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THE DEVELOPMENT OF A THREE-
DIMENSIONAL MODEL OF THE ICE
GROWTH PROCESS ON AERODYNAMIC
SURFACES

O6’exmom docuioncennst € npouecu 2i0poaepoOUNAMIKU I MENLOMACONEPEHOCY, WO GI00YEAIOMbCSL NPU 3Ae0eH T
ACPOOUHAMIUHUX NOBEPXOHD JIMANLHUX ANAPATNIE NI0 UAC NOJLOMY 8 HECRPUSIUBUX Memeopoao2iunux ymosax. O0-
HUMU 3 NPOOIEMHUX MICUD NPU PO3POOUT NPOZPAMHO -MEMOOUUH020 3A03NeUEHI, U0 00360JLAE MOOCIIOBATNU NPOUECU
anedeninmsi, € CKIaoHocmi npu nepexodi 00 supiueris 3a0aui 6 MmpueUMIPHIL NOCMAN06Ui. A Maxoic HassHiCMb 6 iCHy -
10UUX MEMOOUKAX NPOTMUPTY NPU ONUCT QI3uuN0T Kapmuiu i, 610n06I0HO, MEPMOOUHAMIKU NPOUECY HAPOCMAHHUS KPUZU.

B x00i docridcenisn uKOPUCMOBYBANUCS CKCNEPUMEHMANLHT MA AHALIMUIT Memoou oCHiONCeHHs: (PIsuUMHUX
NPOUECI6 HAPOCTNANHL KDUZU HA OOTIUHUX NOBEPXHUAX, 3ACHOBANL HA NOCMANHOMY AHAI3] 63AE MO0 NEPEOXON00NCEHUX
Kpaneio 3 noGepxueio i ix nooaivluum 3amMep3aniim Ha KpoMui Kpuid. 3anpononosana Mooeib npouecy Hapocmanis
Kpu2zu 3aCH06aHa Ha BUKOPUCTIANHT MeMOOY NOBEPXHEBUX KOHMPOILHUX 00 €MIG, U0 OAYEMbCS HA PIBHANHIX HEPO3-
pusHocmi, 36epexceniis KIoKocmi pyxy i enepezii. Ha 0cnosi Hosux ompumanux excnepumenmaisiux 0anux npo Qisuxy
obmep3ais, 6 Memoouyi MoOeOBaANHsL HAPOCTNAHIS KPULU 3ANPONOHOBANO GUOLIUMU OKPEMO NPOUCCU YMEOPEHIsL
00’0l cmpyxmypu Kpuza-600a i no0aibuL020 nNo6Hoz0 3amepaaniis uici cmpyxmypu. Ha nepuwomy emani npouecy
Kpucmanizayii piounu, 6 pamKax Kpoxy 3a 4acom 31e0eninist, nepeoxoiooxcena piouna, wo MiCmumocs 6 Kpanisx, aKi
NOMPANASIOMb HA OOMIUNY NOGEPXIIO, NEPEXOOUMD 6 CIAH MepMOoOuHaMiunoi pisrosazu. Toomo npuxosana menioma
3ameepoinis, w0 SUOLIAEMbCS NPU YMEOPeHi KpUuicanoi 0oJi 6 cmpykmypi kpuza-600a, 6yde 0opisniosamu nympiui-
Hitl menaomi, HeoOXiOnill Oist HAzZPieas NePeoxoi00HceHol Piouny 610 memMnepamypu Kpaneivok 00 memnepamypu
asoeozo nepexody. Ha dpyzomy emani 6yoe samepsamu 6004, wo MICMUmMsCs 6 CMpyKmypi Kpuza-600a 3a paxyHox
MENNOBUX BMPAM KOHECKUIEI0, GUNAPOBYCAHHAM, CYONIMAUIEID, MENIONPOGIOHICIIO (3G MIHYCOM NPUXOBAIOT MENLO-
mu 3ameepoinis, Kinemuunozo i aepoounamiuiozo nazpiey). Heobxiono sasnauumu, wo 600a, sxa 6yoe samepsamu,
makogc ckogysamume i npocmoposy Kpugcany cmpyxmypy. Ipu ypomy Ons eusHAUEHHS HANPAMKY Nepemiuenis
Ppiduru y30069c 0OMIUNOT NOGEPXHI OYL0 3ACMOCOBAHO MEMOO NOCIIO0GHUX HAOIUNCCHD.

