partial pressure (elasticity) of the saturated water vapor in

N/m2;

¢,,— elasticity of vapor at equiliorium temperature of surface in

n/n?2,

i v— kinematic modulus cf viscosity in m2/s;

u - coefficient of dynamic viscosity in Nes/m2;

a - angle of attack intoc rad;

H ¥ —=~ sveep angle into rad;

@w - the argular rate of rotation in rad/s:;

n - rotational speed in rad/s.

Values of heat- and mass exchange, energies and powers,

% T - temperature in deg. K;

PR
o

b
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t - temperature in deg. S;

4.~ equilibrium temperature of moist surface in deg.
!

{ AT, At - the temperature differential in deg.;

Q - heat flux, in W/m;

q - heat-flux density (deasity of hLeating) in W/m2;

A - coefficient of thermal comauctivity in W/medeg;

1i K - coefficient of heat traansfer in W/m2edeg;

? a - heat-transfer coefficient in W/m2edeg;

a - coefficient of thersal aiffusivity in m2/s.

Page 5.

e seaninel b AR 3

o & it

c - coefficient of heat capacity ain J/kgedeg;

- -. coefficient of heat capacity of the air at a constant pressure

in J/kgedeg;
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R - the gas constant of air in J/<yedeq;

L. --- latent heat of evagoration ia the J/kg;

L, - specific heat of fusion ot ace in the J/kg:

l+— gpecific heat of compustion ot fuel/propellant in J/kg.

Electrical values.

E - electromotive force in V;

0 - voltage (potential differeunce) in V;

1, i - current in metering ciarcuit in A;

R - resistance in ohm;

G —. capacity/capacitance in f£;

agp — temperature drag coefricient in Q/deqg; i

e g JU—
: il cheeyy
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vy - autual conductance of sensor (instrument) in mv/deg.

Dimensionless guantities.

E - general/common/total (integral) interception coefficient of tke

drops;

¢e— local interception coeiftficient;

" —- cyclic recurrence (r2lation to cycle time to the time of heating

one section);

ac— pressure ratio in the coampressor;

ia—~— coefficient of freeziny ice;

ton —— coefficient of the numidicy of the surface;

r* - temperature recovery tactor;

v— parameter of the relative size/dimensicn of the drops;

M - Mach number (relative speea) of the flight:

T A T £ 2 1T O M 5t gy TR i op v PP Wb s B AR S Y
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¢ - relative air humidity (0/0).

Fundamental indices.

1 - boundary layer edge;

ad - adiabatic:

v - vater, and also "internail¥;

vl - moist, moist surface (p. vie. - surface moist);

V. p - water vapor;

g - to the characteristics of galvanometer (and also millivoltmeter,

tail, etc.):

gd - hydraulic;

gf - corrugation;

din - dynamic (to the fressure of tlow);

i - evaporation.
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iz - insulation/isolaticn;

k - drop of the wvater;

kr - critical;

l - ice;

heating, heated, and also %“external®;

o - the undisturbed flow.

surface;

o
[}

pl - film of water on the surface;

pn - complete;

pr - instrument, and also "given";

rasch - calculation, calculated valiue;
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st - statistical (to the pressure of flow);

t.n - "thermal knife®",

Page 6.

RS YAPR uABl A5 e 4B A O~ 1

ul - zone of the catchiny;

2z - zone of the flowing iu of water on the surface;

e - heating element;

ekv - equivalent;

i diltifin

ef - effective; ]

s e e, m i O

2 -

a - to the convective heat exchange;

B - to the values, connected with the intensity of mass transfer

{(evaporation) ;

e e T,

C - to the parameters of th saturated water vapor;

E - to a total quantity cf absorbed by water (on an entire region of
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catching) ;

- to a local quantity or tae awsorhed by wvater:

N - to the total value of yuantity.

Superscripts.

* - to equilibrium temperature or stagnation air flow;

- relative value (dimensioniess):

~ - average/mean value of guantaty.
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Page 7. i

Part one.

|

CALCULATION AND IDENTIFLICATLION OF THE PARAMETERS OF DE-ICING SYSTEMS.

Chapter I.

Neteoroclogical and design conditions of icing?,

FOOTNOTE 1!, Section 1.,1-1.3 were written by B. A. Stroganov, Section

1. 1. Fundamental information about clouds. ¥

Aircraft icing conpected witan the presence in the atmosphere of

wvater in the drop-forminy state with negative temperature and in the

overvhelming majority or tne cases occurs during flights in clouds.
In meteorology accept followiny division of clouds into classes or
! formas: cirrocumulus and cirrostratus, altocumulus and altostratus,

lasinar, stratocumulus and niwmpostratus, cumulus and cuamulonirbus.

The fundamental characteristics of the clouds of various foramas are

represented in Table 1.1. dowever, in the examination of clouds frcm
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the point of view of icinj it is possible tc be restricted by their
unification into two grcups: stratus and cumulus clouds, morecver the
first include altostratus, stratus, stratocumulus and nimbostratus

clouds, and to the second - aitocuawulus, cuprulus and cumulonimbus.

t.2. Pundamental meteorclogical parameters of icing.

The fundanmental metevroloyical parameters on which depends th2

icing, they are:

a) the quantity (mass) of water in the form of drops, which is

contained per unit of vclume oi cioud (water ccntent) ;

b) the temperature, with waich occurs the icing;

c) the size/dimension of the water drops;

d) the extent of cloud on the vertical line and the

horizon/level.

Icing is connected witnh tane defined set of parameters indica+ed
above, but from the point ot view of recurrence in the flights of it

can be considered as the phencaenon randoa.
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Pages 8-9,

Therefore during the design of ae-icing system the design conditiors
of icing must be defined from tnat how frequently they are
encountered in practice aand as is dangerous their effect on flight
aircraft characteristics. Are xanown cases [77] when icing was
encountered at very low (-v5--7(°C) temperatures or with extremely
high (5-10 g/m3) water content; aowever, hardly this can serve as
base/root for the selection of such conditions for initial ones
during the calculation cr du-icainy systeams, if are encountered they
very rarely. The selection of aasiyn conditions must be produced by
processing sufficiently vast weatner data by the methods of
mathematical statistics. From this point of view we analyze the
values of the temperature, water content and size/dimension of drops

with icing in flight.

Temperature of clouds witn iciuyge.

As already mentionea above, icing obuslovlivaetsly on the

presence at minus temperatures oz the supercocled drops of water. The

ability of water to remain in tae liquid state, without being
crystallized, depends on a whole series of the factors, including

such, which do not yield to sufiiciently precise evaluation as, for

example, the contamination or watei by salts cr the presence of ths
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mechanical crystallization nuclea.

But numerous experimants {3), (4], [40], [49] show that at first

at relatively small minus temperatures (-10--15° C) the drops stable

are retained in the liquid state and do not freeze.

[
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TFable 1.1.

PAGE 19

Brief Cloud Characteristics,
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Key: (1)« Cloud form. (<¢). Heigynt/altitude of lower boundary, knm.

(3). Thickness. (4). Exteant oan norizon/level, (5). Average/mean wat=T
content g/m3. (6). Micrcstructure. {7). Mean arithmetic radius of
drops p. (8). Probabilicty of icany at minus temperature. (9). Average
speed of ice formation mm/uin. (IVU). Appearance. (11). Upper deck.
(12). Cirrus. Cirrocumuius. Cairrostratus. (13). From hundreds of
meters to several (5-7) kilometers. (14). 200-600 km along the normal
to front and 1000 km and aore alony front. (15). Crystal. (16). White
or bluish, usually very thin and transparent, take form of uncdulating
or fibrous film. {(17). Average/mean deck. (18). Altocumulus. (19).
Altostratus. (20). Severai nundica meters. Frcm 1 to 2 km. (21).
500-900 km along the normai tc froat and 1000 km and more alcny
front. (22). Predominantly drop. Mixed. (23). (with
oscillations/vibrations trom 3 to 20). (24). (greatest in upper clcud
boundary). (29 . White cr gray in the form of waves or film, as a
rule, closing entire sky. (<6} . Lower deck. (27). Stratocumulus.

{(28). Laminar. (29). Nigkostratus. (30). km. (31). TOo several
kilometers. (32). 200-400 xm along the normal tc front and 1000 kx
and more along front. (33). Drope. (34). 5-10 (with
oscillations/vibrations trom 1 to 60) 2-5 (with
oscillations/vibrations from 1 to ¢9) 7-8 (with
oscillations/vibraticns from ¢ to 72). (35). to 1-2 (greatest in
upper cloud boundary) 0.5-0.6 (yreatest in lower part of cloud).

(36). Gray or dark gray, in tae form of continuous sometimes fibrous
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or laminar deposit, which ireyuentliy closes entire sky. (37).
Vertical development. {(3b). Cumuius. (39). kucevno-rain. (40). Fron
hundreds of meters to sevaral kilometers (sometimes to tropopauss).
(#1). To 20-30 km (they yo alony front by banks in zone 30-100 km
from front). (42). Mixed. (43). 1.4-2 (greatest in upper part) 2-3
(to 5) (greatest in upger part). (44). Dense white in the form of

towers or canopies with greyisn or dark base/root.

Page 10.

Then begin to freeze majcr arops, put crystallization occurs the

majority of drops it noniantensively and remains nonfrozen. Sc, at
temperatures it is above - 36° C was noted crystallization only by
20c/0 of drops with a diameter or <0-50 wp. Upcn reaching of the )
specific temperature is ocbserved a sharp (spontaneous) increase in
the number of freezing drops and iu practice cccurs complete
crystallization. The temperature or spontaneous crystallization
depends on the size/dimension of drops, rate cf cooling, presence of
admixtures/impurities, etc., and on the investigaticns of different
authors it has somewhat distinct values. The majority of the data
obtained by them tells about the fact that virtually the limit of th-

existence of supercocled water ia the drcp-fcorwming form is the

temparature of approximateiy =409 C, although sometimes were obtain:d

the supercooled drops even at=7.<° C.

3
i
i
ll
4
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Fig. 1.1. depicts the uependeunce of the temperature of
crystallization ¢, on the sizg/dimension of drops according to the
data of the studies, carried out oy different authors. In spite of
certain disagreement, is distinctly visible the general/commcn/total

tendency of a decrease in crystallization temperature with the

decrease of size of drogs.

N
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-45
!

3

" 1000 d e

Fig. 1.1. Dependence of tae temperature of crystallization 4, of th=

drops of water on their sizes/dimensions.

data: < - Haverly; .- Hoslier; o - Dorsh and Hecker; ®~- Bigg;

4 - Zak and Malkinoy; ‘& - Lalfarg.

Page 11.

Hovever, the maximum temperature or the crystallization of drcps is
substantially lower than the maximum temperature of icing, since a
quantity and sizes/dimensions ot nonfrozen drops at sufficiently 1low
temperatures of surroundiny air are very low, icing intensity

insignificant and it is eacouateraa rarely.
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So, on the investigyations ot Pepler, who analyzed the results of
9000 aircraft soundings in veraany, icing at temperature is below -
89 C were noted only intc Z220/0 of cases. True, the investigations of
Pepler are related to the 1930tn one-year: however, data on the
tests, carried out much later, coantirm this law. Table 1.2 gives th=z
statistical data about the recurrence of temperatures at icing,
obtained in the USA, England and USSR in in the period from of
1955-1960 to [58]), [70], {(108), (124], [ 132]). They also shov that a
number of cases of icing at low temperatures sharply is decreased and

the overvhelming majority of the cases of icing occurs in the rangs

of temperatures from 0 tc -15° C.
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Tabie 1.2. Recurrence of different temperatures at icing.

[3

. - V]
(Y~ _ ?mnu Auepnxa |_ (3 \uraun ‘af’es;::o?::l‘(‘.‘:ma

Temneparypa _
HApYX ' . ’
s |(9) Louo |@ @i | ® 1@nior

WNCAO obigero THCNO obutero THCTO ubugero
cTBa cay- cTBa cay- cTBa CaYy-
aes qaen vaes

3

i

1

1 K cayqaes | KOABRE- | cpyqaep | KOMHUE- | o hygaep | KOAMuE-
}

i

]

!

1

i

o 4 18 25,0 69 7.8

—6+ —10 215 38,4 10 55,6 426 48,0

—ll+ 15 122 21,8 13 18,0 213 21,0

—16+ —20 51 9,1 1 1,4 122 13,8

, —21+ 95 21 3.7 - = 50 5.6
) -—£+_i£ -8 4 — - 4 0.5

-0 —, - . ,2 —_ — 2 0,2

--35u unu(") -y - - — 1 0,1

Key: (1). Temperature of surrounding air of 9C. (2). North America.
{3)« England. (4). Eurcgean terzitory of union., (5) . number of cascs.

(6) . 0o/0 from total quantity of cases. (7). and it is below.

Page 12.

Water content of clouds with icing.

{ From water content, or more precisely speaking, from the

combination of water content and sizes/dimensions of drops in essence

depends a quantity of ice, which 1s formed cn lifting surfaces of

flight vehicle with icing.

P oA

To the investigation of water content in clouds is devoted a

large number of works [25), (36), (37], [41], [50), [58]), [63], [80],

i ety 0. St et
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[82], [148), and the data accumulated at present make it possible to
sufficiently accurately rate/ustimate its numerical value in clouds i

depending on temperature.

The maximum value ct water content in clcuds can be obtained on

the basis of the theoretical caiculation of the condensation of water
during the adiabatic process or neat exchange in dependznce on
height/altitude and temperature. Fage 1.2, bLorrowved from [40],
depicts changes in the value or the concentration of liguid water |

during its condensation under varied conditions.

This figure is interestiny because it makes it possible to
rate/estimate the relaticasaip/ratio of water content for clcuds in
different geographical areas (tropics, temperate zone and polar

climate) according to the temperature of cloud base.

The theoretical values or cuncentration regresented in Fig. 1.2,
apparently, even if they are encountered in practice, then only irn
very powerful /thick clouds. Tne real values of water content depend
on many factors (for example, from the time of the "life"™ of the

clouds), which cannot be takean into consideration during thecretical

5
;

calculation; therefore for the sufticiently fprecise evaluation of
water content are represented mcre reliable statistical data on the

mneasurements of water ccutent ot clouds in flight.
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Such investigations were carried out by a nuamber of
organizations both in thne USSR (central aerolcgical observatory,
State NII (Scientific Fesearch Ianstitute] of civil aviation) and

abroad - in the USA (NACA), Engiand (ARC), etc. Most completely these

investigations are reflected in works [37], [S6].
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Pig. 1.2. The limiting concentration of liquid water (g/m3) during
the adiabatic process cf aeat exchange depending on height/altitude
and temperature.

The climate: I - polar; 1i - moderated: IIX - tropical.

Key: (1). g/m3.
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The recurrence of the aifferent values of water content in the
clouds of laminar forms at mainus temperatures in middle latitudes is

represented in Fable 1.3.

[
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For the clouds of ctaner toras is retained the analogous
relationship/ratio betweéen water content and temperature, namely:
with a decrease in the teuperature of cloud decreases the water
content and is decreased tue provapnility of the rendezvous of this

water content with icing. dowever, the absolute values of water

!

|

i content at one and the same temperatures of air in the clouds of

1

f various forms will be substantialily distinct. Thus, for imstance,

! mathematical expectation of tne vaiue of water content, designed

: according to the data of NACA [d8<l), composes in cumulus clouds 0.4

! g/m3, and into laminar cnss only v.23 g/m3.

A change in the water content in height/altitude in different

types clouds is not equal. In the clouds of laminar forms the wat=r

content grows/rises with neigynts/altitude, beginning from lower cloud
base, it reaches maximus in upper third and sharply it falls about

its upper boundary. For frontal clouds as a result of the ?
precipitation of water the wataer content in their upper parts is

decreased, and in lower ocnes it yrows/rises; therefore the maximum of

vater content is equally propaple in an entire thickness of cloud,
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Table 1.3. Recurrence cf tne airrerent values of water content in the

clouds of lasinar forams at sinus temperatures in middle latitudes.

e A

i Teuneparypa, °C —5.1= —W e | 150 | 01 s
g ~ —onemso) T | | |y
; @ LI SR I P
[ Boanacts, 2/4° (ﬁrﬂosmrnmmru B ",
r .- — — e e R
‘ i
' 0,05=0,15 17.88 19.08 11,26 39 ¢ 1,21
o 0,16+0,25 11,97 7.7 3,75 0,88 0,18
A 0,26+0,3% 6,13 3,77 - 1,63 0,32 0,11
i 0,36+ 0,45 3,15 1,28 0,44 0,08 0.03
il 0.46+0,55 1,49 0,59 0,15 0,04 - i
i 0,56+ 0,656 1,07 0,23 0,12 — — .
8 0.66+0,75 0,26 0.11 0,05 — _
. 0,76+0,85 053 | 003 ~ — --
i 0,86-+0,95 0,19 0,01 0,01 0,01 —
K 0,96+ 1,05 0,08 i 0,04 - — . -
: 1.06+1,15 006 | — — 00t -
? 1,16+1,55 0.06 - ~ - - !
i - - ‘
| (D)
! Yncao caydaes .3385 2600 1375, 418 121 i
¥ am@! @ ! o HaH (S ;
" ‘ 42,87% 32,9% 17,41% | 5,29% 1.53%9
: ((, )
[
: Buerv uMeno cayvaes
/ (100%) 7899 ,
Key: (1). Temperatures. (2). Water content, g/m3. (3). Recurrence in

0/0. (4). Number of cases. (5). or. {6)+ Entire number of cases,

1 Page 14.

|

{

3 In cumulus clouds the water content grows/rises froam lower boundary
4 to the middle of cloud, anda taen is depressed to upper boundary arnd,

thus, the maximum value c¢f water content is reached in the center

section of the cloud.
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Should be noted close agresaent of the results of the
measurements of water content in wmcderate band of the Soviet Union,
USA and Canada [4], [37]. S0, in the clouds of laminar forms at minus
temperatures the maximum or recurrence falls at the value of water
content in the USSR and Canada to 0«1 g/m3, tc the USA to 0.19 g/m3.
In this case the maximus of water content is considerably abcve
(order 1.5-2 g/m3), but according to latter/last data in cubmulus

congestus clouds was noted tae water content of more than 40 g/m3,

The majority of measureaments indicated above of water content
vas made with the aid of ice-depositing cylinders which average <mns
measured water content on tue distance of 5-10 km. Ther=fore cn=s
should to assume that these data are related in essence to this
extent of the zone of icing. The investigations of a change in th=
vater content in the horizontai extent of cloud in sufficient spac=
it was not produced; theretrore aintormation on this question tears
tentative character. So, Fiy. 1.3 shows a change of the average/mean
water content in dependence on tae extent of zone L of icing,
borrowed from [37) which 15 constructed on the basis of the
distribution of water conteat in rfrontal clouds. In Fig. 1.3 points
additionally plottedsapplied Lewis!s data on the investigaticn of

icing above North America.

