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PHYSICAL BASES OF AIRCRAFT iCilu.
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Abstract,

This work is dedicatsa to the theoretical and experimental study
of the icing of aircraft in rii1gat. Work examines the effect of the
microphysical parameters ot clouds and flight conditions on icing
intensity. Are theoreticaily stuazed questions of the flow arcund
Aifferent bodies of the tlows or the weighed in air water drops and
role of the processes ot neat exchange, which weaken aircraft icing.
Are examined also questicns ot i1caing at supersonic flight speeds. The
book is of interest for meteorologists, vweather forecasters and
workers of aviation, who carry out by questions of deicing of

aircraft and operations of aircrait.

Page 3. No typing.

Page 4.

Preface.

The problem of aircrart icaay during quarter of century already

attracts considerable attention of the researchers. To this
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e

contributes tha fact that aviation equipment rapidly is improved and
are posed all new problems in the region of the protection of

aircraft from the danger or the irading: depending on the construction

PSP APEo

of the aircraft is changyed the prooability of icing under one or the
other atmospheric conditions, 1t is changed the sensitivity of
aircraft to icing, appear new tasks as, for example, about the icing

of healicopters or internal icing in jet engines.

Is very close to tnis series of question and the task about

erosion, i.e., the damaye ot skin/sheathing by the shocks of drops at

high rates.

] Study of icing gave larye jeck/impulse to the science about the

structure of the clouds: it stisulated the study of the
microstructure of clouds aund prompted, for example, som2 methods of
measurement of water content of clouds. Some contemporary meters of
liquid-water content are close in construction/design to the monitors
of icing. The calculaticns of the coefficients of capture which
occupy the large place in tae tneory of icing, rapidly found
application/appendix in tnhe taeory of the formation of

residues/settlings, in tne thsory of the errors for different

instruments, etc.

The problem of iciangy, thus, played in physics of the atmosphere

ae
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the large role, emerging beyonda the framework of the demands produced

by aviation.

The published work ci i. P. Mazin gives response/answer to the
series/rov of questions important for aviation equipment - about the
icing intensity, its dependence on the structure of clouds, etc.
These calculations are added also to the calculation of the
formation/education of i1ce-covsersea surface - another dangerous
phenomenon, from which stronyiy suffers the economy of
connection/communication. Special in <rest in work I. P. ‘inna are
of some obtained simple laws joveraning the icing at supersonic

speeds. H

The simultaneously made tneoretical calculations are important
for studying of clouds, their structure, phase, etc., i.e., for
aerological practice. Wcrk of L. P. Mazin makes the large
contribution to the development or the aircraft investigations of the
atmospheres in region of wanich the Soviet Unicn made already much and

it goes in front of other couatzies.

A. Xh. Khrgian.

Page S.

Ty




DoC = 79116101 PAGE 5

Introduction.

I

1. Problem of fight witn tne iciay of aircraft.

-

At the glow of its existence the aviation was so/such lcw-povwer,
that it was limited to rlignts wainly in gocd, clear weather.

Although the phenomenon of icianyg tuen was already known, it did not

o T 0 NS 8 Wt ok Rew el

draw considerable attention, siace it was enccuntered sufficiently

rarely.

With aeronautical aevelopment the position changed. Strongly
increased the role of aviatioa 4s the form cf transport. Escapes

began to be conducted accoruinyg to schedule, in any weather, up to

distant distances, in the mosSt wiverse climates. Along main rcutes
with large motion strictly 1s opserved the separation - aircraft is
forc2d to adhere to base aitituues. Under these conditions it is not

possible to avoid icing virtually. For this very reason fight with

the fading of aircraft gradually occame the vital problem of
= aviation., Alrzady since tne veyganning Thirties appeared different
1 constructions/designs ot auti-iciiays gear and proposition on £fight

with this phenomenon.

In usual transport aircrart to icing are subjected the most

diverse part- propeller and tune pianes of aircraft, the cook of

WY NT GRS p ey L ——
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fuselage and the cowlings or wmotours, window of pilot's
cabin/compartment and staoviiizer, ailerons and radio antenna,
air-pressure head and cther parts, up to rivets on planas and
fuselage, Both the intensity aud cbaracter icing can be in this case

different, different prcves to oe the effect of icing on flight

aircraft quality/fineness ratios. in one cas= it only insignificantly

inrcreases drag and reduces rate of climb and ceiling, in other -

renders inoperable the speca i1naicator, breaks antenna, it causes
severe vibration and it so increases drag it makes the generally
L aerodynamic conditions wcrse for tae flow around aircraft, which can

lead to forced landing and even catastrophe.

All contemporary aircraft are provided with one or the other

anti-icing (de icing) or deicing (anty icing) system.

During the construction of deicing system arises the gquestion,
what aircraft components anua to waat degree need protection from ice,

on which principle mcst favorable of designing this system.

De-icing systems proviae tne timely dropping of grown ice either
by applying the special pnedndtzc coverings (Goodrich), or via the
wetting of ice with anti-iciugy laguid (alcohol, mixture of glycerin

with alcohol, =2tc.), or tinally preheating.

TVRTIAY TN GTR PR T TG A R T M W,
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Page 6,

Deicing systems are basea on the principle of prehsating the shielded
aircraft components witn the tact or as another method (electric
heating, heated by air or continuous wetting with anti-icing liquid,

etc.) and serve for the prevention of possible icing.

Much attention is recently yaven to the deicing in aeronautical
meteorology and aeroclimatoioyy wnere attempt to find the best
methods of passive protection, l.2., to forescast conditions icing and

to find the paths of output oI them.

In order to have ccirect representation about the commercial
advisability of using anti- or deicers of that or other power and
system on one or the other aiicrart componants, it is necessary to
know the possible intensity of tune increase of ice on +hem depending
on the conditions of icing and tne frequency of the recurrence of the
variead conditions of icaingy. For tiae calculaticns of thes thermal
deicers required power it is necessary to alsc investigate
thermodynamic processes ou the i1cing up surface and to study the
questions, connected with i1ts neat emissions., Furthermore, in each
case of icing in flight i1t is necessary clearly to represent, what is
more advisable - to continue riiynt vnder conditions of the icing

(if, of course, this dces not tnrsaten f£light safety) or to attempt
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to find another, more favoratie route. For this it is necessary to,

first of all, correctly rorscast tue possible conditions of icing.

The given short znumsratios or the questions, which require
their resolution during the study of aircraft icing, is the
demonstrative illustraticu oL an entire complexity of the
general/common/total prcoviem ot deicing of aircraft. Already by
itself this enumeration makes 1t poussible to break entire problem at

least into four independent sections,

To the first of these scciions, which it is possible to call
physical-meteorological, we relate the investigations, connected with
the study of quantitative connections/communications of intensity and
form of ice accumulaticn on s:parate aircraft components with
different meteorological parameteis and flight conditions, and also
study of the separate factors, wnich affect these

connactions/communications.

To the s2cond section, eayineering-operational, can be referred
the work on the study of tn<¢ <tfect of aircraft icing on its flight

characteristics in dependence on torm and quantity of grown ice.

To the third section, nameda technical, is related the work on

direct development and constructiou of different systems, which make

A TRPEWI pTL e ATIRE T
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it possible to carry on an active struggle with ice accumulation on

aircraft.

Finally, to the fourta sectivn, synoptic-meteorological, can be

attributed the works of prognostic and statistical character.

Although the given divasion or an =antire problem into 4 sections
is not irndisputably absclute, since these sections in many respects
are mutually connected, nevertaeless it in general terms correctly

transfers those directions wnican appear2d in science,

This Wwork, as is snown by its name, is dedicated to the study of

the first section accordiny to tae classification given above. The

basic results, presentea welow, are¢ obtained in the laboratory of the
cloud investigations by IsA0 - Central Aerological
Observatory] during the years 1950-1956. We did not place to
ourselves by the targ2t of giving the complete survey/coverage of the
works, dedicated to the proplem of deicing of aircraft, since their
quantity at present has alreauy peen counted by thousand and their
survay/coverage excz2eds tne scope of our possibilities, and also they
did not approach a strict opservance of historical sequence in the

presentation of material.

Hovever, the basic achievewments ot latter/last years both in our

mmuﬂ- B ke AzaadS- b acialeliu i
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country and abroad they zound 1n tne work the appropriate reflection.

Page 8.

2, Formulation of the rrcoisnm.

the experimental invastigyations of the processes of icing in

free-air conditions were initiated as early as by 1922-1923 Peppler

{72]) witk the aid of kites 1.

FOOTNOTE 1. In this survey are not examined questions of ice-covered

surface, although the mecnanism of ice accumulation on the

communication lines and on aircraft is actually similar and many

results, obtained during the study of icing, can be applied, also, to

the phenomena of ice-ccvered surrace. ENDFOOTNOTE.

From 1929-1930 numbers ot investigations in icing sharply it
grows/rises. Appear thorougyn taeoretical (Blekker 1932 [47]) and

experimental (Samuels 1932 | 74 j) works.

The first large moncgrapus, dedicated to aircraft icing,
appeared in the USSR at tae end Tnarties. They include: the
collector/collection edited by V. F. Bonchkovskiy, with the vast

theoretical article of Kargyian (21) and N, V. Lebedev's book [10]). In

YR (S G Sy T—
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N. V. Lebedev's monograph was yivea the sufficiently detailed
survey/coverage of all priucipal works on aircraft icing, made up to
1938. During the subsequent ycars to the problem of aircraft icing
begins to pay ever increasing attention the number of scientific
institutions as in the Ussk (central institute of
predictions/forecasts. Main Geophysical Observatory, central
aerological observatory, state orf NII - Scientific Research
Institute] GVF, etc.), so also aoroad (in particular national

consultative commnittee on aeronautzics - NACA - in the USA).

As a result of the tirst i1avestigations it was already explained
that the dominant role in aircratt icing plays the freezing cf the
supercooled cloud drops, whicu encounter the icing up surface, and

that the role of sublimation, even if it occurs, it is insignificant.

It is obvious that in geacral view the intensity of freezing ice
on one or the other aircrart compousnt, which moves with speed 4 . can

be expressed by the formula

4 ! +
I=gruf. -.;. \ ra(r)Er)ar. on

a4

Here 4/3vr3n(r)dr - mass ot watel, prisoner in the drops of a radius
from r to redr per unit of volume of air, n (r) - the daensity of the
spectral distribution ¢f drops according to sizes/dimensions,

calibrated by. liquid-water cuntent, i.e., in such a way that

R Y
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E(r) - the coefficient of the captrure whose introduction considers
the degree of deviation of urops from rectilinear path, namely he
indicates, what portion cf drops from the volume through which passes
the section of the surface ot aircraft being investigated, encounters
the latter. The coz2fficient of Irieezing B is equal to the ratio of

the mass of grown ice tc tne mass of the water, deposited for the

same time to the same surtace.

From formula (0.1) it is eviaent that for determining the icing
intensity of different gparts under different conditions it is

necessary to know the form ot tane tunction n(r), E{(r) and B.

Page 8.

R e

The knowledge of these functions plays the significant role not

only for studying the processes oif aircraft icing, but also for
solving a wholz series of other i1ndependent tasks. Thus, for
instance, with the coefficient oL capture we meet during the
calculation of correcticns to ditrerent instruments, based on the
principle of the catching ot cloud particles [38, 31, etc.]. With the

spectra the distributions of cloud drops at present collide in radar

e gl
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during the study of absorption, setlection and passage of ultrashort
radio waves, in the thecry or visapility (36}, in the theory of
residues/settlings [37], <etc. Finally, the determination of the
coefficient of freezing is connected with the examination of the
equations of heat balance, usead in psychrometry, calculation of

corrections to aircraft taciwouweters, etc.

For this very reason 1t 1s represented by advisable to conduct

the detailed investigation by eacui of these three functions

individually (chapter 11, Lii and 4iV).

The rapid and continuous aeveiopment of jet aviation led to the

need to specially examine Juestious of aircraft icing at high f£light

speeds, This is made in V cnapter of present monograph.

3. Basic conventional designations, used in work.

T - radius of the drop (see Or M)«

r.p - radius of the minimum drop, which still deposits on the

obstruction (see or u).

re» ~ mean radius of the clouud arops (se2 Or ).




Doc = 79116101 PAGE 14

R - radius of cylinder (cu).

C - significant dimension of tae body (cm)beinqg investigated.

Xe Y 2 - moving coordinates ot drop (cm).

.
-
-

X, Y, Z - components of tae rate ot drop (cm/s).

“Uyu, 8, - components of air-stream velocity (cm/s).

s . L]

X, Yo Z - components of tae acceleration of drop (cm/s).

p - density of substance (ys/cm3).

4y, - rate of the undisturoeca rlow (cm/s.) (rate of aircraft).

Au - relative rate of drcp im airrlow (cm/s).

Po=6wrpAu - resisting fcrce to moction of sphere in viscous fluid

according to the law of Stokes (g. cm/s2),

P=Fo# (Re) - real resistiny torce (y. cm/s?).

2 R)=21--0,17Re”* = correction ractor to Stokes' law (dimensionless).
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*). )
C, ;:;l— drag coefficient (uiwmensionless).

u rs:
’ 1]

P g.';c'~- - parameter OL inertlia, equal in the dimensionless

‘

coordinates of the stoppiny distaunce of the Stokes drop, been cast

into flow with an initial velocity of ¥

P~ minimum value of tne parameter, at which is possible the

collision of drop with bcdy (aiwensionless).
Page 9.
A - real stopping distaance of drop (dimensionless).

Ag - stopping distance ¢t thne drop, which moves but to Stokes' law

(dimensionless).

! - real stopping distance of drop (cm).

to - temperature of the undisturwved flow (cloud) (deg).

f,. - temperature of surface (dey.).
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u’uc

205,

- static temperature of flow (deye)e.

ey iy -

ru
L-*’"wFiﬁﬁf- adiabatic teaperature of wall (deg.).

an
? ”7;:7[ - recovery factor (dlmensionless).
3 0
ii

€p 0241 . peat capacity cf the air at a constant pressure (cal./g. -

1; deg.) «

J=4.,18e107 - mechanical neat eguivalent (erg/cal.=g.cm2/s2cal).
A - heat-transfer coefficient (cai/cm s dedg.).

w - coefficient of dynamic viscosity (g/cm/s)

v. = kinematic viscosity coeicricient (cm2/s).

a - coefficient of thermal dirrusivity (cm2/s).

¥ - liquid-water content or the urop part of the cloud (3/cm3) or

(g/m3).

Wyp- minimum value ot the lijuid-water content with which the

temperature of the icing up surtace becomes equal to zero (g/cmd) or

s - . - - - - o p——

AT e

1
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(g/m3) .

W, - portion of liquid-water content, which compensates for surface

evaporationn (g/cm3) cr (4/m3).

m, - mass of the water, wnicn deposits per unit of surface per unit

time (g/cm? s).

m, - mass of ice, which freeszes per unit of surface per unit time

{(g/cm? s).

m;, - mass of ice, which evaporates per unit time from the unit of

surface (g/cm2? s).

a - heat-transfer coefficient (cal/cm2 s. deg.).

L,=79.7 - latent heat of the crystallization of water at 0° (cal/g).
- latent heat of vaporization of water with t° (cal/g).

I'm'n,!

Livp ==0677,1 = latent heat or vaporization of ice with t=0° (cal/qg).

¢, - saturating vapor pressure wita t° (mb.).

[ I I
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23%ar

Re:- -

- Reynolds numper 1oL ths drop, which moves in flow with

relative rate An (dimensionless).

Page 10.

RNTE
N

Re., -~ <~ Reynolds number for tne drop, which moves in flow with a

relative rate of ¥. (dimensioniess).
. Re )
?= ", - scale modulus/mcauie (diaecnsionless).,
“%..- moving coordinates ot arop (dimensionless).

o v R . .
¥4, 2~ components of tne rate or drop (dimensionless).

Bzl 47 - components of air-stream velocity (dimensionless).

nre

.71 - components of the accelecation of drop (dimensionless). ﬁ
4, , . .
<= ¢t =- time (dimensioniess).

E(P, Reg) - the complete coefficient of capture (dimensionless).

E (P,Re,))- local coefficient of capture (dimensionless).
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Es(P,Re,) - local coefficieut or capture at the singular point of

profile/airfoil (dimensicaless).

~

N E -~ integral complete coeciicient of captures (dimensionless).

£, - integral local coetfticient oL capture (dimensionless).

é; - integral local coefticieut or capture at the singular point of

profile/airfoil (dimensicaiess).

n(r}) - the spectral density or aistribution of cloud drops according

to sizes/dimensions (1/ca*).

B - coefficient of freezing (dimensionless).

i
i

I - intensity of freeziuy 1ce (cass) or (mm/min),

Indices,

a

and - the air

C - the water

1 - ice

e
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k - drop

kr - critical value'
s - surface

isp - evaporation
sub - sublimation

H - freezing

t - at temperature t°C.

N TP GOl e g S e
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Chapter 1I. -

IS Aerodynamics of the flow dround vodies of the flow of monodisperse

aerosol 1,

POGTNOTE 1. By monodisrerse aerosol is understood, in particular, the

idealized cloud, which consists of identical drops. ENDFOOTNOTE.

1. Equation of motion c¢f drops.

ary 3

Prom the very concept of tae coefficient of the capture of drops
by any body it is obvious taat tor its determination it is necessary

to study the trajectories or tne motion of drops during the flow

LA sn S AL o

around by them this body.

The first attempts at the determination of these trajectories
are related to Thirties., Iu 1931 Asbrecht [42] it fulfilled some

calculations of the coetticient or capture for a circular cylinder
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(Fig. 4) . However, the caiculations of Albrecht were also very rough.
From Taylor®s works (76 ] aud slauert [55], that relate to 1940, and
then Langmuir and Blodgett [o0<Z] an 1945 wvas begun, actually, new
stage in the solution of tne provlem of the flow around bodies of the

particles of aerosol.

Taylor investigated the system of equaticms, which is
determining the motion ot water arops in the case when the forces,
acting on drops from the side ot fiow, are described by Stokes' law.
In this case it brought together this system of equations to

dimensionless form 2

re __'. : I E'
pe i (.1

p sty =%

P e 7 e e e

FOOTNOTE 2. Here below all desigunations, used by different authors,

if this is not especially stipulated, are given to the single

designations, accepted in tais work. ENDFOOTNOTE.

} Thus, Tayler found thnat in tane case of Stokes motion parameter p

K is the sole, necessary and sufticient similarjty criterion.

Allowing/assuming sowe assumptions, Taylor succeeded in finding
the very important conseyuencss of equation (1'.1), namely: if the

speed of flow in the vicinity of tne point of settling can be

B
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{uy

represented in the form Nty

20 (ayperbolic flow) and at certain
moment of time the speed of drop coincides with the speed of flow,
then drop can achieve taue surface of settling only in such a case,
when p:>3;. Being based on tuls iamportant consequence, it is
possible to show that under given conditions for flight and form of
the body being investigated on the lattar (as during the hyperbolic

flow, examined by Tayloi) c¢an be precipitated out only drops by the

radius more than certain criticdai value.
Page 12,

Glauert [55] accordiag to tue formulas, derived by Taylor, it

vas possible to conduct tae seiies/row of numerical calculations for

circular cylinders and scme caiculations for the wing of aircraft.

The most complete and precaise calculations on the study of the
flow around of circular cyiinaers, spheres and infinite flat/plane
strips/filas were completea Dy Lauymulr and Blodgett an 1945 on
differential analyzers [ol ). however, with the results of these
calculations we took the opportunity of becoming acquainted only on
saparate extractions of taea in the form of the jraphs/curves, given

in the series/row of works | 49, 77]j.

Let us examine more sirictly and consecutively/serially the task

R S L, T PN
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of deteramining the coefricient of capture, which is actually reduced
to the determination of tne propapnility of colliding the body, which
moves in the medium of derosol (an cloud or in the zone of
residues/settlings), with the pacrticles of this aerosol (water

drops).

To mathematically moce simply solve problem in the coordinate
system, rigidly connected witn tody, i.e., to consider body

motionless, and medium tojether with particles ~ leaking 1n to it.

Let at infinity the wmealum togjether with particles move with the

speed u "

FOOTNOTE t. Here it is opelow, waere this is not especially

stipulated, the discussion deais with subsonic speeds.

With approximation/approaca to poay the speed of medium begins to
change, while the particles attempt to preserve uniform and
rectilinear motion. As a result of the forces, vwhich appear due to a
difference in the speeds vf tne particle motion and mediunm,
deflect/divert the particles icom inertia rectilinear path. If we
consider that the particle conceatration is small, they do not affect
by one another and the character of the flow around body of flow,

then the force, which acts on particle, depends only on particle

. v g T
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speed with respect to medium. Considering flow as that being steady,

it is possible to write taat tais rorce P is equal to

Fe=F (u, - ). (.o

Here ;;Lnjnz) - particle speed, auad J:Ln)uz) - speed of the steady
airflow, which flows arcunu aoout the body.

Let us designate tarouyh w the mass of particle and will write
the 2quation of motion or particle in projections along the axes of

the coordinates

mx == F,
mj:Fy (1.3)
‘ mz:-F,.

FPor the determination of the trajectory of drop ang,
consequently, also capture coefficient E it is necessary to integrate
the systen of differential eyuations (1.3). In the problem of icing
the discussion deals with tne capture of spherical water drops, which

..’
considerably simplifies the task ot finding the function F.

In work (14] we in aetdil exaained those conditions under which
force F obeys the law of Stokes, 1.€., F::FoxﬁxrusJ,where Av -
particle speed relative to flow. For sufficiently major drops
practicability/feasibility condations of Stokes® law are not

observed, in this case tne deviation from it by pillar is determined
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by the value of Reynolds aumber (ae).
Page 13.

}
]
{

- 0y 1] > _’ 5

The theoretical and semi-eawpitical expressions for resisting force F, ;

obtained by Os2en, Allen and Rittinger, give a good ceoincidence with

experiment only in comparatively narrov ranges of Reynolds nuabers.

Utilizing experimental data of Rayleigh about the resistance to

motion of spherical particies ia viscous fluid (Fig. 1), we succeeded

in to find empirical relationshaip/ratio [14], describing the

dependence of resisting forces oa Re in the range of cnange Re from 0

to 103, which virtually overlaps eutire range of the sizes/dimensions

of cloud drops at flight speed to 100 m/s. This formula takes the

forae 1t !

F=Fy(l i 017Re My, (1.4)

FOOTNOTE 3#. In 1954 analojyous relationship/ratio was obtained by the
American researcher Seratini {75}, on whom the correction factor

takes form 140,157 Re2/3, in 1955 I. A. Fuks [28] gave

relationship/:atio(ge-%;+-ﬁL‘_ undertaken frem the work L. Klyachko
V' Re

(8], published in the jourmal "heating and ventilation™ for 1934, It

is easy to see that indepenaently obtained by us relationshig/ratio

(1.4 virtually on differs from ootained L. Klyachko. ENDFOOTNOTE. |

. - oy e I N
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Here P - true resisting torca,.Fo -~ resisting force, designed

according to the law of Stokes.

The degree of the coincideace of empirical formula with
experimental data can be traced according to rayleigh's the same
diagraa (Pig. 1), on whicn alony the axis of abscissas are

deposited/postponed the loyaritams of Re number, and along the axis

. - s s F
of ordinates - logarithas of aray coefficient = = 55~ .
FOOTNOTE 2. Drag coefficaent r differs from coefficient ¢, accepted

in all latter/last works [<8, 45, 63)] in terms of factor »/8.

ENDFOQOTNOTE.

Here u - the relative speed of tne motion of spherical particle in

flow, r - its radius, 7, - the density of air flow.
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Pig. 7. Rayleigh's diagram (smalli circles noted values =« calculated

on the basis of formula (1.4).

Xey: (1) . Oseen. (2). Stokes. (3). Allen. (4). Rittinger.

Page 14,

On the diagram of solid curve are plotted/applied the
experimental data of Rayleagh, dasan - those calculated respectively
according to the formulas ot Stokes, Oseen, Allen and Rittinger and

finally small circles saoweu the values, calculated by foramula (t1.4).

F__C4Re

£=""n , designed

In Pig. 2 is given the comparison of relation

b o
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on (1.4) with the data givea by saugmuir [63].

Equation (1.3) takiugy intuo account (1.4), bearing in mind that

the particles are simply spaerical drops, i.e., nl:-%xﬂpv31gns the

form
i k=g at (4, — x)¢(Re)
{j:%fﬂ —y)¢p(Re) (1.5)
l z=3 0w - 2)eRe)

vhere

‘ 3"3 . . . I'.l
F(Re) =1 40,17 (42) "[(u, — x* + (2, — y? +(u, - 27|

For obtaining the craterial relationships/ratios let us write

systems (1.5) in dimensionless coordinates, after selecting as the i
unit of length the significant aimension of body C (cm), as the unit
of speed - speed of undasturbea riovw H. (cmy/s) and as time unit - a ;

’ C
transit time of section C with a speed of u., 5‘6-'E; (o).

Let us designate dimensionless coordinates respactively after
i,y % and the dimensionless time through r. Then equations (1.5) take
the form (if we by prime desiynate differentiation with respect to

time r):

R —— T —a———— R
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£ — —:’- ¢’ — U )e(Re)

?.

. o Vo
Wos =5 (0 —uy)e(Re) (1.6)
Voo
1 U= -5 (E —ug)e(Re)
]
o
;
4 2r3y 2
5 e Pt SR =1 UITRe, [ —ug V4 (4 - w7+
g - )’l./"-
[
! 2ru
. Re, = —=
;
4 System of equations (1.6) oontained thus, determining the
? trajectory of the motion oi drop, is very important for our further
r presentation. Let us enumerate therefore the assumptions which becane
E‘ the basis of the conclusionsoutput of these equations.

Page 15.

1. Presence of cloud drops does not affect field of circumfluent

flow.

2. The heterogeneity ot medium is small in comparison with the
sizes/dimensions of drops, 1.e., on the surface of drop there is no

slipe.

T
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3. Pield of current in tne absence of drop is uniform (flow 1

lines are parallel).

4. Drops have spherical form, they smooth, solid and

constant/invariable.

5. Drop do not coagulate and ao not decompose during process in

question settlings.

6. On drop do not act otner forces, except force of viscosity of

air (in particular, it does not act gravitaticnal force).

7. Temperature is permaheut, so that parameters =, v p, are not

changed along trajectory of drogs.
In the examined formulation of the problem we do not postulate
the validity of Stokes' law, i.s., it is not disregarded by the

inertial forces of mediun.

Let us estimate the assumptions enumerated above.

1. Overall relative voiume, occupied by drops in air, does not

exceaed several millionth portioas (raximum known liquid-water

contents are of the order 1 gsa3) rrom total volume, concentration of

WS G g e ey et e RS T SR
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their order of hundreds to cubic centimeter. Thus, distance from drop
to drop is measured by willimweters, i.e., hundreds of times exceeds
their transverse sizes/diwensions. This it is completely sufficient
in order with the good reasvn to consider that their mutual effect is

excluded, sinca, as is showu in tne monograph of Pigurovskiy [26],

the mutual effect of drofs negyliyiuvly already when the distance

between them ten times cnly exceeas the transverse sizes/dimensions

of drops.

On the other hand, the sizas/uimensions of drops into hundred
are and thousands of times iless tanan the sizes/dimensions of body.

4 Thus, assumption 1 is possiole tou consider with a high degree of

accuracy.

2. Heterogeneity of wedium, i.e., the comparability of the
intermolecular distance of air watan a radius of drops, can exart
noticeable influence only ou very small drops, by a radius less than

1 ue
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Fig. 2. Curves are calculated py tormula (1.4) (points note

Langmuir’s data).

Page 16.

The greater the intermolecular aistance, the more time drop flies as
in void, without testing/experiencing resistance, and the less the

total resisting force, whicn acts on drop. So, according to Millikan
[16]), this effect shows up oniy when mean free path is compared with
a radius of drops r. The force, woich acts on drop in this case, can

be written in the form / =/, ffq_vhere [ - mean tree path of

molecules. Decomposing/expaundiny h%\ in series/row according to

degrees [/r, in the first approximation, we have

T T T A T S TN 1 AR PO s
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According to Millikan Azmu.Y, what gives correction to Stokes'

ipim s e

lav for the drops of a rduius 1y ot order 5So/o (with t=0° and p=760
mm Hg), and for drops W u - order 0.50/0. If necessdary, as can

2agily be seen, these deviations Lrom Stokes' law easily yield to

R, DA B A 10l Tt < oM M

Ry

account by the introduction, ror example, of the effective value of
- 4

viscosity/ductility/toughness ». > fi;7- hovever, the account of this

effect becomes necessary for suca small drops which do not play any

noticeable role in the pioplew o1 icing. y

3. Heterogeneity oL field, i.e., streamline curvature on g}

elongation/extent of drop, nas uegligible effect, since

sizes/dimensions of body in hundred or more times exceed

g

sizes/dimensions of drogs ( 14 ].

4. Assumption 4 also can oe considered virtually carried out,
since small deviations from spaeracity, as prcapted Andreasen [43],
they do not play noticeable rvie, and remaining conditions lead to
i corrections of order ¢, ¢+, . where * =~ viscosity/ductility/toughness

p of air, and ww - viscosity or wdtsi, i.e., they do not exceed 10/0.

S. Small sizes/dimensions ot drops - order 10-3-10-¢ cm and

it i dta e el T e e O Y (TR <
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their relatively small concentrataion make assumption S5 with that

completely justified.

6. Condition 6, first of all, means that we is disregarded by
gravitational force, that does not cause serious faars, since rates
of free fall in drops thousauds times of less than rates of inertial
motion in question. We is disreyarded also by the electric forces of
interaction of drops with ovody. On its role were presented different
hypotheses; however, Hann [ 54 )] experimentally demonstrated that it
does not exert appreciacie etiect. In recent years L. M. Levin [13]

demonstrated that also theoreticasay.

7. For propeller-driven aiicraft whose rates Jdo not exceed
100-150 m/s (360-540 kmyh), heatiny 2ven dry air in lay=ar of
disturbance does not exceea 5-109, which has insignificant effect'on
oscillations/vibrations n, * auua % does not affect significantly

trajectory of drops.

Thus, it is possible wita tae large bhasis/bas2 to consider that
the trajectories of the water diops, which flow around together with
the f£low of air about the one or tune other part of aircraft, with

large accuracy are described by system of egquacions (1.6).

the solution of systsem ot ayuations (1.6) is deterained by the

POV




DOC = 79116102 PAGE Db

field of the air-stream veiocities, i.e., by values u:.¥, and ¥4 in

each point in the trajectory or drop of radius r, and by two

. dimensionless parameters p and Keyg, which can be examined as
similarity criteria. This solution makes it possible to construct the
5 trajectories of drops and to calculate the series/rov of the

characteristics of icing.

Page 17,

f( Let us recall that nere we wxamine subsonic speeds at which
N*<<1, i.e., it is possibie to consider that such parameters of
medium as temperature, density, viscosity - virtually are not changed

in motion by the latter. Iu tais case, obviously, the drops dc¢ not

evaporate and do not incirease. iHowever, form and the sizes/dimensions
of the streamlined body caan partiaily be changed in the process of
icing, which it is necessary 1o pcar in mind during the study of

aircraft icing,

2. Analysis of the equations ot wotion of drops.

As shown in the precedingy/previous section, for the
determination of the trajectories of the motion of drops it is
necessary to solve system or e juat.ons (1.6). However before

converting/transferring to tae soiution of this system, let us pause

T AT ST S R e PO s avrm
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briefly at its qualitative examination.

Into systea of equations (1.6) in contrast to the systenm,
examined by Taylor, organicaily eiuter no longer one, but two
dimensionless parameters p and ey, which, therefore, and are the

criteria of similarity of pnenomeunon. Lat us incidentally note that

as such criterial parameters tumey can be accepted and other
parameters, which are ccmopinatious p and Reyg. Thus, for instance, in
the USA widely are utilized parameters Rey, and so-called scale
nodulus/nodule-y:?&t In tue investigations of L. M. Levin are

. Cn
utilized parameters p and Ru, wasre Ru==_* - Reynolds number for a
]
. . ‘ Re, . {
body. It is not difficult to see that Ry= .%.7; . Thus, during the i
- ]

simulation of the conditions of icing one should proceed from the j
presence of 2 similarity criteria, in this case, running in forward,
it is possible to say tnat parawster p plays substantially greater

role than parameter Reg,.

As has already been wmentioned, Taylor into 1940 more [76],
investigating a siapler system of equations (1.7), describing
particle motion under the action or Stokes force, showed that in the

specific field of air-stream velocities there is this critical value

of parameter p=p.,that when p<Psp the drops completely do not
encounter obstruction, cut they flow about the it together with

airflow.

e TORPPWE OL o pr gy e A
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w ‘,A_,_L,(s’—u;) ~
; (1.7)

"o | ’ )
‘1‘ s —-'—’-"(7‘ —un .
\.?ZlL o 3

Ba‘zia—examined the case waen the velocity field of flow is

assigned by system of egudations (1.8) (origin of coordinates combined

with the critical point at whica u:=u,=0),it assumad/set flow by the

hyperbolic
He 2= - at
{ .a® (18)
u, =am.

Bquations (1.7) taxe in this case the form

RN

’ (' K
P

In system of equaticas (l.9) the variable/alternating vere
divided. these linear eguations with constant coefficients easily are

integrated in final fors.

Page 18.

Let us examine the moticon or drop along the axis of symmetry for

which 4:..4 .+”- v The solution or the 1st of eguations (1.9) takes

the fornm

. ’“"-“mw“fﬁ"l‘mn *
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vhere K, and K, - the soiutions of characteristic equation are

respectively equal to
K,= ”'-j‘,; (1 -- V1 —4ap),

Ky = = o5 (1 +/ T3 ap).

Let us assume that at some woment of time with coordinate Bk,
the drop had a rate of rlow, eyual - a€,. The zero time reference let
us begin from this point on, 1.¢€., will place at this moment/toryue
r=0. Then, after finding from 1nitial conditions of the value of
coefficients A and B, equataou (1.10) can be written in the form

b= ~‘f<;+‘--’)<<ii\,e""‘4-{‘fLTKé§ueK"- (1.11)

It is clear that the drop can achieve body, i.e., the situation,
when : turns into zero, wnen both members, entering equation (1.11),
have different signs. Tne latter asans that expressions atf, and a+¢K,
must have one and the same sign, if roots K, and K, are real. Let us
show that satisfaction ot tnese two conditions is incompatible, i.e.,
let us show that if roots K, anda K, are real, then :}}z?<u and not
with what r the coordinate of arop t will be able to become equal to
zero. Actually the reality orf the roots of the characteristic

equation K, and K, is equivalent to the condition that 1-4ap>0, i.e.,

e
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in this case
<o
PL<ia=Puy (1.12)

Nov let us assume that atK, and a+K,>0, then

a+ K, :a- 2%(1-{»1/!—411})))0 and, taerefore, is those more a>2",‘ e
A p. .