Y nopiensnni 3 gidomumu mpaduyitinumu Memoouxamu maxuil nioxio 00360.s€ GLILWOIO MIPOIO 6PAXOBYEAMIU
HAO36UUATIHO CKAAOMT OISt MATNEMAMUUHOZ0 ONUCY Peanvii (isuuni npoyecu 00Mep3arisi AepOOUNAMIUHUX NOBEPXOHD.

Pesynvmamu pobomu modcymuv Oymu 6UKOPUCANT NPU ONMUMI3Aii poOOmMU CUCmeM 3aXUcTy 610 00Mep3anis
i GU3HAUENHT WILAXIE SHUICCHIS eHEPLCTNUYHUX GUMPAT NPU POOOMI MAKUX CUCTIEM.

Kmouosi crosa: siedeninis aepoounamiyviux noeepxony, CUCeMU 3aXUcmy 6i0 3aedeninms, MameMamuume
MOOeII06aNISL NPOUCCY HAPOCMANHL KPULU.
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1. Introduction

Icing is a generally recognized serious safety issue in
aviation. The most common negative phenomena that can
be caused by icing of the aerodynamic surfaces of aircraft
are a decrease in lift and stall angle from the wing, as well
as tail elements, a loss of longitudinal stability and, accord-
ingly, a sudden loss of controllability. The development of
icing protection systems and determining their effectiveness
is a very complex problem. According to accepted safety
standards, the main research tools that should be included
in the certification plan for aircraft for icing conditions are:

— flight tests in vivo icing;

— experiments in wind tunnels, both «dry» and simu-

lating icing conditions;

— numerical methods.

Copyright © 2019, Alekseyenko S., Yushkevich O.
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

It should be noted that experimental methods, on the one
hand, are quite expensive, require sophisticated equipment,
and, on the other hand, do not give a complete picture
of the distribution of the parameters of the air-drop flow
in the studied area. In addition, experiments conducted
under ground conditions can’t accurately reproduce the
icing conditions in flight, and require the use of large-
scale models. Therefore, there is a need to apply methods
of numerical modeling in order to reduce the time and
cost of developing ice protection systems. Moreover, the
calculations should be based on evaluating the effectiveness
of numerical methods, understanding the features of the
influence on the flow pattern of changes in the geometry of
aerodynamic surfaces due to the formation of ice growths.
All these are prerequisites for the creation of the most
advanced systems of protection against icing at present.
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Thus, to ensure the flight safety of aircraft in adverse
weather conditions, the urgent problem is the develop-
ment of software and methodological support that allows
to simulate icing conditions, as well as the development
of models of the process of ice growth on aerodynamic
surfaces.

2. The ohject of research
and its technological audit

The object of research is the processes of hydroaero-
dynamics and heat and mass transfer that occur when
icing the aerodynamic surfaces of aircraft during flight
in adverse weather conditions.

To date, a number of well-known techniques and software
products have been developed in various countries that
allow modeling icing processes, where the external air-drop
flow is described using the equations of potential and the
trajectory model. It should be noted that the description
of the process of ice growth is based on the approach
proposed in 1965 [1], using semi-empirical dependencies.

Such techniques are of limited use at sufficiently high
speeds and complex forms of ice growths (due to the
presence of local transonic zones and significant pressure
gradients), configurations with multi-bodies. In addition,
they neglect the history of the flow and do not allow to
evaluate the effect of rough outgrowths of ice formed on
the aerodynamic characteristics of the profile. They also
have limited application in the transition to tasks in three-
dimensional formulation, contain some contradictions in
the description of the physical picture and, accordingly,
the thermodynamics of the process of ice growth.