In meteorology duriny processing of the results of soundings of

e R AT W LS T s T 4 pmn o e
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the atmosphere frequently the ma2asurments of water content
divide/mark off over teaperature ranges (0-5° C; -5--10° C, etc.) and
is examined the recurrence or water content independently in each
range. This processing althouyh aoes not give the
general/common/total evaluation of the recurrence of water content

and temperature in clouds, it 15 very convenient for the analytical |

g expression of the dependence orf water content on temperature and
recurrence of water conteat at this temperature. In analogy with +ns<
concept of conditional prooability accepted in mathematics which

5 determines the probability of event A (in our case the specific warer

} content) when the event B (in our case the specific temperature)

already began, this recurreance shaould be called conditional

recurrence, Or recurrence of waterL content,
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tuz/u’a)
1,2 T
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0 100 200-3000 400 500 608 Lxm

Fig. 1.3. The dependence of averaje/mean water content on the exten<®

of the zone of the icing (puints piottedsapplied Lewis®s data).

Key: (1) g/m3,

Page 15,

Some authors [37], {5b], {82] use the gquantile of the recurr=nce
of the specific water ccnteat, unaer which is understood not cnly a
number of cases, in which tnis water content was observed at this
tenperature, but also all cases, iu which the water content was less
than the given. So, 90o,/c quaantile mean that the water content into
900/0 of cases at this teaperature was less or equal to the given,

but in 100/0 of cases it was aore than it.

On the basis of the anaiysis of statistical data on water

content in the clouds ot i. P. Mazina's laminar forms ([36] it
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proposed the empirical tormuia which gives the dependence between <h

S

water content, temperature and Juaantile of the recurrence of water

content at the prescrikbed/dssiybed temperature:

uf.='_';‘31‘2' — 1g(100 — n)] + w g, (I.n

vhere w, - the value of water coatent, vhich corresponds no/o to +th=

quantile of recurrence at thls temperature;

Wo(t) - the value of water content, which corresponds to 630,/0 of

quantile of recurrence, walca accept during calculation as the
initial;

@ - Naperian base (e=2.7133) ;

@, =~ minimum value of water content which it can be fixed at

present by the instruments used.

o g
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Pig. 1.4. Dependence of water coutent w®, On ambient temperatures tg,

with different gquantiles or watér content.

Key: (). g/m3.
l Page 16.

Value wg{t) is deterained from the empirical foraula
IR RN

wo (£) = 52.5':;,-3‘;7.' 9/m? (1.2).

vhere t, - temperature of air in °C,

Value @, i3 equal to U.U2-U.04 g/m3 and during calculaticns can

be omitted.
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Dependences ¥, calcuiated by this formula c¢cn t, for different
no/o are shown im Pig. 1.4. Tney vartually coincide with the

dependences for the quantiles of water content, given in work [58].

From the point of viaw of providing flight safety during the
calculation of de-icing systems to more conveniently use not th=z
quantiles of the recurrence ot water content, but by the recurrence
of the rendezvous of comnaitions ueavier than calculation. It is rnot
difficult to see that if at this temperature is selected water
content ¥. which corresjicnds to u o/0 of guantile, then the
recurrence of the rendezvous of water content @W>Wa comprises

(100-n) 0/0.

If we (100-n)o/o desigynate through pw%‘then, by
throving/rejecting Wm, and by substituting lg e=0.434, we will obtain
the following calculaticn torauia:

wa = 2,3uy () 2 —1g P,), (1. 3)
in which P, - a recurrence of rendezvous at this temperature t° C cf

water content, vhich exceeds water content @,

sSize/dimension of drops with i1cCinye.

Cloud is polydisperss aerosol, in which are contained the drops

of different sizes/dimensions from several micrecns to several ter,




DOC = 79116301 EAGE 44

and with rain - even hundreds ot microns., The distribution of drops
in cloud according to sizes/dimensions depends on many reasoLs
(duration of the "life" of cioud, the temperature of surrounding air,
the character of the formation/education of cloud and its type, =2%c.)
(3), [37]), (40), [49]), [66]« Ln Fiye 1.5, borrowed from [107], arsc
shown comparative relative sizesy/dimensions of different atmospharic
drops. in the different authors it is possible to find the varicus
forms of the law of the aistripution of cloud drops, obtained

empirically or derived with the specific assumptions.
Page 17,

Thus, for instance, tne law of Khirgian - Mazin takes the forn
n (x) = ax* exp (—bx), (1.4)
and Palmer®s law
n (x) = aexp (—bx) (1. 5)
and both are special cases ot tae distribution, obtained by L. ¥.
Levin [32] on the base of Kolaoyorov theorem about the random procsss

of the fragmentation:

._x_ .
I exp [_('_"2;:__)_J (1. v)

n(x): yV-z—’—‘—x—' ‘

In these formulas by x is understood diameter of drop, a in

question, b, y - empirical coefficients.
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In addition to this, 15 a4 series/row of derendences (Schumann,
Best, Langmuir, etc.,), the arops linking distritution with wvater

content or time whose examinaticn does not enter into our task.

However, it is neceéssary to note that for the characteristic of
the sizes/dimensions of drops ian ciouds they usually use the values
of "average/mean® radii or aidmeters which frequently have different
value, depending on that, from shat point of view is rated/estimat=d

the spectrua of drops. 5S¢ 1s distinguished:

- the mean arithmetic raadaius, equal to the sum of radii of all

drops, divided into their tcta.i number;

~ mean modal radius, waich corresponds to the most frequently

encountered radius of the arogs;

- semieffective, i.e. giving maximum contribution to the watar

content;

- mean median, i.e. radius with which one half an entire water

content falls to more pajor drogs, and the other - to small/fin=r.

"&M‘ R
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, Fig. 1.5. Comparative relative sizes/dimensions of different

; atmospheric drops.

Keys (1) Fog (10 p). (<)« Small/tfine rain (1000 p). (3). Hoarfrost

} {100 u). (4). Drizzling rain (200 p)e (5). lcing (20-30 u).
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Page 18.

For the characteristic of clouds from the point of view of icing

greatest interast are or two latter/last values of mean radius, sirce

they are directly connecteud witn water content of clouds. In their

absolute values they are close to 2ach other, and for the symmetrical

spectra their values ccincide, but at the same time they are

substantially different trom other mean radii. So, for a law

Khrgian-Mazin the mean-median radius, for exawmple, is obtained 1.43

times of more than mean aritnmetic. Therefore during the analysis of

the meteorological conditions ot icing, examined/considered by

different authors, shoula pe tocused attention on what concept of

mean radius it is accefted for tanat being determining.

On the study of the sizes/uirumensions of drops, just as water
content in the clouds or various forms, is a large number of works;
therafore we will be restricted to indication that in the opinicn c¢
authors* majority the semietfective diameters of drops in stratus are

within the limits of 20-45 u, and in cumulus clouds 30-40 p.

Water content of ice clcuds and foy.

%
:
i
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Usually in ice clcuds iciug does not occur, but under specific

conditions (on the heated surtace) can occur sufficiently intense

icing. So, a whole series of shutdcwns of engines "Proteus" on 3
aircraft "Britain™ [76] and [149], as it seemed, was caused by the

accumulation of the crystais of ice in the air channel of engines.

In connection with tne fact tamat the crystalline ice in the

£ atmosphere is obtained as a resuilt of the gradual crystallization of

the drops of water with a teaparature decrease, tha

general/common/total water content (drop and crystal) of clouds avey

at lov temperatures is very large {83), {120) and fable 1.4.
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Table 1.4, Naximum general/comacon/total wvater coatent of clouds.

11“"“(‘,").“““' lluua(i: sacor Bo o‘en nponx(zn)nocu
Dgéw » 2/ L7
0+ —20 l 30009000 8.0 1
5,0 5
2,0 80 (5)
1,0 150 n Gonee
5.0 5 -
—20+—40 5000+ 12 000 2,0 18
1,0 o0 @
0.5 150 » Gonee

Key: (1). Temperature range. (2). Altitude range. (3). Water conternt

g/a3, (4). Extent. (5). and morLea

Page 19.

With icing in fog #e encounter in essence with the operation of

engines on the earth/grcund.

The value of water content ia fog for the different values of a
mean arithmetic radius cf arops‘/« is given in fable 1.5, borrowed
from work [63].

1« 3. The design conditicns or iciayl.

FOOTNOTE !, Conditions, assiyned for the calculation of the

parameters of POS. ENDFOOTNUTE.
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Above were separately exawined the recurrence of icing and tts
recurrence of the value cf water ccntent at different temperatures of

air which in the first approximaticn, subsequently let us accept for

the probability of the rendszvous of icing and value of water content
at these temperatures. Leét us desiynate the probability of the
rendezvous of icing at temperature t through P, and the probability
of rendezvous at this sass teaperature of the value of water ccnteni,
greater than certain computed value w, throughP,. Then the
probability of the joint rendezvous of the conditions of icing at
temperature t ace by water coateat w>W,is equal to the product cf
the probabilities of the eveats indicated:

Py = PPy (1.7
%f Utilizing the data examined apove (see Table 1.2 and 1.3)

through the recurrence ct i1icing and water comtent, we find value D, }

at different temperatures, taeu according to the forsula, analogous
(1.3), ve determine the value of water content ¥ The results of
calculations, represented ia tne form of function from the

temperature of air for gifrersat P,, are given in Fig. 1l.6.

J This form of the assiynament of the calculated values of water

content is most substantiated, since it, in the first place,

% sufficiently clearly shows, with what probability should be expected
;

i
i
i

e e ey e - T e 3
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the rendezvous of the conditious or icing more heavily in the senss
of larger water content than thcse, to which is designed protective
system, and, in the second place, is assumed this probability of
identical in entire temperature raage of icing, which is impcrtant

from the point of view of providing flight safety.

e i e B
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Table 1.5. Vater content of fog.

- e — e e

2 /3) Pagnye nanam 1 o uK
(I) Fopu nrra(;nc:-" e
Bua tymana nan '"‘1:_'“ re=3 I re=S o =
. ZI) BoaHucrb v o o T
Tycrok tyuau (5) 50 0.3 0.65 105
C:}:adul?ynn ! 1000 0,020 0,033 8052
Huimxa (17) 2000 0.010 ‘_ 0,016 026

Key: {1). Form of fog. (2). Horizontal visitility. (3). Radius of
dropfx in p. (4). Water conteunt 120 g/m3. (5). Dense fog. (6). Haz-.

(7). Mist.

Page 20.

To avoid misunderstanainy should be again focused attention on
the fact that probability P, of the joint rendezvous of water ccontart
and temperature is related to the recurrence cof the specific
meteo-climatic parameters at tae piesence of icing. If it is
necessary to indicate the probasility of the rendezvous of thes=»
parameters generally tc one tligyht, that for this it is necessary *c
still consider the probability of rendezvous in flight of clcuds ari
the probability of icing in tnem. The probability of the rendezvous
of clouds is determined in essence by meteo-climatic characteristics
of the geographical area, apbove waich is fulfilled flight [48]. Fer

the territory of the Soviet Union the recurrence of clouds at minus

e v e 4
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temperatures is examined, tor example, in work [16].

As far as computed vaiue 1s ccncerned of probability Py, then i+
can be selected by desiynsr according to agreement with client or bhe
standardized in state crder. The calculated values of water ccntant
(unbroken curve in FPig. l.b) accepted in the Soviet Union in the

range of temperatures tc -25°9 correspond tc prcobability P,z0.50/0.
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Fig. 1.6. Dependence of tne value of water content on ambient

temperature at different vaiues ot probability Py

Key: (7). g/m3.

Page 21.

In the range of temperatures of -25-30°C data in the values »f
water content are statistically confirmed insufficiently; therefore
for increasing the flight safety tae values of the probability of “h=
rendezvous of the off-desiyn cowmuitions of icing P, are accerpted

sonevhat smaller (consequently, the calculated values of water

RS e
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content ¥, - large).

The calculated diameters ot atops can be accepted: 20 u ~ for

prolonged icing and 30 , - for saort-term.

Tables 4 and 5 and in riy. 6~-9Y applications/appendices give th=

English and American desiyn conditions of icing (747, [86], [120].

1. 4. Air humidity, condition for condensation and sublimating ths=

moisture.

In atmospheric air aiways is contained certain quantity cf water
vapor. As is known, a quantity of vapor imn air is characterized by
its absolute and relative numidaty. Absolute humidity - quantity
(nass) of vapor per 1 m3 or humad air (V,, in kg/m’). Calculatiors
the absolute humidity ot air to usually more conveniently express as

partial pressure /. ,(elasticaty) of vapor:

S 1072 "
My p= 280 = 0,622 Lot = 2-'.7 %00 o (1. 8)

Key: (1). kg/m3.

Here R and R, ,~ 988 copstdnts Ot aar and water vapor; p and P.q¥

partial vapor pressures respectively of air and water T - absolute

temperature of air-steams mixture.
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At this temperature ail can contain thas completely specific
maximum (saturated) quaatity of vapor i, having completely specific
elasticity e. Relation M. ,to M: or with respect to elasticity of
VAPOr Pe.n to elasticity e of the saturated steam is relative humidity

®:

‘"i!,l’l N
@=—7u'—--l00?0, (1.9
or
- og=em00% (1. 10)

puring cooling of air py saturated steam occurs the
isolation/liberation of moisture either in liquid form - condensation
or settling to any surface with tne minus temperature in the form of
ice (passing liquid phase) - suplimation. These critical valuss of
temperature are called the point or dew - in the case of condensation

and hoar-frost point - 1n tne case of sublimaticn.

Page 22.

In other words, the point ot dew or hoarfrost - this of the
temperatures to vhich it 1is necessary to cool humid air so that i+
would become saturated by water vapor. Saturation vapor pressure
relative to ice somewhat less tnau the saturation vapor pressure

relative to water (see lapbple 1 or application/appendix); therefore
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saturation must by ice cccurs at swaller values of relative humidi+y
on psychrometer, than fcr watsl [5bJ]. Consequently, the cooling air
will achieve saturationr berore must by ice and it is later with &
larger decrease in the tesperature - above supercooled water. At
temperature of 0°C points coinciue, in proportion to a temperature

decrease the difference Letwesn taeh grows/rises (see Table 1.6).

The comparison of the pocint or dew or of hoar-fros+ point with
the temperatur2 of air makes 1t possible to judge akout the deygres of
the proximity of air tc saturation by vapor ard, consequantly, also
about the possibility of i1ciny as a result cf condensation or

sublimating the moisture.

Example 1.1. To determine a quantity of that condensing per 1 a?
of water with a decrease in thne temperature tc 0°C, if it is known

that at +15°C ¢=600/0.

In fable 1 of applications/appendix through temperaturs of +15°C
we find saturation pressure e.. =1720 8/m2, and then according to
formula (1.10) we deteraine partial vapor pressure (elasticity) of

the vater

Q€1 601720 o 2,
mJan,,‘lﬁ"”"ﬁﬁr“'m‘w"‘

Key: (V). B/m2,
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The dew point for this vaiue of elasticity on 4able 1 of

application/appendix composes +7.59C.

Consequently, a quantity of condensing water under given

conditions will be
| M (-n..;)*'“ 1032 6l0) 3,l4(.9u’.

O e —
21710 (55 — o

e ()

Key: (1)« g/m3.

Table 1.6. Temperatures ot pornts increases also in the hoarfrost.

)
I

! |
(EN«%M" ‘—L“-%B[—BA%—wﬁl—nj —W&‘—%ji—%J

‘ i

(l’l‘oqxacpocu i —5 l—lo’ —16 | —20 ‘ -2 | —%0 f —40 { —50
©, , 1 ) !