K,
1
p;>§%:>r;.uhich contradicts condition (1.12).

Let us assume that a+K,; ana a+K,<0, then from (1.11) when =0

and after the substitution of values K, and K, follows that

1 yl-dap  Y1—4ap_

Topt e e P . (1.13)
Lyl —dap
“Top T 2p

“

Since numerator and denominator on the left side of equation (1.13)
are negative, then left side is ailways less than unity, since in
absolute value the denowinator of more than numerator on (L%@ZE
Hovever, the right part of eguatiou (1.13) is always more than one.
Thus, equality (1.13) cccurs only with 1-4ap=0, i.e., with p=1/4a and

it is not fulfilled wita p<i/4a.

Page 19.
Thus, drops with parameter p<:<k~::pw do not reach body.

Yhe conclusion, obtained by Taylor, has deeper value, since the
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fact of the presence of ccritacal parameter p,, for the hyperbolic flow
around body of air flow is a sutficient condition for existence /.. in ]
general. From the point C¢f view of existence p.«, hyperbolic flow will i

be major for real flow.

Actually/really, let us examiue the trajectory of drop during
hyperbolic and real flow on phase aiagram (Pig. 3). The curve AO
characterizes the particle aotion of air flow during real flow. The
curve A'0O characterizes tne trajectory of drop in this case. the
straight line B'0 it characterizes hyperbolic flow, while the curve
BB'B"_O0 - trajectory of acrop in tuis flow, if at point B’ its rate

coincides with the rate of rlow.

Prom the analysis of the egyuations of motion of drop (1.7) it is

possible to show (on what paid our attention #. M. Levin) that when
P< P, the curves B'B"_0 and A'O in phase diagram are approached point
0 at one and the same anyle. Actually/really, let us examine the

first equation of system (1.7) aud let us write it in the form?

’ 1 ’
%EEEI=._ .’_’_(E - “E)' (1.14)
at point O u =0, whence ws have
a1,
(‘_{+_p)s =0. (1.15)

e e T o — e
Y WY o ey,
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POOTNOTE . Partially the line of the reasoning given belowvw is

presented in the work of Devies [rrom literature] {49). ENDPCOTNOTE.

If & +0, then the gyradient of velocity of drop in the vicinity

¥ _ _ 1 and does not depend on the

of critical point 0 is equal to AE= "7

field gradient of the air-stream velocities in the vicinity of this

point.

If in (1.15) g%-y%d#o, toen #¥—=0. for determination in this case

of the gradient of velocity of drop in the vicinity of point 0 let us

differentiate (1.14) on ¢

AT 1 R R
Vag + (gt )= -5 U - w),
. du. . .
by assuming/setting ¢ . =0 ana, therefore, a;‘:“a' we will obtain
dg\ . 1 dE | a __
hﬂ!7ﬁ+?—m
vhence
.da' _ I ) ,.___.;___‘,__
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Fig. 3. Schematic of the tlow arouad body of hyperbolic and real air
flov and the corresponding particie trajectories of the aerosol on

phase diagran.

Page 20.

d;
on the basis of the conaitiou that when » -0, 4: must approach
2$:v-—a.it is possible to iammediately reject/throw one solution as

unsuitable, and then wvwe will obtain that

d4i l NV T Adn) = A (1.16)
,f?__,_§7(1 1 1 —4ap)=NK,,

Relationship (1.16) shows that when p<p,, the gradient of
velocity of drop at point O depends only on parameter p and gradient
of the air-stream velocity in tuae vicinity of singular point. Thus,
returning to phase diagram, it is possible to say that curves B'B"_ O
and A'0 are approached poant 0 at the identical angle, equal to arctg
Ks. Since on phase plane the particle trajectory of air flow during

hyperbolic flow of pillar iies/rests the more to the right

R U W g T g oy gy oy se
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corresponding trajectory duriuy real flow, then is obvious that also
the trajectory of drop duriny ayperbolic flow lies/rests by the
pillar of the more to tue rijnt real trajectory of drop. This means
that at each assigned point wicth coordinate : the rate of drop during
hyperbolic flov is more taan tne rate of drop during real flow. From f
the latter it is obvious tnat it with what the p less f., the drop
does not reach the body with the hyperbolic streamlining, then it

|

moreover does not reach it auriany real flow. Consequently p,.=;, 1is

u

the critical parameter, geuerals/couwmon/total for both types of flow.

ﬂ
in the basis of conclusion/output the assumption about the validity

of Stokes' law does not limit aim, since, the nearar p to p.,. the less
the relative rate of drop in tiow, the less Reynolds number and
thereby with larger accuracy it 1s possible to consider valid Stokes'
lawv. It is possible witn coafideuce to say that when p<pPmw the
force, which acts on the drop rrom the side of air flov, with a high
degree of accuracy is descrioed wuy Stok=as' law. Thus, it is possible
to consider that the graaient or velocity of drop in the vicinity of
singular point is actuaily/realiy dgetermined bty relationship/ratio
(1. 16) during actual flcw ana couciusion/output about existence

and to its value, obtained avove remains in this case valid.

Let us incidentally note taat vhen p=py the gradient of

13

velocity of drop at poiat t=0 1s not d=fined, since 4t s function

L rp——
TR T D gy
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p, undergoes gap when p3 p,,.

Existence P¢ indepandent of Iaylor and in the more general case
vas shown also by L. M. Levin iuto 1952. In his work Levin gives
values P, for an elliptical cylaander, egqual to Pﬁ;?qﬁ%iﬁ.uhere A -
the relation to the lonyitudinai axis of cylinder to transverse. In
the particular case, for ciccular cylinders n,sr%,but for a
flat/plane plate (more accuraie tanad the continuous belt, since we we

examine two-dimensional task)

Page 21,

In the litarature { 4> )] are eucountared the indications about
that which and during the flow around asymmetric bodies also exists
Psp» equal to 1/4a, where a - the rirst coefficient in the resolution
of the rate in terms of norwal coordinates in the vicinity of
sinqular point. However, thne prcof of existence p, in this most

general case to us is uukaown.

The analysis of the eyuations of motion c¢f drop in siamplified
form (1.7) makes it possiole to iind one additional important

consequence, for the first time ontained by A. M. Yaglom ! in 1951,

and then, independently, oy Kobiason in 1956 [73].

e
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FOOTNOTE 1, The results ci the investigations of A. M. Yaglom were
reported by it at seminar in tue Geophysical institute of the AS

USSR, but they were not puoiisasa in press/printing. ENDFOOTNOTE.

The authors shovwed the potentialaty of the hypothetical liquid,

consisting of cloud dro;s.

Actually/really, let us wrate in vector form system (1.7)

-3

Emedo' —n). an.

Here p - dimensionless i1adius-vector of drop, p' - dimensionless rate

~

of drop, 1% - dimensionless air-stream velocity.

Por the proof of the potentiality of the flow of true liquid let
us examine circulation iateyral of the vector of the speed of drop G

on certain locked duct/contour ¢

v

Derivative of circulation iuteyral of the vector of the speed of drop

on time is equal to

;l-‘z~;;;§'p’(is:'§'{“—z"ds+&p’d(‘?—:—); CQaY)
v ¢ c L .




S eitongis, B R LY ST

"'F'{‘""FMW'--—!-’HW. a s

DOC = 79116102 rac: 47

On the basis (1.17) the first 1ateyral in the right side of equality

(1.19) is converted to tha foru

&‘3"” ds=— <§""‘ 1) 5= = (E =),

d -

It is obvious that I'. whicn represents circulation integral of the
vector of air-stream velocity, 1s equal to zero in viaw of the
potentiality of the latter. Taus,

dp ‘ .
:g’ i ,—l. (1.20)

It is easy to see that the secoud integral in the right side of

aquality (1.19) turns into zero, since under integral will cost total

differential. Actually/really,

§ o’d(%f &p dp § di?) =0. (1.21)
C

b
Page 22.

And, therefore, from equaiity ().1Y) takiny into account equalities

(1.20) and (1.21) we have

vhence

* (1.22)

Rimnide o Lt ou s RPN
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Thus, if at some mcumaut or time circulation integral of the
vector of the speed of urop was egyual to zero, then this means that
it remains equal to zerc at any otaer moment of time. From the proved
theorem of the retention/prescrvation/maintaining zero vortex/eddy it
follows that the motion or "aypotanetical" true liquid potentially,
since it is obvious that at sutricient removal/distance from the body
wvhere the flow is not disturoed and the trajectcry of drops represent
straight lines, parallel oetween themselves, circulation integral of

the vector of the speed cf arops is equal to zero.

The potentiality of the motion of this liquid and the fact of
the absence of sources and tliows out of body surface testify about
the absence of the intersection of the particle trajectories of the
liquid, i.e., the trajectories of the drops of identical
size/dimension. Let us note 1aciaentally that thereby is disproved

Taylor's assumption [76] avout tne possibility of similar

intersection.

It should be pointea out tanat the obtained conclusion about the
potentiality of the flow of true iaquid is based on the

usesapplication of equation (1.7), comprised on the assumption that

to drops from the side or riow acts the Stokes viscous force.
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Actually the motion of drups 1s uescribed by more complicated

equation (1.23)

—
-

df'l L ; Yy 3 - ’:s 5%
d‘l'- -7 ’;(l' IIP)['+O,17R(TI| ({’ - “,’.) ' (12'3)

It is here hardly possibple to tiud circulation integral of the vector
of the speed of drop by mevuod presented above, since in this way wve

come to the complicated inteyrouirterential equation of the foram

ar L 007 Re - -

P (' —u) ('—u)ds.
¢

However, also in this mcrs Jenerali case the fact of the
nonintersection of trajectories i1s evident by stability strength of

task and absence of sources ana rlows out of body surface.
3. Trajectories of drops and coerficient of capture.

Let us examine the schematic of the flow around of the wing of

cloud drops.

The nonintersection or tas trajectories of drops of one and the

same radius means that:

1) the points of contact of tne tangency of extreme trajectories

define the zone of the coilision ot the drops of this radius with

body,
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2) the distance between the extreme tangential trajectories of
drops in their undisturved rejion uetermines the total quantity of
drops, which encounter pcuy, and the ratio cf this distance to the
midship section of body 1s equal to its complete coefficient of

capture E,

3) distance ratio between adjacent trajectories in the
undisturbed region to taec aistance between points of intersection of
their with body determines tae intensity of settling drops in this
section of surface. The iimit ot tanis sense during the unlimited
approach of trajectory is caiied the local coefficient of capture

E.

Page 23.

Let us return to tae trerelence system of equation (1.6) . While
the exact solution of the system vt nonlinear differential equations
(1.6) is not impossible, tueli nuaerical solution does not compose
fundamental difficulties. Une ur such calculaticn methods in detail
have described we in worx | 14). Inere the m2thod of the approximate
grapho-analytic integratiou of system of equations (1.6) indicated
was successfully used foir tne caiculations of settling drops to round

cylinders [14 ], spheres anu to tue center sections of flat/plane
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plates [32].
a) the flow around the oodies of saimple forms.

Let us illustrate the meatioued method based on the example of
the calculation of the coliision orf drops with cylinder, In this case
the task becomes two-dimensional. The velocity field during the flow
around round cylinders in dimeansionless coordinates is described by

the equations

Uz =— 1~ (‘ga'ﬁ?)f (l 24)

Ny=—= 2.
1T E o)

After substitution (l1.24) iato system of equations (1.6), the
latter is converted into the compliicated system of the nonlinear

differential second order equations.

5"=4;‘{s';[1. EL”‘?”{lf0,17-ReQ,’/:‘[(l £

~ @ BECET":
eV (28 s
. 5)‘*‘(&2*,{:)2 13)] :
(1.25)
1

//_____]_ - 28y ' ] _ £2 2 L2
K p [7]’ (E’+"]’)’]{l + 0,17 Re, "® ( 1 (537.‘-")3 ~t } 4
28&n RENNE
’F(«'e’r Fp T ) J }

The integration of tae aguataons of motion of drops {1.25) was

realized step by step, LIOR oue section to the next, for each of

which the speed of flow (u:, #,)was considered constant. Constant was
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considered Reynolds number 1a each section, what, let us note

,} incidentally, is less importaut assumption, than the first. In this
case the system of equations (1.29) with tvwo unknowns decomposes into
3 tvwoc linear differential ones egyuation with constant coefficients
(1.25*) and (1.25%")which wasi1iy are integrated in the elementary

functions

[
3

= — (' —u;’), (1.25"

W= - r(n — uyi). (1.25")

< iRep)  1--0.17Re," . .
Here y:,fip&1=-4——;——*-,anu g’ ana #,' - constants for each i

section of velocity of flow aiony the axes E_ and 7Y\ The solutions of

equations (1.25') and (1.25%) take the form

—— Y T .
Chutcoay,

- T

+ Il.,"'. I b,

Coefficients a/, a,), #' ana &, are found from the conditions of the
cenmenting of the soluticus at tne end of the i-th and beginning of

(i+1) sections.
2
e d
3
? Page 24,
Moving in the solution rrom one section to the next, it is possible

to construct the trajectcry of drop up to its intersection with the

duct/contour of cylinder, ir drop deposits cn it, or to those pores

vhen trajectory passes kaowinyiy past cylinder.
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the dismantled/selected caiculation method gives the possibility
to solve the unknown task to any degree of accuracy - for this it
suffices to select properly the vaiue of intervals (i.e. to make

their sufficiently small ones).

Thus, were constructed the tangantial trajectories of d4rops and
were found complete coetficients of capture. The comparison of our
calculations when Re;=( Wita the results of the calculations of

different authors is given in Figy. 4 1,

FOOTNOTE 1, Pig. 4 is borrowed irom the latter/last work of Davis and

Peetz [49 ]. ENDFOOTNOTE.

Prom Fig. 4 it is evideut tnat our results virtually coincide with
the data of Langmuir and slodyett. The more detailed information
about the calculations of Langeriir and 3lodgett is contained in the
work of Tribus {77]). Utiliziag has own calculations and results of
the calculations of Langmuar and islodgett there were constructed the
diagrams, on which in coordinates (p, Reg) were carried out the
isolines of the capture E (Fig. 5a)full of coefficient, local
coefficient of capture at tue craitical point of cylinder Eo (Fige. 5b)

and acceptance angle a (Fig. 5c¢), which was equal to the half the

Sitdcte 15 St M
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arc, included between extreme tanyential trajectories.

According to the method, described in [ 14], vere determined the

trajectories of drops during tene tlow around of sphere and flat/plane

plate.

Tt e
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Fig. 4. Dependence of tne complate coefficients of capture E on
parameter p for round cyliaders according to different authors.

Points noted the values, ootdined 1in the calculations of the author

[14).

Page 2S5.

En spherical coordinates the function of currant and velocity

potential for a sphere are assigyned by the aquations

b —j l’z.,r’[ 1 — ({l’)‘ sin t

\8

(&

vhence easily is determined the velocity field around sphere, which

~of —

P u,,r[ 1
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in dimensionless coordinates taxes the form

e == 11 21;,_( {- 3;‘:‘) ’ (126 l

vhere p=V8 4 v - a dimensioniess radius vector.

In the solution of system or equations (1.7) in velocity field,

assigned by system of ejuations (1.26), were not considered the
deviations from Stokes' law. it 15 possible to consider that results
i obtained in this case are suiricisutly precisa with Rey<10, since the
disregard of deviation trom Stokes' law gives in this case the error
in the determination of tne coefricient of capture E not more than

5-100/0.

Considerably more complicatealy is expressed velocity field for

an infinite thin plate-strip/tiin.

In dimensionless coorulnates the function of current [32] takes

the fornm

R .- ;
1 S TR T S 1 ER o P
? l/ ’2'”' (=34 ) A8 — (1 -8 L)

Hence we obtain, that velocity tieid is assigned by the following

", ==

equations
! iy a0 22— Aty 40y
n. - gy o=
} Yoy 2 e 4;’vf‘/'f FON TR 1 07)
.- - [}
| Ry SaaagEriy ety

i ; — =
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Fig. S. a) the diagram ot tne de¢peadence of total capture coefficient

on parameters p and Reg for a rcuuu cylinder.
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Here

PR -

When velocity field .s assiyned by system of equations (1.27),
the solution of equations (1.7) i1s so cumberscme which is
impracticable without special coaputers. However, if we examine only

the narrow central section ot piate, then ejuations (1.27)

considerably are simplified.
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Page 27.

Being limited to tne trajectories, distant behind centerline at
infinity not aore than ou |¢{= 0], 1t is possitle to consider that up
to i4)-- 02 occurs inequality 'ti<« |m!, then equations (1.27) are

simplified and can be wratten i1a tne form

ty=-—"—, 40
(1w

{
l ug o —— -+ O@Y,
(1+ )3

(1.28)
vhere O(!)~- a low value Of order &.

Rhen 4| < 0,2 it is gossible to simplify expressions (1.27), after

placing |§}, 1/« 1, then eguatious (1.27) they take the form
ug :E( 1+ 'f}),' g~ g "42>':“ O([e* + "t’]nlz)’ .(1'29)
= = (14 8 o)+ O + 2",

With the aid of systaus of eguations (1.28) and (1.29), air
speeds which assign field near csaterline, it is sufficiently simple
to calculate the trajectcries or arops. Calculations were carried out

without taking into account deviation from Stckes' law (F{g. 6), and
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for one special case - tag dstecwination of corrections to the air

intake of drops (Fig. 10) - takiuy into account this deflectior.

B) the flow around wing proriies/dirfoils.

The determination ot the coerricients cf capture for the bodies
of the simplest forms aad ror iound cylinders was especially the
necessary stage in the resclutiou of the problem of icing. However,
the obtained information awout tae character of the flow around
di fferent bodies of cloud uzrops with entire obviousness lead to the
conclusion that during the stuuy or the icing of the planes of the
aircraft and i¢s other parts Jitu streamline profiles in section it
is not possible to be limited to tae calculations, made for round
cylinders. On the other hdud, the aevelopment of computational
technology made it possiblie to approach directly the determination of

the trajectories of drops, flowing around together with airflow about

the more complicated, so-cailea wiug profilesyairfoils. A similar
problem was, of course, conslderabiy more complicated and
calculations are inccmparably wore labor-consuming than in the

examination of the precapitation ot drops to round cylinders.
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Pig. 6. Dependence of the iocal coefficient of capture E, at the

critical point of the flat/plane plate, directed normal to flow on

parameter p at Regy=0.
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Most completely a gusstion or settling of drops to wing
(Parto?Bergran's $indings were publishec by 1962 in his

profiles/airfoils was invesilgyated by Berqgran in 195% |

following article [45], deaicatea to attempt find a simpler way of
position finding of settliny drops to wing profilesy/airfoils,
distributions of the collisions oif drops according to the surface of
wing and velocity of their coiiisions. The equations of motion of

drop Bergran writes/records in a dimensionless foru:

’ : (g k_c_ |34
VR Ta W oY)
1)
\ J Re (!
r . Y “d ’
! Kl - Rt‘o 24 (uv, Y )»

vwhere
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Calculations were ygiven oy 1t on the differential analyzers. In

terms of assigned values ¢, Reg daua according to initial conditiors

the analyzer drew the trajectories of water drops.

In appendix 1 are given thae tables of results of the

calculations of Bergran,

On these tables it 13 possiovie to calculate the values of the
coefficient of capture for tne series/row of the values of parameters
p and Re, (two-last coluwus iu tae tablas appendix 1 have comprised

we). Bergran examined fcur 15-percent Zhukovskiy profiles -

symmetrical, at angles or attack U.2 and 4° and tha bent

profilesairfoil with lift coeiricisent ¢, =0.44 at zero angle of

attack. The velocity field or cucrent around profiles/airfoils was

determined analytically, aud ror 13- percent symmetrical

profile/airfoil NACA 65,-915, veirocity field was determined by the

met hod of electrodynamic anaiogy.

L. M. Levin conducted in 1934 the calculaticns of the series/row

of the trajectories of drops or approximately 9o0/0 of the symmetrical

profilesairfoil NACA - JWJY. an the same 1954 we carried out sonme

trajectory calculations c¢f the diops, depositing on a curved profile

of the type NACA - 2215. [nis prorile/airfoil does have a plane of

aircraft LiI-2.
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The results of the calculations indicated do not yield to direct
comparison, since they are reiated to the different parameters p and
Reo. Moreover, in this rfcim these data give the solution only of the F
separate specific probleuws, which dre of in general only limited L

interest. Therefore was loyical to attempt to construct the grid of

the values (or diagram) of the cverficient of capture E, making it )

possible to determine E witih any p and Rege.

It turned out that tne data of Bergran and Levin make it
possible to construct similar diayrams, if is known the behavior of

function E(p) at very low and niyn values of p, at the different

values of Reg.
4

In the 2nd section of chapter 1 has already been mentioned about

that vhich with decrease p to px» & decreases to zero independent of

value Reg« The knowledge of values Pw is necessary for obtaining of
complete representation aoout the coefficient of the capture of cloud
drops by aircraft. Because of tne works of Bergran and Levin a
question about the numericai vaiues of p for different streamline

profiles of propeller-diiven aircraft can be considered solved.

Page 29.
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For Levin it was possipnie to obtain analytical expression P
depending on thickness ratio C, lirt coefficient ¢, and relative
curvature f for different 4aukovskiy profilas. Decomposing/expanding
his solution in series/row wita au accuracy to the values of the 3rd

order of smallness, levan cowmes to convenient in practical use, truth

o 3 u
PR
- e b - e mtammim

to the somewhat bulky fcraula

iad »”

P 029GT(1 - 2,31c -+ 3RS ¢ - 55807 10027 ¢ | RERU T
p 4 3 ! ’ i -
S50t =27 —=00127 ¢, (1= 19.250)] 1 27001 - 4381c
S 05926 - 163c - 24f (1 — 437 ¢) - 0622c,2(1 7,06 )} — ;
—0318fc, 1 385 ¢ ¢ 651 1= 433" - 012707 (1 1080) -
— 4231 — 5.6170)]. (1.31)

In Bergran's work [45] is yiven relationship/ratio

oy u 7w’
?":,4Rmr——-}§—ﬁ-~f4Remluhere 5 - a distance along the trajectory of

drop in chord (let us recali thac pw~:%%),and are given the results
Cl

of calculations G for tac sauxovsxiy profiles and 2llipses in

dependence on relative thickiuess and a lift coefficient

S PV

{application/appendix, ir1j. 34).

T

3

Bergran indicates tuat 4 simiiar graph/curve it is possible to

use for any wing profiles/airfoiis whose maximum thickness is

arranged/located nearer tu tae spout of profilesairfoil. Errors due

T WY g

to the approximation of aittareat jrofilessairfoils Zhukovskiy's

profile by the same reldtive tuickness and the same lift are
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unessential, since chanygye pxy even o 100/0 exerts negligible effect

on the size of coefficient and <one of capture.

Let us incidentally note tnat for high-speed/velocity
profiles/airfoils whose tuickeninyg falls to the middle of chord,
Bergran proposes to use tae ycaph/curve, designed for an elliptical

profile/airfoil (Pig. 34).
Comparison of P« for 15- percent profilesairfoil, found fronm
Levin's formula (1.31) wsaita T=0 and on the curves of Bergran (Table.

1) , shoved that they dirfer not aore than to 2-3o/0.

Oon the basis of the calculations of Bergran and Levin and

considerations about asymptotic property of change E with increase of

pr and also data about v was possible to construct the diagrams of

dependence of E on p and rey for six profilessairfoils.

Rl e a0 12 0o P S

-

i s e e ke e Tt i
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‘1;blo 1. Values /v for 15- percent Zhukovskiy profilae.

\. -
\‘ S l (I) o Jlepnuy (Jﬁ() Beprpam

. \‘ 0 0,02 1,01 0

0,0 0,009 [ERE I 00071 0 009

n.2 0,005 0,001 (0. 0064 0, 0050

(D} 0 61 0,005 0,000, 0,0060

0.6 0 07H U, 0060 0,005 0,078

Key: (7). On Levin. (2). Accordiny to Bergran.

i, Pt Lot AT B35 2 3

Page 30.

Before converting/transterrcingy to the analysis of these
diagrams, let us note tnat rros the tables of Bergran and data of

Levin it follows that tae accuracy of the values E obtained by thenm

with E<0.1 is such, that tne errors in terms of absolute value can
reach 0.02 and it is possivly uwore. Actually/really, for 15- percent
symmatrical Zhukovskiy piolile at a=49 Bergran obtained in parameter

p=0.015, and Rey=64 and 250 vaiues of E, raspectively 2qual to 0.022

and 0.02 (see appendix, tapie 3), ror a profilesairfoil with the

N G e

angle of attack of a=2° wita p=0.U15 and Reyg=16 is obtained value

£E=0.020, but for the same p anda Heg=64, value E=0.022 (table 2 of 1

ST L v

application/appendix) wnich 1s clearly erroneous. By that understated

seems to us value E=0,045, obtained by Levin for profile/airfoil

T A

B it ah &+ e v—— e




DOC = 79116103 pace

8 NACA-0009 with p=0.027 and Reg=110. The calculations of the
: i
coefficients of capture tor very low values of p, which approach p ..

. 1 are very coamplicated even auriny the use of computers.

Let us compare diagraas rLor determining the coefficient of
capture E, constructed tcr tae symwetrical prcefilessairfoils of
different thickness ratio - Y- percent NACA-0009 and 15- percent
Zhukovskiy profile at zero anjie of attack. In Fig. 7 are plotted the

isolines of the equal to £ tor eacn profiles/airfoils,

Promn physical consideratiouas it is clear that, other conditions
being equal, the coefficieat of capture E for NACA-0009 must be

alvays more. However, we see tamnat an Fig. 7 not all isolines of the

equal to E for NACA - 0UUY pass beiow appropriate isolines for a
Zhukovskiy profile. This can be caused, on one hand, by an inaccuracy
in calculation and constiuction of isolines and, on the other hangd,
apparently, fact that the coefficient of capture relatively little is
changed with a change in tne prcfile/airfoil of aircraft from
9-percent to 15-percent. Ditferences in the coefficients of the

capture of the profilessairfoils in question do not exceed 0.04,

i

remaining, as a rule, less than 0.02.
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Pig. 7. 1solines of equal fuli or coefficient capture for 150/0 of
symmetrical Zhukovskiy protile (solid lines) and for profilesairfoil
NACA-0009 (broken lines) at zero amgle of attack, 1 - Bergran's data,

2 - Levin's data.

Page 31.

From Fig. 7 it is clear that when E for 9-percent

profile/airfoil proves to ve less than E for 15-percent, them it is

not possible to explain only by an inaccuracy in the construction of

isolines. Sometimes easily can bpe noticed the inaccuracy in
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calculations themselves (for exdmple, as it wvwas noted, value E=0.045

for NACA-0009 with p=0.,Uc7 ana Beg=110 it is clearly understated).

Being based on these considerations, it is possible to draw the
general/common/total ccuciusion tuaat for wing profiles/airfoils the
coefficient of capture b was aeterained by Bergran and Levin with an
accuracy to 0.02. About tae fact taat the error cannot be
substantially more than tais uumeral, it testifies the fact that tae
isolines of the equal to g ror grorfilesairfoil NACA-0009 virtually by
pillar lie/rest below iscoiines E ror 15-percent profilesairfoil,
being deflected/diverted, as a rule, no more than to 0.02-0.04, that

it could not occur with largye raasdom errors.

Consequently, changyes orf tae coefficient of capture in
dependence on thickness ratio lie/rest within the limits of values
0.00-0.04 with a change in the tanickness ratio from 9 to 150/0 and

cannot be reliable determined oy the available calculations.

It is interesting to compare the coefficients of capture at
different angles of attack a and camber of profile/airfoil. Let us
note that during the calculation of the coefficients of capture for
symmetrical Zhukovskiy proriles with the angle of attack, different
from 09, we took into consideration, that with an increase in the

angle of attack a increases miusection the section (1.02 times at

LA TR iy o e oy O o
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a=2° and 1,045 times at a=49%). The comparison of the constructed
diagrams showed that the effect of the factors indicated small and

does not exceed 15-20o0/0 with E>0.Z2, reaching 300/0 with E=0.1,

Summing up our conclusion/output about the coaplete coefficient
of capture for wing profilessairtoils, it is possible to say the

following.

1. Relative errors for amost reliable calculations for wing
profiles/airfoils, carried out by sergran and Levin, can reach 10o/0

with BE=0.2, decreasing with increase of E. In absolute value these

errors, probably, do not exceed vaiue of 0,02.

2. Effect of angle of attacx in the range from 0 to 4° and

thickness ratio in the ranye troa Y to 150/0 is comparatively small
and becomes apparent in small osciilations/vibrations E about certain

average/mean value on the order of +-0.02-0.03.

These two conclusion/output made possible to construct the
single diagram, making 1t possipbie to determine the coefficient of
the capture (when it is more taan v.2) for aviation profiles/airfoils
in thickness ratio from 9 to 15070 and angle of attack from 0 to 49,

It is possible to assume tunat tanis diagram will be suitable, also,

for curved profiles, whicn tortifies itself by the comparison of data

TE S P GO mhe o rm vy g ,
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for the bent Zhukovskiy protiie with single diagraa.

The construction of singie diagram is carried out in Pig. 8a, in
which are carried out the isolines from F=0.2 and it is above.
Isoline E=0.1 is carried out oy prames. In Fig. 8b this diagram is
constructed in more demcunstratives Lorm - here alony the axis cf
abscissas in logarithmic scale are depesited/postponed the values of
parameter p, and along the axis ot ordinates - value of the
coefficient of capture k. LuEves are constructed for the the

different Reg. In Pig. 80 1t is ciecarly evident that E greatly slowly

approaches its limiting values ~ to zero on the left side and ]
virtually to unity to tae rigat, this shape of the curve makes it

possible with large contidesace tu interpolate value E betwaen E=0

with p-p and E=0.2.

Page 32.

Since P« most strongly depends oniy on thickness ratio and,
furthermore, since changye Ny even several times, as is evident from
figure, do not =2xert suktstauntial erfect on shape of the curve E(p).,
then we for all 150/0 of profildes/airfoils extrapolated the curves E
to value of E=0 in certaan miau-position p.. (bgoken lines). For

profile/airfoil NACA =~ U0UY dot-dash 1lin9 is given extreme line with

Reg=0.

BTN U g o g e
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The knowledge of capture tull of coefficient plays the

significant role when it 1s necessary to determine the total quantity

[ U

of ice, which grows on wing profile per unit time, for example during

calculations of the necessary power for the thermal deicers.

Moy 5 el
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Page 33.

But in a whole series of tue cases considerably larger value has
knowledge of the icing inteusity or the spout of the wing of
aircraft, determined by tane i1vcal coefficient of capture E,.
Unfortunately, we have availaple tne considerably scantier
information about the vdiues ot couefficient of Eg in comparison with

the data about the complets coectricient of captura.

In this connection it was Iepresented by advisable to supplement

existing knowledges witn calculations for the asymmetric 15-percent
profilesairfoil NACA-2215, iyingj at the root section of the plane of
aircraft LI-2. The greatest dirriculty is obtaining velocity fields
around this nonanalytic proriie/aarfoil, i.e. the solution for this
duct/contour Neumann's jroovied. For solving this problem w23 used
known electrohydrodynamic amaloyy and as first approximation acceptad
the values of velocity fieius, obrained on a simple electrical
integrator of Elie's-12 type. Suvsequently, after the serias/row of
smoothing and obtaining cr the <nd and 3rd approximation/approach by

hand, with net point methou, was constructed the potential field of

e A L e
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speeds, and thereupon tue 1soliunuws of the equal horizontal and

vertical velocities,

*
4

“
b
]
!
!

The trajectories ct Jdrops wese obtained according to the method,
described above (page 23 aud rurtner). For determining of E, were
calculated the trajectories or arops of which one coincid=d at i

infinity with the extended caora orf profilesairfoil, and two cthers

. 3
R S

i (also at infinity) were located on both sides from it at a distance,

equal to 0.005 from the cnora ieugyth of profilesairfoil.

Accuracy obtained 1nh tanls case in determination of Eg is

approximately/exemplarily eguai to 10-150/0.

All in our possessiou 1uiformation about the local coefficient of

capture in the spout of prosfiie/airfoil E,; is plotted/applied in Fig. l

9.

™
ik

As can be seen from figuire, we have available a considerably
smaller quantity of data aoout dependence of E on parameters p and
Rep, and not in state not for one profilesairfoil to construct

sufficiently detailed diayrams. #owever, already on the basis of the

3T o RN e (e et
o

available data it is possible to arav the conclusion that Eo little

depends on parameter Reg. Taerfetore virtually for calculation Eg in

15-percent profilés/airfoils it is possible to use dash curve (Fig.
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9) without depending on value of Reg.

PAGE ')7

Error allowed in this case will

hardly exceed 200/0 at very iow vaiues of E,.
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Fig. 9. The dependence Gf the local coefficient of capture E, in the
spout of profilesairfoil on parameter p (numerals showed Reynolds

nuabers).

Key: (1). 90/0 the symmetrical profilesairfoil NACA-0009 (on Levin,
these 1, M.). (2). 150/c symmetrical Zhukovskiy profile (according to

Bergrant's data). (3). 150/0 cuirved profile NACA-2215 (according to

calculations by TsAO0 [centxal Aerological Observatory]).
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Page 34,
Chapter II.

AERODYNAMICS OF THE FLCw AROUND BOULIES OF THE FLOW OF THE

POLYDISPERSE AEROSOL.
1. Gereralization of the concept or coefficient, capture.

Connection/communication ot the coefficients of capture E and E,
examined in the precediny/previocus chapter with parameters p and Req
means that, other conditioans peiny equal, they devnend on a radius of
drops r. Any cloud, howvever, consists of the drops of different

sizes/dimensions, in otaer woids, any real cloud is polydisperse.

To simultaneous account ovta aerodynamics of the flow arocund
bodies of water drops ana tane polydispersion c¢f cloud, it is possible
to generalize the concept or tne coefficient c¢f captur2 and to_
introduce the so-called inteyrai coefficient of the capture which we
will designate in contrast to u4usuai with wavy line above. Under the
integral coefficient of capture :rue will understand the ratio of a
quantity of water depositing on oody to that which woull settle in

the absence of the effect ot ficw, i.=e.

TR T S TAT B T A e o
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| N \\‘%nr’n(r)tf(r)p" dr oo
E:Lﬁg—~—~v—~=%§§nﬂunﬁmh-m- (2.1)

g%:rﬂn(r)p, dr

S

However, by analogous forw 1s deteimined the local intagral

~ a
coefficient of capture g, dita tne aid of function E; the intensity

of ice accumulation in any sectiou of body will be written in the
form -
l== ::- Uy, Ea b cM/cex. (2.2)
Por determining the integyral coefficients of capture whose
;' knowledge is n2cessary auriny tne construction of the gquantitative
theory of icing, should be known aot only functions E(r) and E, (r).,
but also spectral distripution cf cloud drops according to

sizes/dimensions, i.e. tunction a(r).