3. The aim and ohjectives of research

The aim of research is development of a mathematical
model of the process of ice growth taking into account
the physical processes that occur when supercooled water
drops fall on a streamlined surface with their subsequent
movement and curing.

To achieve this aim, it is necessary to complete the
following objectives:

1. To carry out an analysis of experimental studies
of the icing of aerodynamic surfaces: the interaction of
supercooled water droplets with a streamlined surface, the
mechanism of moisture freezing and further movement
along the surface is covered with ice.

2. Based on the conducted experimental studies, formu-
late, with basic assumptions and simplifications, a method
for calculating the ice growth on a streamlined surface.

4. Research of existing solution
of the prohlem

Various groups of researchers all over the world have
developed methods that allow simulating the processes of
icing of aerodynamic surfaces in a two-dimensional set-
ting, for example:

~ LEWICE (USA) [1];

— ONERA (France) [2];

— TRAJICE2D (Great Britain) [3];

— CANICE (Canada) [4];

~ CIRA (Italy) [5];

— 2DFOIL-ICE (Netherlands) [6].

It should be noted that most of these methods are
being finalized to simulate the growth of ice in a three-
dimensional setting [7, 8]. Moreover, the behavior of surface
water in these techniques is described, not taking into ac-
count its physical condition, using simplifying hypotheses.
It is believed that the fluid moves along the surface of the
icing in the form of a film, based on the hypothesis that is
developed in [9, 10] and others. This assumption does not
take into account that the surface fluid may have a different
physical state, which is determined by the thermodynamic
balance, physical properties supercooled water, the action
of aerodynamic, gravitational force, surface tension.

It should also be noted that these relations re obtained
for the relatively simple geometry of the streamlined body,
and, accordingly, they have limited application in the case
of complex geometry and meteorological conditions, sig-
nificantly different from those considered.

5. Methods of research

In the work, experimental and analytical methods are
used to study the physical processes of ice growth on aero-
dynamic surfaces. These methods are based on a phased
analysis [11, 12] of interaction with subsequent icing of
supercooled droplets on the wing edge when an air-droplet
flow with high water contention occurs.

The initial stage of the icing of the streamlined sur-
face is characterized by deformation of the droplets, fly
in the form of «flattening» before the introduction of the
form of a kind of disk («pancakes»). In this case, droplets
can break up into smaller particles, splatter and combine
with neighboring surface moisture particles into clusters,
which also have the form of «pancakes». Then, under the
influence of surface tension, these «pancakes» are «pulled»,
take a hemispherical shape, which in turn can be combined
into larger surface drops. This process is accompanied by
a relatively fast curing of part of the volume of super-
cooled water that flies in, which causes it to heat up to
the solidification temperature and the subsequent (slower)
freezing process of the remaining fluid. The outflow of heat
occurs as a result of convection, partial disruption of mi-
croparticles and evaporation of water, sublimation of ice
into the external stream, as well as through heat exchange
with an aerodynamic surface having a negative temperature.
Surface drops, freezing, remain motionless, or spread, form-
ing irregularities, depressions in which unfrozen water can
remain. A qualitative picture of the temperature distribution
on the streamlined surface of icing is shown in Fig. 1. At
the same time, let’s assume that fluid supercooled droplets
fly in from an external flow and have a temperature close
to the temperature of the incident flow. The fluid located
in the hollows between the ice tubercles is a two-phase
substance «ice-water», which, during freezing, can have
a varying heterogeneous structure in volume, but at the
same time has a temperature close to the phase transi-
tion temperature. The temperature of the peaks of the ice
hillocks will be slightly lower than the temperature of the
phase transition, as a result of more intense heat transfer
through higher local flow rates in the region above the
peaks of the hillocks. The temperature of the ice imme-
diately below the border with the ice-water structure will
be equal to the phase transition temperature. However, due
to heat exchange with the «cold» surface of the wing, the
temperature deep into the ice layer will decrease.