Key: (V). The dew point. (2). Hoar-frost point.
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Page 23.

Chapter 1I1.

DA A UM R

Icing of the parts of tbe aisrcraitl.

FOOTNOTE 1, Section 2.2 is dritten by N. G. Shchitayev, Secticn 2.3 -
A. I. Teslenko, others - oy b. A. Stroganov and by R. Kh. Renishev.

ENDFOOTNOTE.

2. 1. Forms and forms of ices formation.

The forms of ices forwation dare very different and depend on tue

2ffect of many random factois which cannot ke evaluated with

sufficient certainty. Stronyest etrect on the fcrm of ice formatiown

have the temperature of surrousdiny air and £flight speed. Authors'
majorities isolate tvwo characteristic forms of ice: channel-like (in

cross section horn-shaped} and tapered ice (Fig. 2.1).

Channel-like ice is formed at relatively small temperatures of
surrounding air (usually U--79C) and its form is explained Ly the
. fact that at temperatures ot surriace, close to 0°9C, the drops of

vater freeze not imamediataiy, but somewhat spread over surface. As 2

e .
L % WO e
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result on surface appear Va4 or the ice ones of
gradually form the horp-saaped built-up edges,

profile/airfoil.

Tapered ice is formed at icw temperatures
and it is below. This form of i1ce is explained

temperature of surface is lovw and the drops of

barrier, which

vhick strongly distcrt

of order of -10--15°C
by the fact that the

water, which fall to

it, freeze instantly. Between the treezing drcps remain air cavitiss;

therefore such an ice fregquentliy has dull milk-white color. The

sizes/dimensions of tapersa 1ce are usually limited and it occupi:zs

small, surface along chord.

In the range of the temperatures of surrcunding air of -7--12°0C

is possible the ice formation potia of that and cther form. In this

case the intensity of ice formation remains sufficiently high, and

the sizes/dimensions of tae yeneratirix of ice are censiderable.

B = ey et —

e haed
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Pig. 2.1. Diagrasmatic representations of the foras of ice formatic-
on the aircraft profilessairfoiids: 1 - channel-like (horn-shapel); 2

- tapered.

Page 24,

Ice at these temperatures 1s ftorwed solid and with great difficulty
is removed from surface, but iu tne case of department/separation
from surface it can apriy tha essential damages to elements/cells c?

construction/design.

Some authors isclate 1nto tne special variety of icing the
formation/education c¢f hcarirost on surface with a sharp
reduction/descent in thke aircratt zrom high altitudes. Hoarfrost is
formed as a result of sublimating water vapors on cold surface.
Usually it rapidly disagpiears, as soon as the temp2rature of surfac=
it will be equalized with ambient temperature. From the point of viaw
of a deterioration in aerodynamics of the profilesairfoil of
construction/design sucn an ice or high value does not have, bLut,

being formed on sight glass, it can cause the short-term loss of

R e — — [ Tt
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visibility for a pilot with ail escapes/ensuing from this

consequencese.

The effects of fliyht sSpezd on icing it is developed ir a
two-fold manner. On one hdud, an increase in the speed raises the
intensity of ice formaticn as a result of an increase in the quanti=ty
of air, which encounters to surtace per unit time, and increase in
the interception coefficient (see Chapter IV). On the other hand, an
increase in the speed causes tune amplification of aerodynamic
heating. As a result the teaperature of surface grows also upor
reaching of the values, whicn exceed 0°C, icing becomes impossible.
With this phenomenon is connecteu the fact that frequently at
relatively small minus teaperatures ¢5°9C it is above) occurs ice
formation in the form cf protuoerances/prominences or barriers on the
surface of profilesairfcal atrter tne critical point (temperature a+
the critical point where tae oraking complete, is always higher thaun
on lateral surface). At fiigyant sgeeds is above 700-750 km/h the iciny
possibly in very rare cases, since the hit prcbability under the
conditions of icing with 2xtremely low temperatures, as follows fronm

the preceding/previous chapter, is low.
2.2. Effect of icing on tne aerodynamic characteristics of aircraf-.

Great effect on fliyght characteristics, stability and
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controllability exerts the 1cCinyg oz wing and tail assembly of
aircraft. With icing is distorted the fore and appear inequaliti=s 1t
the surface of the nose section or the profilesairfoil the charact=:
of the flow of which supstantiaiiy affects the lift and wing dray. Irn
pure/clean (uniced) winy at suwsonic speeds at low angles of attack
in the nose section of tune proriissairfoil is retained laminar flow
in boundary layer. In tais case tae position on the profilesairfoil
of the transition point ci this tlow intc turtulent depends cn the
smoothress of surface (by evaiuatea medium altitude of the
protuberances/prominencas or rouyaness), Reynclds number and special
features/peculiarities ctf the f¢im of the ncse section of the

profile/airfoil.
Page 25.

At medium altitude of the protuberances/prominences of rcughn=:ss
cn the order of 5-10 p in tne ravorable cases the flow is retaired
laminar to numbers Re=15e106-20e106, whereas roughness in 20-30 u
shifts boundary layer into turbulent state already with numbers
Re=1e 106~ 1,5¢10¢, pDuring turoulent flov the frictional resistance
grovws/rises 5-10 times. 1he aistortions of the form of
profile/airfoil and the rouyhness, called by icing, lead to the
complete disturbance/bréakdown of iaminar flow and the onset of the

local separations of flow, which substantially increase boundary
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layer thickness. As a result coasiderably grows/rises resistance ani
somewhat is decreased litt. Most considerably grows/rises resistance

with channel-like icing.

The wing profiles ot supersonic aircraft have smaller thickness
ratio and more pointed leadinyg euye, than the wing profiles cf ]

subsonic aircratft.

The climb regimes and yliidinys/planning of such aircraft lie/rest i
at velocity band, at which on tne surfaces of wing and tail asseahly
appear local supersonic tne zohes and shock waves [40], [45]. Thasz=
profiles/airfoils are esgaciaily sensitive to the icing whose eff:ic*
is developed in an increase in tne resistance, the 1lift ccnvergence

and angle of attack, at waich beyins flow separation.

In an overall drag inciament of aircraft with icing the porticn

of wing and tail assemkiy cowmprises to 70-80o/c. In the case cf icing

3
a

(Fige 2.2) not only grces/rises tne resistance of aircraft, but alsc

sabstantially is decreased ths value of the ccefficient of maximum
11ft ¢ - The latter occurs as a result of the onset of flow
separation at smaller than withcut icing, angles of attack. The

especially considerable dacrease of critical angle of attack cccurs

during the deposits of channei-like ice. It is lcgical that this

decrease is determined by icing intensity, Ly sensitivity of

o L okl
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Fige. 2.2. The character of tune effect of icing on &% and oa the znyile
of attack of the beginninj of ilow separation: 1 - there is nc iciny;
2 - tapered ice; 3 - channel-like (horn-shaped ice)'i‘ Paje 26.

N
It is essential to note thatnthe presence of icing the critical angle
of attack and value ¢, consiuerably are decreased, but the linear
character of curve ¢,(x). is disrupted long before achievement Cymx.
The latter is explained by tne fact that local flow separaticns orn
the iced over wing (tail assesbly) appear at considerably smaller
angle of attack, thanm a,, pures/clean wing, and they decrease th:
angla of the slope of curve q«y. Tne onset of local flow separaticrs
is usually accompanied by the buffeting of aircraft and entails a

change in the curve of the dependence of hinge moments on the

elevator angle.
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profilesairfoil to the distorticus of the forw of its nose section,

by form of wing (tail assemouly) in plam/layout, by its effective

aspect ratio. The dependence ot value € givenm in Fig. 2.2 from angls

of attack makes it possibie to rate/estimate a change in the lift of

the iced over wing (tail asseably) in comparison with pure/clean.

ERvsR gl ik

- >
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The decrease of thickness dad radius of curvature of
nose/leading edge usually increases the sensitivity of
profilesairfoil to iciny, 1.e., 1s caused flow separation at smaller

angle of attack.

With aircraft icing is disrupted the evenness of the flcw around

its parts, on which was tormeu ice, descends the thrust of power
plant, substantially deteriorate tiight characteristics of the

aircraft: is decreased the vertacal rate of climb, descend ceiling

and maximum speed of fligat, increase the fuel consumption and

required power (thrust) tor zligat at given sgeed.
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rig. 2.3. The character of change in Nach number of required for
level flight and available thrusts of uniced and iced over (dc+tei
line) aircraft with the turboprop engines (TVD), turbojet (TRD), arnl
TRD, equipped with afterburuer (TaiL+FK): 1 - superscnic aircraft; 2 -

subsonic aircraft with Tkv; 3 - aircraft with TVD.

Page 27.

The results of the special tests, carried out on contemporary
passenger aircraft, shcw that even the moderate icing (with switched
of f deicers) with the tuickmess of channa2l-like (horn-shaped) icirg
on wing and tail assemkliy on the order of 10-12 mm leads to a
noticeable reductionsdesceut in the instrument flight speed during

the stable operation of enyine [ 58 ).
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The variety of the toruws or icing and the complexity of
obtaining in flight of the necessary informaticn about rate of icing

of aircraft on make it pcssiple to sufficiently reliably

% rate/estimate its effect on aircrart performance during flight testas,
This effect qualitatively can be rated/estimated in the examination
of the curves of the dejendence or required (P,,) for level flight =and
arranged/located (Pngfof thrusts on flight speed (Fige 2.3). Uniar

conditions of icing grows/rises the required thrast and falls the

available thrust as a resuit or tas icing of the clements/cells of
inlet duct of power rlant. AS a result reserve thrust P,
significantly is decreased. Comgaring P, and Ppen it is possiklc to
note, in particular that tasc supersonic aircraft, even with the
i moderate icing, must very considerably lcwer flight spe=d. Durirnj ta=
explanation of the need for instailation on the supersonic aircraf+
of anti-icing protecticn saoulka kte refined the probability of its
icing, on the basis of the neigatsysaltitudes adjustable for it and
flight conditions, and considered also the possibility in the pilo+*
c¢f combating icing by an increase in speed or chanje in the fligh+

trajectory.

During the design of air-meat POS one shculd consider that th=y

with work select/take a considerable quantity of air from the
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compressors of engines, waich leads to certain reduction/descent ir
the engine thrust, and coauseyuently, to a deterioration in the
aircraft performance. Tais deterioration must be evaluated by

calculations and it is refined oy rlight tests.

The decrease of the critical angles of attack of wing and tail
assembly with icing can iepresent extreme danger at the low steeds of
flight, especially duriny landing. Here one should recall that a
decrease in the velocity oi the yain of altitude, level flight and
gliding/planning is connected with the considerable increase of th:
angl2 of attack of wing. As a result on the iced over aircraf® flcw
separation on wing can arise unexpectedly fcr a pilot, namely on suct
speeds and g-forces whicn witnout icing are ccnsidered safe (Fig.
2.4). For providing of safety in tais case it is necessary that ths
pinimum allowable speed would be not less than 1.3 times more thar
the speed of disruption/separation in the absence of icing. However,
in this case should be ccnsidered the limitation of flight spe=3 with

the let-down flaps from tae condition of warning/preventing flow

separation on iced over stabiiizer [28].
Page 28,

The angle of deflection (setting) of stabilizer is determirn=zi Ly

the moment/torque of hcrizontal tail assembly necessary for

-
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longitudinal balance, by the downwash angle, ty the position cf
stabilizer by height/altitude relative to wing, also, tn a
considerable degree by the flap angyle of wing. On contemporary
aircraft with the high deyree ot tne high-lift device of wing
horizontal tail assembly at takeorr and landing sps2eds usually flows

itself at negative angles oL attack.

The icing of stabiligzer, decreasing the critical angle of attack
with relatively greater flijyat speed and low g-force, can lead *o
flow separation at sufficiently small negative angles of attack (Fij.
2.5, I)« Further decrease of the angle of attack of stabilizer with
an increase in the speed or 4 decrease of g-fcrce conducts tc
complete flow separation on its iower surface, what causes "peck" -
the sharp uncontrolled iowerainyg of the nose of aircraft, which pilo*
not in state to parry witaout retraction of flaps, in connection wizh

which occurs the considerauvie icss of heightsaltitude.

Thus, flight with the iLet-down flaps under conditicns of icing
both on excessively low and at excassively large speed can lead to
flow separation in the rirst case on wing, the secondly - on the

lower surface of stabilizer.
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Fige. 2.4. the boundary o¢if tae veyinning of separation of flow arnd
region of the most safe tlignt conditions on angle of attack duriay
icing at different angles 6; or tne flap deflection: a) dependenc2

‘4 on a3 b) the dependence of bailancing efforts P» on a: 1 - fpossible
boundary of the beginning or tlow separation for the lower surfacs cf
the stabilizer; 2 - possiole vcouagary of the teginning of flcw
separation on the wing; s - reyion of most safe ones v and the

angles of attack of the iaveld ziiynt; 4 - value ‘y corresponding tc

PR . PUNIUUIES S U
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the spead of limitation in riiyanc with the released high-1litt device
of the wing; 5 - with tane icing (position of toundaries of 1 ard 2

depends on rate of iciny).

Page 29.

The boundaries of the aaayerous zones of ocutput to the
inadmissible angles of attack uadeir conditions of icing are given c¢n
the curves of d=pendence ¢, and efrfort/force on elevator Py ¢cn angle
of attack a (see Fig. 2.4). Usuaily; in the absence of icing thes=
dependences are close tc¢ linear ones [45]. Icing causes a
considerable incidence/drop in tae efforts/forces from elevator with
the decrease of g-force (anyle or attack) after the onset of local
flow separation on the lcwer suitace of stabilizer (in the zcne cf
elevator). An incidencesdrop in tne effortsyforces with sharrg
evolutions of aircraft can lead to the creaticn of low g-force or
even cause the throw/excess/overshoot of control to end lower
position - with the subsequent sharp "peck" of aircraft. The decrease
of the angle of extensicn of rlaps significant improves the charact:r
of balancing curves which is exgpiained by decrease in this case of
the downwash and angle of flow separation in the zone of axial
balancing of control suifaces of height/altitude. Analogous effect
exerts the decrease of tha power of the turboprop 2ngines, which blow

out/blow off wing by the air, rejected by screws/propellers. The

B L T
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analysis of the effect ot the fora of the icing of stabilizer on

! longitudinal stability is shown (see Fig. 2.6)that here also are

% confirmed the general/ccmmon/total tendencies - great destabilizaticn
f is developed with chanrel-like icing, somewhat smaller - with th: ]
; tapered (still smaller - witn the tormation of Larrier ice on the
boundary of the warmed zcne of thne nosa/leading edge of stabilizer

with the working deicer).
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Pig. 2.5. The diagram of the onset of flow separation on stabilizer

at the small (negative) angles of attack of the wing: I -~ stabilizer
in the zone of large dcwnwasnes with the deflected high-1ift devics:

of the wing; II - stabiiizer 1s carried out of the zone of large

downwashes.,

Page 30.

After the onset of local fiow separaticn cn the lower surface of
the stabilizer, which calls an incidenceydrop in efforts/forces Pu
the elevator-effectiveness derivative usually is retained in the
sufficiently broad band c¢f low y-iorces, which allows with the aid cf
springs in the control systea to improve balancing curves ‘%==fma
and to raise flight safety. However, more rational are the measures,
directed tovard an increase in tne negative critical (on

disruption/separation) amyle of attack of stabilizar, an imprcvemern:

I N B ST\ RV 17 v Wy, S ot -
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in the effectiveness of anti-iciny means and an increase in the
reserve of the angle of attacx c¢f stabilizer from
disruption/separation. The iatter, in particular, can be
achieved/reached by a decrease 1i1u the velocity of flight under
conditions of icing with the let-aown flaps under the conditicrn of
guaranteeing a sufficient reserve of angle of attack from
disruption/separation on winy. 5nould be noted the utilized sometimas
structural/design measures, directed toward the decrease of the
danger of disruption/sefaratioa at the low angles of tha attack of
aircraft with the icing of the stapilizer: an increase in its ar=za
and arm of 1ift, the usesapplication of the more carrying
funsympetric) profiless/airfioils, tue shaping cf slots on the
stabilizer before the control, the carrying out of stabilizer fron
the zone of intense wing downwasan (see Fig. 2, 5, 11) and the

decrease of effective asgpect ratio of stabilizer.
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Pig. 2.6. Balancing curves of aircraft with flaps lowered to landiny
position: 1 - uniced aircrart; 2 - tapered icing; 3 - channel-liks

{(horn-shaped) icing.

Page 31.

However, all these measures with aigh rate of icing can prove to b=

insufficient and decisive importance in providing of safety acquires

effective de-icing systen.

The important value in providing of safety with icing has the

et e L N I T Ty T




(it safng \puige- At St

— s 0eae i, i

e L i e N 2 e o

DOC = 79116302 PAGe qp

correct selection of glidiny speeds, duration of extension of flaps

and angles of their deviatioa.