2. The spectral distribution ot cioud drops according to

sizes/dimensions,

The diversity of factors aana the complexity of the processes,
vhich participate in the rtormation of clouds,, until now, did not 1
make it possible to create tas sutticiently completed theory, giving

the possibility to deteraine the rorm of the function n(r). Therefore

Y e e T O S NP DU

now our information rests only on experimental material. Before

converting/transferring to survey/coverage and analysis of this

« A e il renat- pRURTHRNY I e
S o Y G -0 Tt T " 3 T — n
e IR AN TR L P sen, @ L, i W e k3 -




DOC = 79116103 pact @4

material, let us pause orierly at some fundamental questions,

connected with the accusulation of material itself.

Page 35.

Cloud is the kind ot aerosoi and consists of a large number of
drops, weighed in air. A aumper ot drops into 1 cm3 of air oscillates
from ten to hundred. Thus, 1f we corpare between themselves
different, even adjacent parts or the cloud, then the density of

spectral distribution in cthem i1is different. This difference is

greater, the less the voluames. 50, if we take the volume, egual to 1
mm3, then it is possible tnat in 1t not at all will prove to be drops
and then n(r)=0, but if tnis voiume hits only one drop with a radius
of r, thenm n(r) will be expressed oy delta function - 8 (r). Arises
the gquestion, such as vclume ot air should be accepted for standard
for determining the spectral distribution of drops in cloud. Sowme
works in this region conducted in GO P. V. D'yachenko as early as

1950 [5].

Mathematically a question can be formulated as follows.

Let us examine entire cioud as certain general population of
drops, and a quantity ot the measured drops N as certain selection

fros this totality. It is cledar that in comparison with N the total

BRI e e Lo T ey
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number of drops of the yeunerai population can be considered equal to
infinity. It requests itsalr, it we consider that all drops are
agitated in cloud randoaly, now wust be a number of drops in
selection N in order with tne assiyned accuracy tc describe entire
general totality? Without stoppiuy on the solution of stated problenm,
wvhich would take away us peyond tae framework ¢f the present
investigation, let us pcint out vaiy immediate conclusions from its

setting itself.

It is obvious that tue yreater N, the more precise one selection
will transfer the general population. The accuracy of the
determination of a radius or the arops of the greatest recurrence
from the laws of mathematical statistics is proportional v%v {29].
Thus, for obtaining the correct representation about a radius of the
drops of the greatest recurreince #ith tne error more several
percentages (during ranaca mlxiug) it is necessary that N would be

order of tens of thousanas, i.e¢. volume was on the order of 100 cm3.

For the catching or drops serve the plates, covered with oil or
fume. The size/dimensicn oi drops is determined with the aid of
microphotography/micropactoyiapnse. A quantity of m2asur2d drops on
each frame in this case can reacn several hundred, which corresponds

to the volumes of the crd3r of cuoic centimeters. The determination

of average sizes of drops trouw tae method of multicylinders
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corresponds to the volumes or tne order of cubic meters and more. For
obtaining the sufficientiy crepresentative data about the distribution

of cloud drops according to siszes/dimensions by the method of 3

microphotography/microphotoyraph it is necessary to take several

tests/samples to plates and witn each to produce on 2-3 photcgqraphs.
All most important works on the study of the microstructure of

droplet clouds both in our country and abroad they vere based on the :
principle of the taking of tne sauples of cloud drops with the fact

or by another instrument as receiving part which served the f
microscope slide, covered with o1l or fume. Spectrum determined thus

of the sizes/dimensions of cloua drops differs from real because of

the series/row of the systematic errors, characteristic to this

method. Most essential deflaction rrom the true spactrum causes the

flow around air intakes orf cioud drops, due to what is lost the large

part of the small/fine drops. HResearchers'! majority either did not

completely turn attention to tais fact or it was limited to

indication of it, without iutroducing the necessary corrections.
Page 36.

In connection with tnis 1t was represented by necessary in more

detail to examine the errors, characteristic to the air intake of the

system of TsAO and to calculate the necessary corrections. In work
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{32] was given the'detaileq analysis of possible errors and were
deterained these corrections. figys 10 gives the graph/curve which
makes it possible to find tne value of correction factor a(r)
depending on a radius of drops r. Tthus, a true nuamber of drops of the
given radius n(r) was defined as tne product of a number of grasped

drops 7. on a(r).

Thus were finished stock, oobtained during flights on an aircraft
of the type LI-2 in in the pericd zrom 1949- 1954 s Within this
time by the group of the colleagues of the laboratory of the cloud
investigations by TsAO under A. M. Borovikov's management/manual were
studied hundreds of difterent ciouas and were produced tens of
thousands of microphotoyraphy/microphotographs of the separate
tests/samples of cloud drops [ 3]« This material most in detail and
fully describes cloud microstructure of the laminar forms both
air-mass ones and frontal ones. Let us note that precisely the clouds
of laminar forms are of yrewatest laterest in the examination of the

problem of icing, since tney most Lrequently are encountered during

flights.

The analysis of the saterials of TsAO taking into account the
corrections examined above snowed that in all cases the experimental

data are depicted sufficiesatly well as the formula of the form

—br (2.3)

n{ry==uarte
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FPormula (2.3) was imitiaily proposed as early as 1951 [31]. It
was compiled on the basis of A. M. Borovikov's data, obtained by it
during the years 1948-19450. in the same year Best [46] proposed
another formula

| — F(x)= e @t (2.4)
where F(x) - the accumulated mass of water, i.e. portion of

general/common/total liguia-water content, containing in drops by the

diameter smaller than x, a and « - constant.

Finally, in 1954 L. M. Levin | 12] found that the lognormal
distribution so very descripes vell the experimental data about the

distribution of drops accordiuny to sizes/dimensions.

Levin®s formula takes the tora

£ : 1)
n(x)= -;7!5—;—'—; e [ " x°]/~ a’- (2.5) ?
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0 4 8 12 16 20 24 28 52 36 40 44 48 2%
Pig. 10. Correction curve to tne network air intake of drops.

Page 37.

After examining in detail all mentioned formulas, we arrived at
the conclusion that they approximately/exemplarily equally correspond
to experimental data. Laige simplicity of formula (2.3) in comparison
with (2.4) and (2.5) with appioximately the same accuracy forced us

to prefer it during practical caiculations.

In formula (2.3) coerricients a and b can be expressed through
liquid-vater content w and averayesmean (arithmetical) radius of

drops ’o-

Actually/really,
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. . - br
\rn (rydr 5!-‘? dr
0 0 3
Fep =% = T~ b
‘.n(r) dr (r’w_  ar
1) 0
fe's) Y

a 4 ~ br 4 5!
u.:g%urﬂ pu - N (r)dr:—_.-i-rapajrlc dr:::g-nap. ¥
0

and, therefore,

K w

-3 rir, w . - 3r/r ‘
— —_—r P = 5 - r r, 2.6
”(r)—i??,'!rcpep,' e 1,45 re (2.6)

T
The investigation ¢t microstructure showed that the spectra of
the distribution of drops in cloud were subjected to considerable
oscillations/vibrations. Furtaermore, it was explained that the
spectra, constructed on the data about the sizes/dimensions of
several hundred drops, whicu corresponds to volume on the order of 1

cm3, cannot correctly characterize cloud microstructure: for this are

necessary in each case tens of thousands of drops.

It must be noted that due to some deficiencies/lacks in the
technique of experiment - the loss of small/fine drops - formula
(2.6) was actually obtained oa tae cut spectrum of drops, by a radius
it is more 4uy. Por radia r<4éy this formula can prove to be
insufficient precise; however, tae contributicn of the appropriate

fine drops to liquid-water counteunt and is respectively into icing

very ssmall.

R g
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After feeding results to tuc wany-year observations of TsAO, it
proved to be possible to come to tue cornclusicnysoutput that on the
average cloud microstructure of laminar forms differs little one from
another, i.e. that values ", 1n taem are very close. The large
oscillations in /¢ Can be owuserved in isolatedes cloud of one and the
same type depending cn theilL panase state, presence or absence of
residues/settlings, relative neigat/altitude in cloud and so forth,
etc. These differences are greater than the difference setween
averaged values . for clouas st, sc, Ns and Ac. However, available
statistical material did not make 1t possible thus far to more deeply
trace the dependence of microstructure on separate factors. Table 2
given here characterizes asean radius 'y in clouds of the type St, Sc,
Ns and Ac, moreover clcuds of tne type St and Sc are illuminated
somewhat in more detail - entire/dil thickness of these clouds is
broken into 3 layers: lowsr, averay® and upper. As one would expect,
cloud drops in proporticm to removal frcm lcwer cloud base are
enlarged in accordance witn previously known materials {3]. However,
let us note that in the guite upper boundary where actually cccurs
the evaporation of cloud, 7 can prove to be noticeably tihe less

corrected values. The same 1s reiated also to lower boundary.

The extensive studies of cioua microstructure were carried out

also in the USA under V. Lewis's gyuidance.
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Page 38.

Scome results of these works are given in table 3. Data are

borrowed from the shape ct snauton [59].

In order to compare tnesS<¢ aata with results obtained by us, let

us note that on the basis or roiwmuta (2.6) +the median diameter of

drops by volume d.=2-1,03 r,. lu table 3 to the right r, is designed on

this relationship/ratio, 1i.e. npw:mfﬁf Lewist*'s data completely
satisfactorily will agree with our results. In V. Lewis's article
[65] is given the detailed tawie or the repetition frequency of the
different values of the mean efrfective diameters of drops depending
on the type of cloudiness. W4e uo not give here this table, since in

the article it is not said, which is understocd under mean effective

diameter.

Since sometimes accceruiny to the data of TsAO 7 it oscillated
in considerable limits - from 2.5 to 9 u, subsequently all
calculations were performed tatoujn formula (2.6) for the range of

change 7., within the limats from < to 10 u.
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Fable 2.
) ' é)

Napaktepucinga obaakon r., 0o

GOVt ant 1petn CIORCTNY ODTAKOB . . . . . . \ 3.0

IC2X] Pe s LpeEh CIORCibIN m:nim()u ....... I _l ’

(SOBepviont tperh caoiciay obaakos oL L ._.,(»

(@ roncine obaaka B cpeanes (St L. oL L ‘ i

(% Hhitmioim 1peih oMoy tesx 061aKon . 1o

A Cpetmnt vpein croncin-kyuesuy ofzakos .o L B

YBepxran Ipets caoncio-Ryuesnx obaakon .. L»A‘.

) 0onc1o-Ky ieBLie 06.aaka B ¢j caueM (5C) . . 0 )
MCaonc1o-a0xKaenme o01aka (Nsy . . L, . S =10
(Q)Bucon\um'yuuuuc obaaka (Ac). . . . e o] 400

Key: (7). Characteristic or ciouds. (2). in. (3)« Lower third of
stratus. (4). Average tnird of stratus. (5). Upper third of stratus.
(6) . Stratus on the averagye. (7). wower third of stratocumulus
clouds. (8). Average third or stratocumulus clouds. (9) . Upper third
of stratocumulus clouds. (1y). stratocumulus clouds on the average.

(11} . nimbostratus clouds. (12). Aitocuamulus clouds.

Table 3.
3;)
Avanason 1ua- ,
aK 1
PTopya obiakos d, P op
t
(G)Ky'lenuc. ........ 20,5 ¢ 4006 T
(q)(l:umcl | 14,7 1) 3="0 o l,“«‘i "

Key: (1). Cloud form. (2). Rauny2 of diameters of drops. (3). Cumulus.

{(4) « Laminar.
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FOOTNOTE !, «, - median aidameter ot drops by volume, i.e. 1in drops
with a diameter of v . ¢« is contaiuned as much water, as in drops froa

! d . ENDFOOTNOTE.

Page 39.

A 3. Liquid-water content orf supsrcooled clouds.

Water content of clouds - a guantity of condensed water, which
is contained per unit of voiuawe or air - is arcther imporrtant factor,

which substantially affects 1ciny antensity.

In the examination ot tue pgiuvblem of icing basic interest ars of

the clouds of the laminar roras, to which was turned yreat attention

b

’? during the investigation oi wmiciostructure., Most complstely in our

*

? literature a question accut water content of clouds of laminar forms
: wvas studied by V. Ye, Minervan in combined expeditions.

3
?‘ It is known that the liguia-water content, as microstructure, is
j subjected to corsiderable osciilavions/vibrations. Instruma2nts, that
Z measure liquid-water conteut uuiluy sevaral seconds, in which the

é drops recover from the volume or order of tens of cubic decimeters

i
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(instrument of Zaytsev (6] or Vonaegat [80]), indicate that it can
change from one reading to tue next to ten and even hundreds of
percent. This means that in oruer to compose correct representation
about average/mean water content or clouds, it is necessary tc
measure a quantity of tne drop-toruing water in volumes, hundreds

times greater than this is reguired for a microstructure.

In the problem of fadiny taere is the greatest interest in the
knowledge of the values or the liguid-wvater content, averaged on the
large sections, equivalent wy vosuwe 0.1-1 a3 and by the extent of
the order of kilometers. I'ne methou of ice-settling cylinders, widely
utilized in American investigatious and used by V. Ye. Minervin,
gives precisely the same averayea valnes of liguid-water content.
With examination of averaye/umean (put not extreme) values, naturally,

it is possible to utilize the data, obtained by other instruments,
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Pig. 11. Curves of the accuamulated repetition frequencies of
liquid-water content for the ciouds of the various forms: a) St, Sc -
on Minervin of 100 cases (solid line), according to Lewis 372 cases
{({broken line), b) Ac, As - on pinervin of 16 cases (solid 1line),
according to Lewis 264 cases (oroxen line), c) CU, Cb according to

Levis 324 cases.

Key: (1) . g/m3. (2), Renetition *reauencv.

Page 40.

FPor our purposes it 1s more convenient entire to present data on

liquid-wvater content in the form of the so-called graphs/curves of

the accumulated repetiticn fregyuencies (Pig. 11), in which along the

axis of abscissa are depositad/postponed the values of ligquid-water ’
content, and along the axis ot ordinates - a nuaber of cases in
percentages, when liquid-water content did not exceed the assigned
value. Both the data, borcrowea zrom Lewis's article, and these of
Minervin are obtained witn the aid of ice-settling cylinders the tiame
of exposure of which in tne process of measurements oscillated from

-2 to 10 min.

The results, given in Figy. 11, in each case are based according

to V. Lewis approximately/exeamplarily on 300 cbservations, on
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Minervin in the case of St-Sc - ia 100 observations, in As-Ac - in 16
observations. In spite of comparatively small statistics, on the
basis of these graphs/curves it is evident that for the clouds of
laminar forms a nuamber ot cases with liquid-water content w>0.5

g/m3 does not exceed several percentages, and maximum values

virtually do not exceed 1 g/mid.

On data given L. T. Matveyev and V. S, Kczharin !, the
average/mean values of tane lijuia-water content of stratus even are

less than obtained by V. Lewas and V. Ye. Minervin.

FOOTNOTE 1., Proceedings of tna academy of Sciences of the USSR series

geophysical, No 11, 19S0. ENDFUGINUTE.

In convective clouds i1iyuid-water content on the wholz
noticeably greater - apjproximatelysexemplarily into 200/0 of cases it

exceads 0.5 g/m3, while 1nto 2-3Jo/0 - is above 1 g/m3,

This conclusion/output, wvased on V. Lewis's data, qualitatively
coincides with V., A. Zajytsev's results (6]. Large water content of
clouds CU, according to V. A. Zaytsev, is caused by the fact that its

measurements are related to more warm, summer clouds.

Sumning up the numerous sxperimental investigations of water
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content of clouds [6, 15, 05, 59 and their microstructure (3, 12,

34, 59, 65), it is possible to say the following relative to the

droplet clouds of the laminar foras:

1. And liquid-water content and average sizes of drops can vary
noticeably both for by ocmne and tae same of cloud form and in one and

the same cloud.
2. In proportion to litt zrow lovwer cloud base both liguid-water
content and sizes/dimensious of aroups usuwally gradually grow/rise and

only near quite upper ciloua boundary sharply they decrease.

3. On the average of noticeanle difference in cloud

microstructure of laminar foras (35t and Sc) it is impossible to

revealsdetect. '1

4, With temperature decrease averages/mean values of liquid-water

content decrease.
4, Calculation of the intuygrai coerficient of capture.

The introduced above iuteyral coefficient of capture was |

determined by the expression

Lo~ 2 g ' ~
f= o AepniyEnadr (2.7)
w ° K]

T2




s o LG

e AR 8

- e e BRI s i c R, . Ch e e st o o A W B N L,

DOC = 79116103 PAGE qy

Thus, the integral coefficient of capture can be found, if is known
the spectral distribution of cloua drops according to
sizes/dimensions of n(r) anda orf the dependence of the coefficient of

capture on the sizes/dimeansions of drops E(r).

Substituting in equality (<.7) expression (2.6) for function

n(r), let us have
G

E == ,)—,—':'-— \ re Arirep E(rdr. (2.5)
TR
During the calculatiou or tae intensity of ice accumulation in
any section of body analcyously 1s determined the local integral

coefficient of capture E,.
Page 41.

The coefficients ¢f capture both complete E, and local £* depend
not only on the form of body, ovut also on its sizes/dimensions and
speed of motion. Thus, the inteyrad coefficients of capture for the
body of the assigned form depena on three parameters: '« -
characterizing the spectrum of ths sizes/dimensions of cloud drops, C

- certain siqgnificant disension ol body and Ue - flight speeds.

On the basis of the results ot calculations B and F, in 3
sections of chapter I and troa tnat fact that the coefficient of

capture can be considered virtually independent of the form of

Pt et e o it eras el -
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profilesairfoil, if its taickness ratio is included between 9 and
150/0 (range of the protiles/airtoils which actually are encountered
i; in cargo fleet), wvere calculated dependence of 1ron r chord lengths
of profilesairfoil C and rligyat speed u, In this case the range of
'%; velocity change ranged from 50 to 100 m/s, chord lengths of
profilesairfoil from 1 to 49V cm and mean radii of cloud drops in
limits from 2 to 10p. Tae resulits of calculations are represented in

the form of the correspondiny diagyrams in Fig. 12.

During the calculation or tne integral lccal coefficient of
capture in the spout 1500 profilesairfoil E, the problem somewhat is

simplified, since in the first approximation, it is possible not to

consider dependence of kK, on Reyuolds number Reg.




N U e e et b — oL PR ——_——— e -

DOC = 79116103 PAGE qq

»y@fb*aﬂ I 0z | S

I i/Z /’{'/—_— MA!

Fig. 12. Isolines of the coaplete integral coefficient of the capture

of the aircraft profilesairtoil: a) ¢, =50 a/s, b} “« =75 uw/s, €) Y=

=100 m/s.

Page 42,

In this case of Eo, depeads only ou twvo parameters - -, and «u _/C,
hovever for convenience tne final results of calculations are
represented also in the form ot uaragrams (Fig. 13), in which is given

U
dependence of By On ry, and C at three values of speed V-

i e T T vy .
- 2al { AN
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Vo d
It should be noted tanat aependence E, only from two parameters
r, and ub/C'lakes it possible to more easily simulate the conditions
of icing when us interests the intensity of ice accumulation on the

spout of aircraft profiiesairtfoil.

W T e e Ry M . . .
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Pig. 13. Isolines of the iocal inteqral coefficient of capture in the

nose/leading edge of the aircrart grofilesairfoil: a) u, =50 a/s, b)

u. =75 m/s, c) *r =100 m/s. ALong the axis of abscissas is

dcposited/postponed the chord length of profile/airfoil C m.
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Page 43,

5. Connection/communication ot 1ntensities of icing of different

aircraft components.

The dependence of tne inteyrai coefficient of capture on the
sizes/dimensions of prcfiles/airtoii and its fcrm explains the well
known fact of different 1cing ot the different parts of aircraft. Tt
suffices to say that the i1ciuy iatensity flight aerologist's
template/pattern can be almost three times cf more than the icing
intensity of the wings ot aircraft. In this connection does arise the
question - icirg of what aircrart components cne snould accefpt as
characteristic ones for tas couapaiison with each other during flights
under varied conditions? For exampie, in the Main Administration of
the Hydrometeorological Service as standard is accepted the special
template/pattern, establisned/installed in flight aerologistt's
window, in GVF usually i1s examined rate of icing of plane, etc.
Purthermore, does arise another question, it is possible, knowing the
icing intensity of one part, to judge about the icing intensity of

another and that for this necessarily?

TR TR T N T 0t SNSRI Xt T, oo S —
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For a response/answer to tnese gquestions we return to expression
(2.2) , which is determining vtune icing intensity of body, and let us
supply with index "E"™ ot tne vdaiues, which relate to certain by us to

the standard

J=-=-u, B E
Pn, !

9

Value 3 is the function of wmany variablesalternating, including
speed of motion, water countent or clouds, temperature and other
factors. The value of tune coefricient of capture EJdepends on form
and sizes/dimensions of tne 1cing up body, spectrum of the
sizes/dimensions of clouua uiops ana flight speed. On many factors
depends ..

Therefore, it would scen, lé cannot be obtained sufficiently
simple method of determindatiou from rl the icing intensity I of any
another part. However, we iuVestuagyate this question morz attentive.
It is easy to see that

/ ‘.I,—pii 1

Pa 2

(2.7

=l

Tha posed problem cCoasildwrapiy will be simplified, if we place

o L4
Pan .

value of the equal to uuity. This assumption as this will be

[

shown in ghapter III, in essence it is correct for cargo fleet

ta, -7 360 km/h) with tempecratures selow - 52, With tco ygreat

liquid-water contents tnis assumpraon is not disrupted to -3° and

-t
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only at higher temperatures defliections from unity can become are

sufficiently perceived.

With that made assumption orf expression (2.9) substantially is
simplified in it takes the tform
1, _’ . (2 10)
I,

Let us recall that

}'.' o *"“"‘.“.- \ e e f(rydr.
RRAY

Page u4u,

If the values of tne coefiicients of capture E(r) were not
changed in the process ot icingy, tnen for the selected standard and
the part being investigated reliation ILE, vould be function only r,
and, with the known structure ot ciouds, easily it would be
determined from the relationship/ratio

1=1, . Fir.,).

So that the form of standard less possible would be changed in
the process of icing, vwe selecteu the rotating cylinder. The diameter
of cylinder had to be sutficient tc¢ large ones so that not strongly
had to be large enough that ou 1t would deposit the noticeable
portion of cloud drops.lﬁs optimum, in the best way corresponding to

th2 presented requirements, tanere was selected a cylinder with a




DOC = 79116104 PAGE ,05

diameter of 5 cm. The instrument, as receiving part which serves the
cylinder which rotates vy 50 ww, was designed in NII [Scientific

Research Institute] GMF iy #4. Ye. azbel.

To strictly consider change © in the increase of ice is not
impossible. However, for suca large bodies as the wings of aircraft,
hardly should be expected tne LaLye changes E in the process of
icing, since the thickness of tae layer of ice is too small in
comparison with the sizes/uiwmcusions of wing. ﬂoreover, hardly should
be expected the large chanyges E in the build-up/grouwth of ice and for

the series/row of other, tovo zine details of aircraft until grown ice

changes signiticantly their tfora.

Taking into account tne fact that the water, which deposits on
the forward section of the cylinder, because of rotation is
distributed all over surzace ot tae latter, equation (2.10) should be

written in the fornm

=1 -, : (2.01)

wher2 E, - local coefficient of capture in the position of aircraft

which interests us, and E, - complete coefficient of capture for the

cylinder with a diameter of 50 au.
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Relationship/ratio (4.11) is especially valuable when we want by
standard to determine the intensity of ice accumulation on the spout
of the wing of aircraft, since to aeasure directly the icing
intensity of the plane ot aaircrart is extremely difficult. ﬁt the
same time the icing of flanes 1s tae basic reason for deterioration

in aerodynamic aircraft quality/rineness ratics,

~

After calculating dependence E, on e for flight speeds on 590,
75 and 100 m/s ' and utilizing tne results of calculations Eg,,
represented in Fig. 13, was tound the dependence of conversion factor
(SI0 - profile/airfoil) trom parameter r, and chord length cf

profile/airfoil C for tne same taree values of flight speed.

FOOTNOTE !, In calculaticns were accepted ... 0,176 cmZ/s,

p=1.67¢107% g/cm and diamerver or cylinder d=5 ca. ENDFOOTNOTE.

The obtained dependence i1s represented in Fig. 14,

ST O e e ey — -
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Pig. 4. Connection/comuwunication of conversicn factor from icing

intensity of standard (Si10) to icing intensity of plane in its

SRR o

frontal part with a chord ienyth of profilesairfoil of C and spectrun
of cloud drops ., (numce: Dy Curves) s &) u, =50 B/Se b) u.-75 n/S
and c¢) uc- 10 m/s. Alony tne axis of ordinates are given the values

of coefficient

;ﬂl|:n,1

Page u6.

The analysis of curves in Figy. 14 leads to very interesting

conclusion about the fact tuat at the chord length of profilesairfoil
from 2.8 to 3.2 m the ccnversion factor from /, to I profilesairfoil

virtually remains constant, 0scililating approximately/exemplarily to

100/0 about its averagesmean value of 3.1 with a change in the flight

speed from 50 to 100 m/s and mean radius of drops from 3 to 10.

The fact that the couversioa zactor in the examined case proved
to be little depending oL tne type of clouds (r ) and from speed
fluctuations within limats of 2uy cto 350 km/h, gives the possibility
of introducing permanent conversion factor for determining the icing %

intensity of the plane ot conteamporary transport aircraft of the type

LI-2 and I1-12 in its center section (C=3 m). This conversion factor
is equal to ~~3. In ehaptar IV it is shown that the practice

confirmed the obtained ccnclusions.
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Otilizing formula (42.11), 1t is possible to also design the
general/common/total mass or ice depositing for plane. Por this it is
necessary éJ to raplace with the complete inteygral coefficient of
capture'gfand to multiply tne owtdined result for “he area of the

midship section of plane.

Then, whereas analoyously utiiizing curves in Pig. 12 for
~ xE
determining of E, it is easy to riud values—{r and, knowing [/, and
E’
the area of the midship secctiou of plane, to determine the

general/common/total mass orf ice, ueposited to plane.




TV W Oyl e ke s g wer e e, o

DOC = 79116104 PAGE ()0

Page 47,

Chapter I1I.

ROLE OF THE PROCESSES OF nkAl cXCHANGE IN AIRCRAFPT ICING.

1. Coefficient of freezing (yeuerdl/common/total

relationships/ratios). ]

injitially during tne stuay or aircraft icing it was proposed

that entire falling on aircrait water freezes at the moment of
collisior with its surface. Huwever, to researchers it was always it
is clear that with high temperatures (close to 0° and at high flight
velocities this assumption Can ve erroneous. Already Ludlam in 1951
[67]), estimating the errcis or ice-depositing instruments, which
measure the liquid-water coutent aud ths sizes/dimensions of drops in
supercooled clouds, paid serious attention to the possibility of the

incomplete freazing of the depousiting water.

Let us examine qualitatively the picture of the formation of ice
on the surface of aircratt duriuay the collision of the latter with

the supercooled cloud or rain drops.
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Analyzing the possiule reasons, which lead to the freeazing of
supercooled water on the surface ot aircraft, some authors came to
the conclusion that it is caused by mechanical jolts, others were
considered that the actual reason tfor the rapid freezing of drops are
the ice crystalline particies, wnich fall to the surface of aircraft
{25). We are inclined tc noid tae second point of view with that
stipulation, that is in no way coapulsory the praliminary presence of
crystalline particles cn surtace during the incidence/impingement to
it of water drops. Actually/reaily, on the basis of the fact that the
surface of aircraft is always contaminated, hardly one should expect
that after the formation/eaucation even very thin film of water its
any possible prolonged existence in the supercooled foram.
Subsequently we will assume tanat 1r the conditions of heat exchange

on the icing up surface of aircraft provide the diversion/tap of

3 latent heat of freezing, 1.e., 1r taking into account the heat of
freezing the equilibrius tempsirature of surface remains below 09,

that entire water in this casc fast enough is crystallized.

For this very reason we cunsaider that a question about the very

<y

moment/torque of the beginnimny cit treezing on the wing surface, from
the point of view of the problem or icing, does not desarva
considerable attention, since atter the appearance of supercooled

water crystallization beyins virtually instantly.

R N TR T m e R g e e Pegrv———




T TRTTTYYTTTT Y

Cla T ISR I
e .

DOC = 79116104 PAGE |12

Page 48.

It is intaresting to rate/estimate, as will rapidly freeze the
droplets of water, which tall tc tne already iced up surface. This
quastion has large practical iuterest, since the lifetime of liquid
droplets in contact witn ice exelts a substantial influence on form
and structure of deposited 1C¢. .t is necessary to know, does manage

drop to freeze before tc it tfaiis the following drop or not.

Usually the rate of rreezinyg of ice of the plane of aircraft
does not exceed 0.1-0.2 ma/miu, i.€., a layer with thickness of 10 pu
grows for several seconds. Conseyquently, if the rate of the freezing
of drop (rate of the advance oL crystallizaticn front) exceeds 10
u/S, i.e., 0.00! cm/s, then drops knowingly manage to freeze to the

arrival of the following.

Experiment shows that at sufticiently high temperatures of air
the rate of the freezing or drop can prove to be less than indicated
(vhich, possibly, and coutributes to the formation of rough ice). A
precise theoretical solution or tne task of determining the rate of
the freezing of the depositingy water, is normal to the surface of

settling, it r2presents not oaly uot solved, but even clearly not

formulated task.




W M T G e s gy St

DOC = 79116104 PAGLE "3

Purely qualitative lLeasoulnys lead to the conclusion that the
temperature fi=1ld on the iciny up surface takes the sufficiently
complicated form. However, zrom tae point of view of the problem of
icing the fine structure of the pulsations of temperature on the
icing up surface does not represent essential interest, and we
therefore will examine certaln #ean temperature of surface {,.
However, let us note that with an increase in this mean temperature
to zero errors they can ancrease. Until { 70, we are assume that
freezes entire deposited water, iLeaembering in this case, that an
increment in ice per unit tims 15 smaller than a quantity of wvater
depositing for the same time uue to the evaporation of the certain
fraction of ice. Designatiny tarouyh m, the mass of the water, wvhich
deposits per unit of thas section per unit time, and through m, -
the mass of th2 water, wnicn evaporates from the same section for the
same time, can be written that the coefficient of freezing 8, under
which we will understand tane ratio of ice frozen per unit time to the
mass of those clashing witn boay for the same time of water drops, is

equal to

p=1—2, @3B.nH

VWith the specific Juantity or water, which fraezes per unit time
per unit of area, the teaperature of surface canachieve zero value.
Let us designate through m,, a smail gquantity of water, which

encounters the unit of area ot aigcraft for time unit with which the
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temperature of the surface of aicingy reaches 0°, 1f a quantity of
depositing water is mors tham m.p, then will freeze only the part of
it, whereas remaining part aust remsain in the liquid state. Further
fate of nonfrozen water cdn e dittrerent - partially it evaporates
from surface, partially is blown away and it is taken away by |
airflow, it is partially carriea oy flow to surface out of the zone

of the settling where it can freeve, and finally partially water can

prove to be within the growiny layer of ice in the fcra of separate

inclusions/connections. It is obvious that when m, >m, the freezing

part of the supplementary (over m,,) water is determined by the
portion of the "cold", whicn 1s contained in this part of the water
and, therefore, it is eguadi to

(m,—m )0 - )5,

vhere . -1 -~ heat capacity of water.

It is easy to ascertain taat in this case the coefficient of

freezing takes the form
p.___._l__',','l__.(l +§:‘)‘-)(1—'_'_'59), (3.2)

ny

Page 49.

Therefore, for the definition orf the coefficient of freezing is

necessary the knowledge of values as m,, m .., m; and t,.

TR TS £ g oy T
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2. Some general information avout heat exchange of bodies with gas

flow,

Determination m.. and m; 1s connected with the study of the

heat balance of th2 icing up boay. At the same time the investigation
of heat balance for the surface or the movingydriving body and, in
particular, the definiticu oz temperature and the different points of
its surface, in the case even 1r tane latter is not moistened, is very
complex problem both with tne tneoretical and with the experimental
of the points of viaw. Mcst coupictely gquesticns of heat exchange
with the environment are resoived ror the bodies of the siamplest
forms ~ the flat/plane piates, parallel to flow, and round cylinders.
here there is no need for stoppiuy during the examination of numerous
works in this region, since 1ia recent years appeared the series/row
of the excellent mono-ratrias, tacowing light on questions of heat

axchange during the motiou or wodies in gases [ 1, 2, 4, 7].

We will not b2 so 1m ucetals to describe the achievements of
theoretical and experimentai stuules in this region, but let us pause
only at the basic physical representations, placed as the basis of
the investigations of heat excnange and on latter/last known to us

results.

Most fruitful hypotnesis acout the mechanism of heat exchange is

i L R T —
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the hydrodynamic hypothesis waicn, actually, already became the
theory of heat exchange iun gyases. The basic idea of this theory is of
the affirmation of the i1aentity of the mechanism of heat exchange the
direct contact also phenosenon oL nydrodynamic drag {4], which are
considered as different retlectioas of a single primary process of
substantial exchange. Accoruinyg to this theory displacement/movement
and interaction, the elsmecnts/cesls of medium is an initial cause of

the diverse phenomena ©f excaange.

This theory is completely coatirmed by experiment when
dissipative terms are neygiigyinle, in this case tihe Prandtl number
(Pr), which characterizes tne aegree of the identity of each process,
is egqual to one. In this case tae temperature of body surface, which
moves in the flow of gas, 1n the aosence of heat withdrawal inside
body (adiabatic surface) - tane so-called adiabatic temperature of
body (f,0 - it is set egual to tae temperature of stagnation 6:

u,,
W=ti+ e, »
where t, 1 and w,, - respectively temperature and rate of the

undisturbed flow.

FOOTNOTE 1, fo they sometimes call thermodynamic, and ~ - is static

by temperatures., ENDFOOTNOTE.
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At steady adiabatic temgperature or surface the heat-flux density ¢ is
equal to zero., If because 0t any supplementary processes (for
axample, to inflow of heat trom within) the temperature of surface
f, . »,  heat-flux density 4#0 and rlow it is directed toward surface

5

vhen f<#H and from surface when ¢ 8.
Page 50.