;12
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t=-10°C (supercooled fluid)
«ice-water» structure)

t =0 °C («ice-water» structure 0°
that freezes from below)

t< 0 °C («cold»
ice surface)

Fig. 1. The temperature distribution on the streamlined surface (in the conditions of
the experiment conducted: £.=-10 °C, v..=33% m/s, LWC=2.4 g/m%, d,=150 micrans)

When a supercooled droplet enters the icing surface,
intense mixing and movement along the surface of the masses
of the ice-water structure with a «new» supercooled fluid
will occur. At the same time, the time that exceeds the
duration of interaction with the droplet that flies in, the
«new» fluid will still remain supercooled and will go into
the state of thermodynamic equilibrium already in a «calm»
substance, located in the hollows between the ice tubercles.
Let’s assume that the amount and time spent by the fluid
on the tops of the icy hillocks is determined by the speed
of the incoming flow, capturing this fluid below the flow
(spreading or «snatching» with subsequent sedimentation).
In this case, the mechanisms for moving the fluid will be:

— relatively slow uniform movement under the action

of aerodynamic forces (in the case of accumulation

of a sufficient volume of fluid in the element of the
streamlined surface);

— local movement due to droplet energy, flies;

— and, with a relatively greater speed, by spraying

and «jumping» the fluid with its subsequent loss below

the stream (Fig. 2).

v ~ 1 m/s (because of
impinging droplet)

/\O\‘O/\

?Ci

v ~ 0.1 m/s (under the influence of
aerodynamic forces)

v ~5...20 m/s (splashing
and «jumping»)

0

0y

Fig. 2. The mechanism of fluid movement along a streamlined surface
(under the conditions of the experiment conducted: £,=-10 °C,
V=33 m/s, LWC=2.4 g/m®, d,=150 microns)

The influence of temperature (ceteris paribus) on the
mechanism of fluid movement and the structure of the ice
formed is illustrated in Fig. 3. Let’s consider the icing mode
when moisture exists on the streamlined surface in the
fluid state as «wet» (Fig. 3, @, b). And when the droplets
fly in, freeze almost immediately, creating ice «columns»
and, in the future, form loose ice — «dry» (Fig. 3, ¢).

According to the well-known, as well as obtained own
experimental data and accepted position, the following assump-
tions and simplifications are made when developing the metho-
dology and mathematical model for calculating the ice growth:

— movement of fluid along the streamlined surface,

which occurs with the help of «whirlings, in contact with

the surface of the icing of droplets, fly in, «jumping»
and spraying, followed by the loss of fluid downstream.

And also the flow between the ice <«hillocks» under

the influence of aerodynamic forces is considered as

an average steady motion;

t=-10°C or 0°C (mixture of the «new»
supercooled fluid and the «old»

«ice-water» structure)

— crystallization process of the fluid in the
control volume occurs in two stages:

1) the relatively rapid formation of the
spatial structure of «ice-water» in the vo-
lume of the «new» supercooled fluid flies
from the external stream in proportion f;
(which is determined by the temperature
of the supercooled drops);

2) and, slower, complete solidification, on
the part of already existing ice, of the ice-
water structure contained in the control
volume, in the proportion #;

— fluid in the form of an ice-water structure that
enters from neighboring control volumes and leaves
the control volume of the considered one is in a state
of thermodynamic equilibrium and has a temperature
averaged over the volume equal to the water solidi-
fication temperature;

— ice-water structure leaves the control volume in the
ratio f, ~ (average value over the volume of fluid f£
and ;.