Selective gliding speeds must provide the
approximately/exemplarily identical reserve of angle of attack (se=
Fig. 2.4) from disrupticn/separation both on the wing and on
horizontal tail assembly wita the retention/preservation/maintainiry
of acceptable controllabiiity bccth before beginning issue and with
the let-down flaps. The duration of the issue of highly efficient
meckanization/lift-off device must be such that would not arise tne
need for sharp action c¢f control surface for the retention of
aircraft on the prescrived/assigned glide path, since a change in the
g-force (decrease or increase} significantly decreases the reservs of
angle of attack from disruption/segaraticn either omn wing or by ths
lower surface of stabilizer. Under conditicns of icing the extension
of flaps is fulfilled gradualliy, which facilitates pilot
retention/preservation/saintainainy during gliding/planning ccrestarn+
g-forces and flight path anyle with consecutive deceleration ir such
a way that the flight would be coapleted in the region of safe angl=zs
of attack (see Fig. 2.4, zone 3). #With the presence of ice on tail
assembly and the wing, it are aiiowed the sizesy/dimensions of takeoff
and landing strip, is expedieat accomplishing landing at the reduced

flap angles of wing.
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The provision of a sufficient speed range of flight and safe+y
of the latter under conditions ¢i icing is by and blown out/blown off
by screws/propellers straiyat winj especially necessary for aircraft
with the highly efficient niga-litc device of wing. The introduction
of boundary layer contrci systeuws and the increase connacted with
them of the downwash angies in tne region of stabilizer will cause
supplementary difficulties an providing of flight safety with icingy
on aircraft both with tae straiyant line and ty swveptback wings. In
this case also can be applied tne pamed above structural/design

measures.

The icing of the leading edyes of tail assembly and wing,
causing decrease of critical angles of attack and local flow
separations, deranges rudders anu ailerons. Disturbances/breakdowns
are developed, in the first place, in decrease sometimes to zero
hinge moments/torques wita the low deflections cf controls as a
result of the onset under the ertsct of the icing of the turtulent

boundary layer of considerable thickness.

Page 32,

Plov separation on cne of the surfaces of tail assembly, in tha

region of aerodynamic balancang of control surfaces, causes the

decrease of hinge moment with tane aeflection of control and it can

T ym— o ————
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lead to the throw/excessy/overshoot of control to end position.

Aerodynanic forces 4anu moments/torgques of them relative to the
center of gravity, called by tae ucflection c¢f contrcl (ailercn), *o
a considerable degree are uetermined by the redistribution of
pressure on the surfaces or tail assembly or winyg. The insignificarnt
icing of the latter virtualiiy uoes not cause the radistribution of
pressure with the deflection c¢t control and, consequently, also do=:s
not affect the effectiveness of coumtrol, evaluated by an incremen* in

the aerodynamic moment witan tae detlection of centrol of one degree.

With considerable iaciny and considerable reduction/descent
connected with it in the critical angle of attack of tail assembly or
wing the deflection of ccatrol increases camber and it leads to th=s
onset of disruption/seraration ci the increase of its intensity,

which decreases the effectiveness of control and can cause the loss

of control of aircraft.

The icing of the lsadiny edyss of controls, the freezing of
moisture in the joints o1 the sections of slats, the slots of the
joints of mobile stabilizasr, tlaps, flaps, mechanisms of locks can
lead to their wedging inm rligyht and failure. Here it should be noteci

that similar type failures as a result of the freezing of moisture

can lead to extremely serious consequences. The incidence/impingemei*

e S b =l i
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of moisture in the form orf rain, sprays, wet snovw to the named 1
elements/cells wit . the supsejuent freezing can occur at resrt,

taxiing of aircraft and in tligynt.

Therefore the guarantee or a drainage cf ccnstructions/design,
the possibility of its coanvenient inspection before flight and
preservation from the iucidence/impingement of moisture during
taxiing, on takeoff/run-up and ianding run into mechanisams and
systems together with the yuardntee of anti-icing means is the

measure, directed toward an increase in the flight safety.

High value has prctection trom the icing of the receivers of
speed indicators, heights/altituade and angle of attack, since their ’

failure or malfunction as 4 result of icing can lead to involuntary

conclusion by the pilot c¢if airciaft to dangercus modes/conrditiorns.
2.3. Icing of air intakes and engjiues.

Bfficiency of power plant under conditions of icinyg is
determined by layout, eftectiverness of de-icing systems and by
strictest observance of the coumands, which fcresee the need for the

start of deicers in advance, with the least threat of icing.

Icing of air intakes.

v ) IR RSP R OIY | VSNrahidive 2 Rt s SR
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The icing of air intake, 4s i1t was already said, is fraught witl

the danger of the damage or enginsa.

Page 33.

According to the achievement oL tne specific sizes/dimensions ic=
under the action of the vioraticans of construction/design or
fluctuations of air flcw 1s thrcwn off into the air duct of engire,
strikes the guiding devics, tue wiades of the inlet cempresscr stag:©
or other elements of the constructions/design cf engine it leads to
the damage of these elements/celis and, consequently, also to the

sarly replacemant of engine.

Ice formation on air intak@ distorts air flow at the engine
inlet. The distortion ct the iorm of entering lip and other inlet
components causes disruptions/s<cpgarations and turbulence of flcw,

vhich can lead to surge oi even to shutdcewn of engines [73].

Finally, comparatively 1t is recently estaklished/installed
[58]), that the incidence/impingyement of the specific quantity of ice
into the compressor of scae typas of gas turbine engines leads to

their spontaneous disconnectica as a result of flameout in combusticr
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chambers.
*, Icing of input devices ot aircrart engines.

Ice hazards are especiaiisy subjected gas turbine engines with

axial-flow compressors.

The existing aircraft sngimes with axial-flcw compressors hav:
several versions of the layout of the input devices, bases of which
are shown in Fig. 2.7. All these clements/cells of inlet duct of =n-=>

gas turbine engine: fairiny, sStruts of housing or intake adapter,

blade of input guide riny, rotor wvlades of first stage (rotor),

rectifying blades of first stage, which appear into the flow cf

surface, and other inequalities vecome the seats of deflecticn of

ice.

fice accumulations on struts are analogous to ice built-up edges

on wing or tail assembly, but have relatively larger sizes/dimensions

(Fig. 2.8a)e
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Pig. 2.7. The basic versions of the input devices of the axial-flow
compressors of the engines: a) VNA is absent, fairing and struts ar:
fixed; b) VNA, fairing and stiuts are fixed; c) VNA is powar (it
replaces struts), fairing i1s tfixea; d) VNA and strut are absent,

fairing rotates.

Key: (1)« the surfaces, supj2cted to icing.

Page 34.
Stator blades as a result or relatively low sizes/dimensicns ice

up more intensely than strut, wmoreover in certain cases ice can hnuilil

up on an entire concave surtace ot the blade (see Fig. 2.8b). §
Hovever, the possibility of the icing of the subsequent

steps/stages of aligning compressor blades considerably smaller,

3inca already its first step/stagye noticeably raises the temperatur:

2f air.
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Pressure ratio, necessary for the prevention of the icing of the
pre-rotation blades of the secoud step/stage, can be determined fromw
the relation

A
WA=
b (T
pl—(rl) ! @1
wvhere p;, T;, P2, T>» - fressure and temperature of air at the inlzt

into first and second stajes;
n.- stage efficiency ¢t the coupressor;
k - adiabatic index.

For example [56 ), assuming that T, must ke corder of ¢39C, thaer
with t,=-30°C, M=0.6 and n =0,82 is sufficient toc have pressure ra*io

of first stage a total cf ot approximately 1.18.

The icing of the blades of iirst stage of compressor rotcr car
be sufficiently intense, especiaily in the absence of guiding devicaz.
Although the rotating tlades to some degree have a self-defense troaun
icing as a result of large centrizugal force, keing separated berfcr:
ice can reach consideratls thicxness (especially with the

lovered/reduced engine revoaiuticns). Furthermcre, the spontaneous
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disruption/separation ct ace irom plades occurs usually unevenly ani
this asymmetric icing of rotor tlades leads tc the disbalance of

rotor and the appearance oOf Viprations.

The operation of engine witn consideraktle disbalance on rotor

can lead to service failure or spian bearings.
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Fig. 2.8. Icing of the imput devices of the engine: a) the strut; L)
blade VNA.

Page 35.

The asymmetric icing of stator blades can lead to the

nonuniformity of temperature tield at the entry intc turbine ard in

jet nozzle.

Ice accumulation on blades caanges profilesairfoil and sharply
makes their lift-drag ratios worse. Purthermore, the gap/interval

betveen adjacent blades is decreased, which leads to the consideratle

decrease of flow area.

Ice accumulation on the leaaing edges of moving vanes can lead

to the fact that the ice built-up edges will interfere the trailing

adges of stator blades.
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On some aircraft wita thce 10w location of engines under wing,
especially when air intakes ate located behind front/nose wheel, for
preventing the incidence/impinyement into the engine of foreign
objects on the engine inlet are established/installed shielding
grids/cascades. But in tligat 1n zones favoratle for icing these
grids/cascades become the most vuinerable element/cell of inlet duct
in the relation to icing. vrid/cascade can greatly rapidly be cover=:i
with ice and close the siguificant part of the flow area of inlet
duct, which will lead tc the decrease of the weight flow rate of the
air through compresses. 1f yridscascade is not warmed, then retention
time in the zone of icing tor aircraft with such engines must be will
be limitedly, othervise raised tne temperature cf the gases Lefore
the turbine, which in tuzrn, can create the danger of the rapid
superheating of the blaaes of turvine and destruction. Virtually +iLis
danger can be eliminated oniy by gyear down of engine, but this will

involve the decrease of tanrust witia all resultant conseguences,

It is possible to rates/estimate the value cf an increase in th:
turbine inlet gas temperature, assigned bty the decrease of
expenditure/consuaption of G ot tae air through the compressor. Fren
the equation of heat balance [ 54 ] with the corbustion of

fuel/propellaat ve have
G.Ly = Gy (Ty— T+ G Ty— Gedy, * *-@2)
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A

vhere G, - a fuel consusption in the kg/s;

L:- fuel heating value in the J/xy;

v"r- combustion efficiency (can ve accepted . = 0,99);
T, - inlet temperature into combustion chamber;
Ty — inlet temperature into the turbine;

Ah‘- the specific enthalpy of tuel/propellant in the liquid state at

temperature T,.
|
l
l Page 36.
{

Disregarding value Gi:.OI ansagnificant in comparison with o*ther

terms, after the conversion Oof rorwula we obtain

.
[
-
|
AL
|4
.+-

vhere f=:€gg - a relative fuel comsumption.
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If we use formula (Z.4), then for TRD with n=14000 r/min, at
height/altitud2 H=9000 m, Ty=2289K, T,=400°K and by the initial
T3=980°9K with the decrease or the air flow rate through the
compressor by 100/0 temgerdtures T3 are raised
approximately/exemplariiy oy o6U9, but with the decrease of

expenditure/consumption to Zuo/0 - increase Ty is about 140°C.

It is necessary to focus atteution on the special
feature/peculiarity of the icing or the input devices of engine,
which is connected with a change ian temperature and water content of
air in inlet duct as a resuit or a change in it of the temperature of
the entering airflow. If the external surfaces ¢of aircraft at
temperatures of higher cthan 0°C do not ice up, then the
elements/cells of inlet duct Can undergo icing at temperatures to
+5°C and even somevwhat aktove. Tnis phenomenon can be cbserved in <the
case of expanding (lcweriny the gressure) the airflow during its
motion along the inlet duct ot enyine, since in this case occurs the
decrease in its temperature, whicn depends on the laycut of channzl
and on air speed at the inlet i1nto the compressor (the higher this
speed, the more consideranle the temperature decrease). Conditions
favorable for this phencmenon usualily occur with the operation of

engine on the earth/grcund, and also in flight of aircraft with small

Bl ot
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speed, but with high engine revouutions (cliak). In these
modes/conditions even at positive temperatures of surrounding air the
inlet temperature into ccmpressor can fall to negative value and ac a
result of the condensaticn of moisture, especially with the increassd
air humidity, can occur the icing cof the intake parts of the enginec
(method of calculation ct the teapgerature of humid air in inlet duc:

is given in Section 5.7).

Therefore with purpcse or an increase in the flight safety in
the inlet ducts of engines should ce had the individual signaling of
icing independent of the prescoce of signal inrdicator on board

aircraft and effecting it is separate with it,

It is necessary to keep 1a miad that during engine starting
under conditions favorable tor icang its intake elements/cells in the
case of heating with their 4ir can begin to ice up before their
heating surfaces will te neated to the necessary tewmperature, since
air itself from compressor 1s at farst still jnsufficiently heated,
especially under conditicns of ialang. Therefcre this transfer
mode/conditions under such conditions should ke passed into tae

shortest possible time interval.

Page 37.
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2. 4, Icing of propellers,
Icing of aircraft screws/propeilers.

The small sizes/dimensicns of propeller tlades along chcrd ani
high peripheral speed le€ad to tae tact that the interception
coefficient of water drcps iu screw/propeller is considerably more
than in wing, tail assembly or cther elements of the construction cf

the aircraft.

Oon the other hand, large centrifugal forces are natural
protection froam ice and jroviue its periodically spontaneous
jettisoning. However, this phencmenon always does not have positive
results. Are known the cases, when the pieces of ice, flying from
blades/vanes, broke down rfuselaye covering cr damaged other elements
of construction/design. Furtaermore, icing, as a rule, leads to ths
unbalancing of screw/propeller, tne appearance of vibrations arnd
sonetimes even to the destructicu of the radial bearings of fpropzller

shaft.

Forms and forms of ices formation on propeller blades differ
little from ices formaticn on winy and tail assembly, with exception
of the fact that under identicas conditions the region of the

catching of water drops in klades/vanes usually is more and can reach

gty TR A A
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along chord to 25-270/0.

The icing of blades/vanes can stretch all their over length, hut

on tail pieces ice usually is thrown off under the action of

ik Loy

centrifugal forces and vivrations, which leads to the appearance of a

} disbalance and the buffeting or screw/propeller.
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Pig. 2.9. Effect of icing on propeller efficiency (testing with ti-

imitators of ice).

Key: (1). Pure/clean screw/propeiler, (2). Iced over screw/propeller.

Page 138.

Fig. 2.9 shows a cnange efticiency in the iced over

screv/propeller in comparison witn uniced, obtained during tests witl

the imitators of ice - the horn~snaped form, which reached alcny
chord 270/0. The decrease ot efficiency to 12-160/0 correspords to a

decrease in the velocity of fiigat (only due to the icing of i

screvw/propeller) to 20-30 km/n [(110].

The powerful/thick "accumuiator/storage" of ice is also
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Iypsatiang - ari aant

propeller spinner. Lf he 15 not sanielded or shielded insufficiently,
on it are formed the largye masses of ice, which, blowing away, can
§ deposit the essential damagyes to engine or e€lements of the

i construction of the aircrafz.

Fig. 2.10 shows the damaye to propeller tlade, obtained as a
result of jettisoning ice rrcm cook. After being hammered agains-
blade/vane and after apglying to i1t such imposing damayes, ice it was
rejected/thrown by bladesvans 1o tne side of fuselage and krcke “t-
illuminator, which was liccatea at a distance more than one meter fror

screvw/propeller [80].

Icing of helicopter screws/propeitierse.

Special peculiarity is cunaracterized by the icing of the

o e m——— g

blades/vanes of the helicopter scraws/propellers the speed of flow
around which they change between very wide limits, up tc negativ:

values in the zone of reverse/inverse flow!,

3 POOTNOTE '. Zone in the root pait of the blade/vane in limits of

1 which it moves with trailing edye rorward. ENDFCOTNOTE.

The picture of icing alonj the lengyth of blades/vanes to a

} considerable extent defends aisc on ambient temperature. At lcw
!
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temperatures (usually crder ot -1u9C it is below) of the blade/vanc
of rctor the majorities c¢f aelicopters ice up all over length. TIf
helicopter in this case has rorwaru velocity, then along the leng*h
of blades/vane it is possiole to observe three zones of icing. In *h=
zone of reverse/inverse flos aS a result of the fact that the iciry
occurs only during of tne part ot the revolution, ard the spe=d of
flow is low, the intensity of ice rormation very small and only
slightly it grows/rises alony biade/vane (dctted line in Fig. 2.11).
Further it begins sufficientiy rapidly to build up and even whern witth
certain radius and to tlade tip it grows/rises
approximately/exemplariiy pzroportiocnal to distance from screw axis.,
With respect to the speed or tiow changes the region of the catchirng:

in the first zone it is surtaciently low, then toward the end cf *‘h=

blade/vane it grows/rises.
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Fig. 2.10. Damage to propeller ktlade by ice, discarded frcm propsll-r

spinner.

Page 39.

With large watar content ana, especially, majcr drops in root of tu-
blade/vane ices up traiiinyg eaye aud certain part of the upper
surface (FPig. 2.12). Furtheraore€é, icing undergo the sleeve and all

parts of control of screw/propelier, which are located in flcw.

under conditions of tne novering of the described picture,
naturally, it is not observed; tane intensity cf ice formation in *iis
case all over langth of claue/vane grows/rises

approximately/exemplarily proportaonal to distance from screv axis

e

SO e
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{(see Fig. 2.11).

Higher than certain maxiwmus temperature c¢f air tail pieces of
the blades/vanas as a result of tne high~speed/velocity heating (:or
greater detail, see Section 5.4) cease to ice up first on leading
edge, and thereupon on entire esclcsure of nose/leading edge, the
value of this maximum radius or tne icing of Lklades/vanes

sufficiently strictly fclilowiny tne ambient temperature.