In imperfect gases nuuwuvel Pr is not aqual to one, so for air
Pr=0.72 and even on adiavatic vouy surface temperature is not egqual
to #©, the part of the eneryy uissipates because of internal
friction., This effect is consideced by recovery factor r which is

determined by the relaticasaip/ratio
poooonz (3.3

where [, - real temperature on adiabatic body surface.

Numerical value of cverricient of r, determined on formula
{(3.3), varies from one pcint tO tne next, Tc study r as to the
processes of heat exchange, aie dedicated it is wmultiple
investigations on which we also wiil not stop. Recently in

aerodynamics increasing propagation obtains another determination of
’ll

recovery factor r* [30], according to which 7 = "wI%, where f—

the temperature of the flow on the edge of the boundary layer. With

this definition, the determination of r%* is comparatively simply -

as a rule r* differs little from )y Pr and 1s not changed along

profile/airfoil. However,

—./'
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entire/all difficulty in this case is transferred to the
determination of tempéerature tv,, without knowledge by which it canrot
be found r#. Distributicu r asony the duct/contour of round cylinder

can be found in work [4].

Theory shows [4] tanat all itorwulas, obtained during the study of
heat exchange at the lcw speeus or motion, remain valid and for high ‘

rates, if the temperature ot mediuw is is replaced with the

ru_R

temparature of adiabatic wall h.=#o+-§f?-- Thus, if because of sone
P

supplementary processes tha temperature of body ¢ is different from
adiabatic, then there is neat fliow to surface, egqual to
g, = — a(t, — tu), (3.4)

where a - a heat-transfer coefiicient.

Actually, relationship/ratio (3.4) serves as determination a,

i.e., under heat-transfer coetiicient a should be understood the

heat-flux density, which tails to ore degree c¢f the deflection of the

R

real temperaturz of body surtace fiom adiabatic. If ¢ >¢,., then heat

is abstracted/removed frcm surtace, if (,<f.., then heat is fed to

e

sur face.

3. Different approaches to the stuay of the processes of the heat

exchange of body with gas tliow -under conditions of icing.

TE S e e g

T
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To questions of the deterwmination of the equilibrium temperature
of the icing up surface dedicated nis numerous works English 5
researcher Hardy [56, 57, 58 ). Une of his latter/last works, carried
out together with Brown, 1s deulicated to the determination of the
kinetic temperature of tuec screw/propeller of aircraft under

conditions of icing [58].
Page 51.

The authors write/recora eguation ror dotermining the temparature of
the moistened surface, whnicn woves in clcoud £&” (in the case of
absolutely non-heat-comductangy jprorilesairfoil) in the form

8 =1 — (622 f":"(ﬁ‘,;f-'), vhere ¢” - eyquilibrium temperature of the

moving/driving moistened surface,

t;‘- the equilibriuws tewperatuie of the moving/driving dry

surface,
€ - vapor pressure,
Lan - latent heat of vaporiczation of water.

subscript 1 is related to conditions on to the edge of boundary

) layer.

BRGS Sane 24 it T o ——
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For an absolutely aeat-counducing profilesairfoil, i.e., for a

profilesairfoil, which accepts oue equilibrium temperature all over

surface, the authors construct tne appropriate equation by
integration along the lengta toe auct/contour of the equation of the
form

RubaVoCplts” —~ t5") = kyp,v, - S5t 0,622 Lucn,

where v, - the resultant veiocity of the motion of screw/propeller,

kn - a coefficient or convective thermal conductivity

(dimansionless),

k, — a coefficient of tane evaporation of water (dimensionless).

Por the profile/airfoil ot screw/propeller NACA 2409 authors

brought calculations to guantitative results.

In 1971 Traybus [ 70], investiyating the advantages of
fluctuating vision in tne thermal deicers, writes/records heat-flux
density in the iqing up suritace with the aid of three functions
#,4H, and M introduced to taea with the dimensionality of
temperature each, and new vy tne aimensionless variable b. In these

designations general/coumons/total inflovw of heat q must be equal to

[
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n
9=fA(8,-6,—8,) nlp" ts <32°F,

vhere
B, = (1+0476)+290LB7 P, =8, B, brF,
8, = 1 (1 + b) + 200 L B~ Py 4+ 1276 = O, (s, B, b)° F,
—— ._r_ “’oo -_— (4]
O = (£ + 0)(52) =Ou b, uc F,
— . Rutpm.
b=

: | @© S arF
and g=f. AW, (¢, B, b) -8, (_, B, b) — 8,(b, u )| npn £, >37F,
vhere W,(¢, B, b)=1(1 + b) + 29L B-1 I, = ©,(t, B, b)° F.

Key: (1). with.

In this casel

FOOTNOTE !, The dimensionality oz all entering the formula values
corresponds to the Englisn systewm of units, in this case are

preserved the designaticns of iribus. ENDFOOTNOTE.
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- barometric pressure,

- the elasticity ot water vapors in surface,

- the elasticity of water vapors in the free flow,

- the temperature of tae tree flow,

- acceleration of jravity

- the thermal conductavity (heat-transfer coefficient),

- surface area,

- latent heat of tne suviimsation of ice,

- the settling velocity of water,

- the heat capacaity ot water.

Page 52.

il N
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The continuation ot tac worx cf Tribus was the article of

Weinar, which appeared in tue same 1951 [79].

Sufficiently in detaii tae conditions of thermal equilibriua
vere studied in 1953 by Messingyer [ 68]). On the basis of the
introduced by Tribus temperature tunctions /. Messinger brought all
calculations to th2 appropriate traffic. It ccnducted calculations
not only for the cases when t, s more or less than 0°, but also for
the case when /.0 takiny 1u4t0 account both the portion of freezing
and portion of evaporation. as tne independent variablaes in [68] are
accepted flight speed “.. tne temperature of undisturbed flow ty and
parameter b, introduced by Tripbus. Recovery factor r is accepted by
constant and equal to 0.875; ta< author considers this as the average

between his value with lamiuar - uve85 and turbulent - 0.90 flow.

Messinger bypasses one or tne essential difficulties, with which
are encountered in concrete/specific/actual calculations, and namely
- the task of the definition or the settling velocity of water
(depending on liquid-water coatent and on the integral value of local
the coefficient of capture) aand local haat-transfer coefficient -
after combining as Tribus, un<iaowiu parameters in one independent
variable parameter b. Tnus, tne Juantitative results, obtained by
Messinger, can be used duriny caiculations only when it is possible

to determine the value c¢f paramster b.

TR N T S i o,
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Let us note that in tue calculations of Messinger the portion of
evaporation for case (3 >0' is clearly reduced, since it considers
evaporation as that occurring oaly from the surface of settling,

vhile when [, .0 water spreads beyond the limits of this zone,

Consequently, and the values or rates determined by it, with which
sets ir the complete evaporation or the depcsiting water, they can be
in this case substantialiy overstated. Further, the author and all

other researchers, it considers tuat the drops completely give up

entire their initial kinetic eneryy of body surface at the moment of

collision. In fact that given up energy is considerably less, on the
strength of the fact that the parct of it forever lost during braking

in air flow., However, vartually latter/last omission will not be

reflected in results, since entires/all kinetic energy drops it plays
extremely small role in the total aeat balance of the icing up

surface.

A somewhat cast appioach to problem we meet in the collective

work of cutter, Rasch ana baxter [52], that is actually the
development of Ludlam's work [07]), dedicated to the study of the
effect of thermal processes on readings of different ice-depositing
instruments. In this work tae autanors concentrate their attention in

the calculation of the critical value of liquid-water content @,

T A T G g e g Wy g s
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this value, during which the teuperature of the icing up surface

reaches 09,
4. Balance of the heat ¢t thne icing up surface.

Let us examine the in uetdail neat fluxes, directed to surface
and from it during steady process of the icing when it is possible to
consider it as constants {; - tne temperature of the icing ur
surface, to - the temperature of air and «. - the rate of motion.
All given below relaticnsaips/ratios are related to the appropriate

heat-flux densities,

/,Beat-flux density, caused oy the deviation of temperature of
surface ( from equilibrium adiavatic ‘., according to

relatjonship/ratio (3.4) is egyudl to

ru:

m:;a(in% -t ) (3.5)

Page 53.

2. Density of heat fiug causea by liberation of latent heat of
freezing of depositing water, is egyual tc
gy—=m,l, (3.6
wvhers m,; - mass of water, whicn aeposits per unit of surface per unit

time,
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L3=80 cal/g - latent hedt or Lreezing of jice with 00,

Relationship/ratio (3.6) 1s corcect whemn (¢ —( it is possible to

consider that freezes entile deposited water.

3. Density of heat fiux causea by transition of kinetic energy
of drops into thermal wita their saock from surface, is expressed by

relationship/ratio

fs= —575 "

here v - certain coefficient, waich characterizes the fact that
water depositing on surrace gives up to this surface only part of its
initial kinetic energy. #We wili assume/set 7 ~1, thereby somewhat
overstating term g3, i.2., we wiii not consider that portion of
energy which is taken away by rorever air flow; in other words, it
will assume that
m. ”
Gy = 57— 3.7)

This assumption not cause aoticeable quantitative changes, since

estimation shows that even in the rorm (3.7) ¢, it is less than other

terms hundreds times.

4. Heat flux, caused vy cooling ice frcm 00 to temperature of

S L T
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surface Y, has density, aguai to

g, =m,. ¢, (0 -ts) = -mc t (3.8)

ﬁ . of '

vhere M, - mass of ice, whica freezes per unit time per unit

surface. When ¢ <(’, as it was noted in pointyitem 2, freezes entire

) Ty -

deposited water and, theretore, M, M,

e ——

¢, - heat capacities or ice, egyual to 0.49 cal/g with 00.

A number of factors contriputes also to the heat removal from

surface. i

5. Heat-flux density, dpstracted/removed for heating of
supercooled water from tempeiature ty to 0°, is determined by

expression

gs 2 myc (0 — t) = - mc.t,. (3.9)

6. Finally, svaporation (or sublimation) of ice from surface,

caused by difterence in saturation vapor pressure of water vapor ]

above the icing surface aad in undisturbed cloud leads to absorption
(or liberation) of heat. The asasity of this heat flux it is possible

to write in the fornm

Page 54.

A strict definition of value /7. aand consequently also q4, is

N TP e g Ty
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sufficiently compl2x prooirem, tnan, apparently, and is explained by
the fact that the majority of disayreements in the calculaticns of
different authors occurs ducing tue calculaticn of valva g [ 15, 21,

52, 687.

We will not stop cn the iLéasous, which led some authors to
clearly erroneous results - paktially they are examined in V. Ye.

Minervin's work [15].

Work [52]) gives vwithout vasess/bases the expression for qg, which

in our designations takes tne focn

_ 1550
4=~ 2 [_’)\\ (eu—" e[“) »

where Pg - pressure in the undisturbed flow,

e, and €, -~ saturating vapor piessure at tamperature with respect to

09 and tooo

According to Tribus and Messinger, this term (in our

designations) will be written 1n tane form

(e,~ e
g6 =a-2,9oLc,,,_“_._'~ﬁ

F )n ’

in this case the co2fficient of 2.90 of Nessinger is called

empirical. It is easy to see tnat the numerical coefficient in
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expraession for 7,, acceptea by I[fipus [78], and following by them in
terms of Weiner [79]) and Hdessangyer [{68) differs from the coefficient,
accepted by windbag, Rascn ahu Baxter [52]. Let us try to approach

the determination of this coerricient from theoretical positions.

The conclusion/outpuct oI tne expression given below, which is

determining the heat lcss to evaporation, we tase on hypothesis,

b x

analogous hydrodynamic ctu20ry of neat exchange, i.e., let us assume

that the evaporation is ocune of tne manifestations ot substantial

i exchange. Let us explain this 1n umore detail.

The quantity of water m, evaporating for time unit is

characterized by the inteasaty of the moisture exchange of boundary

layer with surrounding air. Considering that the moisture exchange is
realized by the same mechanism, tnat also heat exchange and exchange
of air masses, it is possible to syuate the intensity of the moisture
axchange of a difference in tae amvisture content air masses exchanged
per unit time. Xn this case 1t i1s assum2d that in atmospheric
boundary layer is saturdatad accordiang to relaticn to ice at
temperature of surface !, and 1n that not disturbed - it is

saturated relative to water at temperature tg. On the basis of the

hydrodynamic theory of hedt exchanye, the mass of gas (air), which is
adequate/approach unity ¢t ooundarLy layer per unit time (in gscm? s),

x . . .
is equal to ¢y OFs if we express the exchange of air not in mass,

ha ol i ag oS w-‘-?_‘ e T Tt s g
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E a
13%;— toen we will obtain ..~ . Then the mass

but in volumes, i.e., in o3

of that taken away from tna same surface for the same time of
moisture, i.e., in our desigynations m, is equal to

i
;

m, = — = Bp,. (3.10)
Here

fa - air density,

8%, - a difference in tne aensities of saturated vapors of the

vater above ice at temparature oi surface f, and above water at

temperature of air tg.
Page 55.

Relation 4p,’s, can ba tound in the courses of phvsics of the
"‘,P” — 0,622 — . _{""_ N {",_'_'_.T. -
e P, to low

(1_- “y)ll nl

1t is possible

atmosphere (for example [33]): or, with an

accuracy to small ones of second order (’rq’% .
‘“--JL—::OJH>
. 0,628 . . . I . . .
to write %“ rh—;—(ﬁnn Ctn) Suustituting this expression in eguation

va

(3.19) and multiplying obtained vaiue m; for heat of sublimation of

ice at temperature A—(L%rw) let us have

0,628.1 ey —e
’ £, L. o, .
q‘; o —— c,"_‘. (._._’I_,“‘_“_') . (J. 1 l)

p |

If we approach determination of g frcam the point of view of the

W TS PO

o e
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analogy between of thermal conauctivity and diffusion [56]), then is
obtained the expression, alalogous to equation (3.11), with
supplementary factor 4,k, where k&, - a coefficient of the
evaporation of watar (dimensioniess), &, - a coefficient of heat
¢ransfer (dimensionless). frow comparison with *the empirically
obtained coefficients of tue psycnometric equation of Hardy found
that relation Kk, /k, 1is changeu zrom 0.996 with - by 17.8° to 1.007 at

+15.69,

Minervin in 1956 [ 15), utilizing an analcgy of thermal and
diffuse processes, L. S. gygeason [39) in detail developed in
monograph obtained the relatiovusnig/ratio, similar to expression
(3.11), with cofactor ksa, wihere K - a diffusion coefficient, a - a

. s o . k 3%
coefficient of thermal diftrusivity. According to Hardy, k:r:f;)l

Without s%«opping on a gyusstion, who of two authors indicated is
more than rights/laws in theoretical substantiation, let us note that
Hardy's results, obtained oy 1t aucring the comparison of the
corresponding =2quations with the psychometric formula, testify that
the cofactor, which apfeais in <yuation (3. 11) unessentially differs
from unity. Th2 tha2reby 135 coarirmed the soundness of the hypothesis
accepted by us, with an iucrease 1in the rate when turbulent exchange

begins to prevail above tne moliecular, this hypothesis must be

justified still more.

e I T T T T T S S ST g ——— - . _1
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Before converting/traastelrinygy to the construction of the
equation of heat balance on tnis surface, let us focus attention on

the following.

During the determimacion or inflow of heat g, we assumed that
freezes entire deposited water, 1.e., they counted ¢.=m,L,. However,
it is possibla that the evaporatiny part of water m;, does not manage
to freeze. In this case snould pe written Q,=(m., -m,)L,. But during
the determination of heat witadirawal due to evaporation one should in

expression (3.11) take neat or vaporization of wvater [,..

Thus, either g,=(m,—m)L, and in this case ¢ m L., or

ge=m_L, but already in this case ¢;=mlcys.

It is easy to see that also the equation of the balance of heat
remains without change. Tneretore when / <0 let us assume/sct
g, -m I,}, a gg ‘miLr)(i,

Page 56.

The error of windbay, #ascnh and Baxter [52]) lies in the fact
that they took ¢, m,/ , and duriay calculation g, was utilized

coefficient of 1550, equal, as 1t 1S easy to Lke convinced, to
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3 1.
* )
relationship/ratio '

(IR

T “e

(,,

We also do not have toundations for allowing instead of relation

RPN

0 620

p

260 coefficient or <Z.9V, used by Tribus, etc., and exceeding

the ratio indicated apprcximateiy/exemplarily by 10+ .

i e e i - -

Thus, we wrote in an cxplicit form of expression for all the

main heat fluxes which aetermiune tne balance of heat on the icing up

surface. Here is not taken into consideration the radiation heat

o withdrawal, which plays umeyiigiple role.

: Thus, the density of tne resuliting heat flux, which is
adequate/approach the icing up surface, can be written in the form
- 9=¢11-¢: 1 ¢t 94— qs —q, =
.J ‘r “‘J‘;‘J ) v ll’m
‘f. Za(-._,-j;;‘ 1 t,, - ts —{-m.l.‘ 1 m“ T T m” . C~ts -
4 0.628 L e, —¢
-j . _ . ’S‘(y(; ’-\'.a ‘ o ) .
: i-mye,ty “- ""'—'—(p—— ST At (3.12)
3
4 In the absance of heatr excaaunge with the internal surface of the
4
3 icing up body net flux § is egyuai to 0 formula (3.12) takes the form

. , _ N
3 e ;%;+Ju-t;4un8fﬁfifl%{?w)y"

=my(L,--c ¢t - b (3.13)

?
{ i
; 5. Calculation of the coetticient of freezing.

{

e A e A
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Ao 1A T

Expressions (3.1) and (3.<), freezing B which characterize

tass g

coetficient, can be converteu, alter replacing values m, m,, and

m, with appropriate water coatent of clouds. Actually/really, if wve

Eiai

designate through w,, sucm i1a4uld-water content with which the

settling per unit of body surrace ror time unit reaches critical

LA i

" g k
A 7 e 2t s ol A o WA Sy P74 P ST ;1 AU 4 -

=T . ‘,
K value mw,uefww um-E‘ls analoyous through %; that portion of water )
& 2 m i
y W, == et
content of clouds, which compensates evaporation, i.e., ! « £ and
an e '
finally through w - actual iiguia-water content, i.e., w==.11_. then
QO £
it is possible to write taat :
i)
wy l
I — =~ npu vl w, : .
B=1/ 4 .
- 1‘;‘ ’ ‘ tu \ w“p (-514)
w (1 ;"(-))(l - j.;~> HPH & 2> 10y,
Key: (1) . with.

¥ o Y

Thus, for determination p it 1S necessary to know the actual

liquid-wvater content w, tae temperature of air t, and to find values

w,, and w;

> St g m A il e il e

T e e e s
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Page 57.
a) The calculation of critical iiyuid-water content.

Por determination w,, let us turn to equation (3.13). Taking into

account that in this case ¢ -0 andm, - w,-u_F,, let us have
B N
GG2RL o (O p’") rut
I (S I rn a ,
e E h ST _ll!f o R o ~ IK| (t09 u., Pn) -
» Moo TR0 :o;,__?;" E,
= r Ky (ty, 4o, ’ (3.15)

vhere

0.628L.4 (0 —e, )

~tt

e P
Kl (t01a001 po) = %0 U—:“—"-\: ...‘o_..__.
o+ —".
( o+ QI)UN
u?
Ki (for i) = — "0
2Jcp RO 4 to+ — @
q( 4 tot+ 21)

Tﬁus, w,, depends on a whoie series of the parameters and, first
of all, from the temperaturs ot air tgo and flight speed 4., and, as
show calculations, to a lesser ueyiee from pressure P, and recovery

factor r. Purthermore, w,, depenas on such complicatedly defined
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values, as heat-transfer coefficient a and the integral local

coefficient of capture Ea.

Tt should be noted tuat tue dependence on r begins to become
apparent by noticeable rcrm only at comparatively high speeds (more
than 100 m/s) . Furthermore, wnen 15 studied icing in the vicinity of
critical point, it is possiole wita large accuracy to count r=1,
since at this point occurs total stagnation, as for instance, at the
critical point of the round cylinder r=1 for Mach's any numbers from

0.4 to 0.9 [4].

The values of functious Xi (ta ¥, I’) and K. (t. #o) were designed
virtually for a2ntire rangye or values f. 4~ and P, possible during the

flights of low-speed aviatioa.

The results of calculations are represented in Fig. 15. From the
figure one can see that wiza 7. 7J0' m/s the relative role K, in

comparison with K, is smali auu 1t always decreases with decrease tg,.

a

For determination @, 1t 1s necessary to knovw also . - About the
integral coefficient of capture we in detail spoke above, in chapter
IITI, and brought the diayrams, maxing it possible toc determine E‘ for
cylinders and series/rcw or protiles/airfoils. However, the

deteraination of heat-trauster coefficient a represents the complex
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probles which it is necessaLy to examine in somevhat more detail. The
theory of the heat exchange or dirterent bodies, which move in gas
flow, unfortunately, is not yet developed so so that it would be

possible with sufficient coutidence to use the theoretical

relationships/ratios, wuich are determining heat-~transfer

coefficient.

Page 58,

During the experimental investigation cf the processes of heat
exchange usually appears itseli the dependence between the criterion
of Nusselt Nu=aC/A, which cnaracterizes the hLeat exchange of bodies
with medium and Reynolds aumoder Re, -- i%g_, As a rule, this
connection/communication can oe represented in the form

Nu==a.Rey, (3.16)
vhere a and n - some constants, which depend not only on the fora of
body, but also on the ranye of Keyinolds numbers. So M. A. Mikheev
{17] gives the following values of a and n depending on Rey for

round-cylindrical bodies duriug tne calculaticn of the average

according to the duct/contour ot newat-transfer coefficient (Table 4).

For us the knowledge of neat-transfer coefficient for a cylinder
is of independent interest, since the rotating cylinder (SIO) served
as standard for determining tue icang intensity in experimental

flights.
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Pig. 15. Are upward aloang the axis of ordinates deposited/postponed

the positive values of function K,¢10S, down - the positive values of

s . il

function K,e103%. Numbers oy tne curves indicate the values of the

flight speed “4> in the middie Of curves - pressure Pg.

Key: (1). mb.

watnidbEge . e

Page 59.

In view of this were desiyned on Mikheev'!s given table the values «a

-y T s "
’ 3!’ R oy LT ———
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for the cylinder with a diamseter or 50 mm d2pending cn flight speed

v_-0167 on cm2/s5 and A=5.5e107% cax?c- S o°C.

FOOTNOTE !, Value A=5.5e¢10"% cal/can s. deg. corresponds to
temperature of -10°C. Geuerally the dependence A on temperature very
is not strong, namely at 0% A®5.0%¢10"S cal/cm s deg., but at -200°C

A=5.38¢10"2 cal/cm s dey. ©ENDFOUTNOTE.
The results of calculations are represented in Fig. 16.

Is considerably less studiea the heat emission of the bodies of
more complex form. Coefficients a4 and r in criterial
relationships/ratios depeaa substauntially on that, are iound we in
the region of laminar cr in tne regyion turbulent boundary layer. The
first occurs to Regz10S, the secona - with Rey>106. In the range Re,
from 2e10% to 20106 is located the transition layer for which it is
not possible to indicate a precise criterial relationship/ratio,
since in this case number Nu depends not only on Rey, but also on the

degree of the roughness of the surface and cther factors.

All known to us experimental works regarding the heat-transfer
coefficients a of wing profiiessairfoils, carried out both in our
country and abroad, they iadacate that the range of the
oscillations/vibrations or neat~transfer coefficient for different
profiles/airfoils and conditaons i1s included wvithin the limits

1¢10-3-1010"2 cal/ca?2 s °cC.

i bl o virniallh i st

R
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3 Fig. 16. Connection/communicatiaon of average heat-transfer
51 coafficient a for a round cylinder with the speed of blowout (axis of
i
4 ordinate to the left), uependence E/» for 50 mm of cylinder on 'o» and
E. IICO

Key: (1). cal/cm/sC{2). u/s.

Table 4.
Rey , a ’ n
R 0,81 0,40 1
RO-AQ08 . 0 0 L0 oo oL 0,625 0.16
[}
510 u(n)ume ........... 0.197 0,60

Key: (V). and it is above.
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So, in several examples of Trious [78] a varied from 201073 to 3103
cal/cm2 s°C, Por Hardy {50 j tne curves of the dependence a on
position on the wing proriie ot aircraft C=46, constructed on the
basis of the works of Syuire {74 ), indicate the change a from 1e10—3
to 451073 cal/cm2 s9C, To tne sSauwe result lead the calculations a
according to known distriputiou tus pressures along profile/airfoil,

based on semi-empirical toraulas.

Thus, for wing protfiles/airtoils we can comparatively reliably
indicate the boundaries of possible values a. However, obtaining
precise values a« for coancrete/specific/actual profiles/airfoils and
flight conditions exceeds the iimits of the present investigation. In
each specific case a can pe determined either experimentally cr with
one or the other degree or approximation on the basis of the
available relationships/ratios, wnich connect a with profile pressure

distribution.

It must be noted that researchers' series/row determines
heat-transfer coefficient somewnat differently from this accept in
the present work, namely, they uetermine a from the

relationship/ratio

ru?

9 "-”“('2]“,“’ 4+ & —fs ). (3.17)
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vhere t; and u; - respectively temperature and speed on the boundary
of boundary layer. Let us recali that we determined a from the
relationship/ratio

'ru?

q, =a(-2f + ‘o“'s)v (3.5) i

vhere t4, and # - temperature and speed of the undisturbed flow. ;

It is easy to see that ootan tnese expressions would be
. . . - . i . y )
identical, if r=1, since in this case %-F-Ti%==tlf.é%;' However, in
the real case, with <1, these expressions do not coincide. Actually
the inadequacy of relaticaships/ratios (3.17) and (3.5) is included
faster not in different daterminations a, but in the different

’ determinations of recovery tactor 1i.

FOOTNOTE t, It is more aetailed with these two determinations of
' recovery factor it is possipole to wvecome acquainted in Hilton's

monograph [ 30). ENDFOOTNOTE.

’ Returning to expression (3.15) we see that there is entire

necessary and sufficient for aeterminaticn %, for an instrument SIO.

Por convenience in the calculations the same Pig., 16, in wvhich is

’ given the dependence a and u ., depicts dependence of E}w on u, and

L
I'c)

NIRRT AP T (0% S PO . R, g g o
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FOOTNOTE 2, Factor 1/v refiects the fact that on the avarage the
increase of ice flows/cccurs/lasts evenly all over circumference of

rotating cylinder. ENDFGOINOTEL.

Values w,, in some special cases, designed with the aid of diagraams
Pig. 15 and 16, give in Taple 5. in this case the value of recovery
factor r for SIO accept €jual to 9.85 (directly for end connections

of the profile/airfoil should ove accepted r=1, 0).

More detailed calculations 1nuicate that already at temperature
bl —5° w, it exceeds the usually encountered values of water
content of clouds (Fig. 11). Moreover, even with t,=-3% (as is
aevident from table 5) ana flignt speed ¥ 775 on m/s (270 km/h),

water content of clouds, as a i1ule, is less W,

Page 61,

However, in individuai, exclusively rare cases water content of

clouds can prove to be more tnan w, even with t,=-10°. Therefore in

’I
specific examples with larye iiguig-water contents always it is

necessary to keep in miana tune possibility of the involuntary freezing

of the depositing water.

e e e i A 2t 12 =
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For wing profiles/airfoiis telation g'(it can be) 1is
approximately/exemplarily 3-5 tiuwes less than value ;r for an
instrument SIO. Thus w,, tor tae spout of profilesairfoil several
times is less than @, for the cylinder which rotat2s by 50 mm, and
sufficiently frequently 1t can reach the values of liguid-water

, content virtually encountered in clouds. Thus, cne should sweep in

1 form that for the center section ot the plane in the individual,

completely probable cases p 1t can prove to be lower than for an

instrument SIO.

B)'The temperature of the i1ciuy up surface and evaporation from it.

In the absence of heat exchangye with internal surface the

temperature of surface /. 1is connected with flight conditions on the
equation of heat balance (3.13). However, the complicated dependence

of separate terms of this eguation on temperature ¢, does not make it

A vae

possible to in general sclive it reiatively (.

s Comparatively simply it 1s possible to determine the temperature ]
3 of surface ! in the particular case when a quantity of depositing ‘
} water 7" m, i.e. in accuracy compensates the evaporation of ice

from it.

e e MYPGPTW RT0 T MO PRIIE & ot S
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Table S.
T 27 /3)
1, n . (uices) o (u6) Tep (1) w,, (r/m3)

3 0Ty

[Gtny - o
SRS & 0,231
. 3 0,724
\ e 3 0.3
o £ .
! i

[ (R ’ ’
. 3 0,163
0 ho 0.0
3 J.8%1
1000 2 :

S N n.ou
. 3 2.611%
o 00 A 1,006
1000 3 et
1-100 i T
. 3 1.0
~)O" o ", el

Key: (1. (a/s). (2). lab ). (3). {(g/m3).

Page 62.
I3 a ‘ t‘.n.-”‘..,. .
Then, on the basis of that ¢ thdt'mfioﬁZRE;—-nr~— and, substituting

in equality (3.13) for ", tnis expression m, we will obtain

iji (:3.18)

FOOTNOTE !. Cm the section of 4 present chapters. ENDFOOTNOTE.
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When deriving the equation (4.18) we proceeded from that fact
that as a result the water, deposating on body surface and which was
being located thus far 4t teamperature t,, evaporates and is converted
into water vapor at temperature / Since the heat, necessary for this
conversion, must not depent., in view of the reversibility of process,
from that, in what way we to this come, then it it is possible to
equate with the heat, spent oa neating water from ty to / and its
subsequent evaporation at temperature !, For this very reason into
relationship/ratio (3.14) enters either heat of cooling ice 0P down

to {. or the heat of the freeziny of water.

The solution of equativn (J4.18) is represented in the form of
the nomogram (Fig. 17), tane metuoa of the use of which following:

from the lower horizontai scaire of speed (for example u, =-60 am/s)

should be to be raised on vertical straight line to the curve of

assigned r (r=0.9), then, woviny over horizontal, to reach the
intersection with assiquned iine ty (for example -109) finally being
discharged from point or intersection on v=artical line down, to scale
{, read the response/answer, 1a this case, -8.69 The made path is

shown in figure by arrcw/pointer.

It is obvious that witn aircrdaft icing a quantity of depositing
water is more than evapcratiny. cousegquently temperature ¢

v

determined according to relatioasnip/ratio (3.18), Budde lower than

L e wr SRR MR 10T INR o



otaria,

i ® e my e

N . o RARES ey
© ol wrban b & .

Al
AL SRS

DOC = 79116105 PAGE llf’]

actual, since in eyuality (4.14) 15 not considered the inflow of
heat, caused by the freezinygy or tne supplementary part of the
deposited water. If we disreyard/neglect kinetic energy of the
depositing water drops, taen it 1s not difficult to ascertain that
for the more precision determination of value /. it is possible to
use the same nomogram {(rig. 17), 1I we instead of Y. proceed from

certain "given" speed

i

2, E(L, +t—t)(w— i) .
u,.=uoo-1/|+ il M - 3.19)

aruw

FOOTNOTE !, Dependence #» and on ¢t «is comparatively small and during
calculations of radicand with a sutficient degree of accuracy it is
possible to take as ¢ the ejudi tou the value, found from equality

(3.18) . ENDFOOTNOTE.

Correction found taus can reach completely noticeable value, For
o~
example, with E=0.5, w={0.20107¢ y/cn3, a=5¢10"3, r=1 and 4, =10' ca/s
this correction is equivaient to ahu increase in the speed more than

twice.

At the known value of tae tesperature of icing up surface {
does not comprise large work to caiculate the mass of ice M,

evaporating from a unit of surface per unit of time, and the value of

vater content of clouds %, necessary for the compensation of this

o
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evaporation.
Page 63,
Actually/really,
m;=a.Kk (L  tP,) (3.20)
and, therefore,
w, = ———— K, (t,, t, Py, (3.21)
EA um
where
e, --e
0,"28 ‘s-ﬂ '  J
KL, to, ) = c; e “Fu_ (3.22)
Fig. 18 gives simple nomoyram for determining the function K3 in

dependence on values {, f, and Py,.
For illustration in table o are given values f, and w,,6 for SIO

in some special cases (water countent of clouds is accepted equal to

0.2 g/m3) .,

Thus, after determininy “» and ®; and knowing liquid-water

content v and temperature t, clouds, it is possible according to

equation (3.14) to find tne coefiaicient cf freezing B. For an example
the same Yable 6 in latter/last column gives values pB. Froam table it
i{s evident that even at temperature of air -3°value B is very close

to unity, if the speed ot aircraft does not exceed 200 km hour.

AR T T My,
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Pig. 17. Nomogram for deteramining the temperature of icing up surface

! . The method of use is described in text.

Key: (1). Recovery factor. (<¢). Temperature of air. (3). m/s.

Page 64,
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At conclusion of preseut cuapter let us note that the detailed
analysis of the process ot aeat exchange conducted on the surface of
aircraft under conditions or iciany makes it possible to answer one
more virtually very impcrtaat guestion. Mamely, to what temperature
it is necessary to ensure aneatiny the surface of aircraft during
flights in dry air in crder duranyg flights in clouds to guarantee the

prevention of icing.

In order to guarantea tag aosence of icing, inflow of heat to
the unit of surface for time unict 4 (i.2., density of the heat flux
applied to internal surface) must ensure its heating to 0° and
completely compensate tae aneat rsmoval so that in this case would not
occur the freezing of the deposited water. Consequently it is

possible to write that

ul

‘ “
g=a(0- t..)—H&L.c.,o 62 ——F'-'L-F-m Q0~1) < m, ’”2‘71 (3.23)

Prom other side this sawe inflow of heat q provides in dry air

heating surface to certain unknown temperature f. Thus, occurs the

equality ‘
= alty — ta). A (3.24)

Bqualizing right sides (34.43) ana (3.24), we will obtain

(‘o—" ) ws ~ ut ’ ) 14
t L-e- 0.:;28 ,po‘o + cD ('tot"'"%) . (3.23)

r]
or, disregarding tera _%51 (vita ¢ <100 ma/s this is coapletely
adnissible), finally it 1s possible to vwrite

-~

-umE
£,=600- K, (0,2, P) + —— i1l (3.26)

1
!
|
i
|
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Table 6.
Ty (3} [

1, u“,u;J Ccek) P, (u6) B
0.493..
1w 0,935

Ol

) 3 0,835
T\ 3 0,880

‘ ‘ )

f ) % 3{5:{

-1

) 3 0,720
0 ; 0.427
3 0,977
R0 5 0,969

T ' 9
] 3 0,955
R Y 5 0.943
{1 0,932

3
1000 4 0,945
[t 0.873

) 87
500 5 0,843

Idaiied e e L LT

Key: (1). (cm/s).