— surface area of evaporation is taken equal to the area
of the outer surface of the control volume;

— evaporation and sublimation of the ice-water struc-
ture occurs in proportion fm;

— the lower boundary of the outer computational do-
main passes along the tops of the irregularities, where
the air-drop flow rate is taken equal to 0.

Impinging droplet Splashing Frozen ice
- S
a
Impinging droplet Splashing Frozen ice

N 22
b

Frozen ice

I

Fig. 3. The effect of temperature on the mechanism of movement
and subsequent solidification of surface moisture:
a—-25°C b-100 °C; c - 15.0 °C (under the conditions of
the experiment conducted: v..=33 m/s, LWC=2.4 g/m5,
di=150 microns)

Impinging droplet Splashing

At the same time, the icing process of the aerodynamic
surface is divided into time steps during which the process
of ice growth is considered quasi-stationary. That is, all
the parameters of the oncoming flow, as well as mass and
heat fluxes, are assumed constant during this step and
corresponding to the moment of its beginning. Physical
transformations within a time step occur instantly.

When creating a mathematical model at the macro
level, let’s consider fair the transition to considering the
fluid moving along the streamlined surface in the form
of the substance ice-water, freezing from the side of the
streamlined body (Fig. 4).
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T
Ice-water ' =
S

Ice

Control volume

\ lce-water

Ice

Control volume

Fig. 4. Scheme of transition to a mathematical model of ice growth

Based on the obtained experimental data, let’s assume
that at the micro level, at the initial stage of the icing
process, surface roughness can be determined using the
technique proposed in [13]. In part, the assumption is
that the unfrozen fluid is on the streamlined surface in
the form of drops that freeze on the surface side, and the
maximum possible height of these drops is calculated from
the equilibrium condition of the aerodynamic forces and
surface tension forces acting on the drop. In this case,
the surface roughness will be determined by the maximum
possible height of the surface droplets.

Since it is established that in the future, in the icing
process of the aerodynamic surface, the physical picture
of the process of moving and freezing the surface fluid
differs from the generally accepted assumption [2], let’s
consider it appropriate to use the empirical relations given
in [14, 15] to determine the surface roughness.

The developed assumption allows using the method of
surface control volumes for a three-dimensional analytical
description of the process of ice growth. The equations of
mass and thermal balances can be obtained on the basis of
the laws of conservation of mass, energy and momentum
for a control volume located on the surface of the body
according to the methods given in [16, 17].

6. Research resulis

Let’s consider the control volume located on the surface
of the streamlined body (Fig. 5). Let’s denote the current
control volume as P, and four neighboring, respectively,
N, E, W, S. r,, is the unit vector in the direction from
S to N, and r,. is the unit vector in the direction from
W to E. In Fig. 5, the grid shown in black corresponds
to the previous time step, and the one shown in red cor-
responds to the current time step.

The mass of fluid that enters the control volume for
the considered period of time m;, consists of a mass of
water, is precipitated from an external stream in the form
of supercooled droplets m,, and a mass of fluid in the
form of an ice-water structure moves from neighboring
control volumes Zm,bi,, [13]:

(1)

A mass of water flies in from an external stream — the
mass of a part of supercooled water droplets that are in

mi, = mmp + Z My -

an external air-drop stream that hit a streamlined surface.
In the case of the application of a model of interpene-
trating media:

n

mm[’ = 2 (pijjnk ) ASAtacm

k=1

(2)

where p; — concentration of supercooled droplets in the
airborne droplet at the surface of the streamlined body, cor-
responding to the k-th distribution interval; U,, — droplet
velocity component normal to the streamlined surface, cor-
responding to the k-th distribution interval; n — the number
of distribution intervals; As — area of the control volume;
At,.. — step along the time of ice rise.

mcap :: mevap’ msub
O\ O\ :: N Oxo, m shw
C\‘ Wy, m rbi
W rbinwﬁ‘{/_ 3 &
—> L o
—<
i ‘ /I\ m rb e
bojitns /m/i w
i Ice-water /
Ice rsn

= >

F

we

Control volume

Fig. 5. Scheme of mass flows in the control volume

The mass of the ice-water structure that moves from
the previous control volume can be represented as the
sum of the fluid and ice components:

Mypin = Mypino T Mipinice

3)

where i = My~ fiy,,, fir, — the rate of ice averaged
over the volume in the ice-water structure in the previous
control volume.