As a result of the joint erfect of the temperature of air and
speed of flow ice built-up eagyes along the length of blade/vane can

take the most diverse forms.

To the form of ice built—up eage have alsc effect different
inequalities, available cn surrace, since they serve as the centzrs
of the ices formation, duriany woicu the increase of ice occurs mors
intensely than on remaininy surface (besides leading edge). The
degree of the effect of ineyuaiaties on the fcrm of ice built-up edge

in proportion to an increase in tane temperature of air is decreased.

Helicopter screvs/propeliers are considerably more sensitive <c

icing than aircraft.

fhe first signs/crateria orf the icing of propeller - appearancs
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of the vibrations which appear as a result of the nonuniform f
splitting of ice from tlades/vanes, and in helicopter screw/propeller
g this is aggravated even ana oy an increase in flow separation on *h:

returning blade/vane during progressive/forward flight.
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Pig.e 2.11, Speed of ice formation along the leading blade edge of

helicopter rotor.

T 7 Yo, YRl T

Key: (%) ma/min, (2). J/u3. (3). km/h.

Page 40.

After the appearance of vioraticas and onset cf the driving of
control stick/knob/colusn (vith pocsterless ccntrol) usually
deteriorates the contrcllawvalaty aand finally can bagin the lcss of

stability of helicopter. As is xnowh, flow serparaticn on blades/van-=s

in large measure depends on tne uegree of the roughness of the
surface of blades/vanes., Tne spead of heliccpter is limited to *the
permissible value of disruption/sejparation on the returning
blade/vane. However, with icany snarply deteriorate both surface
condition and the form ct protiles/airfoil itself, this leads to tue

considerable decrease ot critical angle of attack and flow serparatior
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can exceed the permissiole vaiue even at coamparatively low flight

velocities.

Even with icing on stand is opserved a sufficiently noticeable
increase in tha buffeting in compaiison with the ganeral/commcn/:tctal
level of the vibraticns cf meiicopter. With icing on the stand cof the
helicopter of Mi-4 this increase iu the tuffeting occurred usuvally in
1-1.5 min after the beginning ¢t icing, further during several
minutes its level somewanat incréased and then mcore or lass it was

stabilized.

In flights with natural iciny, and alsoc in flights with the
preliminary artificial icing or tne screw/progpeller of Mi-4 with <h:
thicknesses of ice on tne e¢nd hdlves tlades/vanes to 7 nm vere
observed the vibrations sowevwnat smaller intersity, but in this case
control of helicopter kecame slack, deteriorated the maneuverability
of apparatus and after certain time after the beginning ot icing
appeared the driving and jerks/impulses?! on ccntrol

stick/knob/colunn.

FOOTNOTE t. In flight witn natucas icing the jerks/impulses werc

observed predominantly leaytawise. ENDFOCTNOTE.
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Pige 2.12. Icing of helicopter rotor during the progressive/forward
flight: a) the schematic figure of the icing; b) the icing of
trailing edge and upper surrace of the btlades/vane of the model of

screw/propeller under artificial conditions,

Page 41,

Especially strongly icainy atffects the 1light heliccpters with the

piston engines which usually nave the swmall pcwver reserve, For
maintaining the revoluticns of this helicopter while hovering with
the artificial icing (the averaye speed cf ice formation was 1.5-2
ma/min) it vas required to sufficiently intensely increase the
supercharging/pressurization of eanyine. In spite of this,
approximately/exeaplarily througan the minute helicopter began to lcse

altitude and hovering it ceased | 154]), [58].

LT TR
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Icing of coaxial propellers.

The interesting phenomenon is observed with the icing of ¢h»s

coaxial propellers of aircraft. water content in the jet, rejected by
the first screw/propeller, 1s iess than water content of clouds
before it, since due tc an increase in the speed of the rejected air
the distance between drops increases and clcud in the direction of
the motion of jet becomes seemingiy more rarefied (Fig. 2.13).
Tentatively it is possicle to consider that the water content in j:z+
varies in proportion to to the relaticn to air speed V, before the
plane of screw/propeller ! to sgeed V, after the plane of the

screv/propeller

V.
Wy = le,! . 2.5

FOOTNOTE !, It is logical taat the described phenomenon does not

affect noticeably the icing intensity of the stationary parts, washed
by flow from screw/progpeller, since the total quantity of drcps of
water, sucked through the screvw/propeller, barely changes, but only
it moves with larger speed. Tiue, certain quantity of water recovers
by the first screw/propelier, but it is relatively very small.

ENDFOOTNOTE.
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As a result the icing intensaty or front/leading screw/propeller

proves to be above,

Similar pattern is ooserved also for the coaxial propellers of
helicopter. So, during investigation the already mentioned atove
i light helicopter under conditions of artificial icing on hovering <he
icing intensity of the lowWwer screvw/propeller was obtained on th=

1 average along the length ot blades/vane 1.3-1.f times lower than upp=sr

one.
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Pig. 2.13. Rarefactionsevacuation of cloud in slipstrean.

Key: (1)« Flow. (2). Plane ot screw/propeller. ;
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Page 42.
2.5. Icing of the air-[fressure aeaas and nozzles of thermometers.

Receivers and air intakes or air flow in contrast to other
exteriors are subjected not caly usual icing in supercooled clouds,

but also "forcing™ by ice 1u 1ce ciouds.

This "forcing" occurs up To the temperatures of air,
considerably lower (to -4y - -50°C and lower), than with usual icinag,
which substantially raises the specific power required for their

heating, in comparison with other heating surfaces.

The usual icing of pressure uanits also has its of the special
feature/peculiarity: in proportion to the increase of ice the inlet
of receiver is decreased anu, when it stops by the area of the sameo
thepe occurs a shaep decrease 1n dynamic peessore an
order as drain holes, in intake cnanberﬁtespectively also readings
(Pig, 2.14%) . But if this is the nozzle of the thermometer of braking,

then changes the recovery ractor of instrument. Furthermore, the

temperature of nozzle is decreased due to the evaporation of ice. s

e R i
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a result an error in the thermoweter can reach tens of percent.
Bver air intakes oOr tue enyildes, in which the flow is turrel tc¢

the angle of more than 90°, wiata the large water conteat of ice

clouds can be driven in completeiy by ice or snow, as this occurr=d,

for example, on aircraft "Braitain® with engines "Precteus'" in fliqht

in the tropical areas ot Atlaatic Ocean [76], [129].

s
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Fig. 2.4, Change in the readingys (speed indicator)

with icing PVD (under artiricial conditions). Above
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1 Page 43.

Chapter T1II.

Methods and protective systems of rlight vehicles from icingt.
FOOTNOTE}Section 3.1-3.4 ana 3.0 are written ky R. Kh. Tenishev,

Section 3.7 - by V. S. Savin; Seéction 3.5 is written by V. S. 3avin,

Vo N. lLecnt'yev and A. I. Tesicuko. ENDFCOTNOTE.

Should be distinrguisaea the methods of deicing and the deicers,

based on these methodse.

Are at present kncwh the roilowing methods of deicing:

- mechanical;

- physicochemical;

- thermal.

Protection can be accouplisneds/realized either by the prev=ntio:

of the icing of surface cr by tre periodic removal/distance cf the
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generatrix of ice.

Mechanical methods are bdased only on the removal/distance of ice
vith the aid of any mechanical ezfect (strain or vibrations of

surface, aerodynamic, ceutritugyal or other external forces).

The physicochemical methcas are based on the use of liquids cr
compositions, which dissclve i1ce and depressing the freezing point of
wvater, i.e., they in priancipis can be used both for prevention ar!
for the removal of ice. ine removai/distance of ice can occur eith=er
by its complete dissclution, or aissolution only of the thin layer,
which is contacted with surrace, atter which ice build-up it is

thrown off by external forces.

Thermal methods are pnased eitaer on the permanent heating of <¢he
shielded surface to the positive temperature sith which ice fcrmatich

becomes impossible (preventaon of icing), or on the periodic maltir;

of ice, jettisoned then by externai forces (removaly/distance of ice). i

Page 4u, !

Oon examined ﬁafety m3taoas from icing are based aviation {
alse

deicers, which canbe rather complicated cn-board systenms

- ~ -

and comparatively sieple devices/eyuipment.
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Abroad of means of defense, pieventing ice formation on th=
shielded surface, are known by the name "deicers" (anti-icing,
antigivrage), the means crf tas periodic jettisoning of ice from
surface - by the name "deicers" (de-icing, degivrage). In this book
we will use the more taxean ters "aeicers" to all systems and
devices/equipment, used 1ol tus protection of flight venicles fror
icing, isolating the deiacers o1 permanent action (preventing iciny)

and the deicers of cyclic action (removing ice).

In the space of this caaptar it is not the possible in any
detail to stop at the device/sjuipment of deicers «known at pressnt,
especially because descraption i1t 1is possible tc find them in the
appropriate literature (in pacrtacuiar, sufficiently detailed

information they are ccrtained ia [58])).

Therefore we will ke restricted to the short a2xamination of +h=

fundamental types of deicers, attes paying main attention to thermal

systeas.

3.1. Mechanical deicers.

Pneumatic deicers,
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The operating principlie oL tuis deicer ccnsists ot the
following. To the shielded surtace is fastened the thin rubber
protector, made in the tcrw or tus oblong elastic chamuers/cameras,
closely fitted to surface. Upuh tae start of deicer the
chasbers/cameras under the pressure of the compressed air
periodically are inflated and i1s oroken open the incrustation of ic:
forming on them. Along the lenytn (spread/scope) of the shieldei
surface the protectors usually cousist of several sections. Such
deicers sufficiently widely vwele applied during the years 193C-19u4y
for the protection of winy and tail ass2ambly. With the advent cf
aircraft with jas turbine eunyiunes they yielded the place for thermal
systems, but on some fcreiygn arrcraft, predominantly with piston
engines, they are applied up to now. Moreover, recontly appeared
tendency toward the expansion ot tane range of their use, that 1t is
possible to exnlain by the amprcvement of censtruction/desiyn arni ty
an increase in the reliabiiaty or protectors. Fair results in this it
achieved, for example, English ticrm “Palmer", producing several
versions of pneumatic deicers | 14d]: with longitudinal (on the
vinqgspan) and transverse chambers/cameras, with successive and joint

action of chambers/camelras (Figy. J4.1).

Page 45,
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According to the data ot riim tue total specific gravity/weight of

deicer composes 3-3.5 kys/m¢, expenaitures/consumgtions of the

i
ft
&;
§
t
‘
b

compressed air - about V.4 ky/min.

Pneumatic deicers can wve usea also for the protection of such

parts as the radio-transtarent taliings about the radar antennas

(Fig.

3.2), in which the usesapplication of thermal methods is
impossible or is very hindered/hampered, and physicochemical methois
are ineffective. The effect or suca deicers on aerodynamics cf th=

flight vehicle (which limits tane possibility cf their usesaprlicaticn

e e o et = 1

on the lifting surfaces of biyn-speed/velocity of aircraft) will bhe

insignificant.
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Fige 3.1. The pneunmatic aati-iciny protectors: a)with tne

longitudinal alternately faliiny chambers/cameras; L) with

PR AN

longitudinal simultanecusiy oy tue filling chamters/cameras; c) witl
the transverse chamberss/cameras; 1 - working sections; 2 -
inoperative sections; 3 - filleca cunamber/camera; 4 - unfilled

chamber/camera.

OO f

i

Fig. 3.2. Use of pneumatic deicers for protection of radomes: 1 - i
l

!
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fairing; 2 - protector; 3 - cuauwper/camera cf protactor.
Page 46,
Vibration deicers.

In principle are possivie two versions of such deicers. The
first is based on the fact that unuger the effect of the ultrasonic
oscillations/vibrations, cieated vy special siren and directed
against flow, the supercooled drcps of water must be crystallized;
but crystals, reaching surtace, wiil be klown away bty flow. Hcwever,
this method rejuires exjerimental check, the effectiveness of it .thas
far is doubtful and it, appareatiy, will require the expenditure of
considerable energy. Theretore its to use most likely will be only
for the protection of the separate small parts for which other

methods on any reasons will grove to be unsuitable.

The second version is based on the use of the special vibratcrcs
which periodically shakeé tne secticns (secticns) of the protected
surface by short series of high-trequency pulses and in this way
break up ice crust, The duraticn Or series can ke very short, anid

periodicity - as in usual cyclic aeicers.

However, for the evaluatios ot the possitility of the practical
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realization of method will oe regyuired the serious studies bcth ol
the point of view of the arfectiveness of the removaly/distance of ice

and structural strength of the shielded parts.

Hydrophobic coatings.

The idea of the use ot hyarophobic (not wet) coatings for
protection from icing ccmsists in cbtaining of this decrease cf th:
cohesive force of ice with the shielded surface, so that it would b:
thrown off by the externali forces, without having had time toc achizv.
undesirable sizes/dimenczions. Tnis means could actually serve as :tin=
deicer of mechanical opeératiny priuciple with the periodicity of ths
removal/distance of ice, whica was being arbitrarily
established/installed in dependence on the conditions of icing, th=
flight conditions, etc. Unrortunately, up to now it was impossible to
find this substance for coating, wnich would satisfy the necessary
requirements. Experiment or the numerous investigations, which were
being carried out by the aucthor &, with teflon coatings on the
helicopter of Mi-1 [ 154 ] and witn the saries/row of other coatings o~
special spiral stand shcws that even on the rctating parts the
thickness of ice before jettisoninj reaches the significant

magnitude.

FOOTNOTE !, Investigaticus were conducted together with L. F.




DOC = 79116303 PAGE ///

Vinogradovoy. ENDFOOTNCIE.
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leads to the sufficiently strony vuffeting of screw/propeller,

Only on the fast-turaniug parts (blade of ccmpressor rotor),
equipped with such coatinygs, 1ce 1s thrown cff with considerably
smaller thicknass; however, coatinys themselves usually rapidly ar-

worn as a result of their insurticient mechanical durability.

From the aforesaid it foiicws that the ccatinjys known at pres=nt
cannot be used as any reliable seans of defense from the icing of rhe
parts of the flight vehiclies in tfiight and in particular - not
rotating (it is possible, sometiues they will be useful as bcesuer

agent in combination with mecnanical or thermsal methods).

Numerous unsuccessful "inveantions" and fruitless attempts at +he
use of different coatings, undertaken in the hope for the very
tempting resolution of the proviem of the prcetection of flight
vehicles in flight withcut expenditure of energy or without the flow

- rate of any anti-icing suustance, should be explained that fact that

the mechanisa of wettinyg and treezing of the small/fine supercecolel

Jettisoning itself occurring unsvenly and very unsymmetrically, which
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cloud drops, brought to surrdce in by large speed in terms of
airflow, differs significantly firom the phenomenon of the wettiny cf
the cooled hydrophobic surtdace 1in ground-based conditions with the
more major, freely drainingy drops of vater (tc say nothing of th=

case of the wetting of this surtace it is simple with water ijet).

Furthermore, investigations show that in spite of the excellzu=
hydrophobic properties cr hard-surtraced pavements the cohesive forco
of them with ice in the atwospnere proves tc be sufficizntly largs
[142]. In other words, rcor decreasing the cchesive force of ice with
the shielded surface witn tae alid of the undissolved solid ccatinjgs
hydrophobicity is, apparently, tne necessary, but completely

insufficient property.

Should be again focuseu attention on the fact that in many
instances the erronecus concliusions about the applicability of the
coatings in question are done on tae basis of investigations with <ire
freezing of water for such coatiuys under labcratory conditions.
During such experiments actually/really the cohesive force of frozcn
ice frequently is obtained by sevaeral orders lower than under th»>

atmospheric conditions cf iciny.

Page 48,
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3.2. Deicers, based on the puysicochemical nmethods. e
b

For surface protection trom 1cing can be used two

physicochemical methods: oue 15 vased on the use of the solutle

i
]
anti-icing coatings (chicriae or sodium or calcium, nitric acid b
sodium, etc.) - by the second - on the wetting of surface with v
anti-icing liquid (glyccl com ositions, ethyl alcohol, alcohcl

glycerin mixtures, @tCa)e.
Soluble anti-icing ccatingys. H

In contrast to hydropnobic (not wet and, therefore, not
dissolved) coatings the operatiny princirle of the soluble i
physicochemical active ccatingys consists in the fact that the droyps
of water, interacting wita the suostance of ccating, form the
solution/opening which aas the lowered/reduced freezing point and is
capable to dissolve ice. Aithouyh, as shows experiment, forming ice
does not manage to be dissolveu coampletely (with exception of
extremely weak icing), it loses cohesive force with surface and fronm

time to time is thrown ctf by external forces.

During the use of soiuwle (active) c¢f coatings their sukstarnce |
in the process of icing surticiently intensely is expended/ccnsum=,

furtheraore, coatings are destroyed under the effect of atmospheric o
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conditions, mainly rain and numid air. As a result of the
shortcomings indicated this wetacd did not find practical
use/application, althougn sometimes it can be useful, for example for
the flight vehicles of the very snort-term or single action, on whicth

the use of other methods is i1uexpwaient,
Liquid deicers.

Were applied severali varieties of the liquid deicers which are
characterized by the method or tne supply of anti-icing ligjuid to the

shielded surface.