(g/m3).
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Page 65.
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Pig. 18, Nomogroa for deterwin.uny tunction Ks (e ¢, PJ. Arrow/pointer
showed an exasple of deterwindation Ky with fe=—I8. f =—18* and P,=850

mb.

Key: (1). Ice. (2). mb. (3) water

Page 66.

Pros relationship/racio (3.26) it is evident that f{ first of
all, depends substantially on t,, 1.e., from that temperature with
which we want to completely eiiminate the possibility of ice
formation. So already with ty=-20°® even with the quite aminimua
liquid~wvater content, whicn ensures only the wettability of surface,
overheating ¢ — 1/ must exceed 309, and upon consideration of a
maximally possible value of liyuid-water content and coefficient of

capture this overheatiny must reach to 40-50°,

Such power of deicers it is nardly possible to ensure without
the essential weighting of aircraft and considerable deterioration in
the flight characteristics. For this very reason it seems to us by
advisable during the ccnstruction of the therwmal deicers for the
protection of the planes of aikcratt to everyvhere pass to the method

of the fluctuating preheatinyg, groposed by Tribus [ 78].

T Wy
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Page 67.
§
:;1 Chapter IV.
i EXPERIMENTAL STUDIES OF TdE 1CidNs JUF PROPELLER~CRIVEN AIRCRAFT.
4

1. Purpose and procedure or experimental flight.

The construction or the taneory of icing, led to quantitative

results, not only does not eliminate the need for conducting the
experimental studies of aircrart icing, but moreover, are posed new
probleas, considerably expanding series of question, included earlier

during the experimental study of icing.

Up to 1950 our basic experimental material on aircraft icing in
USSR was the material, accumulated on the natwork/grid of the
points/items of aircraft soundiny of the Main Administration of the
Hydrometeorological Service. uUp to 1948 on these points/items they
conducted only qualitative observdations of the icing of different
aircraft components, seen Lrom fliyght aerologist's place. Since 19438
in flight aerologist's window at a distance of 30 cm from edge wvas
established/installed the special template-indicator of icing. It is

the considerably reduced model ot the wing of heavy aircraft. On the

R N L e T e -
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front of the template/pdattern are plottedsapplied the alternating

black-white bands with a wiatn of 15 mm. The thickness of grown ice
is determined from measuring pin - the indicator with a length of 5
ce with divisions by 5 wa. ln tue presence of icing the flight

aerologist notes heightyaltituae and time of the beginning of icing,
thickness of grown ice for separate time intervals, form and form of

icing and height/altituue ana tiwe of the end/lead of the icing.

Despite the fact that this observation still it is not possible
to name/call quantitative, siance tae estimaticn of the icing
intensity and extent (extensivenesss) of the zones of icing, obtained
on the basis of observations of template/pattern, is sufficiently
rough, in the first stages of tne research of physics of icing these
observations had vital importaance. They made it possible to gather
vast low-quality material about different forms and forms of icing,
to obtain the specific statisticai data, etc., Many results of thesz

observations were used ip i. G. Pchelko's works {23).

However, during the dJdetailied research of physics of icing, in
principle it is not possible to ve satisfied by similar low-quality
observations, since they 4o not yive the possibility to connect icing
with such basic parameters ot clouds as liquid-water content and
distribution of cloud drcps according to sizes/dimensions.

Purthermore, the deterwmindtaion or iacing intensity to teaplet should

TR BN S oy TP o
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be recognized very rouga daa inaccurate.
Page 68,

Therefore it was necessaly to wanuracture th2 new procedure of the

experimental study of iciny, makiny it possible to carry out

quantitative measurements wita sufricient accuracy and giving

; possibility to connect specids teatures/peculiarities in the
character of icing with tne paysical parameters, characterizing the
@ stat2 of the atmosphere, anu ror f£iight conditions. It was necessary
so as far as possible tc remove tne element/cell of subjectivity in

the estirmation of icing.

To the development cr new procedure contrituted the fact that in
the laboratory of the cloud investigations by TsAO [Central

Aerological Observatory] was accumkulated laryge experiment in the

study of different sides of paysics of clouds. These works, initiated
in A. M. Borovikov even on balloon during the years 1946-1947 [3],

led to the creation of the aarcraft flying laboratory equipment with

vhich continuously was 1mproved. Oa this flying laboratory, beginning ]
L vith 1950, by the group cf coiiegues under A. M. Borovikov's

management/manual were conductea yearly special flight expeditions

4 for the study of cloud microphysics, icing, on the analysis of the

three-dimensional/space stiucture of the frontal cloud systeams and

LTIV TR U R R YRR - R
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other phenomena. Basic part or these flights passed to the

supercooled clouds of laminar tcoras in the presence in them of icing.

In 7 years were carried out more than 300 such flights, with the

ity

common coating, exceedinyg 10UV houss, of them about 300 hours fell to

flights under conditions ot iciny.

o e+t e i e

The in detail flyiuy aaboratory was described in the series/row
of works; therefore below we will yive only the enumeration of the
basic instruments, estaplishea/installed on aircraft, and their
arrangement/position (Fiy. 19). H

1. Aerographs.

2. Air intake of drops (Fiy. 20).

3. Micro-camera mocunt.




"
Cemim e el e a

MRS

.L.\..;l‘u.

aid o g O

DOC = 79116105 paus/ég

Fig. 19. The schematic c¢f the arrangement/position of instruments in
the aircraft of IL-14: 1 - aeroyraph, 2 - autcmatic recorder of the
speed, 3 - pressure reccrder, 4 - electric clocks, 5 - electric
plate, 6 - thermometer, 7 - inaicator of icing, 8 - measuring dowel,
9 - altitude indicator, 10 - variometer, 11 - speed indicator, 12 -
instrument for the measurement Of water content; 13 - automatic

recorder of icing (SI0), 14 - micro-camera mount, 15 - automatic

recorder of temperatures (3i-23)«

Page 69.

4, Different instruments toL measuring water contant of clouds,

constructing/designing V. Ye. #inervin, based, for supercooled
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clouds, on principle of 1ce-settiinyg cylinders, and
construction/design of V. A. Zaytsev - on the principle of filter

paper.

S. Instrument stand to saicn are fastened/strengthened altitude
indicators, speed and overloads, compass, watches. To this same stand
is fastepned/strengthened the toggle switch from the electric bell on
3ignal of which was conductead tne simultaneous measurement of

different parameters.
Besides those enumeratea, on ooard aircraft, depending on the
task of this concrete/specitic/actual flight, were located scme other

instruments,

During the study or aircratt icing, the rasic goal of

investigations in our first expeditions it was:

1. The explanation of tae aependence of the character of icing

on the varied conditions, under waich occurs ice accumulation.

2, Explanation of dependeuce of character of icing on form and

sizes/dimensions of iciny up woay.

3. Obtained of precise Juantitative data about icing intensity
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of bodies of cylindrical torm, tor which at that time were fulfilled

g theoretical calculations with purpose of checking results of theory.

For the accomplishwsent of the outlined okjective was made the
'i{ set of the templates/patterns of various forms (Fig. 20)which with ’
the aid of special rod were carrieu far beyond the edge of aircraft u
(further 0.5 m). Into set enteired: the disks with a diameter of 40
E mm; the sphere with a diawmeter ot 40 mm; cigar-shaped body of

revolution with maximum cross section, also equal to 40 ma; the

ot

2lliptical cylinders, diiectea at aifferent angles toward flow,

rectangular plates and, the tinally round cylinders of different

poiaih B #5ink s aauied

diameters both rotating, aud not rotating.
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S ¥

FPige. 20. Air intake of the tests/samples of clcud drops (above), some

templates/patterns, which were veing applied for studying the

et Y
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dependence of the means or i1ice deposit on the form of

profilesairfoil.

Page 70.

In the presence in fligyht the icing, besides observations with
the aid of special templates/patterns continucusly conducted also
qualitative observations or aifferent parts of aircraft, which were
undergoing iciny, and artei fliynt aerologist®s standard
template/pattern. All coservations were accompanied by detailed
records, sketchings and pnotojrapas. In the period of icing were
conducted usual temperature souldiug, measurement of lijuid-water
content and cloud micrestructuare, recording the flight conditions -
speed, heights/altitude, course and so forth and finally was

maintained detailed flight log,

TR O SR N gy Tm R L — . N g pren—
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The target of later in-fligyat studies (1955-1956) was conducting
the experimental check, presented in chapter III theory of the
recalculation of icing iuntensity irom standard to plane and study of
the three-dimensional/sgace extent of the zones of icing in different

synoptical positions. Co a iatter/last question we stop will not,

B s

since it exceeds the scope ot tnls work. 1

For the accomplishment ot tne first objective the instrument
part of flying laboratory wdas compieted new, developed and prepared
by that time in NII GMP by M. Y2. Azbel, by instrument SIO (aircraft
meter of icing - Fig. 21), raceiver part of which was 50 mn the

rotating cylinder.

Since basic part orf the instruments, utilized during the study

< ot cobod IR e

of icing (air intake of cloud drops, instruments, which measure the
liquid-water content, SiI0 and series/row of others), is placed i

outside aircraft, it was unecessary to explain, what effect has on

reading of these instrumeats the disturbance/perturbation, introduced

into medium by aircraft duringyg its motion. For this purpose was used

A Wi, S

the Pitot tube, with the aid of waich it was fpossible to determine

with sufficient accuracy or tne poundary of the zone of

disturbance/perturbation into tae tield of velocities and the
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cylindrical resistance tuermometer, which made it possible tc
rate/estimate the boundaries ot tae zone of disturbance/perturbation

in temperature field.

The first expeditions (1950-1954) were conducted on the flying
laboratory, equipped on aa aircrart of the type LI-2, the latter

(1955-1956) ~ on the aircraic of I[L-14.

Entire complex of observations in the first expeditions was
fulfilled in essence by tue coilwayues of TsAC: by A. M. Borcvikov,
Z. V. Tonkova, A. A. Reshchikova, V. Ye. Minervin, N. M. Bokarev and
by author; in separate tlights participated other colleagues.
Latter/last expeditions cua I&-~14 were conducted together with the
State of NII GVF, from wnich in tuch accepted participation 0. K.
Trunov, G. M. Balashov and V. K. Yushkevich, In these expeditions,
besides the complex of observdations noted above, was conducted the
study of the effect of diirerent rorm of icing on operational-flight

aircraft quality/fineness ratios.

el
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Pig. 21c. Aircraft meter of icany - examples of tape recording of the

instrument: 1 - in fligat from 11/XII 1955, 2 - in flight from 16/XI1
1955,
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Page 72.

Route and mode/conditions of each of the fiights were determined
depending on overall siuoptic situation in flying area and were more
precisely formulated directiy during conducting of flight itself. As

an example let us examine one ot tne flights.

Flight, carried out ou 1.2 April 1956, rpassed on route Vilnyus -
Riga - Vilnyus - Minsk - viluyus, in rear of cyclone, in uniform air
mass. During this day middle latitudes of the European territory of
the USSR were engage by tne vast area of reduced pressures, one of
centers of which at noon was located above the northwestern part of
Baltic states (Fig. 22). From cancer in Novgorod, Vyshniy Volcchok
and Moscow is passed a tront ot occlusion. In rear of cyclone, on the
territory of Latvia and Litanuaalia, is passed the series/row of
secondary cold fronts. A similer sinoptic situation provided
development in these areas of restless stratocumulus, but with the

places and very powerfuistuick cumulonimbus cloudiness.

During the probing, produced during takeoff in Vilnyus 10 hours

(Pig. 23), aircraft opened iayers Sc at the height/altitude of
500-1550 m. Above 1t was clear. In clouds was observed the icing.

TP e . REErE 3 I
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Pig. 22. Example of synojticai situation in flight 12/IV 1956 on

route Vilnyus - Riga - Vilonyus - Minsk - Vilnyus.

Key: (1). Riga. (2). Minsk.

Page 73.
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After probing the aircrart went 1n righit's direction, being located
always near lower cloud vase, svusetimes even to short period leaving
of them (in the places where the ciouds raised themselves).
Cloudiness was restless - snalLply was changed the height/altitude of
the lover and upper cloua pouadaries and thair power. Icing was
observed always, in this case 1ts intensity (¢n SI0) was changed from
0.04 to 0.13 mm/min. Water content of clouds, measured by the
instrument of Zaytsev, osciliated trom 0.07 tc 0.29 g/m3. In the
sacond half flight on section Viinyus - Riga the intensity of icing
is considerably feeble (to VU.U<=-u.U1 mm/min). Ligquid-water content
fell to 0,04-0.02 g/m3, lae simuitaneous decrease of th2 liquid-water
content of the drop part ot clouus and icing intensity coincided with
precipitation from the clouds ot sunow. During entire flight was
perceived the turbulence tfrom weak to that moderated. However, the
straight/direct correlatiou or cunanges in the intensity of turbulence

and icing it was not observed.

Upon the return frow rigni to Vilnyus, the aircraft flew in
essence nearer to the upper edyge or clouds. Here just as it is
earlier, in the section of patn nearest to Riga th2 icing intensity
remained approximately/exewplarily permanent and weak: 0.07-0.09
am/min, The extent of the <oune or weak intensity was =130 km in upper
boundary (in lower it reacheda <0V km). Subsequently the intensity of

icing began sharply to cte chnangyea, grovwing/rising to 0.12-0.13 ma/min

Bl e T L T
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and falling to 0.02-0.03 mm/®1n. a5 earlier,
connection/communication or tae iutensity of

intensity to reveal/detect not succeeded.

In section Vilnyus - Minsk tne power of

300-400 m, In other respects thgil character

i S R ct SO

direct

turbulence with icing

clcuds decreased to

remained as before,
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FPig. 23. Vertical secticn or clcuus in fligat 12/1IV 1956 on route

Vilnyus - Riga - Vilnyus - Miask - Vilnyus., ---- the flight

trajectory. By nrumerals tucy are saown: the temperature, water
content of clouds in g/m3 (in smail circles) and icing intensity SIO

in mm/min. ¢ - buamping oI aircrarft (¢ - is weak, o' - moderated),

%¥— SNOW.
Key: (1). from. (IA). to. (<). Riga. (3). Shventionis. (4). Vilnyus.

(5)« Minsk.

Page 4.

Thus, in present flijgnt was iuspected the zona of the icing of

clouds Sc in uniform air wass. It 1s possible to consider that it

covers entire mass of clouds ootn in the horizontal and in vertical

o AR ROLD N T . rg
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the directions (temperature in cloud was changed from -5 to -939),

This same result was obtained ais30 in other flights, i

Before passing directly to thne analysis of the assembled

experimenrtal material, let us pause briefly at one more

moment/torque.

As is known, to icing are subjected the most diverse parts of &
aircraft, from rivets tc pladss, control vanes, etc. Structure and
form of ice deposits substantiaily are moditied from completely
transparent glassy ice tc wnate uiiky, from smooth and even to

strongly uneven, U-shaped. Tane icing of one form does not exert a

substantial influence on flight aircraft quality/fineness ratios ani
does not represent danger, anotuei - on the contrary, it strongly
makes its lift-drag ratics woise: raises drag, decreases the lift,

etc.,

The extreme diversaty or forms and structure of ice deposits
becomes apparent, as this was aiscovered, not only depending on the
flight conditions and characteristics of cloud, but also on form anl

sizes/dimensions of the icing up vody. i

This complicated depenuence or form and structure of deposited

ice on numerous factors and existeu disccnnection of researchers
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contributed so that up to now stiili there is no conventional single

classification of the fcrus of 1ciug.

Direct participation iu prolounged flight expeditions for the
investiqgation of icing during o ycars allowed us to compose the
classification (table 8) propusea an 3 secticns of presant chapter of
the types of icing, in whicu werec reflected the form, the structure
and the type of the surtace of growing ice. The analysis of available
material showed that this classir.cation sufficiently in detail
transfers the encountered torus vr icing, and the possibility of

light coding it makes its virtualiy very convenient.

2., Effect of the disturtances/perturbation, introduced by aircraft to

the measured parameters or ciouud.

As has already been mentioned, in the period of observation of
aircraft icing were conductea continuous instrument/tool observations
of different parameters or cioud and flight conditions, namely, after
temperature, flight speed, ilijuia-water content and cloud
microstructure, etc. It 15 lojicai that the receivers of these
instruments were carried outside and they ware arranged/located in
immediate proximity of aircratt ana therefore they were located in

other in that or disturbed aeyree to the zone of flow. Therefore,

first of all, does ariss juestion, is possible readings of these
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instruments to relate to the uudisturbed medium or these readings
characterize certain disturosa 2Zone and require the introductions of

the corresponding corrections.

The possibili¢y of tais type of the errors due to the
perturhation of flow was for thne rirst time by us expressed into 1953
more in connection with tne szuu; of the errors for the aircraft air
intake of drops [32]. The concliusion that containing in this work the
probable error, introduced due to the aircraft which perturbs actions
in the measured range ot uimensivus does not exceed So/o for the

drops of any sizes/dimeansiovas, was based on very rough qualitative

reasonings,
Page 175.

Therefore it is sxpedient in wore uetail to examine the perturbing

effect which introduces into cukrent of traffic of aircraft.
A) the field of velocities and temperatures around aircraft.

Pig. 19 gives schematicaily the fuselage contour of the aircraft

2f I1-174 and are shown ot the place of the arrangement/position of

bt or the other receivers ov. metworological elements.
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For measuring of veioclity iieids was made the tube with a length
of 120 cm with the aid o1 wnich it was possible to measure certain
value, proportional to the dynawic head. Speed indicator was
connected to tube and, thus, 1t 4as possible to count off the values
of the airspeed in some reiative uunity. In rate measurement at the
assigned distance from edye tae tuve together with special nozzle was
turned around its axis to tne maximum reading of speed indicator how

was reached the paralleliswm of nozzle to airflow.

For measuring the teamperature field served universal
temperature-sensing device P-1, fastened/strengthened to the end/lead
of the tube with a length of 30 cw. As the monitor of tamperature

served receiver ST-23.

The measurements of rate and ctemperature were conducted through
every 5 cm along the ncrwal trom tane edge of aircraft. In this case
the rate was measured withu 4un accuracy to 50/c, temperature - with an
accuracy to 0.3°, The results or #casurements showed that the zone of
the disturbanca/perturbation (zcne, on outer edge of which the
parameters of medium virtually are not changed during
removal/distance from edge) 1t gyiows/rises from 8 cm at point 1 (Fig.
24) to 20 cm at point 3. Rate witanin the zone of
disturbance/perturbaticn ycew/iose along the normal froa fuselage to

the outer edge of zone, wnich attests to the fact that the zone of

e b
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disturbance/perturbation 1s ooundary layer. The high transverse

sizes/dimensions of layer testiry about its turbulent character.

The temperature of tne stayuaut flow (static temperature)
virtually was not changea wita removal/distance from the edge of
aircraft. The latter means taat thne dissipative terms do not play the
significant role and the zone or tne disturbance/psrturbation of its

own thermodynamic temperature of f£iow coincides with th2 zone of the

field distortion of velocities.

HRN A Ry S S A L P A
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Fig. 24, Diagram of the zone of tne disturbance/perturbation of air
flow near the fuselage of aircratt. 1 -~ lateral window of the chief
Bk pilot; 2 ~ third window of passenger compartment, 3 - latter/last
window of passenger compartient.
Key: (1). Zone of disturkbance/perturbation.
B Page 76.

One should especiaiiy Lote, tnat even so the boundary layer at

point 2 has thickness or 12-15 ca, on boundary its rate

Sy o0 -

approximately/exemplarily to 1Uo/0 is more than at infinity. This is

explained by the fact tnat poant 2 is located directly above the wing

L i

of aircraft at a distance waere still manifests itself the
disturbance/perturbation, introduced by wing into flow. Apparently on

the same reason the rate, attained on the boundary of zone at point

AT it e v e e
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3, by several percentages ioWer than rate at infinity.

Thus, the conducted i1nvestigations of the fields of velocity and

temperature lead to the roliowiny conclusions:

1. The zones of the uyisturpbauce/perturbation both the field of
velocities and their own cteuwperature field of the moving/driving flow

coincide. In this case virtually ctahe zone of disturbance/perturbation

coincides with boundary layer anu increases along fuselage tcwvards
its tail section approximateliy/excuwplarily as Vi - distance from
the face grinding of fuseiaye), Lecaching thz latter/last windcow of Q

passenger compartmant has z2V ca.

2. Instruments, whicn use ilor measuring cne or the other
parameters of undisturbea riow, s0 that them would not affect field
distortion of velocities, must pe placed in forward fuselage section
at a distance not less than 1> cm trom edge, in rear - not less than
30 cm. In this case one saoulu remember, that the rate in the third
window of pass=nger corgartment to 100/0 is mcre than the rate of
aircraft that must be considered vy the introduction of the

corresponding corrections.

B) distortions, introduced vy tne aircraft into the spectral

distribution of drops accordinyg to sizes/dimensions and their
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quantity per unit of volume ot aii.

In order to define, as 1s cnanged the spectral distribution of
drops according to sizes/dimensions, and their quantity per unit of
volume in immediate proxiaity of tne fuselage of aircraft due to the
disturbance/perturbation, introauced by the latter during motion, let

us examine the flow pattern or tuselage cf cloud drops.

Fig. 25 schematicaily shows tne flow around fuselage of air the
flow around fuselage of ait and drops of two different radii. It is
easy to see that directly aiony siae fuselage can exist the certain
"dead" zone, whare do not faldi the drops of given size/dimension. It
is obvious that the sizes/dimensions of this zone are different this
zone they are different for aiiferent drops. In order to
rate/estimate these sizes/aimeusions, let us examine the stopping
distance of the drop of tne assigned radius, which began to move
along the normal to the suriace or fuselage with the assigned initial
velocity. Let us consider in the tarst apprcximation, that the
general/common/total motion oOr drop is composed of its motion along

the flow line of air and alonyg tae normal to this line.

In detail the calcuiataons or the stopping distance of drop
taking into account defiection trom Stokes' law are given in 2

sections of V chapter. iuHere let us note that, if wa as reference
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length accept the stoppinj uaistance of Stokes drop Ay, then real

stopping distance can te expressea by the fcrmula of the foram
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Fig. 25. Schematic of tne rlow around the fuselage of aircraft of air
flow (thin lines) and or cloud drops of different sizes/dimensions (1

and 2).

Page 77.

Dependence of A/\p On Rey 1s represented in Fig. 26.

Estimating stopping distabce in centimetersZ =(\/\g) (2ur2/9u),
ve see that for the drops or radius 10 p Z does not exceed S5 cm, even
if normal component of tne rate or drop with respect to flow attains
100 m/s. Thus, hardly one shoulid expect that the dead zone can exceed
S cm. Obvious further that tne zone of the disturbance/perturbation,
introduced into the flcw oifi ®true iiquid® by the motion of aircraft,
cannot be substantially more tnan the zone of the

disturbance/perturbaticn or aiir fiow.

Above it was menticneu, tanat the air-stream velocity was
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different froms rate at ainfinaty (au limits of accuracy of
measurement) only in a ccuparavively narrovw boundary layer, which was
being expanded from 8 cuw 1u Ist pilot's window to 20 ca in the

lattar/last window of passenyer compartment.

To us it seems that tne reasouings outlined above sufficiently
convincingly indicates the ract that all utilized in flying
laboratory instruments whose Lecelivers were placed at the distances,
exceading 30-40 cm (air iatake or the tests/samples of cloud drops,
meters of liquid-water coanteat, siU, etc,), with a high deqree of
accuracy are measured tne paramevers, which relate to the undisturbed

air flow.
3. Classification of the rorms ¢t icing.

A=z has already beeun wcationad above, for explaining the
dependence of the character of icing on form and sizes/dimensions of
the icing up body was investiyatea the icing of the bodies of various
forms. The assembled material coasists of many tens of sketchings and
photographs of ice accumulation on spheres, disks, rectangular
plates, cigar-shap2d bodies, wousls of wings, elliptical cylinders,
atc,, which make it possinie to trace the evolution of these forams,
and also several hundred Juantitative observations of the icing of

cylinders in diameter 2, 10, 40, 34, 50 and 7C am both rotating and
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motionless ones.

The basic results orf tae anaiysis of the assembled experimental

material are reduced to tne tollowing,

s ;';_p‘vwwfuq'ﬁ (S WA
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Pig. 26. Inertia landiny run (stopping distance) of drop (axis y-0V),
which has initial Reynolas nuwoner ®KE. (axis x~0V), expressad in the

units of the inertial pata or stokes drop.

Page 78.

1. Grown ice on exterinas parcts of propeller-driven aircraft by
pillar is determined by caaracter of settling on them supercooled
cloul drops and by process of rreezing of depcsited drops.
Sublimation factors do act pldy the noticeable role (which completely
coincides with the results ot caiculations in chapter III). Ot this
it is easy to be convinced, placing one body in the aerodynamic
shadow of another, and in tals case the shaded body it will not be

covered by ice.

B e e T —— L
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2. Diversity of dirterent roruws of icing affects changes in
form, structure of surfacea ana ou structure of grown ice. Any form cf
icing it is convenient to consider as deflection from "ideal",
accepting as the "such 1aeal" 1cing when the layer of grown ice is
small and repeats the fcim Of the pnody (for a cylinder - this is
crescent-shaped torm). Tane surface of ice smooth, color is
milk-white. Ideal icing cccurs wita sufficiently low temperatures and

E } low liquid-water cont=2nts.
Table 7 gives severai cases ot ideal icing.

Ideal icing is possibie oanly when the deposited drops freeze

virtually instantly, without spieading, the zcne of settling drops in

this case virtually coincides watu the zone of the icing of body.

In the process of tue a1cing waen thz thickness of grown ice
becomes comparable with tne sizes/uimensions c¢f body, the form of ice
gradually differs from 1ideai. This occurs the more rapid the greater

water contant of clouds,

Ideal icing easily can pe expiained, also, on the basis of the

theoretical positions, developea 1n the preceding/previous chapters.

g N
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Actually/really the forw or 1deai 1cing is transferred well by the
character of a change oL taue local coefficient of capture when the
coefficient of freezing can be considered equal to unity, i.e., at
sufficiently low temperatur=s. Tae milk-white color of ideal icing is
explained by heterogeneity 1n tne structure of ice, caused by the
presence of an enormous yuantity or the smallest air bubbles, which

vwere heing formed between tne rapiuly frozen drcps of water.

B S S P S O

Deflections from ideal 1c¢ing can be observed on all three
factors togethar or separatciy. anout cone mzans of deflzaction we

already spoke above, nameiy, tnat with prolonged icing the thickness

B Bt o o ik i w4

of the layer of ice beccmes coampared with the sizes/dima2nsions of
body. In this case both tne coior and the surface ot ic=2 remain
virtually without change. Orten in this case from the edges of basic
) ice outgrowth ice has needie-saaped structure. This needle-shaped
structure in edges can te expiainca, if we s=xamine the flcw patterr
of bhody of cloud drops and to cousidar that in the edges of the ice
deposit of air-stream veiocity are comparatively great, and the local
coefficients of capture cn tae stiength of the fact that the flow is

almost parallel to body, they are small. Acticn of both these factors

LS g ves L

contributes to the effluresceuce ot ice from edges.
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Table 7.
2) 3) (>J
(/) Ténwp;uypa Bn,'ztzmml. (‘/) Sanucn
Mlara Bun voaakon
(rpaycu) (r, M%) 1O KORY
7nest e, Lo L, —7 0,07 Ns H1
20/ 193 v, L L L —13 0.07 Ac mn
P12 11 B BEH) B -9 0,2 S 1y

Key: (1). Date. (2). TempsLatuie (deyrees). (3). Liquid-water content

(g/m3) . (4). Cloud species. (d). dscording cn code.

Page 79.

Most frequently, when tne jyrowu 1ce is compared according to the
thickness with the sizessuimensions of body, the smallest
heterogeneities on surface whica earlier appeared by completely
smooth, *they grow to the ract tnat the surface becom=s rough,
Furthermore, so that the thickness of ice would achieve noticeable
sizes/dimensions (on too swali podles) necessary that the
liquid-water content would be suritfaciently great. Latter/last fact
contributes so that ice becoumes less porous, in it it is less than

air bubbles and its color 15 cndaunyed from milk-white to cloudy-white.

If flight occurs at sutficiently high temperature (t>-5-79),

drops do not manage to iLr@ede iastantly and under the action of
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powerful/thick airflow somewnat acre related to the edges of body.

Under these2 conditions the increase of ice from edges occurs more

rapidly and the frontal part of it becomes at first flat/plane (if
earlier it was curved), ana then U-shaped or as it occasionally

referred to as, double-nuaped.

To the conversion ot fiat/piaue form into U-shaped contributes
not only the examined efiect of the spreading of liquid, but also a
change in the flow pattera. Actualliy/really, it is not difficult to
see that the coefficient of capture in the edges of flat/plane body
must be more - to edges cumulative effect of the deflecting fcrce of
flow on drop along the ienyth tne path of the lattar decreases. This
gqualitative conclusion/cutput was nave checked we experimentally.
Actually/really, the edge ot flat/plane disks and flat/plane
rectangular plates despite all conaitions they iced up more rapidly,

forming characteristic ice raiam.

The fact that the drops Lreeze not instantly, contributes so
that ice of less porous ones, 1n 1t is less than air pockets and it%,

therefore, more is transparent.

Finally, with high tempeiatures and large liquid-water contents
frequently is observed transpaitent ice wvhose surface is strongly

unevan, and form can be very whiasical. This character of icing is

vty e
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explained additionally to tae tactors enumerated above by the
possibility of the noticeabie fluctuations in liquid-water content,
which lead to the dissymsetry of settling water and at first
insignificant separate protuberances/prominences, which facilitate
appearance, which grovw subsegueutiy into large/coarse mounds, as is
avident, for example, in Ffig. <¢1. As a rule, ice in this case either
transparent or weakly turovid. Tane iatter should be explained the
presence in ice no lcnger air, but water inclusions, on the strength
of the fact that at higa teamperatures, as shcwn in chapter II1I,
freezes all depositing water. AcCe formation at high, close to zero
temperatures when managces to freeze all deposited water, sometimes is
characteristic by the preseace ofi the ice flows, which exit for the
zone of settlinyg drops. Latter/iast phencmenon is observed at

temperatures, as a rule, anigher than -2, -30,

Numerous observations of the i1cing of bodies made it possible to
manufacture the simple system (coue) Of the recording of the
encountered forms of iciny, represented in Table 8. With the aid of
the code it is possible with sufricient completeness to easily and
rapidly write any form cf yrown ice encountered in practice. The code
consists of three num2rals tne rirst of which reflects the form of
grown ice, the second - the aeyree of transparency (color) and the

third - the degree of tame surrace roughness.

Y AT . o R IR ORI N
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As exanples of the use 0i tne code table 9 gives several cases
of the icing of cylinders the diameter of 3 mm and their decoding,
and also three photograghs (Fig. 27) of the icing of different foram,

above which are shown tae num<erals of the code.

In conclusion let us agaiu note that simultaneously the form of
the icing of different bodies (for example, template/pattern and of
plane) can bhe various (and 1s traasmitted, therefore, by the

different numerals of tne coug).

Page 80.

Therefore during the determination of effect on flight aircraft
gquality/fineness ratios of on2 or the other fcrm of icing one should
indicate, on what aircraft componsnt this form is determined.
Apparently the disregard or tais factor was one of the reasons, on
which the different authors in uirrerent ways estimated the role of

that or another form of the acinyg (see, for example [10]).
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! Fig. 27. Examples of the codiuy oL the icing of different form.
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4, The experimental check or tusoretical calculations.

Bringing/finisking tneory to numerical results makes it possible
to conduct not only its quaiitative, but also quantitative comparison
with experimental results. in chapter II is shown that the intensity
of the increase of ice on body can be written in the fora

I=Lu,wk, (4.1)

2

First of all, logically, one ought not to have drawn a
comparison of theory with expariamsat on the rotating cylinders,
because their form and coeiticient of capture in the process of icing
are changed comparatively iittle. The instrument, used for this
purpose, was three conrected wita the axis of the cylinder of the
different diameters: 0.3V, 1.99 and 6.93 cm. Cylinders were given in
rotation with the aid ot the electric motor, placed within larger of
them, Distance from the edye ot aircraft to the nearest cylinder

exceeded 50 cm. Instrument was placed at th2 rear window of passenger

compartment.,
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Key: (V).
of transparency (colcr)
"jdeal®

bodies of revolution).

is compared with sizes/dimensions of body.

Numeral of the code.

“@
Monronna-6enh

Q
Mytuo-6eani

\\}\Myfuuﬁ /
W)
Caa6o zamyTnennni
\‘t\

Hpoapaunsh

e (4)« Degree of surface roughness.

(crescent-shaped - 1or cylindrical bodies,

(b) .

@l‘nqnxau

o)
ll‘lepo»;onanu"‘

B

lepoxosato-6yrpactan

V) '
i Byrpucras

(¢) » Form of ice growth.

Milk=-wnite.

SRS
Cuasuo Gyrpucran

3).
(5) -

Degree

moon-shaped - for

{8}«

{9) « Cloudy-white.

(7). Smooth. Qutgrowth

v

(10) .

Rough. (11). With edges ice outyrosWths accept needle-shaped
structure. (12). Turbid. (13). rough-uneven. (14). U-shaped or other
vhimsical form. (15). Weakly turbid. {(16). UOneven. (17). Are visible

ice drips. (18).

Transparents

{(19) .

Strongly uneven.
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Table 9.
N ) 5 j
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& Typa (°C) (r/n%) | ob6aaawoctu . 10 Koay puc: 27
1| 4/XI1 1952 r. »-16,7 0. X
2] 4XB1952 ] —15 0,21 gf: gﬂ "4
318X 1952 1. | —57 0.18 Sc {Ns) T s
4] 16/X11 1952 r, -1.9 0,11 Ns (S¢) 321 2
A 1 18/XH 1952 ¢ -3,9 0.06 Ns 242 a
612X 1952 r. ] —4.5 0,32 St 333
TIaUXI 1952 v. { —5 0,30 Ns 232 .
S 2XH 1952 . —11 0,2] St 423 4
4 912X 1952 r, —8,4 0,31 St 343 u
3 W 2XI 1952 r. | =91 0,47 5S¢ 322
‘ 11 | 23/X1 1952 r. -84 0,31 St 21 o
Key: (1). No in sequence. (<¢). bate. (3). Temperature (°C). (4.
[ Liquid-water content (g/m3). (5). Form of cloudiness. (6). Reccrding
3 q /
b on code. (7). Index of Fij. 27.
;
Page B82.

During work with tuese cylinders (November-December 1954) the
flights occurred predomiuantly 1a stratus and nimbostratus clouds.
Data of the measurements ot tane thickness of ice frozen on cylinders

are given in Table 10.