Let’s designate as Zm,,,m — the part of the masses of
fluid transferred from the neighboring control volumes
defined by the indices N, E, W, S to the present control
volume P

14
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2 Mypin = Mypingo + Miypine + Mipins + Myping (4)
where the index rbinw denotes the mass of fluid moves to the
control volume P from the control volume W, rbine — from
the control volume E, rbins — from the control volume S,
rbinn — from the control volume N.

On the other hand, the mass of fluid m, entering
the control volume is spent on the mass of fluid m,,
eliminating the control volume, and the mass of ice m,,
formed during the time step of the ice rise is also elimi-
nated [13]:

My = My + Mg, (%)

The mass of eliminated fluid generally consists of five
components:

1) the mass of sublimated ice mgy;

2) the mass of evaporated water m,,,;

3) the mass of fluid in the form of an ice-water struc-
ture, moves to adjacent control volumes Zmﬂmm;

4) masses of the removed fluid my,;

5) masses torn out by a stream of ice my [13]:

Moy = Mypy + mez:ap + 2 Mypour + Mg + My

(6)

The mass of sublimated ice and the mass of evaporated
water, m,, and m,,, are the parts of the ice mass and
the mass of water in the fluid state, which evaporate into
the air under the influence of temperature differences in
the boundary layer. The mass of the removed fluid my,,
is the part of the mass of fluid that is inside the con-
trol volume, which is pulled out by the free flow under
the influence of shear stresses. It can be determined by
the Weber number using empirical relationships [14]. If
there is a stall, consider that all the fluid moves from
the control volume, is introduced by an external stream.
The mass of torn ice is the part of the ice mass located
in the control volume that is released into the air as
a result of the separation of ice crystals under the influ-
ence of aerodynamic force or other factors.The mass of
the ice-water structure that leaves the control volume
can be represented as the sum of the fluid m,., M4,
ta and ice Mo, My, COMpONENts:

Mypour = Mybout,, + Mypout,,, » (7)
where Mo, =My fiws [, — the volume-average rate of ice
in the ice-water structure in the current control volume.

Let’s designate as Zm,bm the mass of fluid that was
in the current control volume, and which moves to ad-
jacent control volumes:

(®)

where the rboutwe index denotes the mass of water that
moves from the control volume P to neighboring control
volumes Wand E, and the rboutsn index — to the neighboring
control volumes S and N.

Then the mass balance equation will take the form:

z Mypour = Mopoutwe T Mrpoutsns

m(;ap + Zm rbin T Myesy =

)]

= Mgty + Mooy + D Mo + Mg + M+ Mgy + My

The positive direction of fluid mass flows into the control
volume is shown in Fig. 5 [18]. The direction of fluid flows
into the control volume is consistent with the direction of
a single vector. That is, let’s assume that if it is equal to
zero, then there is no movement of fluid in the direction
from S to N; if positive, the fluid moves through the face
between the control volumes P and N, if negative, through
the face between the control volumes P and S.

Then the section of the fluid parts, which is eliminated
from outside the control volume, can be determined using
the following relations [18]:

S
Mypoute = fw r fsn 2 Mypout »
J;
m = = z M ypout » ( 1 0)

rboutsn
|/ +

Son

where f,, = /}U,,,, Ty and [, = frim-, -T,, — the components of
the rate of the fluid-solid mixture in the direction of shear
pressure from W to E and from S to N, respectively.