To blade/vane ot aaircrait screws/propellers and frontal glassss
the liquid is fed/conductea usually with the aid of tube frcm face
and then under the effect or centrifugal forces or airflow it spreads
over surface, This methcd is applicable for relatively small
surfaces, so in this case is not provided the uniformity of the

vetting of surface and the siyniricant part of the liquid is experndc?d

for nothing.

On helicopter rotcrs tae Lijuid is supplied usually all cver
length of the blade/vane tnrouga openingss/apertures or slots in (e
fcRe - PART of the tappirny. Tnus are made, for example,

anti-icers of the heliccpter rotors of Mi~1 and Mi-4, experimental

At attl s abrsit S ke ikt e

T e T —v e
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1 anti-icer of the English aelicojter "Vessex" and deicer of the
American helicopter YVH-1v., Main dasadvantage in the deicers with

openings/apertures is ncuunitorm aud is insufficient wettinyjy of

surface.

o R e

Page 49.

As a result, in spite ct coutinucus feed to liquid, ice betwean
openings/apertures nevertaeless puilds up, after which liquid bsygins
leak only on the grooves, toruwed wy it in ice, and at <nhanced
intensity ice gradually iavolves/tightens the largs part of the
surface, This phenomencs especialiy strongly manifasts itself upon

the overdue start of systean.

On lifting surfaces tne suppiy of liquid is sometimes
accomplished/realized froam witanin through pcrous diaphragm, which

must ensure the uniform wettabiiity of an entire surface.

From such deicers i1s ot iuterest the system of the cyclic a-ticr
of the English firm TKS [140 ), usea for the prctection of the lit+inn
surfaces of the series/row ot p.ston-engine aircraft. The principi-
of devices/equipmant their followiny; the shielded skin/sheathinj i+

is made from porous metal, at certain distance from it is

arranged/located usual lower coverang. In this slot cavity is
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supplied periodically the anti-icing liquid as which is utilized

usually the glycol liquid R-428. Fur the more even distributicn of
liquid according to suriace and guaranteas of necessary in this cas:
of its low flow rate under porous skin/sheathing is a layer fror

porous elastic material. Accordiny to the infcrmaticn of firm TKS th=

Can

system provides the sufrficientiy eifective removal/distance of ic=

with the very small fluia i1iow rates of the crder of several ten

T AT et e wea e+ o e L

PRYSE P

cubic centimeters per finute to tae square meter of the shielded

e -

surface.

-

This system has even sowe auvantages before thermal consistiny

in the fact that in it 1s dbsent tue spreading of water, that l=ads

to the formation of barrier ice, and the zone of protection, ¥
therafore, can be minimum aud, ruxthermore, in contrast to the ;
thermal system, for whicn i1s reguired considerable time to the
heating to surface, the action ¢t the liquid practically begins
immediately after its supply ana continues still for a while und=r a
layer of ice after the cessation oL supply, i.e., ice built-up clg=
does not freeze again tc tne surltace after the disconnection cf +hr 4

section (as with thermal smethod when ice does not manage to fly of¢

for cycle time).

Deicers with porous diapuraym can be used, also, for the

blades/vanes of helicopter screuws/propellers, but in this case, as
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showed experiment of the iunvestagations of firm TKS, into bladez i=
; is necessary to feed/conauct not iiquid, but its froth (for
decreasing the effect of tne ceatcifugal force, displacing liquil
unevenly along the length of sladesvane€), which is extruded througk

porous diaphragm by the compressed air.

In the examination ot tne possibility of using tha2 deicers with

porous diaphragm the most important factor is the quarantee cf the

retention/preservation/maintaining the filtering properties cf porcus
skin/sheathing in operation, since otherwise, naturally, the
effectiveness of this deicer turus out to be completely

unsatisfactory.

Page 50,

3.3. Special features/pecuizaritizs of thermal deicers.

Por the protection c¢r coanteaporary flight vehicles from icing irn
the overvhelming majority of the cdses are applied the thermal
deicers, which are subdividea 1nto two basic groups: elactrical ini
air-heat. Furthermore, scmetimas, mainly for the protection cf *he
parts of the inlet ducts of enyiues, are applied the deicers, whick

use hotter oil from engaine.

St

i R
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Electrical POS of suca lai je/coarse parts as wings and tail

e b e

assembly of aircraft anu anelicopter rotors, are applied almost

DO

exclusively cyclic acticn, since the power, required for the

Sl

permanent heating of these parts, reaches hundreds of kilowatts. The

cyclic protection of the icing up surfaces lies in the fact thet “=nzy

v e e

N,

are divided/marked off into several sections which periodically they

oy
9

are heated and they are cooied, ailowingrsassuming in this case ic= ii
3,

formation of certain sate taickness which is thrown off during <L~ Q
next heating of section. .
'!3

i

Air-heat POS until recentiy, as a rule, were permanent action. 3

However, the high required flow rates of hot air, leading to *he
noticeable decrease of the tarust of some types of engines, fcrce to
resort to air-heat POS ct cyciic action, in spite of of certair

complication of construction/aeslgja.

When sel=acting of the diayram of cyclic PFOS one should consiisc
that to increase a quantity or sections is expedient only to a

definite limit where2as higjher than which the general/common/tctal

savings of power beccmes very small (Pig. 3.3), the complexity of

system and, consequently, also its weight they grow/rise vary 1
considerably, especially in tue air-heat system. An optimum cuantity ﬁ

2|
of sections is determined for each concrete/specific/actual ﬁ

construction/design ¢f deicer.
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Fig. 3.3. Decrease of tae reyuired power of cyclic POS in comrariscn

with POS of permanent action {te=1)
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Key: (1). the permanent hedtiuny orf an entire surface. (2).
cythic of
thermoelectric. (3) . edir-heat.

cyclic cf

(4) « Quantity cf sections on half

e

ving.
Page 51.
Permanent heating of surtace.

With permanent heatiny arops vf water, falling toc the surfac=
heated to positive temfperature, without freezing, spread on it,
gradually evaporating and partiaiiy blowing away by airflow. If the

extent of the wvarmed zoae proves to be insufficient for complete
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drainage, then the latter rtreezes on the boundary of heating in tho

form of barrier ice, which distcrts the ducts/contours of the

streamlined body (Fig. J.4).

It is logical that tuse inteusity of the formation ot barriesr :icr

-t

on one and the same of heating surirace depends on its temperatur=s iy
conditions of the icing: in soms conditions the water will be
completely removed, in cther aeavier - it will not be, then also i«

formed barrier ice.

Exists two varieties ot tne deicers of the permanent acticr:

- so called "de-icer or compiete evaporation", which is
previously designed in such a4 way that in entire rzquired rangs of
the conditions of icing would pbe provided ccmplete drainage from
surface,

in other words, tue deicer, not allowingsassuming the

formation of barrier ice Juuar tae prescribedsassigned conditions o

the icing;

- the "deicer of incomplete evaporation", which was not desijgn:i
for complete removal/distance ot tue water (i.e. the deicer,

alloving/assuming the formation ot barrier ice) spreading over

surface.

on, e M
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Outside boundary taese varieties are known by the name "dry
anti-icing systea® - systea with tne dry surface (it correspcrds tc

coaplete drainage from surtace) ana "wet anti-icing system" - systaw

with the moist surface (aiiowssassumes the formation/educaticn of +kL=

barrier flows of ice).

The use/applicaticn of aecicers of ccmplete evaporation reyuires
the increased heat expenaiture and is connected usually with the ne2d
for the protection of sufficientiy large areas, in particular, if
heating is designed for tne gJuarantee only of a minimum (i.e. =yjual
to 09C) temperature of heatinj surtace, as shcwn in examples S.4-5.6

Ch. V- Therefor2 them are appiied for the prctection only of those
parts, on which is inadmissipie tne formaticn of barrier ice. In =iz
remaining cases they are liwmiteud to the deicers of the incomrplete
evaporation (taking intc account tuat the real probability of forminy

the large barriers of ice as usudily small).

T I R,
SRS e AL

e e
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Pig. 3.4. Barrier ice, whicn appeais under the effect of the syst=w

T AT T e T e

of incomplete evaporaticn.

e

Key: (1)« Barrier ice. (Z). nedtidye. '
Page 52, i
Cyclic heating of surface.

As it was said, witn tuis metaod on the protected surface i-

i
|
i
!
|
|
formed a layer of ice wuich duriung the next heating of secticn mus+ i
be thrown off. However, 1t pericdically is heated and is cooled ;
entiresall icing up forepairt/nose surface, then ice built-up edge, ir i
spite of its slight meltiny on tane boundary of contact with th- !
heated surface, it is fpressed against it by flcw and is not thrown

off (Pig. 3.5a). During tne naxt cooling of surface it again freeczos

and, thus, it gradually reaches the undesirable sizes/dimensicns
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(aforesaid is related tc tne nonrotating parts).

It is possible to 4voiu the similar phencmenon via the perman-n-

heating of narrow band in the liasits of leading edge, i.e., by th:

usesapplication of the sc-calied "thermal knives", which seeringly
are cut the ice build-up into two parts (see Fig. 3.5k). In certain

cases "thermal knives" appiy also at the joints of the secticns of

PRI e alios

deicer, if the width of tnese sections is sufficiently great. At

first of the use of cyclic aeicers there was an opinion that for

swept carrying surfaces "tnermal xnives"™ they are not required.

e

However, experiment of the Soviet and foreign investigations of

latter/last years shows that up to the sveep angle of 50-60°
effective removaly/distance or i1ce without "therwmal knives" is not

provided. ﬁ

- s
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Fig. 3.5. Ice built-up edye on tne leading edge of an airfoil id
profile: a) without "thermai knise"; b) in the presence of "therumal

knifev,

Key: (1). Zone of cyclic heatiny. (2). Zone of permanent heating

("thermal knife%),

Page 53.

Another special feature/pecuizarity of cyclic heating is f

connacted with the follcwiny contradictory tact: in order to arsur-

the work of daeicer despite ali prescribed/assigned temperatures of
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icing, its specific power 15 determined on the basis of lowes+
calculated temperature., it 1s obvious that despite all higher
temperatures of surroundingy dir neating surface proves to be
excessive, i.e., the surtace alreaay after jettisoning of ice
continues to remain heated aand tne longer, the higher surroundiny
temperature (Pig. 3.6). On at, naturally, it cccurs the spreading of
water, and, as follows trom Figy. 1.6 chapter I, that in a larger
quantity, the higher the temperature of icing. As a result from on=
cycle to the next is fecrmed ovarraer ice, which with prolonged icing
can reach significant values. For eliminating (or decrease) this
phenomenon it is necessary to considerably increas= zone heating anld

thereby it is inexpedient to expend/consume large anergy content*.

————
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Fige. 3.6. The cyclic heatainy or the surface: =emm—= - th2 unrequlall:
(fixed/recorded) cycle (a - with tgo, by clcse to the calculation; © -
with t,, higher than caicuiatioa); - - the cycle, adjusted on the

time; --+ - cycle, adjusteu daccording to power.

Key: (1). Heating time.

Page S4,

To decrease the possibility ot tae formation of barrier ice ot teice:

with the fixed/recorded cycie ot wvork is possible also by shcrteniny
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the heating time, thanks to wnicu the water will not manage to spr=ad
in large ones guantity. uowevsr, as a result of the fact that in this
case is required the correspondiiny increase in the specific pecwsr
(see Chapter VI), to afpply too saort a heating tim2 is also

inexpedient.

Another, less essentiali sacrtcoming in urrequlable POS is
connected with the fact tnat the duration of cycle is limited to
permissible thicknsess M;mn of i1ce which manages build up on surface

for the time of cooling?

I
Toxn & l.1l.:on = f).

POOTNOTE !. It is more fieciss, for the time of ice formation ™=
which can be both less aund is more than Ymn (See Fig. 3.6).

ENDFOOTNOTE.

At calculated (most low ia caliculated range) temperature o pace
water content and, conseguently, also I, are small; therefore the
condition indicated is satisfied. uowever, at more high temperatures
it ceases to be satisfied, 1.e., the thickness of ice for cycle +tir=
begins to exceed permissivie valueh, & hianand, consequently, flijht

safety cannot be guarantead. o
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Pig. 3.7. Expansion of the raange or the effective work of cyclic

deicer by timing of heatiny.

Key: (1). s.

Page 55.

From the aforesaid tuilows that for guaranteeing the protectior

=

necessary for effectiveness fros i1cing, and also increase in th-

flight safety the time (cr tne specific power) of heating by cyclic

POS must change in depenueuce on the temperature of surrounding axr
and flight conditions, bput the time of cooling - in dependenc=s c¢n K
icing intensity, in other worus, 1is necessary syst2m with the i

adjustable cyclic recurrence. This system will almost completely 1
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avoid the formation of racrier i1ce, without cecnsidering that iz will

have optimum efficiency in entire range cf ambient conditions. as

result the power necessdry tor heating can be substantially r=zducei - |

at low temperatures the reyuired temperature drcp can bz

: achieved/reached at the cousideravly smaller specific power dus to an
increase in the time of heatiny (Fig. 3.6 and 3.7), which durirg =h:
fixed/recorded cycle is unacceptavle (due to the danger of the
formation of barrier ice ror tne time of heating and inadmissitble

thickness of ice for the cooliny time at hiqher temperatures of

air).

Methods of reqgulating the cycle.

Simplest and available metnoa is the manual switching which iz
applied in series/row foreigyn afu scme Soviet aircraft and
helicopters. It consists iau the tact that with the the low t, is
included the prolonged cycie, witn less low cnes - the cycle is
shortened, that also ccrresponds to the standard curve of the wa“t.r
content (see Chapter I). Lin tals case most frequently is appli=d
proportional decrease Ty and %o shen cyclic recurrence, i.e.,
relation "t /x,, remains ccnstant/invariable. However, this system ha=
sufficiently coarse control (usualiy it is applied no mcre “ham 3-3
switchings in 2ntire temperature range) and distracts crew's

attention under difficult conditious for the flight when the latter

el i s enimemiin S R iR (R
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even without that is surticientiy stressed. Therefore this switchin
is used by crew especially Lot wi1ilingly and fairly often (just iu
case) system it is includea tu tne maximum duration of cycle even ar

mean temperatures of surioundiug dir,

Considerably more ertectively must be the system, controllei ty
the special automatic macnine waicn depending on the temperature o
surrounding air would ccatiauousiy chanje ¢hs tige (or power) of
heating, also, depending on actuas icing intensity in datum
moment /torque - cooling tiuwe, wauicu can ke realized with the aitl of

the ratemeter nf icinrg, ccnstructeu, for example, on the principl:

o~
~

radioactive or thermcelectr.c ice-indicating equipment,

Page 56.

For increasing the fligyht sarety in system can be provided for
the signaling for the case 0of iuncidencesimpingement under the
off-design conditions o1 iciny, moreover there can be two signal
aspects of the danger: 1t systes 1« time does nct manage to dump ic:
{i.e. (¢¢ with next secticn is tonrown off already after it will axce :d
the permissible thickness), tnen in this case must be given out
"danger signal" in the intensity; wut if intersity is small, Ltut =:-=
temperature of air lower tnan caiculation and therafore heaters itz i:

~

siaple not in state to beat suridce to the pcsitive temperature,
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necessary for slight meltiay or ice, then must be "dangar signal
according to the temperatudre ot air®. Virtually on the panel for

pilots both signals can pe uniteu 1nto one.

If it is required tc i1uciuae/connect POS pricer to the entry intc
cloudiness, i.c2., prior two tae pegyinning of icing, then for this zuaz-
be provided for the possioility or the manual start of system. Aftar
obtaining of the signal of the peginning of icing the pilot can

switch system to the mcdesconaiticus of automatic regulation.

Is of intarest one auultigonal system (its mock-up was
investigated by the autncr under iaboratory ccnditions) whose
fundamental difference rrow preceding/previcus is in the fact *hax
the successive switchinyg o1 tne scctions of deicer is fulfilled no+
by distributor gear, but wita aiu of the thermcsensitive elenzrn+ts!,
establishked/installed in tae ueatels of the surfacs of the sectiorns:
when temperature of skin/sueatainy of next section reaches tte
assigned magnitude (somewnat higaer than 0°C), signal from the
thermosensitive element tnrouygu tne sensitive diagram switches

heating in the following section.
FPOOTNOTE 1. As such thermosensitive elements can be used the sams

sensors which are used tor tne protection of skiny/sheathing fron

superheating, for example, i1n tne ueicers of the firm of "Nepir"

TT—r———
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(58)s firm "Lockheed" [145) aud tue series/row of others.

ENDFOOTNOTE.

Therefore the heating tiwme automatically changes in dependence orn “is
ambient temperature and tane wodesconditicns of flight, i.e., in all
cases is maintained/witistood tne optimum mcde of operation cof

deicer. Thus, switching sectious continuses, until terminates icing.

In the case of off-aesiju water content cr temperaturs of air
for such a system can L€ provaded zior the same "danger signals” as
for preceding/previous, tor wnich the system also must have a

ratemeter of icing.

It is obvious that 4 simildr system despite all ambient
conditions will automaticaliy protect skin/sheathing from
superheating, furthetrmcre, upon tne start of system on the
earth/ground skin/sheathiny wilii oe heated nct more than to several
degrees of higher than zero, whican will allcw conveniently and

without the danger of superheating to carry out the preflight chzack

of systen.
Page 57.