For the analysis c¢f tne datda gJiven in table 10, let us turn to
equation (4.1). In this ejuation most variable value is w. Value P/p
‘at temperatures lower tham -5°2 cah be accepted as constant for all

cylinders. Then, assuming/settiny tlight speed on constant and

L T B g e vy e
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designating through 14, 45, I3 iciang intensities, and through E‘, Ez,
E, - integral coefficients of tne capture of the corresponding
cylinders, can be writteas _ _
L:l:l,==E, :E:E, . 4.2)
Since actually fligat speed 4 does not remain constant and,
furthermore, it does not rewain constant in the process of the icing

of cylinders and the spectrum of tne distribution of the

sizes/dimensions of drops 7, relationship/ratio (4.2) is

approximate.

The practical limits or aeviation of rate from the average/mean
value of 190 km/h did not exceed 1U-20 km. Hardly one should expect
that 7., for the same time interval oscillated more than to 0.5-1 u
about average/mean value or 4.5 u. Taking into account possible

vibratiors up, and r, 1t wdas estanlished that in the increase of ice

ratio E;E, could vary approximateiy/exemplarily from 0.55 to 0.72 at

the most probable value, syual to U.63 (one should consider that in

) this case somewhat they are cnanged and *he diameters of cylinders,
that it can introduce supplementary error ®5o0,/0), and E,/Ez -
V approximately/axemplarily trom O.30 to 0.52 at the most probable i
]
) value, equal to #0.43, K
)

RO YR W e s v e P . . ,. . R U
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1

able 10.
b \ l 9) Toamiia navepsme : bi
: VHIGHITG HANMCP3met o aL18 (M)
} \‘k lara { \’ B[il"’)l \ WO ILUTHRARAN aHaMeThpoM: \i’u;mn
C e . e b ab.iaKa
-3 I \ 3 MM , 20 MM i 10 v
f
VL 20XD 1958 0. | 4.0t 11 040 H,1 3,2 hYS
2128 1958 r. | 11.25~11.29 3.h 2.5 0,3 Sc
327X 15t | 12.28—-12.31 3.9 2,9 i1 Sc
4 ' 30 X1 1954 . | 15.39~15.50 3,5 2.1 0,1 Se
5 30.XI 1931 r. | 16.05~16.16 5,0 1.7 1,3 Sc
6 30 XE 1954 . [ 16.32~16.42 7.0 4.3 1.5 Sc
7 UXIIeot v} 9.30-— 9 43 3.7 2.6 0,7 Ns
8 7XH 1904 r. ] 16.04-16.14 2.7 1.5 0,1 Frob
9 . B X195 g, B.34— K.54 4.3 2.1 0,3 St
10, 8/XH 1904 v, 907~ 9.15 8.5 5,6 1.7 Sc
11 X 11404 v | 9.29~ 0,34 7.0 4,0 1.0 Sc
12| &/XH 1954 7. 9.54~ 9.58 6,3 3,1 a1 Sc
13 OXI11 1954 r. | 12.36-12.47 1,5 0,5 0,1 St (Sc)
141 X 1934 r. | 13.41-13.51 H,0 2.6 0,7 St (Sc)
151 X1 1954 r. | 13.53—~14.00 6,0 33 09 St (Sc¢)
2 6] 99Xl 1954 r. | 14.10-14.15 4.0 2,6 1.7 St (Sc)
3 17 X1 1954 . 14.20--14.25 4.3 " 2.6 0.8 St (5¢)
18 X194 r. | 14.4) - 141.46 7.1 4,3 1.3 3 Sc~
19§ 1611954 v 9.25~ 9.31 1,8 1,1 0,4 St (5¢)
g 2 | 1/X111954 r. | 10.04-10.13 3,9 2,2 0,5 St
1 21 | IyXI1 1954 ¢ | 10.17-10.24 2,7 1.0 0,2 st
' 2 ) 1yX1 1954 r. | 12.46--12.54 3,6 2,0 0,5 St
: X | 10/XIE 19564 v, | 12,59~ 13.09 3,7 1,7 0,3 St
Key: (1) No in sequence. (<). bdate. (3). Time. (4). Thickness of

frozen ice (mm) on cylinderis with diameter. (5) Cloud form.

Page 83.

The comparison of experimeutal data with theoretical
calculations shows that tne ampiitude of the oscillations of the
relation to the icing intsnsicty <v mnm of cylinder I, to the icing
intensity 3 mm of cylinder 1; 1s wore than this is expected according

to theory. namely I,/T, osciilated in limits from 0.33 to 0.74 at

S e e, g
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avarage/mean value of 0.,57. dowever, ratio I3/I, oscillated in limits
of 0.14 to 0.65 (if we jump poants in thickness of grown ice it is
less than 0.1 mm) about averaye/mean value of 0.32. Tn either case
the experimental values of relatious proved to be than somewhat lower
predicted by theory in the first case approximately/exemplarily to
100/0 and the secondly approximateiy/exemplarily to 25o/0.
Apparently, great value in these systematic errors has the fact that
the measurements of the talickness cf qrown ice, as a rule, began from
thin cylinder, by the diamever of 3 mm, and cencluded with 7C-mnm.
Since measurement was couductea within the aircraft where the
temperatures was more thanm 09, toneu is possible the layer of ice on 20
mm and still more the layer of ice on 70 mm cylinders managed
somevhat to thaw to the mowenc/coryue of measurement. Furthermore,
the diameter of large cylinder was measured not by micrometer, but by

vernier caliper, which, naturalliy, decreased the accuracy of reading.

In spite of some shortages in the procedure of experiment,
obtained results should bs considered it suffticiently well agreeing

with theory.

In expeditions 1955 and 1950 we obtained the possibility
somewhat otherwise to approach testing of thecretical
relationship/ratio (4.2)e. For tnis purpose was used the already

mentioned previously instrumznt 510, which with an accuracy to 0.1 om
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continuously recorded the tuickness of ice.

Utilizing theoretical calcuiations, it is possible, measuring
the intensity of ice accuaulatiou on SIO - 1 in fo;p (4.1), to
determine the value of lijuid-water content w©,, Value wg,, found
thus characterizes averays3/medn tiyuid-water content in certain
section. In calculations p, yiven below it was assumed/set by the

equal to 0.3 g/cn2,

On the other hand, at our disposal was lccated the instrument of
Zaytsev [ 6], making it possibie to directly measure the values of
liquid-water content w3. HowWwever, the liquid-watsr content,
determined by the instrumeut or 4aytsev, characterizes secticns ten
times less than the liquid-water content, calculated according to
data of SIO. Therefore to taat time interval At, for which was
determined the average/mean intensity of the increase of ice on S10,
sometimes was 5 more than tue measurements of liquid-water content by
the instrument of Zaytsev or Jhican was located more average/more mean

in the section in questicn value wj.

The results of comgarison w ,, and w; are given in table 11,
vhere in the 1st row are¢ Jyiven values w3, in the 2nd - wg,, in the
3ird - number of measuremeats az, from which was determined value w3,

in the 4th - number of arops accoiaing to which was located 7, given

EIICP 5. 2 <y N~ N
ALY W v, . TR RO e T - g
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in the Sth row, in the otn - derdection of some values of
liquid-vater content from otasrs Aw .w,,, - w, and in the 7¢th -

ratio Aw/Ww3 in percentagyes.

It should be pointed out taat values r,,, given in the 7th row,
are not sufficiently represeutdtive, since they are based on a
comparatively lean micrcstructural material. Meanwhile for obtaining
more or less reliable intorwataicn abhout r,, as was mentioned in
chapter II, it is necessary tnat tae measured spectra would contain
thousand and even tens ¢t thousands of drops. The errors in

determination w due to iuncorrect determination s, can reach tens

cH

of percent.
Pages 84-85.

However, in spite of this, tanv‘e 11 it shows that the deflections Aw
on the whole do no*t exceea tane values, obtained by V. Ye. Minervin
during the comparison cr J4irrazent instruments, which measure the
liquid-water content. Thne presence of such deflections reflects,
first of all, the special teature/peculiarity of the vibraticns of
ligquid-water content in clouds anu the fact that the liquid-water
content, measured by the instrumeat of Zaytsev, characterizes the tco
small volumes of cloud, ten times i1t is less than the volunmes,

characteristic for wg,, Tne resuits of comparison w3 and w.,, testify

R (a0 2 L A T g
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about a good agreement ci tneory vaith experiment. It must be noted
that for the problem of iciny a more characteristic value is w .,

i.e. the liquid-water conteat, waich characterizes the noticeably

largar sections of clouds, than w3,

A number of cases, represented in table 11, can be doubled, if
we draw the results of measuremeats in the absence of microstructural
observations. Taking as ror tnese latter ry equal *o Su, it was

obtained by table 12,

e At & tad RaNatale . L PV ERF I




i
DOC = 79116106 PAGE
20/ 4
{
‘I;ble 1.
| D Py | @ | , |
taa anpea: SoLnupean 1950 0. i 10 au pean 1956 ;
1956 1. J
Tt T T T Tj:— i ] s} —:r » “"'—;"_ "; _ "- 3 '”_ ;
> N ey % & = 3 ~ 2 N N = = = = -
S s lz|z=]z2ja|Tlalslz|z =2|Z|=z]|=
Bpests | ] ; ] P ! | ! | ! P !
o ] & & S be = < = ] = = X =
= - = - o~ - =~ = o o o o ‘ = -
— | T - SR SR M AN DR B JURI I S _
A Q) 1 2 3 1 5 6 5 Q 10 0| ,
i L.
w, 0,06 0,020,007 083008 o203 (o]0 1015 o U.Kl! 0,20 { 0,05
Wy 0.13 0,005 0,04 | 0,02 0,11 [o,28 037 [0 038 {01 o001 fea6 o o0 |
' |
n, 1 2 1 3B 4 3 Y 3] ri 1 ! 3 3 {
n — 36 || — 1367 L9 | 1810 | 2502 | 623 [ 101 314 | 1010 | 602 | 162
Tep 6,7 129 [4.1 |33 [6.5 [42 |63 J 48 165 170 82 |65 |28 |34
H
dw w, — w,, | —0,07] 0,015 0.03 | 0,01 [-0,03[ 0.0 [-0,04 0,13 0,001 0.02 0.0 |0,i% | 0,03 0,0
.i‘w;ﬂ R ~u6(75 |43 |33 |37 {o =iz {3 |10 |15 o s |15 [w0 ]
3

- 4
! CP u»
12 aupean 1955 4.
€ peitiee
U7 T K1 asIPpaTi-

‘Z (3ol = P < — -

= = &= &) = — =

= - - - ~ - - noe

:' !é :' _!. 7', .1. —_ OTRKADHCH e

7 - - o - = —

= lz ==tz 2=
5 6 a7 | a8 g9 T2 |2 22
i
019 §00810,0610,161[0.37 [0.24 10,29 -
0,27 loogloos| o603 1032 |0,18 —_
6 6 7 1 3 6 |4 —_
'.’)I.'l 954 203 140 1744 1686 1398 —
2.7 2.4 3.0 3,7 2.8 2,9 3,8 —_
—~0,06] 0,00 [ 0,00 | 0.00 |4 0.01]~0.08] 0.11 |6,5234- 102
-3 1o 0 0 3 —33 | 38 43

Key: (1) Date; (2) 8 April 1956; (3) Root-mean-square deviation;
(4) Time; (5) No. in sequence.

RTINS PO TV, iy e o e, e



i e

DOC = 79116106 PAGE 2D
Table 12.
W) Q
leava 8 anpeas 1956 r.

W AL ERERERERERE

O I O - OB -

Bpewms ) ) 0 \ i | n 0

HEREEEAE R ERE:

2 lef2|e|e|2s |

N aja QY 1 2 3 4 5 6 7 8

w, - ]0.2900,09]0,14]0,06)0,0350,10 -} 0,17 | 0.06

Yo 0,11 [ 0,005] 0,12 | 0,06 | 0,002(0,12° | 0.01 | 0,00
‘n, 1 1 |2 |2 2 |7 3 |3

Sw=w, —w,, |0.18[0.185 0,02} 0,00 [ 0,33 [-0.02] 1,16 | .04
dw o 62 {97 |14 (o |94 | o |17
w, .

@ 10 an %%u 12 anténu @\
9 an pean 1956 1. lgﬁé y IS).")Gpr. C.pe tee
- - KBA (Patny-
] 5 &)= SR I - O (O N a4 2 ]l&) 8 P
=z =j= (2 |ala|s|s|ale|s]s |ala]
?!. Iél] :{l_; :.' ;!. T!. S\L 3‘2 él el .:-. ?l) ! g‘ ’é OIKAOHEe e
S |l o=z 2 |Ejzlelelz e ey e e
9 10 nl w2l il Tw bz e (ool o Tar gy i 7oy
0,18 0 ’ 0 H‘n,nx 10,2710, 115 1)_()‘\'“,\‘2").1:'. 0,51 [1,2210.04 0.'."2()‘1),13 -
0,10 '(, 15 oo ou oo e 230,07 o,m:o,nxn_.'in 0,64 {0,0010,05 0 08 j0,0)
Iz e b I N 4 r; I 1 1 KO
0,08 l-n L3008 -0 sl o ong,0d0 01 u,nl'u,m G030, 1 0 0L0 11 0 ghrs 072 jo B
4 oo o w o . R R 1o fron s RO DA O 1

Key: (1) Date; (2) 8 April 1956; (3) Root-mean-square deviation;
(4) Time, (5) No. in sequence.
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Pages 86-87.

increased

Here root-mean~square deviation w3 from '
approximately/exemplarily one and a half times; however, also in this
case of disagr2ement w3 and w,_, obecar qualitatively and
quantitatively the same cnaracter, as the vibration of the
|
l

instantaneous! values cr liguiu-wWater content of the relatively

averaged value, indicatea by V. Ye. Minervin.

FOOTNOTE 1. By "instantaneous" 4e understand the values of
liquid-water conten%, c¢ktained by the instrument of Zaytsev and the
drop-forming water whicn cnaracterize the content in volume on the

order of 10-20 1. However, vaiues w characterize volumes thousands

CcHo

times large. ENDFOOTNOTL.

Pinally, in these expeaitions 1955-1956 were checked other
theoretical calculations, preseuted in chapter II and the
characterizing interconnection icing intensities of standard - (SIO),
template-indicator and the piane or the aircraft of Il-14. The

thickness of grown ice on piane was determined from the graduated

RN TR P i i, gty - rm 2 . .
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dowel, fastened/strengthenea in the middle of the wing where the
chord of section was equal to 310 cm. Readings were conducted with
the aid of binoculars, witn au accuracy to 2-3 mm. So that this low
accuracy of reading woula not lead to significant errors, was
constructed the time/temporary ygraph/curve cf the increase of ice on
plane and S10, after which tne ilantensity of the increase of ice was
determined from the sloie tangent of straight lines, levelling off
broken lines in the time 1utervais of order of tens of minutes. The
results of a similar processiuy are given in Table 13. The first
three columns are relatea to materials 1955, the others - to 1956. If
we re ject/throw the cassz ot 16 December 1955, which we will examine
separately, then it is eviaent taat virtually relatiom ///, is
changed in the very small limits: zrom 2.6 to 3.3, differing from
average/mean value of 3.0 not more than for 13o,/0., The obtained
results confirmed the taeoretical calculations, made in chapter 1II
(Fig. 14). As can be seen croam Fiy. 14 according to theory this
relation must be changed from <4.75 to 3.25 with rate change from 50

m/s (180 kms/h) to 100 m/s (40U Kkum/h) and mean radii of drops r from

4
3.5 to 10 u. In this case tua most probable values (with #,»=70  nm/s
and r,==4:-5p) relation [/, are equal to 3.1.

The insignificant understating of relation 41 in comparison

with theory is completely regyular, since on the average the

coefficient of freezing in end connections of the profiles/airfoil is




’
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less than in SIO (see Chapter 1ili4).

Table 13 shows that relation 41, according to theory, does rot
]
depend on liquid-water ccntent and icing intensity - latter, as can

be seen from table, they were chnangyed sometimes more than 5 tiames.

In flight on 16 Decemwer oa 1955 anomalous d=flection é% from
average/mean value can pe€ explialned by the specific character of the
increase of ice. In this riigjat tans icing was most intense of those
all occurred into 1955-19Y50. iciny intensity /4 reached to 0.65
ma/min. And despite the fuct tuat the temperature on stand
thermometer was -5, -6°, tne coetricient of freezing on plane B,
was, apparently, less taan unity. Furthermore, on receiving cylinder

grew transparent and very uneven ice (Fig. 21), thanks to which

"linear"” icing intensity in ms/min artificially was overstated, due

to incomplete filling voiume. Tne ract is that the
protuberances/prominences 0f i1Ce inCrease mcre rapidly because they
take avay/gather the water, iuteaded for filling of adjacent

indentations. This artiiicial overestimate cf "linear"™ icing

intensity it would be possivic to tormally consider, introducing the
ef fective density of ice p» . However, this formal account does not
give practical results, since P, nevertheless remains the value of
unknown. The appearance ¢t growan i1ce of the type, given in Fig. 21,

gives grounds to assume tnat pa 185 less than unity by tens of

R
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percent, that already one can compietely explain examined above

anomalous value /,/, =24.

Summing up that presented, 1t is possible to say that virtually

with an accuracy to 15c/c¢ conversion factor from the icing intensity,

recorded by SIO to the iciny intensity of plane in its central

section (with chord of %3 m), retain constant value equal to 3.0.

This fact, found taeoreticalliy and confirmed it is experimental,

it made it possible to draw counciusion [ 19, 20] about the

advisability of instrumentation ot SID to scheduled flights for the
collection of the objective stdatistical data and timely information

of pilot about the thickness or grown ice on the plane of aircraft.

. e o e g
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‘T;SIe 13.
\ .

M N W \&» )
8 aexa6pa |10 nevabpn |16 nexa6pa |8 anpeas 9 GI%EJI
Rava 1955 r. | 1955 r. 1955 r. | 956 r. 1956 r.
Al 5 3 8
) —_ )
Bpeus N v In
: 8 ] 3
= = o
QN /i 1 2 3 4 5 6
i - — — 0.0 | 0,075 [ o0.15
L, . 3.3 3.1 2.4 33 | 3.2 2,75
11, - - - 041 | 045 0.36
1g/1, - - - 7.5 | 7.0 8,0
€ @ - ®)
10 anpean 1956 r. " 12 anpeTn 1956 r. \‘,\\
MaKcHuM 1ah-
Cpennee Hoe
3 3 3 8
- e} w3 — - - 3HaYeHHe OTK 10HCUHe
..O'- .“.'!.. 'l 8' ‘il’ 8' (s %)
b} = g = N b
7 8 9 10 1 12 13 T s
0,14 0,14 0.4 | 0,052 | 0.06 | 0,92 - -
3.2 3,0 2.6 2.8 2,7 2.8 3.0 13
0.59 - 033 | 0,33 032 | 0.5 0,42 10
3.5 — 7.9 R.5 8.3 5.1 7.2 %

Key: (1). Date. (2). Decemver. (3). April. (4). Average/mean value.

(5) . Maximum deflection (in o/0). (6). Time. (7). NoOo in sequence.

Page 88,
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The fact that scmetimes representations cbtained thus about the
thickness of grown ice c¢n piaune will prove to be erroneously high, is
not obstruction to the made recowmuwendation, since under such
conditions ice on plane has specitic channel-shaped form and it is
more dangerous than the smoota ocutyrowth of ice. Therefore the
artificial overestimate or real rate of icing seemingly compensates

the increasing danger due to tae specificity of form.

Since many previous Wworks weile bas2d on aobservaticns of icing
with the aid of flight aeroiojist’s template-indicator, it was
represented by advisable to exaaine connection/communication of
degree and intensity of tne increase of ice on template/pattern with
the appropriate characteristics oan plane and SIO. The results of this
comparison can be illustrated by tae 3rd and 4th rows tables 13, from
which it appears, that the ratic oL intensities of ice formation on
plane to the appropriate inteus.ty on template/pattern /.,
oscillates in the wider limits (arter being deflected ®20-250/0)
about certain average/mean vaiue, equal to %0.4. Accurately also in
large limits it oscillates and /.//cwo varying
approximately/2xemplarily froma 5.2 to 8.5. These numerals correspond
according to vibration tneory an r, in clouds

approximately/exemplarily rrom 3 to 6.5 u, which will be in complete
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agreement with our micrcstgucturai investigations.

The given above data aund corresponding reasonings are related to
aircraft IA-14. On it was unfortunately today for us possible to

conduct similar investigyations cn an aircraft of the type LI-2;

however, the agreement cif theory with the experisents, made on the
aircraft of Ik-14 gives ¢grounds to assume that and for LI-2 it is

possible to use the results of tne theoretical calculations, made in

chapter 11.
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Page 89.
Chapter V.
ICING OF HIGH-SPEED AIRCRAFT.
1. Features of icing at higyh velocities of flight.
Violent aeronautical development in recent decade led to the

b | fact that jet-propulsion tecauology began to acquire ever increasing

wveight both in the serviceman ana an civil air fleet. Logical

therefore to examine, what special features/peculiarities introduces
into the problem of iciny haign-speed/velocity aviation. For this let
us return to the fundamental prainciples, which characterizas the

intensity of the icing

l= -"i u.B8-E, (.2)

For rates , < 100 /S alreaay at temperatures of lower than ~-5°9
basic difficulty in the use/appiication of equation (2.2) presents

the determination of the inteyral coefficient of capture E,,

coefficient B differs little rroa unity. With an increase in the

. j
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velocity coefficient g iacreases, approaching in the spout of
profile/airfoil the specitic lasiting value which easily is located
with the known form of fproiiie/airroil. At the same time decreases
the coefficient of freeziny p, becoming actually important value in

equation (2.2), to be decterminede.

Therefore in present chapter to more advisably begin
-~/
investigation not with examination E, as this was zarlier, but from

examination B.

In chapter III was stuaicud tns heat balance on the surface of

the moving/driving body aund accocuing to relationship/ratio (3.18)

was constructed the nomcyram ot rFigye 17, which makes it possible to

calculate the temperature or the 1cing up surface in dependence on

tha flight speed and temperatuie oL the undisturbed flow. In this
same chapter it 1is incidentally sanown about the validity of the used
intermediate r=2lationshiis/racios and for high sgeads. Let us note
that the validity of a siwmilai artrirmation follows also ot the
monograph "Contemporary state of nigh-speed aerodynamics" edited by

Khauvert {2], Vol. 1, chapter X«

Let us return to Fiy. 17. Let us recall that in the calculations
on the basis of which is wsauv nomogyram given ¢on this figure, it was

assumed that water conteut oi clouus w was equal to that value ;.

N G T e e o TNk o g 1 g _ e,
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wvhich exactly compensatas evapoiation,
Page 90.

It is clear that if « ~w,, then iciug will nct be. But ifw > w,, then,

i

in order from this same nomogram to find /. it is necessary to

replace real flight speeu " . by that given u.,. equal to

; 21~E‘L + to— — w
u :“-,l” l—{*—“tp (L, 4t .f)(w__.:l)_.

Jfllm

The examin2d nomogram (Fij. 17) gives the possibility for each
valu2 of recovery facter i to couustruct the curve of the dependence
of the temperature of aiirclow ty ou speed 4., at which ¢y turns into
zero. Such curves are regpresented in %ig. 28 for different recovery
factors r. The limits cf cnange r are accepted equal to 1.0-0.7,
sinc2 according to the2 «known aata of value r at any point of aircraft
profile/airfoil they are i1uciuaea precisely within these limits. If
necessary to easily construct danalogous curves and for smaller values

of r.

It is obvious that it witu assigned r and %o the temperature of
air is higher than found from Fig. 28, the icing is impossible.
moreover, icing it can aot pe, also, at lower temperatures, if water

content of clouds w<w, Prom Fiy. <8 it is clear that at supersonic

e
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speeds, for example 340 u/s, and to the temperatures of air of -30°,
an icing must not have tue place at one point of profilesairfoil. At

the same points where r>0.9, 1ciug cannot be even with ty=-400°,

One of features of tue icuuy of high-speea aircraft consists in

the fact that at high velocitiecs ot flight theoretically is
completely feasible another mechanism of icing, different from that
examined earlier, that recomes dpparent even during flights in ice
clouds. &s is known, recovery rdactor r does not remain constant along
the e2nclosure of wing, cput it decieases in prepertion to
removal/distance from end conuectionrs frem 1=1 to r=~0.7. This
distribution r leads toc anaioyous distribution and the temperature of
the wing surface, i.e., teuwperatuie is reduced in proportion to
removal/distance from enu conauections of the profileysairfoil. Under
specific conditions the temperature of 2nd ccnrections of the wing
can prove to be higher than 09, vut it is firther, beinyg reduced, it
can become negative, l.€¢., tne Zer¢ isotherm will pass somewhere
aleng profile/airfoil. 1hus, even when flight cccurs in ice clouds,
is possible aircraft icing, siuce the crystalline particles of ice,
which deposit on frontal dircrdit component where temperature ¢ > 0°
they can have time to melt, anua taen to be referred by the flow in
the region of minus temperatures where the water is crystallized

anewv,

NIV O 0 Sy vy s
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Fig. 28. Dependence of the rligat speed uc., temperature of the
moistened surface necessary Ior eievation to 0°, on the temperature

of air t, with different cecovery ractors r.
Key: (1) . s.
Page 91.

The temperature distribution iuaicated along wing can in principle
lead to *he increass of 1ce ot the whimsical form when ice is formed
at certain distance from frontal surface. This form of ice is
especially dangerous, Saince 1t cxtiemely makes aerodynamic aircraft
quality/fineness ratios worse., Simialar icing was noted in the

literature {9, 23]. In 1. 6. Pcaelxo's report [23) are described

T T T A TN LA e ey, s .
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several such cas2as, whicn occurreu at speeds 800-850 km/h and 600-700

km/h-

With known distributiuns of recovery factor r along wing profile

it is possible to determinc tuose conditions, under which it occurs
icing of the type 2xamined above and at what distance from the spout

of profiles/airfoil passes tue zero isothern.

The calculation prcceaur2 i35 such.

On assignad flight speed u,. and known r in spout (usually =1)

is found that temperature of air t, (from Fig. 28), with which the

temperature of wing in spout 1is egyual to 09, If the real temperature

of air t4a<t,, “he examined mecunanism of icing it is impossible. If

to>ty, then find similar £, (fLiowm the same Fig. 28), with which the
temperature of surface i1s eyual to zero. If the distribution r
. according to profils/airtoil 1s such, that in certain place r=r,,
g then the examined machanism or icing can occur. Line r=r, is the line
; of the zero isotherm and separates the frontal region of wing with
% the positive temperature oun waica the icing dces not originate fron
i

the region of wing with aminus teaperature, where can occur the
increase of ice. From taeoretical calculations it is known that for
some wing protiles/airfcils r smarply it falls from 1 at the critical

point to 0.75 at a distance ot V.1 airfoil chord. Further r is

WY i T T . e YR < A T e e
o, o,
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changed insignificantly, comgpletiny small vibrations about the curve,
which is reduced approximateiy/exeusplarily to 0.72 at the end of the
profile/airfoil. In this case, tue appearance of the zero isothera
and the mechanism of icingy! noted above can take place, as is evident
from Fig. gs'at flights in a vwiocity of 200 m/s (720 km/h) and
temperature of air from -9 to -1¢°, at flights in a velocity of 250
m/s and temperatur? of air rrow -1Y to -219, at flights in a velocity
of 300 m/s and temperaturec irom -23 to -339, at the speed of 340 m/s
{M>1) from -31 to -45° finaily at the speed of 370 m/s at temperature

of lower than -399°,

FOOTNOTE !, Conditions presented pelow are necessary, but they are
insufficient for similar iciany, since it is ccompletely probable that
with not too large liguid-water contents, the evaporation from the
overheated surface of aircraft wiii exceed wetting due to collision

with cloud drops. ENDFGCINUOTE.

From the a2xamination or tne mechanism of icing, which leads to
so dangerous a form of 1i1ce accumuiation ¢n the planes of high-speed
aircraft, it is possible to draw an important gquantitative
conclusion. From Fig. 20 and values of speed and temperature
corrected above, with whica 1s possible the icing of the form in
question, it follows that au increase in the velocity of flight on

30-40 m/s must ensure tne destruction of conditions favorable for

1t o1 Smnhh < e 2 1B 2
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similar icing and the cessativn oi further increas2 of ice. This
"speed maneuver®™ in the series/row of cases ccmpletely attain for
contemporary aircraft can prove to be the effective means of deicing
of aircraft at +he high supbsonic speeds of flight. The absence at our
disposal of experimental datd d0es not make it possible,

unfortunataly, to check tae expressed considerations.

In connection with tne possibility of the supplementary
mechanism of the icing c¢1 nign-speed aircraft, a question about the

coefficient of fre=zing acyuires Jualitatively another character.
Page 92.

The fact is that at sucn aiyh sjpesas the portion of the heat, which
is isolated with the freeziny or drops, plays already small role in
comparison with kinetic heatiny, aud the derived speed !, differs
little from flight speed u.. in thlis case the temperature of surface
t; corresponds to that touna rrom Fig. 17 and if / 70, then the
coefficient of freezing g is uetermined by formula (3.14), indicated
in chapter III, i.e., &= —{? . Consequently, for determination B it

is necessary, first of ali, to determine w,. that corresponds to

obtained temperature !,-

As it was shown in cnapter 11i, %, it is expressed by equation

R R

i
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(3.21)

= = K, (b b P

E‘ a(.")

Por determinationm K, (¢,¢,P,) am chapter III was constructed a
comparatively simple nomogram (Fig. 18). A question of the
determination of heat-transier coefficient a was also examined in
chapter III. W= will be restrictea here only to repetition, that all
known to us data attest to the ract that « virtually oscillates in

the limits of 1072-1073 cai/cm2 s9C.

The absence of precise intormation about coefficient a does not
give the possibility tc 1ind precise values w; under varied
conditions. However, it i1s possinle that at sufficiently high flight
velocities overheating the suiface of aircratt can prove to be
so/such considarable whica Juantaity of cloud moisture depositing on
this surface will be is kuowingyiy insufficiently for the comgensation
evaporation from i¢t. Is in otner words possible such situation when
w< W apd in this case, naturally, icing will not be even during
flights in the such strcnjliy supercooled clcuds when the temperature

of the surface of aircratt remains nhegative,

If in this case it 15 possivie to rate/estimate value w; to
from below and show, that tnis value w,,, ®Oore than the encountered

values of water content of clouds w, this will mean that the icing is

W sisr
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impossible.

In order to rate/estimate fiow below the real values of
liquid-water content w;, néecessary i1or the compensation for surface
evaporation of aircraft, it foiiows, as is evident from (3.21), to

rate/estimate from below value « and Ky and cn top - value E,

Thus, the knowledge or value E, is very important for evaluating

the real possibilities o1 iciny 1n flight with high srpeeds.

Before converting/transferriuy to estimate of the magnitudeazl‘
let us pause s2parately at tne calculaticn of the coefficients of
capture EF at the superscnic Ifligat speeds whose knowledge is

necessary during the study of tne integral coefficients of capture

E,,

2. Calculation of the coefficieats of capture at supersonic flight

speeds.

The profiles/airfoils ot winys of high-speed aircraft ditfer
significantly from the jroiilessairfoils, used in subsonic aircraft.
The greatest thickness of taese profiles/airfcils is given to the
middle: rhoabiform or biconvex jproriles. In present section we will

examine the trajectories or drops about rhomboid profiless/airfoils.
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Page 93,

In conrection with the fact tuwat is examined the supersonic flow,
double wedge airfoil can ove replaced with wedge (Fig. 29), since the
character of the flow around end connections in this case does not

affect the form of the rear nairl profileyairfoil.

The task of determining tne trajectories of drops, which deposit
on the wedge, which moves witn tne supersonic speed, mathematically
considerably simpler than tne aaalogous task at subsonic speeds can

be led to the complete anaiytical solution.

Let us dismantle/select tanis task in more detail.

Infinite wa2dge with an anyle at apex/vertex 26 moves in with
zero angle of attack witn a certaan speed of vy, such, that Mg>1l. We
investigate such motion wnen in tane apex/vertex of wedge is formed
the attached shock wave, direcied at angle ¢ toward the axis of the
symmetry of vedge. To suock wave {(upstream) the air is not disturbed,
and drops move rectilineariy witn constant velocity vgy. Behind shock
vave (downstream) the rarameteis or flow (temfperature, pressure,

density and speed of its motion) are changed, due to which they are
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curved and trajectory oif dropse.

Before converting/trausterringy directly to the trajectory
calculations of drops, 1t is uecessary *to mean the shock-wave angle
and the character of a chnangye i1n parameters and speed of flow upon
transfer through this obligyue snock. The theory of this question is
well known [2, 30)]. For exampie, ou the nomogram available in [30]

(pag2 432, Fig. 336), possiwle kKanowing Mg and 6 %, to find * and M,.

FOOTNOTE 1, Here and througyhout inuex 0 corresponds to the
undisturbed flow (upstream), out iundex 1 - to disturbed flow

(lownstream from the jump ot deviation). ENDFCOTNOTE.

However, knowing & on product Mgesin = from Fig. 30 (constructed
according to the table, given in [<] on page 121), it is possible to

find ratios py/pos Py/Pg ana I, /igs

After supplementing the inaicated graphs/curves by known
relationships/ratios M,:=——2= and ” TRT, ' where for air
T=Cplc, = 1,V R-.28704.10¢° cm23/s3dey — gas constant, we have complete
possibility sufficiently siwply Liom the known values of Pg, pgr To

and vgo to find P,, p,, 1; and v,.

Thus, task lies in the fact tnat to find the trajectory of the

o

—
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motion of the Arop of tne assigyned radius r, which flows around
together with airflow apout the weuge with apex angle 26, The
direction of the motion or wedye coincides with its bisector (zero

angle of attack).

§ ‘”le R
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Fig. 29. The schematic of tane flow around wvedge of the supersonic
flow of the aerosol (soiid lines snowea the trajectories of air

particles, dash - trajectoriss CL urop).
Page 94,

Motion occurs with attacned snock wave. The parameters of air are
upstream known - temperature To=g%+273, pressure Pg, density pge.
Speed of flow to shock wave vge. On the basis of these data, as it was
shown above, are locatea values < and parameters of air P,, p,, T,

and the speed of its motion v, downstreanm.

For the first time tals task was sufficiently clearly formulated
also by Traybus and Giber [ 24 j, which brought its solution to
numerical results for a s=2.ies/row of the cases. tost completely it

vas solved by Serafin [{75], for waich it was rossible to obtain the
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trajectories of drops in parametric form. The basic ideas of Serafin

are used in the soluticn or stateu problem given below.

The assumptions, placed as tae basis of the solution, remain the

same as and in Serafin, naamely:

1. The water droplets are always spherical and do not change

size/dimension.
2. Gravitational force cau we disregarded/neglected.