3.4, Thermoelectric deicers,
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Standard diagrams oi thermvelectric P0S, used usually for th:
protection of wing and taii assembly, propellers and sometimes air
intakes, consists of fcllowiny casic parts (Fig. 3.8): heating i
elements, switchboard, inciudea by hand by crevw or it is autcmatic b+ '
the signal indicator of iciung simultaneously with appg  -ation of
voltage on the power bus or heatels, thermosensitive elaments for +he
protection of heating elements rrowm superheating and network/arid of
electric power supply (power anu ccntrolling/guiding

wires/conductors, switcnes, contactors, €tc.).

Heater (heating bundie) (Fig« 3.9) consists of the heating

element, embedded between sxternal and interior layers of

insulation/isolation, waicu oa cariying and scme cther parts cf
subsonic aircraft, which nave ccmparatively thin skin/sheathing, is
arranged/located either unuer sxin/sheathing (a), or from its tace
(b), or fcr an increase in the ri1iyidity of entire bundle it is

installed betw2en two thin skius/sheathings (c). During thick-wall:l

or continuous constructicns/desiyns as, for examgle, propeller

blades, struts, and alsc sunarp edyes of the parts of the supersonic

alircraft, etc., heaters are estaviished/installed outside (d).
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Fig. 3.8. Standard diagram of tneruwoelectric cyclic POS.
Key: (1)« Automatic machine’ (rrow signal indicator reg.). (2). ™anual
start. (3). Thermosensitive eiements. (4). Heating elements. (5). In

circuit of contactors c¢r to entry of sensitive diagram. (6).

TO pow-r
supply. (7). Switchboard.

Page 58,

In this case they have jirutective iayer in the form of thin me%tallic

tipping or anti-abrasive coatiuyge
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Heating elements cau be wost varied: from the serias/row of
parallel thin wires, frcm wetasr roil of zigzag layout, from difr-r=n=+

current-conducting compcsiticas, current~conducting fabrics, etc.

So, heating elements or tue type "Spraymat® of the English firn
of "Nepir"™ [107) are fultiileu fiovaw the allcy of metal (usually
copper, manganese and maygaesium), applied by the method of the
flame-spraying method tc the specially prepared layer of
insulation/isolation. The current-conductirg element/cell will be
deposited im the form ¢t sac bDanas with a width of 20-30 mm which ac=
connected on ends/faces by the copper cross ccnnections spray-coateid
above them. The outside current-couducting layer is covared/coat=d
with the layer of insulation/isolation, above which will be deposit=9]
anti-abrasive coating, and oa the tlades/vanes of rotors, on th=zir
end half, outside adheres ancther tipping made of stainless steel,
since anti-abrasive coatiny itseil sufficiently btrittle and *tha* the

impact/shock of solid particles is cracked.

Elements/calls "™Srraymat" possess a comparatively small thermal
inertness, since they will ve depusited outside. They can be
deposited to the surface otf aay ot intricate shape (Fig. 3.10),
without any difficulties tney aidow in the limits of cne heating
elemant to obtain sections witn dizferent specific power and to

accomplish/realize the cucrent supply of different voltage, and alsc

by three- phese cucrent

- R SNV
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Fig. 3.9. The versions ct the construction/design of ths heatiny

bundles: 1 - heating element; 2 - insulating layer; 3 - outer

- the lower covering; 5 - protective layer (tipging); o -

thick-walled or continucus body.

Page 59.

A shortcoming in tnese couatinys 1is their ccamparatively
complicated technology, whicn regyuires the large space of manual
labor. However this difticulty in proportion to for improvement arnil

automation of producticn can be to a considerahble extent overccme.

Should be focused attention on some speécial

features/peculiarities ¢t neating elements, In the frequently us<d

elements/cells of zigzay form, cut usually made of the thin sheer

stainless steel, in internal aunyles (Fij. 3.11a) the current d<rsi+y
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and, consequently, alsc heatiuy dre very increased, whereas ext:rial
angles almost in no way are neatede This leads frequently to th-=
burning out of insulaticn/isolation in places with the increasedl
heating and, on the otter hanu to decrease in the effectiveness of

heater due to the non-heatiny ssctions.

For decreasing this undesirabie phenomencn are best anything =1

3

Coala

sections to copperplate cr, at least, to make in internal angles cf
the cutting out (see Fig. 3.1lw), and to alsc apply the

current-conducting tapes of smail width.

Interesting speciai fedture/peculiarity have the elemontssc:1lls,
made in the form of the countinucus layer; +heir currant-conductiny
properties can be characteirizea oy the resistance of the
element/cell, which has sjuare torm, which does not depend on the
size/dimension of square, since a change of the width of the squaue
in equal of degree changes its length. This specific resistance is

expressed in ohms to sguare (N/kV) .

The resistance of riyat-angyled element/cell is determined frem

the relationship/ratio

Ru’Rn%- (3./)

where R,, - a resistance of sjuare in the Q/kV¥V; Bq - width of
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element/cell (of busbars of reed/supply equal to length); /,, -

length of element/cell (du tane direction of the flow cf current). V
|

The switchboard of taeruwvelectiric POS during the fixed/recoru.d

cycla acts with constant velocity, alternately comnnecting contactors.
A change in the duraticn ox cjycie with constanty/invariable cyclic
recurrence is accomplished/reallized by simple chanye in switchiny
rate of switchboard cr oy switcning a multiple quantity of centacts

in mechanissn.

Fig. 3.10. Plotting heatiny element "Spraymat" to shielded surface.

Page 60.

As thermal switches iateadeu for the protection of heater and
skin/sheathing from sugrerneatiuy, they are most frequently appiicd Ly

thermorelay with thermistors (usually by the thermistors), with th«
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aid of which upon reachany ot tue specific temperature of heater is

disconnected the electric power supply of the corresponding sscticn

of deicer.

Sometimes are applied aiso piuwetallic thermwoswitches, ccnrnsctid
in series in the feed ciicuit or welding contacts. However, they hav=s
too great a thermal inertia and tacrefore for the target indicateld
they are recommended tc Le tuey not can (such switches can be used

only in the air-heat systems, sSluce they react well only to the

tenperature of the air, whicu wasues directly Limetallic plate).

Special features/peculiatities ot the electrical heating of glasses,

On flight vehicles tae nedatiny of glazing is applied mainly for
two targets: protection trom tne icing of frortal glasses of flight
deck and defoqging of glasses, iiiuminators, canopies of cockrpits,
etc. FPurthermore, it is estaplisneas/installed, that preh=2ating
frental glass to a consiusraule extent increases its durability
against destruction duraing coilision with birds apparently due to an

increase in the elastic deformation of layers,
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Pig. 3.11, Heater of zig-zay ioirm: a) the ncnuniform density of *L-:

heating; b) the methcds ot decreasing the nonuniformity.

Key: (1). Copper coating. (<). Non-heating sections. (3). Zone with
superheating. (4). Cutting out. (»5). Variablesalternating density ot

heating.

Page 61,

Electric h2ating giass coasists of the follcwing layers:
external and internal, ylueu/Ccaczuted between themselves by clastic
layers!, for example frcs polyvianyl butyral, and the smost

current-conducting file, #nica ci dependence c¢n the fundamental
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designation/purpose of glass wiil be deposited to one or anothsr
layer: for protection frcm iciuny - to the internal surface of
external glass (Fig. 3.1%ca); ror defogging - to interrnal glass (s:-

Pig. 3.12b).

FOOTNOTE 1. For increasiny in tne impact strength, decrease cf
thermal stresses frontai glasses sometimes are made more than

three-layered ones. ENCFCOTNUTL,

The glasses utilized at rirst wita wire heaters did not find

application due to the uilfractiou phenomena during landing in night

time.

The skin of frontai jJjlasses 1s fulfilled from silica glass,
internal - both of the silicate and from organice. In the latter caces
for increasing abrasive resistance of internal surface frequently i

applied a supplementary layer or silica glass.

As the current-conauctiny eiewent/cell are applied or the oxid-
films (for example, from ox.de ¢r tin) or files from metals (for
example, gold). Oxide and some metallic films will be deposited to
glass by pulverizations/atomization at eleyvated temperatures on *+he

order of 550-650°C. This ract plocks their usesapplication on crijanic
gla ss,

153 T
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Abroad at present they are applied in essence four types of )
electric heating glasses { 156]: "Neza")"Electrapanef)“Triplex" ar.d i

"Sayrecoat".,

In the first twec types 15 utilized the tin oxide film, in
*Triplex" - the combinataon ot tila from metallic jold and bismuth,
moreover these films are appiieu with silica glass. Is of interest
the current-conducting raim "saycccoat-3", develcped by the firm c:
"Sayresin Corporation", ama at present manufactured also with firnm
"Nepir®™ that has license for 1its manufacture. It is the oxide-fr=-
metallic film which is settied to ylass by the method of evapcraticr
in high vacuum at temperature, considerably less than for the oxil:
films, manufactured witn tas wetnou of pulverizationysatomiza*ion

{941
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Fige 3.12. The electrical heatiuy of the glasses: a) for the
protection of frontal glass trom tane icing; b) for defogging cf
lateral glasses or lamgs/cahopaes: 1 - current-conducting filwm; 2 -

external glass; 3 - elastic layer; 4 - internal glass.

Page 62.

Therefore the film can Lte uepousited on many plastic transparent

materials, technology ci giottiny virtually providing the absgerc: cf

the so-called "hot spots" - tue sections with the increased heatirny,
which lead to large local stresses, bubblirg interlayers and ev-n

destruction ot glass.

The specific power (power, psr unit surface area), necessary for

the protection of glass 1coa iciny, according to the data of the tir.

of "Sayresin" [94], is represeatead in function of flight speed in

Fig. 3.13. ‘;-
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Are been conmmonly useu tilms with the specific resistancs (57
page 59) from 6 to 40 Q/kV. In tnis case the colcr of films in

straight/direct light/wcrla i1s obtained pale- straw, and transparcency

oscillates in limits of 7U-uv50/c. There is an assumptiocn that th:

straw hue of glazing even i1s tavorable for decreasing the luster i
cabin/compartment, the rilm nct producing polarizational or
interference effects. FultheImoOie, it posSsesses property to refl=ct
infrared radiation, which 1s amgortant fcr prctection from solar
radiation at high altitudes, ana aiso for high-spea2d/velocity

aircraft. For example, wita tue taickness of the film, which

corresponds to 5 Q/kV, it is retiected tc 45-700/0, with more thirn

films, on the order cf <5 u/kxv, to 20-u40o/0 of radiation/emission,.

Possibility of applyiny a fiim of the type "Sayrecoat-3" on
organic glasses made it possiwvie to prepare all frontal glazirg fzcu
organic glass, as a result ot waich increased its durabilaty ajaino* ;1

impact loads and against laamination during temperature variations. !
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Pig. 3.13. The required speciric power for prctecticn from the ic:ony

glasses, coverad with filwm "Sayrecoat".

Key: (1)« W/cm2, (2). m/S.

Page 63,

As an anti-abrasive laysr 1s applied the specially developed
polyester plastic "Sayresiu-9u0" qud of its varieties which many
times are more stable ayainst scratches, than other transparsrt
plastics. Furthermore, are aeveloped the methcds of the restcration
of glasses from solid plastics Via the polishing of small/fin=

scratches or with the rejplacement of entire exterior layer.

Fead of the electrical nsating of glasses is

T v AaPatuy
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accomplished/realized by alterndtiug current 400 Hz. The oxide :Il-:-,
which possess the high sjecizic resistance, require the increas-.!
voltage which is obtainea usually with the aid of the
autotransformer, which nas several conclusion/output with differen:
voltage so that in propcrt.on to "aging" of tilm (increase in the
resistance) it would be possivie tc raise the supply voltages.
Metallic films (" Triplex", "sayrecoat") have considerably srmaller
resistance and require thersture swaller voltage, filam "Sayreccat"
poreover, is very stable in tume, thanks to which the need in

autotransformer for its teca/supply can generally fall.

For the protection cf Jlass from superheating are applied the
automatic machines of heatiny witn s2nsors frcm the semiconducter
{thermistors) or wire tanecrmistors, installed into
connecting/cemanting lajyer under asating element. Upon reaching cr
the sensor of the prescrived/assiyned temperature the automatic

machine disconnects the cuntactor of feed/supply of electric heat-r.
Upon the inclusion of heatiny in glass appear considerable

mechanical stresses, Fcr taeir aecrease frequently is applied the

step connection of heatiny, at rirst to smaller power or smaller

temperature, then in prcgortion to heating of glass - to conmplete.

However, more promising i35 tne method of heat control by 4

T
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steady change in the power as this, for exasple, is

accomplished/realized bty a tiram ot "Nepir® [107]. It consists in <hr

fact that the part of the sinusciud of alternating current with ¢hL-
aid of the controlled se¢miconuuctorL rectifier is shern with phase

displacement, which are cnanged in accordance with the temperatur-=

external medium, as shown in Fige 4. 14,
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Fig. 3.14. Regulation oi tae power of heating via the cut-off of tue
part of the sinuscid of alteraatinyg current in accordance with :n-

conditions of icing.

Key: (1). the total power ot heating. (2). power.
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Page 64,

Use of high-frequency heatiny.

As is known, some engines can be very sensitive to the icing of

the blades of rotor, Hcwever, tne protection ¢f moving vanes ty usual

methods represents ccmpiex proovlew both in the relation to the
device/equipment of heaters taenmselves and in the relation to the
supply to them of energy. in tnis connection is c¢f interest the
methodt of the protection of steel compressor blades, and alsc som=

cther parts, based on the use ot aigh-frequency heating.

FOOTNOTE !, Method was investigated in 1958 on laboratory
installations by engineer #. ¢. Lapshin together with the author ot

present chapter. ENDFOC1NUTE.

On compressor casing in tne jplale of the rotation of the shield=i
series/rovw of blades are estawniisaed/installed the pole pieces,
magnetized from the electromaynet (possible the permanent magnet)

(Fige 3.15%a). With the [assage or the steel tlades through the

—
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et ol

magnetic field of caps they arec heated as a result of the onses in
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i
them of eddy currents anag nysteresis losses. The nacessary intensi+y P
}
of heating can be reached via the selection of a necessary number of {
!

magnets and their pover.
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More rational versica 1S tne combinaticn of device/equigpment tor

heating of blades with the yenciator of electrical high-frequercy

current. For this the pcie pieces are fulfilled all ovar

e

circumference in the foru or tae stator of electrical machine wit..

-

3.15b) . Ir other words, i35 obtalanca induction type electric

4

the slots/grooves, intc waicn is inserted the winding (see Fig. L
|
[
1
generator. i
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AW
Pig. 3.15. Use of the hiyu-frequency heating:

a) the protection of thke vlades ot the rotor;

c) - the winding diagram oi gyenetrdator.

Key: (1)« Poles.

{2).

Electromaguet.

rotor. (5). Slots/grooves watu wainuing. (6).

Inducing winding,

Page 65,

b)

(3) . casing.

Excitation winding.

- deicer-gernera+or;

Blades of
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As a result of the large spced or rotation of the rotors of aircral+
engines and considerable anumwuer ot their blades the frequency is
obtained the order of several xilonertz, but the intense coocling of
the inlet compressor stdagya makes 1t possible to allow high currernt
density in winding theretore tae weight of this deicer- generator iz
can be insignificant. Tne optaincd high-frequency current car be
successfully utilized for tae uneating of other parts of the flign*
vehicle and engine., In jarticuiar, if we make housing (core) c¢
stator blade from magnetoconductive material, and external
duct/contour it to fulfilli made o1 the thin stainleass steel, then
with the transmission through the core of alternating magnetic fieli
external duct/contour willi be neated as short-circuited secordary
vinding of transformer. in thls case autcmatically is provided
heating an entire surface or oiaae and, furthermore, it is
sufficiently simple to carry out redistribution of heat-flux density
over the surface (which uuringy air heating is extremely ditficul<).
Por this the sactions cft skin/sacathing of blade on the duct/contour
of the cross section on wnich 1t .s required to obtain more inters-
heating, one should make tninner (oy etching), and sections with +h=
lowered/reduced heating it 1s possible to coat with copper. The samc

construction/design can be utiilzea for the heating of sharp edgyes,

As far as lifting surtaces are concerned large, then with

heating by their high-freguency current is a possibility, basides +h-
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ohmic heating of a quite neatiny layer, to obtain supplamentary
effect from the induction nhedtiny of directly outer covaring. For

this it must be made frcm the tain sheet of magnetoconductive

e e~y

material, and the conductors oL neating element are lined in a

special manner in order to entorce the forming magnetic flux (for

———r ~

i e Tl s N

example, in the form of tlat/pians spiral). The obtained in this cas-

effect substantially raises tae rate of heating the outer covering,

especially in initial heating-u} period, which is very important for

a cyclic deicer. According to tue iesults of the investigaticns,

which were being carried out unaer laboratory conditions, the rate¢ ot

heating heating element with tnan outer covering made of maanet ste=l
grevw/rose approximatelysexempiarily from 0.03 1/s with the
feed/supply by direct current approximately/exemplarily to 0.06 1/s
with the current supply of tae aigu frequency of S kHz. From th-

comparison of the corresjpouuiny curves of the dimensionless

temperature of heating (see Fiy. > applicationysappendix) it is
possible to see that this methou would make it possible to noticeatly

decrease the required pcwer or tus time of cyclic heating.

Page 66.

3.5. IR-heat deicers.

The standard schematic diagram of the air-heat de-icing sy=t-n
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based on the example of aircratit with two jet engines is shown in
Pig. 3.16. Hot air is selacted/taken from ccmgressor and is
fed/conducted to the aircrart components, shielded from icing (wirj;,
tail assembly, air intakes, jlasses, etc.). For limitinj the air
bleed from engines are utilized tane limiters cf flow rate (reduction
valves, washers, etc.), countroi ot the supply of hot air into on-=> or
the other part of the systea 1s accomplished/realized with the aid cf
remote locking devicesy/equipment. AN the bleed line of air are
established/installed tte Ccheck vaives, which prevent the overflowiny
of the selectad/taken air of one eugine in ancther and provide th:
operation of d=-icing system an tue case of failure of one of *he

engines.

The temperature of tue aot air, applied into deicer, tor reascns
of strength must not exceea certain permissible value (for duralumirn
alloys - not more than 180-200° (). For a decrease in the temparature
of the air before supply i1n dgeicer are applied the ejectors, in which
to hot air is mixed cold. Amnotner wethod of a decrease in the
temparature of air is simultaneous air bleed frcm low-pressure ant

high-pressure compresscL stayes with the subsequent mixing.

e
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Fig. 3.16. The schematic diayram of the air-heat de-icing system cof

. 10
s J//3

the aircraft:

1 - compressor of the engine; £ - air extraction manifold; 3 -
limiter of the flow rate; 4 -~ cnecxk valve; 5 - locking
device/equipment; 6 - deicer o1 tue engine; 7 - deicer of the
jlasses; 8 - deicer c¢f tne wiuy; 9 - deicer of the fin; 10 - deicer

of stabilizer.

Page 67.

Diagram of deicers.

The diagrams of the sxisting air-heat deicers can be presentcd

in the form of the follcwiny wasac versions (Fige 3.17). Mos*t simpi-

is the first diagram (sée Fiygy. 3d.17a). hot air enters tne

longitudinal air duct A, toraea vy outer covering 1 and wall ({or

T g g e

[
Lan Mleiam
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longeron/spar) 2, and is neateu tuec shielded surface to the
prescribed/assigned teeperature. This construction/design usually i
applied for the protection of the small aircraft components cr
helicopter, for example struts, compressor tlades and guiding d=zvic:,
blades/vanes of helicopter, etc. Schetimes ¢n this diagram is
fulfilled the constructicu/desigyn of the deicer of nosesleadirng -ii-

of air intake of engine.

In other version (sec rig« 4. 17b) is applied the
longitudinal-transverse distrioution of hot air. As in the first
case, hot air enters the iomgyatuudrnal air duct A and then it is
open2d into transvarse cuadukess wuiCch are fulfilled with the a1l of
the fluted or dual skin/saecatniny. FOor the creation of the necessary
pressure differential aiong transverse channel wall 2 is made by

hermetically s=aled. Anctaer ivagitudinal air duct B, into which

I
)
r

enters the exhaust air, nas specClai openings/apertuares ("louver")

the outlet of this air 1o tne atwusphere. This diagram received wii:
distribution and it is agpiieu iu the constructicn/desiygn of +rh-

deicers of wing, tail assemui; aud air intakes of enginss.

e Al e —

D Y




pOC = 79116304

ad 79 ! " o)

Pig. 3.17. The standard diagrams ot the air~heat heaters of the

surface:

1 - skin/sheathing; 2 - wall (or iongeron/spar); 3 - corrugatinn; & -
longeron/spar; 5 - shiela; o - wanifold "piccolo"): 7 - flat/plane

mixing chawber.

F Page 68,

The variety of the precediny/previous diagram is the diagrarm,
given in Fig. 3.17c. The specidi Leature/peculiarity of this version
is the presence of speciai shield 5, which serves for increasing ‘.
heat efficiency of hct air in cnanwel A. Shield usuallv is fultii!. :

from nonmetallic material (tor example, fiberglass laminate)., 1*
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should be pointed out that tae 1acroduction of this shiz2ld very
insignificantly raises the efrectiveness of deicer, and ¢hercfor-

this diagram did not receive wiue uaistribution.

In three latter/last versions the longitudinal distribution of

e

hot air is accomplished/i2alized with the aid of the so-called +ukh:.
"piccolo" which have a series/row of small openings/aperturss (on <a=
order of 1.5 mm) along irontdli gJeneratrix. These diagrams make it
possible to decrease the unprouuctaive heat exgenditures in charn=l A
and to ensure the =ven aistiapution of hot air alcng the lengyth of
deicer. The simplest veirsion ot tais heater is shcwn in Pig. 3,171,
Hot air escape/ensues frca the cpenings/apertures of tube "piccolo" «
with speed, close t0 sOrLic, aidu taeh it moves over channel A, hea+ing
skin/sheathing to the fprescrivedsassigred temperature. Due to the
ejection, created by the jet <t not air which escapesensues fron
operings/apertures, cccurs the circulation of exhaust air in th=
cross section of channel. sviven coustruction/design has sone
advantages according to tuermdl canaracteristics in coamparison wit:

diagram in Fig. 3.17a.

The more advanced versioun ot such heaters is the diagram in Fij.
3. 17e, which was called "micro-e¢jector”, dot air is fed/conduct: i
into manifold 6, establismnea/instasled along the span of winy or +ail

assembly, and it is sugppiied i1utu the flat/plane mixinyg chamter hy 7

A
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through the small nozzles, arrangeud/located with the spacific snpacs
(about 10 mm) on manifcla. Uurangy the outflcw of hot air behini
nozzle occurs the draininy or air from channel A. The flat/plane
mixing chamber smoothly passes 1ntc corrugaticn on upper and gressurce

sides of profile [125].

Is of interest the sixtn alayram (see FPig. 3.17f), which has
much in common with "micro-<jector" diagram, tut by
construction/d2sign somewnat siuwpier, The essential differencs for
this diagram from preceuing/previous is the presance of nrassur-
chamber, vwhich is formeu vy s«ia/sbheathing 1 and harmetically soal =i
wall 2. In this chamber/cam=ra 13 created the overgressure c% ko= air
for its "extrusion" throuyu tue transverse channel of a small heijl+*
{on the order of 1.5 mm). it is obpvious that in this heater it Jdo-u
not occur the supplementary araiusing of exhaust air (as it *takes

place in micro-ejectcr systea).

It is necessary tc note tnat the air-heat heaters, made cr con=»
of the three latter/last Jdiayraas, most effectively work when ali
over length of distributiay pipe (tube "piccolo"™) is provided

supercritical pressure.

Page 69.
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The transverse chaunnsls vf tane air-heat deicer can have
different construction/desiyn. Inhe possible versions of the desijn of
these channels are shown an Fig. 3.18. The first three
constructions/designs are tulriiieu by stamping the lower covering
along the prescribed/assignea prorileysairfoil with its further
riveting to the outer coveriny. ihe dual channel, formed by the
corrugated covering and tne pldate (see Fig. 3.18b), was planncsd with
purpose of the elimirnaticn of tne wadly/poorly warmed zones in acea
of riveted joints of the cuter covering from internal. Howevser,
practice shows that this counstructaon/design of channels idoes no+
give any considerable aavantage octore the single channel (see Fifj.
3.18a), so KAl has the supplemcntary thermal resistance, due *o which
in the places of contact or porth skins/sheathings it does not occur
the expacted increase ir tac temperature of the outer covering. Fer
decreasing the unheated zounes cau we us2d transverse channels wit!,
the lower covering, in shich ate<¢ made the punch-outs under rivet:zi
joints (see Pig. 3.18c). Transverse channels can be done parrancu-
and variables/alternating cross section (on heightsaltitude) along =he

length of channel on the enclosure of profilesairfoil.

Three recent desiguns ot transverse channels are fulfilled by
mechanical or chemical maliing. Vsrsion in Fig. 3.18d is simtles=
from the point of view o1 manuracture; however, the structural w:ijh+

can be considerable. The most mcdein construction/design of
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transverse channel is the version (see Fig. 3.18f),
connection of the lower covering fiom external is

accomplished/realized by roiicr or spot welding.

in which tu«
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Pig. 3.18. The versicns ctr tae couastructicn/design of the ¢ransvers:

air ducts:

a) channel with the single coriuyation; b) channel with the Jual l
corrugation; c) channel an tae torw of dual skins/sheathing witt '
punch-out under riveted joints; a) the milled channei in the lower
covering, riveted with the outer covering; e) the milled channel 1ii
the outer covering, riveted witu the lover coverinyg; f) the mill-j

channel in the outer ccverinyg, to which is welded the lower covering.

Page 70.

Besides the air-heat systeus of permanent action, in a snumhor ot

cases can be used cyclic air-acat ueicers. The necessary conditiocor
for the effectiva operation oL tuis system, as it was alrezady seild
above, is the presence ot the pelmanent effective "thermal knit-" .:i

the high rate of heatiny surtace, which requires the increased flow
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rate of hot air in heatingy-up period. Fig. 3.19 shows the versicunaz of

the construction/design or "tnsrwmai knives" for the air-heat deic-ras
of cyclic action., In the rairst oL them (see Fig. 3.19a), "thecmal
knifem it is made in the form ur tne longitudinal channel of smal:
cross section along the lUsadiny cuye of profilesairfoil. In +he
second version (see Fig. 4. 1%0) "thermal knife" it is pmade ir for cf
tube "piccolo" establisheds/instaliied near the cuter covering. Th=

third version (see Fig. 4.19C), 15 usual "thermoelectric kunife",

The construction/design of the cyclically heated part of th»
air-heat deicer can be made dirrerently, if we consider thz gessible
combinations of the stanadara uiagyrams of the air-hzat heaters cf
surfaces and versions "air~nedat xnaves". Fundamental requiremen+ wher

selecting of the diagram or cyclac deicer is the minimum thermal

inertness of construction/aesign. Fig. 3.20 shcws one of the rossiopl
diagrams of the air-heat deicer ot cyclic action. It is obtained o

the basis of the connection of the diagram, given in Fijy. 3.17f, a1
"thermoelectric knife". For decreasing the thermal inertness o: th:

construction/design of deicer prLessure chamber A (see Fig. 3.179)

must be minimum space,

= R NP
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Pig. 3.19. Fig. 3.20.

Pig. 3.19. Versions of ccnstruction/design of "thermal knives" ‘or

cyclic air-heat deicers.

Pig. 3.20. Possible diagyram ot cyciic air-heat heater of wirg

surface:

1 - skin/sheathing: 2 - corrugyation; 3 - manifold; 4 -

"thermoelectric knife"; 5 - wall or longeron/spar.

Page 71.

Jet-edge protection of frontal gyiasses.

A special question is tae protection of frental glasses cf th -

pilot*s cabin (heliccpter) from icing with the aid of hot air. r1ij.

3.21 gives the diagrams ot two versions of the protection of fron*.ul

e L - R R
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glasses from icing with tac use or hot air, In the first (see Fi:.
3.21a) hot air is supplied 1uto tae flat duct between the exterral
and internal panels of Jlass. tcwever, this version of the heartii; »>:
glass did not win accertance as a iLesult of the number of
structural/design and cpecratiny sacrtcomings, More effective prov-=i
to be the method of the su-cailed jet-edge protection (or otherwi=- -
"air barrage"™ (see Fig. j.<41b), which can be used hoth tor the
protaction from icing ana tor an improvement in the visibili+y
through glass with flignts into rain. The principlz of jet-edye
protection lies in the ract that not air is thrown out behind
tvo-dimensioral nozzle, arranged/lccated before the leading edge o1
glass, and is exerted on tne settliing vater mechanical and thermal
effect, in consequenca ¢t wnica it partially evaporates, partially i-

is blown away (for greater auetail, see chapter V and VII).
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Pig. 3.21. Diagrams of the air-heat heaters of the frontal glassas:

a) the internal heating of tae glasses; b) the jet-edge protsction o:

glasses.

Key: {1). external panei. (Z). tiont glass. (3). Jet of hot air. (4).
Two~-dimensional nozzle. {(3). internal panel. (6). Hot air. (7).

Manifold.
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Sometimes jet-edge protection can be used for the protectiox
from icing and other aiicratt components. For example, Fiyg. 3.2/
shows its use/applicaticn 1or tne protection cf the conical radeac.
"air barrage” can serve aisuv as uweans of defense from the icing »f
small air intakes or objectives oi the optical instruments,
established/installed tcwarus tne incident airflow (see Chapter X).

Purthermore, jet-edge protection partially is utilized during th-

e N s ™) .,
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combination of the boundary iayer control system and de-iciny sys=<- .

Deicers of gas turbine engyinese.

For the protection ci tae [farts of the inlet duct of engirn=s
from all knovn methods widest application was obtained air-heat. In
certain cases, as has ailready veen mentioned, is applied more hotly
oil, and also combinaticn orf the methods indicated. Howaver, it
should be noted that, in spite ot comparative simplicity of the
construction/design of the dir-anedt system and its sufficient
reliability in operation, 1t aas aiso shortcomings, characteristic zo
all air-heat systems with air pieeu from comgressor, i.e. the
effectiveness of this system is round in direct dependence on enjine
pover rating (besides 1TVD). Tneretoyre under conditicns of idlirqg or
close to it air-heat systew is usually barely effective and 1t i+ iz
necessary to design with reserve or for the mcre economical
utilization of hot air it i1s necessary to apply the automatic
requlation of a quantity of selected/taken air depending on engir:

power rating.
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f Fig. 3.23. The schematic of the de-icing system of the engine:

1 1 - fairing; 2 - applied spokes; 3 - tube of the supply of the air;

4

- blade directing apraratus; 5 - diaphragm; 6 - tha thrcttle fplate; 7
- tap/crane of air intake; 8 - auapter of the front/leading hcusirng;

9 -~ adapter of the diffuser; 1J - thermocouple for measuring *hs i

temperature of surfac2 duriny tsstse

Page 73.

The diagrams of the dastrioucion of hot air and the design of

the heating of the shielaqad parts depend on the ccnstruction/desiyn

e e

!
of the input parts of coucretessgecific/actual engine and can be sost

diverse, For an example Fiy. 3.<23 and 3.24 give the typical pattrrres

-

of air-heat POS of engines, aud in Fige 3.25 - schematic of the

. e
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combi.ed (air and oil) system, used on engine AI-20 whose descrir=sic:

is, for example, in work (58]

During the develofpuwent of taw constructicn/design of air-h=a=*
POS of engine it is necessary to rucus attention on correct air
distribution according to ail eleucnts/cells cf inlet duct, which
ensures the uniform heatiny of ali shielded elements of
construction/dasign. Fer Jecrsasiuy the heat losses should L.
provided the necessary theruwad insulation of supply lines and oth:=:

alemants/cells in the line of not air.

In certain cases it is expeulent to apply the ejection cf +h-
hot air, selected/taker irow compkessor. In particular, such «jeciiorn
is made in POS of engine 0~20f. ine ejecticn hot air is
selected/taken directly atiter tne eighth step/stage of the seccri
cascade/stage. The ejected "cold" air is supplied from the
interlabyrinth cavity of tue eigyhth step/stage of the second

cascade/stage of comfpressor {58 j.

Let us examine in amore detail the construction/desiqn of tie¢

separate elements of de-iciuy systen.

Struts (applied spckes). Tae heating of struts is

accomplished/realized usuaily at a distance from leading edge, ¢ jqua’

Vet
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to approximately/exemplariiy 3vos/0 of its overall width. Heating i:o
accomplished/realized all ovei neight/altitude cf strut. With purpess
of an increase in the ettoctiveuess of heating within the warmsdi parct

of the strut usually it 1s estapiished/installed deflector or

longitudinal corrugaticns (Fig. 3.<6). e
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Fig. 3.24, The diagram ct deicer with the heating of fairina awvid

stator of I step/stage

1 -~ supply of the hot air; ¢ = stator blades: 3 - hlade of the roT~l;

4 - rotating fairing.
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Pig. 3.25. Schematic of sixed type de-icing system:

1 - supply of hot air; < - plaude VNA; 3 - shutter/valve; 4 - valve »f
bypass of hot air; 5 - ice-inaicating equipment; 6 - supply cf ai- -c
cartridge/amaunition of fueli dautowmatic machine; 7 - air intake of

fuel automatic machine; & - oii supply from pump; 9 - branch/rercoval

of o0il mixture to air separator; 1V - frontal crankcase.
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Pig. 3.26. Constructionsdesign c¢f the heating of struts.

Page 75.

distance of ~300/0 from tne widtn of blade,

Key: (1). Deflactor. (2). <aoanneir ror hot air. (3). Corrugaticns.

Blades VNA. The heatving or wiades VNA must be examined takiny
into account the angle ct zaneir rotation and knee of trailinyg edy-:,
Wher blade VNA fixed and tae pebd angle of trailing edge it is small,

possible to accomplish/reaiize neating of its cnly leading edge a*+ a

If the knee of trailin;

edge is more than 8° or klade rotary, then it is necessary tc provii.

the heating of the trailiny edages of blades. The diverse variants of

w
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