3. Air resistance tc motion or drop thay are resistance of

viscous fluid.

4. Imbalance of forcas, wnicu act on drop from the moment of its
incidence/impingement into snock wave and to cutput from it, can be

disregarded/neglected duriny trajectory calculation.

The first three assuaptions coincide with analogous assumptions

during the solution of the tasks ot flow with low speeds (Zhapter 1).

Disregarding the impalaace or forces (point/item 4) does not
cause doubt, since the thickness uvi shock wave is equal to several

mean paths of molecules of air and is of the arder of 25 0°% amm [30]),
so that drop wvas under the ettect of these forces of less than 10-8®
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Thus, to point A (kiy. 29) drop moves rectilinearly together
with flow. At the momant of output from shock wave the drop has
entire the same speed ;:’unxle tiow already has another speed, equal

—>
to vy, i.e., the speed c¢ci potash with respect to flow is equal to
- - > : . .
Ug=Vgy-V,;. Cons2quently, tne tdsk of the determination of the

trajectory of drop is reduced to tne determination of its motion in

still air with an initial veliocity of uoﬁ¢;-71} Thus, the system of

differential equations, wnicn 1s uetermining the trajectory of the




DOC = 79116107 PALE 320

F
motion of drop (éhapter L, Zzormulda 1.6) actually is replaced by one

aquation of motion of diop relative to the flcw

where m=4/3¥r3p =~ mass of arop, u - speed of the motion of drop
! relative to flow, F=6rrpu,eu(ltuv.l/Re23) - the resisting force, acting

on drop (chapter I, forumuia 1.4).

i 1 o AR I S e

The eguation of motion orf urop considerably is simplified, if we
introduce the dimensionless cooiruainates where as the unit of path A4y

is accepted the stoppiny aistance of the drop of the given radius r,

which obeys the law of sStokes, 1i.e., %::23%1p for time unit rq -

2

transit time of this patn at tne speed of mction u,, i.e., %= gy P

L G e LAAWEART

for the unit of speed - speed uge vuring the introduction of the
dimensionless quantities i1ndicated the equaticn of motion of drop
depends only on one dimewnsionizss param=2ter B ! and takas the

comparatively simple fecin

Fo=— 5[+ B(4L)Y] (652 1

with the initial conditioans

Uil e o

L0)=0, ¢ (0) = 1. (5.3) 1

POOTNOTE !, Parameter B cnaractsrizes the degree of deviation of the

T T AT SR TSR A W ety ) gy e a——
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force of viscosity F from tnat <capressed by Stokes' law force Fg,

i.2., B=F-Fg/Po and, as sauwh 10 Cnapter I, B=0.17REy,%3?, where

Reo=2upr/ . ENDFOOTNOTE.
]

-M-dw‘ - -zvv‘ o Py -

R
e bk

Applying consecutively/seriaily substitutions ‘géyh::x and

2/
e’ = Z equations (5.2) cau we integrated to end/lead. The solution

ke ol

of equation (5.2) taking intu account initial conditions (5.3) takes

in this case the fornm

= —f,—— (ctg e, — ctg? — (3 — ), (5.4)
where
Po = arctg—l-
0 — /E’
‘ /f( 2
— 1y 3¢
r=arctg ) | 14 2)e” T~
i
i Page 96.
§
. The maximum path, woich passes the drop, i.e., . , exists
4 . S
me - VB = )] 5 5)

j bt ) ‘
3
: Let us incidentally note that, as one would expect, with B—»0, {,—I
,‘ "
: - The selected systeuw or uimensionless coordinates § and r is very ;
J ¥ ﬂ

conveniant. The trajectcry ot drop in this system {(r) depands only i

Y o e T A e A I
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on one parameter B and 1t sufiiciently easily yields calculations
whose results are representsd in fiag. 31. In Fig., 31 along the axis
of abscissas is deposited/postvpcined dimensionless time r, along the

axis of ordinates - the covered path § are plctted/applied the

corresponding curves of tne dependence §{ on r for the different

values of B.

Let us return to Fige <9 aiad will note that {, - this is the

maximum distance which drop can pass ir the direction perpendicular

to the surface of shock wave. Consequently, if we conduct normal to

shock wave and at a distance {, from the surface of wedge on this

standard to conduct the straigjhtsairect, parallel surfaces of wedge,

ther the intersection wita the constructed straight line with oblijue

shock wave (point A', in Flg. <9Y) will be critical point. But the

drops, which passed the obiiyue saock between the apex/vertex and

poirt A', will settle on iniinite wedge, drop, that passed the jump

higher than point A', they will pass past wedge,
From Fig. 29 it is easy to see that 0A'=Cm-dg(8H5{h

Thus, the wedge of iniinite siza/dimensicn recovers only the

. A SIN,
finite number of drops, determined by impact rarameter ﬂm:iiﬁ%%%u

i.e., a complete coefficient ot tne capture of the wedge of infinite

size it is equal to zerc. However, the local coefficient of capture

T T U PR TGGATI Y (T P LR T et e .
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does not depend on the coverall sizes of wedge, but it depends only on
distance from spout and gecreases in proportion to removal/distance
from it to zero at infinity. iLet us note that during motion with
subsonic speeds the complete cositicient of capture as decreases in

proportion to the increase 1l tac sizes/dimensicns of body and

becomes equal to zero, whean tine sizes/dimension of body I
28,5 ¢y
C>Co="yp,

LA U PN A O TV, 1 8, Y A £ Porr ey - 1, @
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Pig. 31. Stopping distance of drops with the different values of

parameter B in dimansiocnless coordinates (r, §).

Page 97.

In this case, in contrast to supeisonic speeds of motion, with

increase C decreases the local coeificient c¢f capture, becoming when

e

C :Cx equal to zero even in the spout of profilesairfoil.

Let us pause at the determinatiom of the local and full of
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coefficient capture of the wedgye or finite length., For this let us
turn to schematic Fig. <4Y. The local coefficient of capture at point
P is equal to

T d5

“ . S,
h. - lim 3 s »7-‘“.

AS-+0

If we through § desiynate tne path, passable by drop alcng the
normal to shock wave, and throuya v - time, calculated from the
moment/torque of the passagye of tuis wave, then it is not difficult

to show that

dS =55 + D d,

“sin (¢ — 8)

From other side dwn==d{.clg(e—38)sine; thus, the local coefficient of

capture £+ it is equal tc

] sin e clg (e —3) ;—i 8in ¢ cos (¢ — B) ;—5 S
E, = T r . | (5.6)

_ P o
e —hd: T m, dzrenCE-bE

Substitu+ing in equaticao (5.06) the valus
[

= B"".[(|+-'§)e"“-TT’T' | - .‘(5.7) .

obtained by differentiation oiL eyguation (5.4), let us have

a
ol

aQ

Ey - c0s (¢ —B)sine _ (5.8)

Purther, from geometric cousidsrations (Fig. 29)it is apparent that

vo/nozzg?f; by substitutiny tnis expression in formula (5.8),

finally ve will obtain

Bade it - U ok e el Saas o B ot ¢ MRS,
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Fa — ud

] — a
3y 3/, - -1
a. gl [(] + BL)’ ” ] B ayfg(t) +

Here
=8Iz . cos(e — 3), a,=: cose "_’:;'(: o) '
3/ AR 3ty
fo() =B [(\|+-,-,)e r—l] .
Page 98.

(3.9

(5.99

Distance S from the apex/vertex of wedge to the collisicn point

of drop with wedge so can we cxpressed by r:

s S . v
Y.

= STIT(. -~ ) T Uy,

and after the series/ros ot simple conversions we will obtain

S=0,(b, - arcty V ,,_Je"f.gfﬁ_—l‘ - ———_) Fb,t,

1
V onehs —i

where

b=
B Ysin(s—8)

h=%+NM%fam@—L"FVR

VB
i
b:! =1 4’"?}'1
__coss
by= sind’

OO YT N g T " g Y

(5.10)
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It is more expedient to scaich for the dependence of the local

coefficient of capture not on tne parameter r, but on distance of S,

measured

along the surface vr wedye from the spout of

profile/airfoil. It is cuvious that equations (5.9) and (5.10)

together
vould be
directly
makes it
Bquation

it takes

Here C,,

U TN TIPS TS S, iy -

represent this aependence in parametric form. However, it
the more convenizut to connect theses two values £, and S
in one egquation. The series,/rovw of algebraic conversions
possible to be treed trom the intermediate parameter r.
obtained in this case succeeds in solving relative to S and

the fornm

S=C, +Carctg A+ 5+ C, In[1 + A7) (5.11)

C, and C3 - constants, respectively equal to

€= — Cs (3 + clg9g) — Cy1In (1 + ,f—)

3
Cy=— -
! 8'/t5in (s —V) !

2 coss
! C'='3' sing *




Value A is connected with £, tne relationshig/ratio

A-—-V'ﬁ‘/'l-ffT‘,('—}‘.—‘—l):g,

Here
C,=sindtge. ctg(s —3).

Page 99.

Coefficients, enterany ejuacion (5.11) and those connecting FE,
and S, depend on three farameters - B, 6 and ¢ Angle 6, i.e., wedge
angle, in real suparsonic aouvie wedge airfoils is changed in very
insignificant limits. Sc¢, a cnange in the thickness ratio of double
wedge airfoil from 3.5 to 50/0 curresponds to change & from 2°00' to

2052+,

The angle of the slcpe Of opiique shock wave ¢ oscillates in
limits of 45-70° with a cnauye in Mach number of the undisturbed flow

from M=1.1 to M=1.5 and of the aicrtlow angle 8 from 2 to 39,

Finally, parameter B .u tne range of changes 6 and ¢ indicated

at real temperatures of air does not exceed value of B=20 1.

FOOTNOTE !, Approximately/exemplarily to these values of B correctly

the empirical relationsanipg/ractic 8=0.17 Re,#ﬁ, Flaced as the basis of

Too g Lt
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all further calculations. sNUDFOCINOTE.
We produced detailea calcuiations £, in dependence on S at the
different values of paramstisr o ror two values 6(2 and 3°) and three

values ¢ (85, 55 and 659).

The results of calculatious are represented in Fig. 32.

-l In the case of executiny Stokes' law (i.e. with B=0) equations
{5.8) and (5.0), and coaseyueutiy also (5.11) substantially they are

simplified. so, equation (5.11), takes the form

§ = ! (1 - -‘.-)+£°‘~'- InA". (5.12)

: Y = ;i‘;“(l-——— (‘:) A sind

BEach obtained equation (5.1¢) curves are boundary in Fig. 31, where

along the axis of abscissas are deposited/pcstponed the values of

- g cled
e rn,
o

distance from the apex/vertex or wedge S, expressed in unity Xq 2,

and along the axis of oruindtes - value £, in fractions of sin 6.

POOTNOTE: the stopping distance of drop Ay, expressed in unity of the
significant dimension ot body ¢, 1.€., Ao/C ccincides with that

introduced on page 18 paraweter inertia p, i.e., p=Ag/C. ENDFOOTNOTE.

This selection of the scale or the coefficient of capture £ is

determined by the fact that maximum value E,=E, attained in the

TR A T G L WA e vy oo

Tt ey




DOC = 79116107 PAGE ,236

spout of wedge, is equai to sin 6. Actually/really,

Ey,=E. 'seo = 1"—TOE. = sin 8,

Thus, Eg=sin 6 and dspends aot on what parameters, except the
geometry of profiles/airtcil itself, i.e., in this case it depends
only on angle 6 at apex/vertex. Tais result it was to be expected,
also, from simple physicdl cousiderations, since in the spout of the
trajectory profile of drops taejy temain rectilinear valid the lack of
disturbance of the flow berore tue wedge, which moves with supersonic

speed.

In real profiles/airroils directly frontal edge has certain
rounding, so that actual value £, at critical point, i.e., Eg is
equal to one and greatly sharply it falls proportional to the sine of
the angle between tangeat to pioiile/airfoil and direction of
undisturbed flow. FPurther, at tue constant value of this angle

falls according to equation (5.11).

With the consideratiou of tuat dismantled/selected in section 1
of the present chapter ot tae wecacnism of the icing of high-speed
aircraft, frequently so is not essential to know E, as it is
important to know the averagye couefticient of settling for an entire
surface of profiles/airfcil, triom spout to the pcint in question,

since, if to this point tae taaperature of surface is positive, then

(
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because of the possible course of the film of water the coefficient

of capture is automatically averayed.
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Fig. 32. Change in the iccai cozrzicient of capture t,, expressed in
portions sin 6, with distance trou the apex/vertex of waedge,

expressed in portions Ay 4t tae airferent values of parameter B. &6 -
angle between direction or 1iow aud surface of wedge, : - the angle

betwsen direction of flcw and snocCk wave.

R T e L T T
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Page 102.

From Fig. 29 it is evident tnat the average coefficient of the
capture of surface from apex/vertex to point F, i.2., E&p is equal to

sl 2zcus(e — 6}

7 _ Cctg(e —@)sin: — cos(z 2) sin: — T g

ES:p =8¢ S

For determining the rativ rv/3 it is possible tc use formulas
(5.9) and (5.9'), according to #nich with *he given one r is
determined £, and then (ca Fig. 31), knowing E., it is ietzarmined by

Se.

It does not represent i1unadmeantal difficulties to construct the
diagrams of dependence S¢r) ana it is direct according to equation

(5.10).

For the series/row cr practical tasks is of interest the
knowledge of that rate, wita whicu the drops hit the surface of
vedge. Let us designate norwai to the surface of wadge the ccmponent
of velocity of drop, expresseu in unity ug through I,’, and the

tangentizl - by Uy’ It i1s wot airrfacult to see that in this case
Y

L, !=C'cos(e—3),

r - L'sin(z -- 8) 4. SO5EL
S Csin( ) <in &
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&

where §' - rate of the aotion uf arop relative to air. Dependence
§*=dg5/dr on S can be found troa eguations (5.7) and (5.10),

' eliminating of them the intermedidate parameter r. It is interesting
és to note that in this case the egudation, which connects values {' and
' ! S, can be written completeiy 1uentically with equation (5.11), i.e.,

= S =C, + CarctgP+S + Cyln(1 4 PY), (5.13)

E | Here C,, C, and C; the same as 1u equation (5.11), but

P=—~=>_
)/B(;') IE]

Thus, the calculations, carried out for the coustruction of Fig.

32, can be used also for tae determination of

connection/communication or ¢* witn S. In exactly the same manner

vith B=0, equation (5.13) coavertss/transfers in equation (5.14),

analogous (5.12).
k . cose

L3 5.14
S=gmazn(l O+ Smr g 12-14)

1 Nt g

Y

wvhere §*' is analog 1/A' ia egquatioan (5.12).

Connection/communication or normal component of th2 impact
velocity of the drop about tne surrace of wedge, expressed in values

uy, with distance along suriace irom the apex/vertex of wedge S,

4 st el 35

expressed in values Ay, 1s given i1n Fig. 33 for the same conditions

as in Fig. 32. tangential compounent easily can be found on normal

R i R o Temsvmwmrares
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from the relationship/ratio

Tt 'Jﬂu—&ké%%.

14
—
=y

& Page 103,

Thus, the results or calculations, led to the appropriate
graphs/curves (Fig. 32 ana 33), gyive the possibility to determine the 1

local coefficient of capture and tne rate, with which the drop is hit

against any point of the suitace ot wedge with the assigned apex

angle. In this case it 1s proposed that the wedge moves in cloud with i

the kxnown rate vg,, which excaeds tue speed of sound so, that in its !
apex/vertex is formed tne attached shock wave. The physical

parameters of air (Pg, tgs kHas Po) and the sizes/dimensions cf drops E

K

must be known. i

3 For an example let us ulsmautie/select one real case.

) Wedge with angle 6=arc Ty U.U5 fliss at tha altitude of of 5 knm
(Pg=500) at velocity, deteiwined py number My=1.2. The temperature of
air is equal to -30°9. Let us finu cthe local coefficient of capture

g E, and the impact velccity of tae drop of a radius 5p about the

3

}

surface of wedge at a distance or 10 cm from apex/vertex.

Let us find the parametelrs or disturbed flow and the angle of

obligque shock vave .

memnm IR e
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on Fig. 336 in (30} we find tanat with 6=2°052' and M, =1,2; e=x64°
and M,=1.07. Consequently, M,sine==1,168 and through Fig. 30 we find
T /To=1.11, p/Pa=1.29 and p1/Po=1.42. From relationship/ratio

v=My/TRT we find v, and v,.

Thus, the parameters of tne undisturbed nedium, i.e., to obligque
shock (upstream), are

ty= — 30°,

T, = 24%°, . '

P, =500 m68' ()
po=20,712.107" r cm?,
M= 1,2, (3)
v, =~ 3,75 . 10* cm;cek.

Key: {(1). mb. (2). g/cm3. (3). ca/s.

The parameters of the aisturoed mediunm, i.2., aftor shock

(downstreanm), are

T, = 270°,

t, = —3%,

p, =710 6.4 ()

p, =0911. 07 r/ew?,
M, = 1,07,

v, = 3,52. 11 oM, cex, (3)
w, = 1,705 - 1074 1/cM. CCK.

Key: (7). g/ce3, (2). cm/s. (3) « ys/cm s 7 oL

Initial relative rate of arop in the disturbed medium

gty -

~ - — PNy g
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i )
= ’"f: v, 401.10 (‘M[@k.

0~ cos

Key: (1). cm/s.

Let us finally find parameters Re¢, and A,, after accepting as

significant dimension thne distance from the apex/vertex of wedge (10

ce), on which to us it 1s necessary to determine value F,:

2 ru, .
Re, = "‘T,TL oy =~ AN

B=017Re, * .- 13

A

2u,-r? -
= .”%’__ - 1,305 ¢cMm,

I T T T —
A R
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Fig. 33. Change in normai cousponent of impact velocity of drop about
surface of vedge :,': exgressed in portions difference in rates of
flow before and after shock wave ug,, with distance from apex/vertex
of wedge, at different vaiues of parameter B.

d a) 3=2", e=45°pR) 8=2", £=55"; & =2‘°

:=65 W 3=, a=15rem) =30, =00 ) A=, e=h5

Page 106.

Distance S from apex/vertex, equal to 10 cm, expressed in units

Aas 1.©., S/Ng will be equai 10/1,305=7.67,

Thus, we found entire necessary and sufficient in order with the
aid of Pig. 32 and 33 to find response/ansvwer to the question
interesting us. on the pasis or Fig. 32 (b, c, e, f) we compose the

table of 14 values Eg/sma with B=1.3 and S=7.67.

From table 14 by dual interpoiation we find that with 6=2052°

and ¢ =64°, E, accepts the value U.v75xsiné=0.00375.

Analogously, on Fiy. 43 (0, c, e, f), we compose the table of
the values of normal to the sudrtdace of wedge comfponents of the rate
drop at the moment of the snock, expressed in unity ugs. With 6=2952!
and +=64" value?(,’, found from tawle 15 with dual interpolation, is

equal to 0.037. peripheral coamponent of velccity of drop §’ is

T N YT g ey T ™ PP ae———
: Ty e . o Wy
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respectively equal to
7y =0, ' tgle — 8) + oy = 8,85.
Pinally, expressing ¢,' ama [’ in diwmensional unity, we will
obtain that normal coaponeat of the rate of drop «,, =148 ma/s, and is

tangential u,; = 3,55-10° ca/s.

Por a comparison let us rana values £,,u4,, and #, for a drop

with a radius of r=40p. it 1s edsy to see that in this case of B=5.2;

Aty s o

P=8.32, and distance S in units Ap is equal to 0.12. Corresponding

; values F,|sné are given 1im Table 1lo.

In the case in question up to the distance of 10 ca froa the

2 apex/vertex of wedge the pendiny trajectory of drops with a radius of

r=40u is very small and taerefore the local coefficient of capture is

close to maximum value, namely £,=0,9sin8==0,045, Without giving here

calculations themselves, ilut us point out that for drops with a

radius of r=140p, L ,' =04 and G '= 9.5

In the beginning of pressent paragraph it was mentioned, that the
solution, obtained for a wedye, can be common for double vedge
airfoil. In this case at angle ¢ snould be understood the angle

between the surface of rhoabus and flow direction. If rhomb flies

with certain nonzero angyis of attack, then angle 4, for its upper

surface is not equal to anyle ¢, for a lower surface, It is possible

gt j
. W R e e ey - e o . Cuoam e . -
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that the range of changes in values 3 and &  is wider than
examined in calculations by <-39. in this case it is expedient to
supplenment Fig. 31 and 32 uew, which expand the range of changes 6
and e¢. This 2xpansion does not present fundamental difficulties and

can be coaparatively easily carriea out orn the basis of foramulas

(5.11) and (5/13).

BASEC Bd
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Table 14.

I

‘ {
ol -5 ' 65° '

{
o 0,20 {013 f
¥ 0.115 { 0,06
Table 15.
. e Lo 11
. \ 550 65°

2° 0,11 | 0,055
o° 0.065 | 0,030 -

Table 16.
) :\\;|3m°| 65°
.0 ugﬁ 0,90
Ky 0.88 | 0,85

Page 107.

3. Icing index at supersonic ftliyht speeds.

In ° section of this cnapter it vwas shown that for the final
representations about tne possioviiity of aircraft icing during

supersonic flights, it is necessary to rates/estimate th2 value of the

r~
integral coefficients of capture L.




—
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The integral coefficieut ot capture Elfor the assigned body and
flight conditions depends substaacvially on the distribution of cloud
drops according to sizesy/dimsusions, and in its value it approaches a
coefficient of the capture of the arops, which give the maximum
contribution to liquid~water coatent. At pr2osent we dc not have
sufficient data about tae spectraid distribution of drops according to
the sizes/dimensions in tae stroayliy supercooled clouds with the

temperature of lower tham -30%. dowever, existing knowledges give

grounds to assume that imn the sucn strongly supercooled clouds the
overvhelming majority ot Jdrops nas a diameter nct more 10.. As shows
the example, considered at the end of the preceding/previous section
the local coefficient ot capture ror such drops it is changed from
values siné~~0.05 in the apex/vertex of profilesairfoil to 0.004
already at a distance or 1 ca rfoa apex/vertex. Consequently ani
value of ?ractually PUST OOt exceeau thes2 value, With small
corrections this estimation can wve attributed also to ice clouds.

Although for them effective radius r.;' can be somewhat more.

POOTNOTE t. By r., 1S understood 4 radius of such Jdrops which are
subordinated to approximateiy/exeaplarily the same law of motion, as
the crystal of the assiynea geometric structure (size/dimension arnd

form) . ENDFPOOTNOTE.

bt Bt

bR LS S P




DOC = 79116108 PAGE agz

Actually Erfast enough decreases (in proportiocn to removal/distance
from end connections of tne proriiesairfoil) from the saximum value
at apex/vertex, equal to several nundredths, tc very low values

already at a distance ot 10-15 ca firom apex/vertex. The character of

decrease is sinmilar/sucn to decicase E in Pig. 31.

If flight occurs at lower speed, then, as has already been
mentioned, the values o¢1 coerficieut of E beccme still less. Thus, it
is possible with confidence to say that at a distance of 5-10 cm from
the apex/vertex of the vaiue of tne intagral coefficient of capture
for high-speed/velocity protiiess/airfoils actually do not exceed
0.004, if the flight speeua ot less than the sonic or insignificantly

exceeds the speed of scund.

Let us examine the case ot tlight with M=1.2. In this case, as
can be seen from Fig. 17, the temperature of surface even in the
recovery factor, ejual to V.7, 1t 1s heated mcre than on 359,
Therefore let us assume taat 1in fiight it occurs at teaperature
to=-40° and surface is neated to temperature f - 5. Let us estimate,
which must be in this case ilijuid-water content w,, necessary for the
compensation surface evaporation. From nomogram (Fig. 18) it follows

that in this case value K3;>1.5¢1072, Accepting Euequal to 4e1073, as
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it takes place with the small ot zemoval fros the apex/vertex of

;1 profiles/airfoil, we see tnat 0
¢ Wy R L PY 10 T et O
Eu._

Key: (1). g/m3,

. Page 108,

We do not have any sutiticiaut reliable statistical evidence
about water content of clouds at very low temperatures, however, all
available data attest tc tue ract that at temperature of droplet

cloud its below -30 liquiu-water content must be considerably less

than 0.1 g/m3.

Thus, at small supelsonlc rdates (Mgp=1.2-1.3), when, as shown in
3 the section of 1 present cudpter, still it 1s possible to expect
. minus temperature in one or tne otvner secticns of the surfacs of

profilesairfoil, w, -Vl g/ma3, wnica, in turn, considerably exceeds

real vater content of clouuds at such low temperatures.

The obtained results ot theoretical calculations with sufficient

certainty indicate that in rtligynts at the rates, which exceed the

;
:
3
)

speeds of sound, in the first place, the icing of the frontal

surfaces of profilessairtoils 1s i1mpossible, if there is no heat

vithdrawal from the internal wing surface, and, in the second place,
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is very highly improbable tne realization of the mechanism of icing
due to a temperature decredase alony profileyairfoil upon its transfer
through 0°, since a quantity Or uepositing moisture in this case

virtually will not be acle to coajpensate surface evaporation.

However, among specialists* series/row there is an opinion that
the icing due to the freeziny oi tne depositing supercooled cloud
drops can occur even at supersonic flignt speeds. So, Tribus and and
Gober [24], on one hand, aad Sararaini [75], on the other, consider
that with the icing of the protruuing parts of the aircraft (we
emphasize this fact, since still possibly and the icing of engines)
it is necessary to collide to the rates, which exceed the speed ot
sound by 40o/0 (to M=1.4) accordiny to Serafini, to 80o/0 (to M=1,8)

according to Tribus and Giver.

To us it seems that Iripus aand Serafini did not pay proper
attention to the examinatiou ot tas processes of heat exchange in the
surface of wedge with iciny, or to that fact that the low local
coefficients of capture 1tor the profilessairfoils, used in
high-speed/velocity aviation, aud the large overheatings c¢f surface
with respect to flow, actiuy togyetuer, they can lead to the fact that

the evaporation from the unit or surface exceeds quantity of moisture

depositing on it for the same time.
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Besides the considerations i1udicated, to conclusion/output about
the practical impossibility or i1cing at superscnic speeds due to
settling of the supercoolsd cioud drops, contributes the fact that
the large statistical materiai, assembled in TsAO, gives sufficiently
foundations for consideriny viitually impossible the presence of
supercooled clouds of lcwser tuan ~-40° and to unlikely ones the

presence of such clouds c¢f Lower taan =359,

In press/printing there are several communications/reports [40,
60] about icing at very low teaperatures; however, icing in these
cases bears specific character. In one case tha observed different
coating reflects the preseunce oi water vapors and drops in exhaust
f40), while in other - fpiotted 1ce was clearly caused by the
sublimation, which occurred avove the tropopause at temperature of
-559, Unfortunately, the apsence or the information about the rate of
aircraft makes impossibie the comparison of these cases with theory.

.ég knovwn to us materiai witn certainty attests to the fact that
the icing of high-speed aiicraft occurs, as a rule, in lower and
cloud amount of middle level uuiriny takeoff or landing when the rates
reach 300-400 km/h, i.e., wnen to high-speed aircraft is added the

theory, developed in the preceaing/previous chapters.
7

It should be noted that tane taneory, presented in presant
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chapter, is not absoluteiy precise, since at its basis lies/rests
essential assumption abcout tne absence of heat withdrawal fros the
internal surface of proriies/aicrioil. We do not have at our disposal
of any data about order ot maynitude, which characterize possible
heat withdrawal and therefore not in state to rate/estimate the

degree of probable deviation trcn developed theory.
Page 109.

It is possible that if the neat withdrawal is sufficiently gyreat,

then can arise the conditions, favcrable for ice accumulation.

In connection with tnis, 1n spite of the validity of
conclusion/output about ine extremely small probability of aircraft
icing during flights under actudai conditions with the speeds higher
than speed of sound, a guestion apbout the possibility in principle of
icing under such conditions must pe solved in spacial experimental
flights. In such flights i1t wouid ope interesting to trace rate of
evaporation of ice from one or tae other part. This would make it

possible to check theoretical reiationships/ratios and, possitly, it

would be the method of evaiuating the heat-transfer coefficient a.

Finally, in tha2se flights it would be possible to check

considerations about the effectiveness of "speed maneuver" for

3

dealing with icing.
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Appendices.

¥ I. Fig. 34, taken from Beryran's work [45], makes it possible to

determine the value of criticdal parameter », depending on the 1lift

k- coefficient /... and thickness ratio - for the Zhukovskiy profile

of elliptical profile,

Tables 1, 2, 3, 4% and 9 Jyive the results, obtained by Bergran

[45] during determination witnh the aid of the differential analyzers
of the trajectories of drops, weighed in air flow during flow of this

flow about different aircraft proriles/airfoils, Data in the

graphs/counts of 1, 2, 4, 5, o, 7 and 8 all tables are borrowed
directly from [45]. data in grapusyscounts 3, 9 and 10 have designed

ve.

II. In 1, 2 and by the Jrud graphs/counts are given the values of
parameters % Re and p (see conventional designations, page 8). In the
4th graph/count it is inaicated: 1s located the place of the

collision of drop with the proiisesairfoil cf higher than the face

grinding (upper surface) or lower than it (lower surface). Index 1

marked tangential trajectories at these values of p and Re. Jn the
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Sth graph/count is given tne uilistance from the point of the collision
of drop with profilesairtoil to tace grinding (referred to airfoil
chord) in the 6th - value &* - drop in component of speed parallel to
chord, at the moment of its coilision with the profilesairfoil (rate
is related to the rate or tane uandisturbed flow). In the 7th
graph/count are represented tine values of composing the rates drop
norzsal in chord in the same dimensionless unity. In the 8th
graph/count are given impact parameters of drops i.e., distance fronm
drop to centerline in thne uindisturoved part of the flow. In 9th given
distance 31w between tangsutial trajectories cf drops in the
undisturbed region and tinaily 1un the 10th graph/count is given the
conplete coefficient of cdpture E, equal to relation avw to midship

profile cross section.

In Tables 4 and 5 1s midsection the section accept by

conditionally equal to with respect 0.15 and 0.157.
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Fig. 34._Gradient of veiocity of fiov in the vicinity of the critical
point G depending on thickuess ratio and lift coefficient ¢,t a) the

Zhukovskiy profile, b) ellipse.
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Table 1. 15% symmetrical Zhukovskiy profile (c_=0; a=0°).
Key: (1). Surface. (2). upper. (3). lowver. J

Ifosepx- ,
4 | Reo lp= Rf"! (1V1oner se lw o |w | on|p. 20
v, HOCTh : 0,15
I P) 3 1 5 6 13 9 10
!
21 N 64 falnepxnan, 0,205 1 1.0 0 04,074 ) — —
2 128 61 (@unannn, —025 Lo | 0 —0,074 0,148 | 0,99
8| 512 61 @repxuan, 0,273 1 0,997 0,004 | 0,074 [ — —
8] 512 GEEDunknnn, —0,273 1 0,997[ — 0,001 [--0,074 10,148 0,949
32 | 2048 61 @Dsepxuan, 0,262 | 0,997 0,003 ¢ 0,072 - -
32 | 2048 64 ©LLECERE —0,262 i 0.997 -- 0,013 [—0,072 (0,144 0,96
1 32 SR nepxnnn, 0,273 { 1,0 00121 0,073 - _
1 32 B Punknsn, 0,273 1 1,0 |- 0012 1-.0,073 10,116 0,98
16 | 128 R Asepxisn, 0,244 11,0050 0,023 1 6,070 | — -
16 ] 128 Msepxung, 0,068 {0,991 0,013 0,045 -~ -
161 128 R {Caepxusn, 0.021 | 0,982 0,009 0,020 - -
161 128 8 ACnuxnas, —0,021 | 0,982 —=0,009 [—0,020 | — -
16 128 HHKHAS) —0,068 { 0,99 | —0,013 [—0,047 | — -
6| 128 8 HXHAR, —0.244 | 1,005 =0,023 | —0,070 |0,140 | 0,94
64 | 512 ] epxunas, 0,225 | 1,004 0,043 | 0,0655] - —
641 512 B @unxnnan, ~0,2251 1,004] —0,013 [—0,0665{0,130 0,8
256 | 2048 8 EInepxuss, 0,188 | 1,007 0,092{ 0.0°8 1 — -
256 | 2048 R @wepxnan 0,058 | 0,949 0,068 ! 0,040 | - —
266 | 2018 8 -— 0,023 | 0,931] 0,029 | 0,020 | — -
206 | 2048 8 (Aunxuan, -~0.023 | 0,931| - 0,029 |—0,020 [ — -—
296 | 2048 8 - ~0.058 | 0,949] —0,069 |- 0,040 | - -
29 | 2048 8 (@uukuas, —0,188 | 1,007| 0,092 |—0.058 0,116 | 0,75
8 # | (B\Bepxuan, 0,197 { 0,994] 0,078 | 0,059 | — —
8 8 | Iounnnnn, ~0,197 | 0,994] —0,078 |—0,059 |0,118 0,79
32 32 I ¢hBepauasn, 0,185 ] 0,992 0,089 | 0,056 | — -
32 32 | ks, —0.185 | 0,992 —0,089 |-0,056 0,112 0,74
128 | 128 | Emepxuas, 0,150 { 0,989 0,149 1 0,018 — —
128 | 128 1 Buuxnsa, —0,150 | 0,980} —0,149 | -0,0185[0,007 1 0,61
512 | 512 BEPXHAA, 0,108 | 0,941} 0,225 | 0,038 | - -
M2 512 PHsepxnan; -0,108 | 0,941} —0,225 |—0,038 [0,076 0.5
248 | 2048 cpxmm. 0,072 | 0,856 0.349 | 0,025 | - -
2048 | 2048 1 §3nuxuna, —0,072 | 0,856| —0,319 |—0,025 10,050 0,33
64 81 0125 cpxuuu. 0,078 | 0,870, 0,321 | 0,0255] - —
64 8] 0.125 — 0,031 | 0,603, 0,192 | 0,018 - -
64 81 0,125 - 0,010 | 0,698 0,061 0,008 —_ -
4 R 01250Dmnkunn, -—0,010 | 0.698; ~0,061 |-0,008 | — -
64 R 0,125 — —-0,031 | 0,693{ —0,192 |-0,018 - -
64 81 0,125 BGunxunn, —0,078 | 0,870] --0,321 [—~0,0255[0,050 | 0,13
256 32 | 0.125(A pepxnna, 0,073 | 0,828 ©,359 1 0,021 - -
266 321 0,120 Gynuxkuss, —0,073 | 0,828 —0 354 |--0,021 10,042 0,28
1024 | 128 | 0,125&KCBepxnan, 0052 | 0,741] 0,451 | 0015 — —
1024 | 128 | 0,129F ) sepxnsan, 0,020 | 0,572 0198 | 0010 ] -
1024 128 1 0,125 — 0,000 | 0,53 0,109 1 0,005 -— -
1024 | 128 | 0,125 @wuxuasn —0.009 | 0,563 —0,109 [~0.005 | — —-
1024 128] 0,125 - —0,020 | 0,572] =0,198 1 —0,010 - —
1024 128 1 0,123 — -0,052 |} 0,741) = 0,451 |—=0,015 [0,030 0,20
4006 | 512 | 0,125()sepxnasn, 0,038 | 0,584 0,452 | 00,0010 - -
4006 | 512 | 0,125 B unKunan, 0,038 | 0,584] —0,452 }—0,0110{0,0220, 0,147
16384 | 2048 | 0,125 PInepxnnn, 0,022 [ 0,329] 0,469 0,004 — -
16384 | 2048 | 0,125 (Aunaunn, -0,022 { 0,329] —0,469 {-0,001 0,008 0,053
/2 81 0,015 Qpepxuns, 0,023 10,355 0,514 0,0037 — -
512 8 0,M5((Pnuxunn, —0,023 | 0,355 —0,514 [—=0,0035[0,007 . 0,047
8192 128 1 0,015 Bmeprnunn, 0,015 1 0,251 0,401 0,0020] - -
8192 | 128 | 0,015 L upanan, —=0.015 1 0,251 —0,401 |~0,0020[).004 0027
32768 | 512 | 0,015 Emepxuan, 0,016 | 0,187) 0,450 [ 0,0005 -
32768 | 5121 0,010 fmuannn, 0,016 | 0,187 —0,450 [0 00050, 00100 6 015
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Table 2. 150/0 Symmetrical ihukovskiy profile (¢/-0,22 1=2)

! R | Re, )Huucpx— - ' An
¥ Reo (pas ) (/ ocin s C I T 0 An ”"0‘.1‘53
1 2 3 4 5 [ 71 8 ) 10
4 256 ‘ﬁ-l HEPXUAN, 0,236 | 1,001] 0,08 |=0,0016] - —
41 236 6l WKW, —0,316 | 6,99 0,0 5 [—0,15100,15021 0,98
16 | 1024 (64 BEXURH, 0,223 1 1,603 0,041 {—0,6055 -~ -
16 | 1024 {64 HHA NN, —0,310 | 0,498 0,030 ~0,158000, 1488 0,97
2 16 | 5 Puepxun, 0,226 | 1,009 0,053 |-0,00811  — -
2 168 T, —0,311 | 0,997] 0,027 | -0,15300, 1452 0,95
8 48 L~ CBEp XA, 0,212 | 1,011 0,062 {—0,0045 = —
] 64]x  PIsepxunn, 0145 | 0,483 0,051 | -0.0381) —- -
8 64 | & ePXHAN, 0,005 | 0,984 0,044 —0,0667| — —
8 64 | 8 - QU AN —0.026 | 0,974 0,033 [ -0,0936] — —
8 6418 () nuauny —0,082 1 0,972] 0,033 |=0,12431 — —
8 64 (8 i HEBHN, —0,308 | 0,997 0,022 1-0,15320,1437 0,94
320 26 1 8 & BEPX RN, 0,1¢6 1 1,015 0,083 [-0.0140F - -
32| 25618 @ BepXHNL, 0,041 | 0,980 0,066 | ~-0,0410f — —
324 256 | 8 CPXHAN, 0.003 10,969 0,052 |—0,0683] — -
321 256 | H 5 SHNKEsN —0,026 | 0,970 0,038 [-0,0958] - —_—
32| 25618 CD HHAHNN —0,078 | 0,975! 0,024 |-0,1232] — —_
32 256 | 8 THXHSA A, —0,295 | 0,995 0,013 [-0,1508|0,1368] 0,895
128 | 1024 | & BEPXHAA —0,168 | 1,021 0,126 |-0,0211] ~— —
g 128 [ 1021 | 5 B seprunn, 0'031 | 0.958] 0,100 |—0,0464] — -
: 128 | 1024 | 8 epPXHHN, 0,002 | 0,941 0,063 |-0.072)} — —
1 128 1 1024 | 8 HHKHAR —0,027 | 0,939 0,032 [-0,0977] —- —
128 11024 | 8 HIKHAA -0,079 | 0,955 0,004 |—0,1231} — —
128 § 1024 | 8 EOET —0,265 | 0,992; —0,008 |—-0,1488 0,1274] 0,83
16 16 | 1 D Bepxusin, 0,149 | 1,010] 0,160 [ -0,0435 — —_
, 16 16| ¢ HHKHAN -0,245 | 0,984| -0,023 -0,15980,1165{ 0,76
64 61 1 BepXHIA, 0.128 | 1,012 0,202 |—0,0493] — -
64 64 |1 BepxuAn 0,027 | 0,908 0,140 [—0,0705| — —
: 64 64 {1 lIRKHAR —0,.001 | 0,881 0,083.|—0,0902] — —
% 64 64 |1 HHKHAR —0,027 | 0.881] 0,033 -0,1130 — -—
H 64 64 |1 UHKHAR —0,071 | 0.921} =0,013 |—0,1345 — —
i 64| 6411 wkuas, | —0,225 | 0,983} --0,052 |—0,15580,1065 0,66
; 256 | 256 (1 ySBepxugn, 0,100 | 0,999 0,283 |—0,0087) -
‘H 256 | 256 | 1 epxus, 0:022 | 0.,852] 0,189 {—0,0763| — —
; 256 | 256 | 1 AHK AN —0.002 | 0,827] 0,105 |-0,0940; — -
i 256 | 236 | 1 HHKHAS —0,023 | 0,815 0,015 |~0,1118} — -
256 | 256 |1 HHXUAR ~0,058 | 0,863] ~0,050 [—0,1298) — —-
256 | 1 THKHAN -0,177 | 0,963 —0,105 —0,1475|0,0888) 0,58
1024 | 1024 | | BepXHAs, 0,063 | 0,914 0,424 |—0,0743| — -
1024 | 1024 1 1 HMUAA, —0,118 | 0,902] —0,195 |—0,136(:0,0617 0.42
128 | 16 | 0.1250 5 Spepanan, 0,055 { 0,881 0,472 {-0,0855| — - .
128 16| 0.1 epxusNyg 0.009 | 0.640{ 0,235 -0, 1065 - —
128 16 | 0.12 NHXKHAA -0,004 | 0,637 0,113 [—0,1:501 — -
128 16 | 0.1292¢ nuxnan -0,017 | 0,642 —=0,000 |~0,12550  — —
128 16 | 0.1 WHAHANA ~0.036 | 0,685 —0,100 |=0,133, — —
128 16 | 0,1 HIKHAN —0,008 | 0,854 —0,246 | -0, 1430/L,0475 0,31
< 512 640,295 sepxnin; 0.038 | 0,767 0.52% |~0,1005] "— -
512] 6410, epxuIn, 0,000 { 0,560 0,270 |-0,1080 — -
512 64| 0.1 IWHKHHA —0,004 | 0,542 0,132 —0,1155 — —
512 | 640,129 nunuas 4 —0,016 { 0,535( —0,011 |~0,1230 — -
312 64t 0,12 HHKBAR —0,03 | 0,611 0,140 |-0,1310} — —_
512 64 | 0,125 [ nnmuan, —0,079 | 0,813| —0,300 —-0,1382[0,0377 0,25
2048 | 256 | 0,12 I CLLN 0,028 | 0,562 0.611 |=0,1085 — -
2048 | 2% | 0.12 BEePXHAR, 0,004 | 0,394 0,255 [~0,1130( — -
2048 | 256 | 0.125 THKHAR —0.005 | 0,379] 0,118 |=0,1182 -—
2048 | 256 | 0,1 HHKHAA -0.014{ 0,377 = 0,050 | -0,1224) — -
2048 | 256 | 0.12 HEKHAR —0,029 | 0,500] 0,235 } -0,12;5 - -
2 256 | 0,1 HHKHNA, —0,057 | 0.68| —0,356 |—0,13250,0240| 0,16
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1042 | 0,125 0,015 0,21 0,514 | -0,1165 -
1024 | 0,12 [}) 0,27 0,230 |-0,1190 -
1024 | 0.123 P —0.,001 | 0,260 0,085 —0,1218] —
1024 | 0,1 —0,01210.273{ —0.110 -0,120! —
1021 ] 0 —0,031 | 0,520{ — 0,390 -0,1275/0.0110
16(0 0,008 | 0,1 0,610 |-0,1232 —
1610 ~0,015 ] 0,100{ —0,243 ~0.126210,0030]
640 0,003 | 0,090 0,434 ~-0,1243] —
7] -0,015 | 0,246 —0.235 - 0,1278]0,0035]
26 | 0 0. 0,1 0,506 |=0,1264] —
2% 1 0 -0,014 0,17 0‘29-’) ~0,1275{0,0021

(1). Surface. (2). upper. (3). lower.
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Table 3. 150/0 sysmetrical sZhukovskiy profile(,=0.1t .=1) 3
, ! Reo )lluucpx e . , ‘ . By y
’ Reo |, : (’ HOCED sl e o ° (b= 0,157
) o s 3 Ao 6 7 N Y 10

cb ol ar eeprinm 0,201 0,4996] 0,075 | —u, 108z —
Ao2a6 ob DB, 0,108 [0,99960 0.0705 | —0.3215,0,1533] 0,98 1
16} jo2d G LPuepatistsg 0,194 ]1,0086] 0,1005 | -0, l()") — —
161 1021 ok " ILIESIETEN ~ 0,400 19,9976 0,0705 |- 0,322 ill) 1581 0,98 5
2 |[B LR VIO TTN 0,192 1,003 00,0962 [—0,1515 —- -
2 16 ) 'mmunu, —0,409 [0,9891] 0,088 [—U, HSUU lulz 0,96
3 64 epXUAn, 0,170 {1,0055] 09,1032 |—0,1847 — 4
8 11} HKHANA —0,135 10,9802 0,0728 |—0, 3073 —
8 61 WHACHAN —1,064 10,9782 0,0789 4),25‘21 - —
81 64! ST (nmuns —0,024 10,9663] 0,1120 | -0,2577] — -
8 4 Bosepxuny 0,004 10,9793] 0,0940 [ —0.2330] — —
8 G b epxiiin 0,037 10,9854] 0,101 | —0,2083] — —
8 (i'l (P unmuna, —0,400 {0,9930] 0,0638 }—0,3320,0, 1483 0,91
32 1 2% 8 ECsepxuns, 0,148 |1,0174; 0,1381 |—0 1881} — —
32 2.':() ! BCPX IR, 0,034 {0,9764] 0,1221 | -0 21211 —
321 25 e pXHAs, 0,002 {0,9653] 0,1050 [-0,2358] — — 1
32 ¢ 2% HHKHAN -0,024 | — —_ - 0,204 —~ -
12 256 R HHKHAR —-0,062 — _ —-0,2832] — —_
32 1256 HHAKHSN —0,124 10,9652] 0,0628 |—0,3066! — -
32 | 276 HAHAR -—0,379 |0,9831] 0,0618 [—0,3316/0,1435{ 0,92
128 | 1024 BepPXHAA, 0,127 {1,0294] 0,2031 [—0,1994| — -
128 | 1024 BEPXHAA, 0,062 10,9804 0,0931 |—0,2074] — -
128 | 1024 8) epxunn, 0,028 10,9514] 0,1670 |—0,2205] — —
128 | 1024 BEpX HAs, 0,004 {0,9304] 0,1410 [—0,2386] — —
128 | 1024 HHXKHAA —0,041 [0,9273] 0.0869 [—0,2748] — —_
128 | 1024 8(PHunknsa —0,125 [0,9433f 0,0519 | - 0,3077] — -
128 | 1024 YHKHANR -0,350 I,0200 0,0468 [-0,331610,1322] 0,84
16 16 dPsepxusn, 0,121 |1,0116] 0,2241 -(),24()3 — —
16 16 UEECEEN —0,336 10,9628 0,0415 |- 0,2665(0,1262{ 0,80
64 64 I {Duepxnas, 0,100 {1,0133] 0,2881 -() 24721 — -
64 4 1HKNAR —0,113 |0,8940{ 0,0448 [—0), 3422 — —_
64 64 1 B8Nunkuan -1,060 |0,8712] 0,0731 |- 0,3’23] - -—
64 64 WHKHAA —0,028 {0,8694] 0,1147 |—0,3043} — —_
64 64 IRAINR — 0,004 0, 8638 0,1675 [—0,2853 — -_—
64 64 BEPXHHA 0,018 10,8990{ 0,2148 |--0,26650,1134] 0,72
64! 64 ynanan, < | —0,286 10,9578| 0,0135 |-0,3606| — ,
256 | 256 BepXHAR, 0,068 |1,0121] 0,4088 |-0,2622] — —_
25 | 256 BEDXHAA, 0,012 i0,8138| 0,2746 |—0,2775 — —
206 0 2956 HHKHAR -0,008 10,7827 0,1843 |-0,2925 — —
256 | 256 N K HAR -~0,028 10,7864 0,1092 |-0,3078 — —
25 | 256 DANHKHAR —0,084 |0,8281] 0,0149 |—0,3353] — -
206 ¢ 25 1 NHKHAR -0,125 10,8660, 00,0142 |—0,3444] — —
256 | 256 1 | {nnxusan, —0,247 |0,9558(~0,0313 {-0.,3537(0,0015 0,59
1024 | 1024 1 {pBepxuan, 0,043 [0,8758] 0,5817 | --0,2782 — —
1024 | 1024 i JANHAKHAR, — 0,185 [0,8780]- 0,1212 |—1,3440.0,0658; 0,42
128 , 16| 0,125 13 BEPXHAA, 0,042 10,8205 0,5550 |—-0,3126] — —
128 ‘ 16| 0,125 HXKHUAR —- 0,067 [0,7143] 0.0364 {--0,3598 =~ —
128: 160,125 VHAKH AR - 0,040 {0,6586] 00,0228 [- 0,3500] - —_
128 | 16 | 0,125@Puuxcngn —0,022 10,6048) 0,103) | - 0.3406] — -
128 | 16 10,125 NHXK RS - 0,006 {0,615 0,2444 §-0,3313] — -
1261 16 | 0,125 {Fsepxuan —=0,006 0,662 0,3437 | -0,32204 — _—
128 " 16| 0,125 HHAHARA, =0, 145 [0,%632] 0,1358 | 0,3688'0,0562] 0,36
512 64 | 0,125 @ pepxunn; 0,026 10,6392 0,7017 | -0,3216; — -
512 ' 64| 0,125 NHAKNAR —0,004 [0,5021}  0,3024 {-0,3303] — —_
H2 G4 1 0,125 oyrumuns -0,015 10,4678] 01513 | -0,338% — —
5120 64| 0,127 ; UHAKHKAA --0.027 [0,5197]1 0,0300 [-0,3111 —
512 64 | 0,125 \unxuna - 0,042 [0,5566] 00,0782 { <0 3500 — -
21 6400125 | Jawannn | —0.062 {0,646 - 0,1363 |~0,357 — -
12 611 0,125 WHARAN, =0, 112 ]0.8133{—0,2045 |- 0,3605{0,0389] 0,25
R e i

A.s'u.'»‘)-if‘xn‘"‘wv-,—‘a” - o
SATOETNIE T ex m A e e e,
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\5‘;
2048 206 | 0,125 BEPXHAN, 0,015 [0,42401—-0,7513 |-0,3203] — -
2048 256 1 0,12 CPXUNA, 0,002 10,3300] 0,4563 |—-0,3324] — — .
L 2048 256 1 0,125 HHAUNN —0,008 {0,28581 0,2442 |—-0,3373] — —
i 2048 206 | 4,125 HHA 5 —0,022 10,3548 0,0060 |—0,3432] — —
H 2048 256 | v, 12 HHA NI —,032 10,4137[—=0 1141 |—=0,347H - - —
2048 | 206 | 0,12 WK A —0,045 [0, 1956|—=0,1923 | -0,350)] — -_
M 248 | 256 | 0,125 WK L — 0,072 10 0376[—0,2912 |—0,3529{0,0236; 1,15
8192 | 1024 | 0,125 (Baep s, 0,001 J0 0918 0.7521 |—0,3382 ~
K192 | 1024 1 0,125 TCunannn —0,000 10,1918 0,4371 [—0,3405] — —
8192 0 1021 | 0,125 LHAK I —0,012 {01787 0,}520 [—0,3441 -~ --
8192 1 1024 | 0,125 NHANAN —0,020 10,27671 0,0669 |—0,3458] — —
X192 | 1024 | 0,125 | /unkuun —0,031 10,2867[-0,2011 }-0,3474| -- -
8192 | 1024 | 0,125 PRITLE — 0,041 |0,4186{—0,2832 |—0,3480[0,0098; 0,06
1024 16 | 0,015 epxuss, 0,001 10,1147} 0.6545 |—0,3495 — —
1024 16 | 0,015 epxusna —0,03.» {0,31496|—0,2808 |—0.3544/0,0049] 0,031
' 4096 64 [ 0,015 epxung 0,000 10,1047| 0,6945 |- 0,3495 — -
1 4096 | 640,015 Buuwxusn, | —0.026 |0,2146]-0.2157 1—0.3530/0,0035] 0,022
E 16384 | 256 | 0,015 { mepxunn, 0,002 10,1597] 0,8494 |-0,3504] - —
16384 256 | 0,015 HHXHAA,| 0,025 l().2746 ~0,2256 |—0,3535/0,0031] 0,020
- Key: (1). Surface. (2). upper. (3). lower.

iU Ly e g e
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Page 118.

Table 4. 150/0 bent Zhuxcvsxiy grotile (¢, =0.41a (°)

Y

_ Re,l  [lorepx- e .. , ) . Ay
v Reo lp= » N wocin s.C e T o o E 0,150
i Q2 3 4 b 6 7 ¥ 9 10
‘ 1
‘: 4] 256 64 (Deepxuan, | 0,317 [1.003 | 0,007 ] 0,093 — —
. 4] 256 64 fPnmusa, -0,216 {0,998 | —0,002 |—0.0065; 0,150 1,00
2 16 | 1024 64 f)sepxuny, 0.310 {1,008 0,013 | 0,0815 — —
s 16 | 1024 64 fAnnknaa, —0.213 {0,999 | —0 GG |[-0,056H 0, 1480 0,99
1 2 16 8 {Asepxusun, 0,305 {1,009 0,022 | 0,085) — -
A 2 16 8 f3unmnas, | —0,215 0,994 | —0,001 |- 0,06L0] 0 1455 0,97
E | 64 84 Suepxuun, | 0,294 1,012 | 0,081 | 0,085 —~ -
8 i ] 64 8 epxunu. 0,096 10,992 0,022 | 0,0536 — .
S L3 64 8 ASHHNK N 0,038 {0,998 0,020 | 0,0253 - —
" B 64 Dhtinains 0,002 {0,985 0,011 |- 0,038 —_ —
j ! B 61 8 1/ Hikunna —0,033 {0,984 0,003 |-0,0318 -- —
: lad 64 HHUKHAS —~0.212 {0,999 | —0,008 {-0,0610] 0,1428 0,95
: 321 256 Bepxuasn, | 0.275 11,022 { 0,050 | 0,0775 — —_
4 ; 321 256 W Bepxuas, 0.092 ]0.989 0.042 | 0.0503 - -
32 256 8 )Bepxusn, 0.034 (0,976 0,03 0,0225 — —
[ 321 256 BepXHHst, 0.001 10,972 0,017 j-0,0045 - —_
- 32| 256 8ASHHKHnan, | ~0,033 |0,973 0,002 {—-0,0325 — -
: 32 256 Plunmnns, —0,199 10,990 | —0,016 [—0,0800} 0,1375 0,92
. 128 | 1024 q{Bepxuan, 0,243 (1,033 0,090 | 0,0660 - -
i 128 | 1024 qBEepXiAn, 0,077 {0,976 0,075 0,0420 —_ -—
P l 128 | 1024 BepXHHuA, 0,030 0,954 0,04 | 0,0160 - —
‘- 128 | 1024 epXHAsN, 0,000 {0,943 0,024 | 0,0085 - —
- } 128 | 1024 84 Summunn | —0,032 (0,946 | —0,006 |—0,0335 _ -
, 128 | 1024 8 Piuknnn, | —0,183 0,984 | ~0,036 |—0,0585| 0,1245] 0,83
) 16 16 DBepxuas, 0,211 {1,028 0,128 | 0,0377 - —
| 6 16 Huxusa, | —0,180 (0,978 | 0,042 |—0,0770; 0,1147 0,76
; 64 64 epxusas, | 0,192 (1,038 0,168 |+0,0312 - —
64 64 BEPXHR, 0,061 10,936 0,131 | 0,0100 - —
64 64 epXxHiny 0,022 10,898 0,005 |~0,0110 - -
64 64 HKHAH —~0, 10,884 0,048 (- 0.0315 —_ -
64 64 HUKHAA —0,031 0,891 | <0,007.|—0,0525 - -
64 64 HKkHan, | ~0,157 10,971 | —~0,078 10,0731} 0,1043 0,70
256 | 256 BepPXHiS, 0,158 {1,038 0 238 { 0,010 - —
256 | 256 | BEPXHAN, 0,050 {0,893 0,188 { 0,0010 — —
255 | 256 BEPXHAHA, 0,018 10,839 0,127°1-0,0165 -- —
256 | 256 HIKHAA —0,004 [0,820 0,054 (- 0,0340 — —
256 | 256 HHX AN —0,028 {0,838 | —0,017 |~ 0,0510 - —
256 | 256 HIKHAN -0,120 (0,940 | —0,129 |-0,0680] 0,0800] 0,57
10214 ] 1024 BepxHssn, 0,109 1,000 0,357 | 0,0000 —_ -
1024 | 1024 1 {3unknas, | - 0,085 0,883 { ~0,220 1—0,0620] 0,0620] 0,41
123 16 | 0,12 BCPXHHA, 0,092 |0.958 0,405 {--0,028 — —
123 16 | 0,12 CPXHAN, 0,032 |0,727 0,288 |--0,0382 - -
123 16 { 0,123 {{pepxuan, | 0,012 10,638 0.159 |-0,0480 —_ -
124 16 | 0,125 4Cnuxnan | 0,004 |0,649 0,060 |—0,0575 - —
123 16 | 0,12 HHKHAA ~0,019 {0,644 | —0,046 |—0.0670 — —
124 16 | 0,12 uacung, | —0,068 0,838 | —0,264 1-0,0772] 0,049 0,33
512 64 10,12 HEPXHAH, 0,072 10,911 0,487 |—0,0347 - -
512 64 ] 0,12 epxnus, 0,025 10,634 0,35 |—0,0425 - -
512 641 0,12 epxuan, J 0,010 |0,535 0,208 [- 0,150 - —_
al2 64 | 0,12 HHKHAR ~ 0,005 [0,485 0,631 |—0,0582 — —_
512 64 | 0,128INunmcunn ~0,018 {1,544 | ~0,124 {—0,066 _ —
512 8410,125 HK KA, —~0,053 [0,754 | —0,319 {-0,0725] 0,037t 0,20
2045 | 25% 0.12. LLINITN 0,046 0,686 0,576 | -0,0440, - .
2048 | 256 | 0,12 BepX i, 0,015 |0,448 0,360 |—0,050 — -
2048 56 | 0,125 Caunwnny 0,005 |0,381 0,192 |- 0,0048 — -
2048 | 296 | 0,125 ¢Daepxunu, 0,004 {0,368 0,048 |~0,0594 - -
2048 | 256 | 0,125 ASunxkins —0,013 10,407 | —0,103 |—0,0638 - —
204% | 286 | 0,125(LPuuwunn, | —0,038 (0,604 | —0,384 —(),0(385' 0,0215; 0,163
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8192 | 1021 | 0,1234€nepxuan, 1,025 10,471 | 0,650 |—0,0748
8192 | 1021, 0,12 epxusa, 0,007 10,258 0,308 |-0,0569
8102 | 1021 0,125 [ Cunknnn - 0,001 10,178 0,082 {—0,05¢0
8192 | 1021 | 0, 1273gunKuax —0,008 J0.184 | —0,079 |-0,0610
8192 | 10241 0,12 HHKHAA —0,012 {0,211 | —0 163 | - 0.0630 -
8192 | 1024 | 0,12 HAHAA, - 0,025 10,464 ~ 0,428 |—0,0650 0,0102
1021 16 | 9,015 fasepxuan, 0.022 10.346 0,561 {~0,0604 -

10211 16 | 0,015 K wwxcusn, | —0.018 [0.317 | —0,368 |—0.0700{ 0,009
4006 64| 0.015 BepNHAR, 0,015 0.‘285 0,527 -0.0650 -

4696 64 | 0.015 {3nuxuna, | —0,012 |0.143,] —0,253 10,0675 0,0025

2
1
1
!

- 16354 | 256 | 0.015 EPrepxuns, 0,006 [0 113°[ 0,391 |-0,0655 -
: 16384 | 256 | 0.015 Muunuan, | —0.008 |0,046 | —0,118 | - 0,0670/ 0,001%

(1). Surface.

(2). upper. (3). lower.
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Page 119-120.

Table 5. 150/0 profile/airfoli NACA 65,-015.

LA Soul ol BV O R : Ay Em Y

¥ | Reo 1\p=-—¢£ kl nocts /e R I SRR
1 2 | 31T 4 5 6 7 8 9 | 10
41 2561 61 [2hepxnan, 0.281 1,0023{ 0,0814 |—0.1281] — -
4| 256 | 64 Q@uaxnas, | —0,523 {0.9973] 0,0704 |-.0,2817} 0,1536{ 0,98 -
16 | 1024 | 64 D)RCpXHA, 0,267 [1.0073] 0,0864 | —0,1298] — —
16| 1024 | 64 unwuns, | —0.514 [0,9973 0,0704 [—-0.2518] 0,120 0.97
2 6| 8 epXHAR 0,259 |1,0047) 0,0045 | =0,1595] —~ —
2 16 ] R pep XA, 0,031 10,9881 0,0875 | -0,1646] -— —

2 161 8 HHXHUAA —0.022 10,9847 0,0825 |—0,2026 — —

2 16 8 HHXKHAA —0,074 10,9867 0.0793 [=0,2216 — -

2 161 8 HUACHAS —0,150 |0,9857] 0,0753 | -0,2467| — - |

2 16 [ HHAKHAA --0,256 {0,98471 0.0742 [—0,206K7 - —

2 16 8 HIK A, —0,514 |0.9927] 0.0711 [-0,2009] 0.1514] 0,96

8 61 8 BepPXHAA, 0,240 {1,0107] 0,1065 |-0,1424 —_ —_

8 61| R pepXHAA, 0,016 {0,9847] 0,0935 |-0, 1719 —~ —

8 (3} 8 HAACHAN ~ 0.050 [0,9757] 0,0%24 |- 01,2163 — —_

8 6H1 8 Y HHKHARA —0,125 10,9807 0,0743 | -0,2409 - -—

R 61 8 HHKHAR —0.236 10,9797 0.0712 {—0.2655 —_ —_

8 6 8 HIKHAA, —0.512 10,0907] 0,0641 [ ~0,2~99] 0,1475 0,95
32| 26| 8 ,ACpepxusa, | 0,209 [1.0187 011326 |~0.1403) — -
32 256 8 BEPXHA, 0.023 {0,97611 0,115 [~0, 1702 -— -
32 256 8 HHKHAR --0,052 10,9617] 0,0874 |- 0,2193 - —
32 256 8 K HuKHAA -=0,131 {0.9647} 0,0743 0,2437 - -
321 296 8 HUHCHAS -(1,249 {0 973171 0,0632 {~0,2685 - —
321 2361 8 prakuan, | —0,506 11,0057 0.0531 |~0,2894] 0,1401) 0,89
122 { 1021 | 8 Bepxuas, | 0,150 [1,0207| 0.1805 {~0.1603] — -
128 1 102¢ | 8  BEPXUAA, 0,008 10,9517 5,1375 |-0,1826f — —
12% | 1024 8 HAKHAA —0,068 (00,9427 0,0853 | -0,2282 — -
128 | 1021 8 HWKHAA —0.145 {0 9407 0,0642 { - 0,2505 — —
126 | 1024} 8 HHKHAR —0.267 10,9557 00,0462 {~0,2726{ - —
125 | 102% 8 HUHHARA, -0, 485 (10,9837 0,0382 |—0,2875 0,1270 0,82
16 16 1 BEPXHANA, 0.128 11,0015 0,2008 | -0,1951 ~ -
16 16 1 HKHAR, —0,181 [0.9776] 0 0383 |{-0,3202] 0,127] 0,80
61 61 1 [2Bepxian, 0 002 10,9956 0,257 | —0,2030 -~ -
64 6H] 1 BepXH, 0 012 {09155 0,2055 |-0,2136] -~ -
61 611 1 PRI HHA —0.048 11,8705 0.1092 { -0.2535% — -
61 61 1 L unkian —0,127 10,8975 0,0609 | - 0,2787 -

A = T ST
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_ l
b | HAHNN
61 | [EFSIETR
206 1 Cpxuss,
206 I AU
26 4 HURHAR
2ot \ HHASHHN
zfm { HUKHAA
206 1 HANHA,
{u24 1 BEPX ML,
HIDRES 1 epxnsn,
1024 \ HHKIAR
{024 l HUKHAA
1424 1 HUKHAH
1024 i HHAHAA
102-! 4 HACHAN,
W6 0,127 sepxnan,
6 [ 0,125 unxnnn
161 0,128 nnkuun
161 0,125 Junruss
16 {0,125/ uuxnnn
16 | 0.1 ANCHAN,
(?4 0, 1253 Bepxuan,
641 0,123 BEPXUAR,
64 [ 0.125/3unxusn
64 { 0,12 HHKHAR
G4 1 0,125 FHunmnan
64 {0,125 Popnwunn,
25% 1 0,125 Zopepxuas,
256 | 0,1259 Bepxusn,
256 10,125 -
256 1 0,19 HRHAR
256 1 0,12 AKHAR
256 1 0,125 | /Hrwcuss
256 |1 0.125 HIKHANA,
1024 1 0,125 fdsepxunn,
1024 1 0,125 Yaepxusns,
1024 { 0,125 HXKHAA
1024 | 0,19 HHKHAA
1024 | 0,12 HUXHAH
1024 | 0,125 | { nuwusn
1024 | 0,125 || unwnsa
1024 | 0,125 | \npmusnn,
1(§ 0,015 P Bepxuas,
16 ) 0,015 B wnkuas,
4 1 0,015 Bisepxuns,
64 | 0,015 KA,
256 10,015 epxund,
256 | 0,015 BKHAR,
(1). Surface.

PAGLE &71

}

b =0,247 10,9200 l),u‘.")_'ie G018 -~
-0, 47 [0,9756] 0,0071 - ¢ 311 o, 1os]
0,047 J0. 91160 0,3416 '~0,2143)  —

=0,007 0,825 01961 1 -0, 2313 —

0,040 [0, 8086] 01102 | =0, 2343

~0,093 10, 8316]  0,0410 1 -0,2717] .
0,184 - N R V32 0 S

—0,355 J0,96561 70,0443 ;- 0.2983]  0,08-H)
0,026 j0 8575 0, 4614 |—0, 22671
0,010 10,7725] 00,3935 [—=0),2313]

S 0,015 10,6715 00,1072 |- 0. 20wy —

—0,060 [0,6295] 0,0300 [—,2662] .
0,104 10,7875]~0,025) |--0,2782] -

=0, 166 10,7498 -0, 0642 |--1,2503 —_
0,245 10,9175/, 0042 |—0,2583]  0,0616
U,021 10,7926]  0,4950 {—0,2633] —

-0,012 10,6436 0,2336 |—0,279%f —~
-0,042 [0,63950 0,1003 [—0,2045] .-

~U,080 {0,7194(~0,0500 [—0,3028] -

~0, 104 [0,7634]—0, 0860 |— 1), 3059 —

- 0,185 |0,8804]|~0,1302 | - 0,309l ©,0458
0,018 10,7536] 0,5779 |—0.2676] -
4,005 10,6496) 0,4378 1—0,27191 .

—-0,020(0,4935] 0,1605 [—0,2857] —
--0,034 10,5504]  0,0903) —0,2996) —

~0,079 10,6054] —0,0089]—0,5015] -

—0,145 (0,8284f —0,1540{—0,53035 ©,0359
0,014 10.6606] 0,6718/-0,2737] —
0,007 [0,5986| 0,5868|—0,2748]
0,000 10,5216!  0,4106]—0,2781 —_

—0,012 10,4085 0,2245{—0,2861 -
0,022 (10,3905 0,0604]- 0,2006) —

~0,048 |0,5485] —0,0867|~0,2965] —

~—0,100 0,7584} —0,1768! - 0,2989 0, 0255
0,010 10,5978} 0, 7847} ~0,2798]
0,005 — — 10,2801

—0,004 - —  j=0,2850 —

~0,010 10,3035) 0,2454)—-0,2886]

—0,022 10,2124}  0,0033}{~0,2032]

—0,030 .0,3423] —0,08658]—0,2945] ~

~—0,033 10,3983, —0,1068|—-0,2958] —

—0,065 10,6765 —0,1867{~0,2971] ©,0173
0,008 10,4372} 0,82381~0,2933] ~—

—0,040 10,48911 — 0,1997|~1),13037| 0,0104
0,008 10,5712 0,8627)~0,2047] ~.

—0,024 10,2291} —0,1126]~0,3026] 0,0079
0.008 10,5730 0,9007(—0,2952f —

~ 0,009 (0, 1(199] —0,0525{—0,3028] 0,0076

(2). upper. (3). lower.
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DISTRIBUTION LIST

DISTRIBUTION DIRECT TO RECIPIENT

ORGANIZATION . MICROFICHE ORGANIZATION MICROFICHE

A205 DMATC 1 E053 AF/INAKA 1
- A210 DMAAC 2 E017 AF/RDXTR-W 1
B344 DIA/RDS-3C 9 E403 AFSC/INA 1
C043 USAMIIA 1 E404 AEDC 1
C509 BALLISTIC RES LABS 1 E408 AFWL 1
C510 AIR MOBILITY R&D 1 E410 ADTC 1
LAB/F1I0

C513 PICATINNY ARSENAL 1 FTD
C535 AVIATION SYS COMD 1 CCN 1
€591 FSTC 5 ASD/FTD/NIIS 3
C619 MIA REDSTONE 1 NIA/PHS 1
D008 NISC 1 NIIS 2
H300 USAICE (USAREUR) )

% P005 DOE 1

: P050 cCIA/CRB/ADY/SD 2
NAVORDSTA (50L) 1 e
NASA/NST-44 1
AFIT/LD 1
LLL/Code 1L-389 1
NSA/1213/rDL 2
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