The mass of fluid moves into the considered control
volume can be found as follows [18]:

W E
Mypingy = y Mypine =
Moytwe, 0 ~Moutoes 0

S N
Mypins = y Mybinn = ’ (1 1)
Moutsn s 0 “Mouisns 0

where the sign |: ] means the choice of the maximum of the

E

and — the mass of fluid moving in

mourme
the direction of WE in the control volumes W and E, respec-

N
— the mass of fluid moving in the
muuL\'n

given values;

mout«re

tively; and
mouLs‘n
direction of SN in the control volumes S and N, respectively.
The mass of the fluid m, — as part of the mass of
the ice-water structure included in the control volume m,,
can be defined as [13]:
m,, =(1—n)m,,. (12)
The mass of fluid in the form of an ice-water struc-
ture moves from the current control volume Zm,bouL to
the mass of the fluid m, minus the mass of the evapori-
zed m,,, and torn out external fluid stream my, [17]:
zmr[ww‘, =my, — melrap = Mg (13)
The residual ice mass m,, is the part of the fluid
mass in the form of an ice-water structure that enters,
which freezes, and it corresponds to the amount of ice m,
accumulated during the time step minus the mass of sub-
limated ice and torn out by the ice mass flow [13]:
My = Mice — Mgy — M- (14)
Mass of ice m,, is the part of the mass of fluid wa-
ter in the form of an ice-water structure that enters m;,,
which freezes:
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Mice = NMy . (15)
For the control volume, from the energy conservation
equation, it is possible to obtain the heat balance equa-

tion, which has the form (Fig. 6):

Q}?in + Qaerod + Q]at,,u + Q/m‘, - Qerrap -

- Qiub - Qcorw - Qamd - Qsens = 0, (16)
where Qy, — heat of kinetic heating; Q... — heat of aerody-
namic heating; Q. — latent heat of solidification released
during the formation of the ice-water structure; Q,, — latent
heat of solidification released during freezing of the ice-water
structure; Q,,,, — latent heat of evaporation; Q,,, — latent
heat of sublimation; Q,,,, — convection heat exchange; Q..q —
heat transfer conductivity; Q,., — internal heat.

Evaporation/sublimation
Cooling
Aerodynamic heating

Internal heat %CDXéO; ?%}72_:__—

Convection cooling

Kinetic heating

7 X il ent heat of the
f e % phase transiti
EEtL A
| lce-water vV +* N
Ice Thermal co_nductlwty
cooling

Control volume

Fig. 6. The scheme of heat flows in the control volume

At the first stage of the fluid crystallization process,
as part of the step on the icing time, the supercooled
fluid contained in the droplets that fall on the stream-
lined surface passes into a state of thermodynamic equi-
librium. That is, the latent heat of solidification released
during the formation of an ice fraction in the ice-water
structure Q. will be equal to the internal heat Q,,
required to heat the supercooled fluid from the tempera-
ture of the droplets 7; to the temperature of the phase
transition T

Qu = Qoens» a7
Qlat,,,(‘ = mca[),ﬂ, Lfy ( 18)
Qsﬂns = mtupcpﬂ (T/ - ]:l)’ (19)

where ¢, — the specific heat of water.

In this case, the mass of water flies in from the external
airborne droplet stream m,, in the form of supercooled
droplets will be divided into the mass of water m,,, and
the mass of ice m,,, in the ice-water structure that has
formed:

Mgy = Mgy, + Mgy, .. (20)

That is, m.,, =m.,f;, whence the rate of ice in the
spatial ice-water spatial structure is defined as:

f _ pr (T/—Td)
i Lf )

(21)
after which there is an average value of the ice fraction in
the spatial ice-water structure over the fluid volume f; .

At the second stage, the water contained in the ice-
water structure will freeze due to heat loss by convection,
evaporation, sublimation, thermal conductivity (minus the
latent heat of solidification, kinetic and aerodynamic heat-
ing). In this case, the water will also freeze the ice struc-
ture, it is contained in this water in the proportion f .

When part of the mass of water contained in the ice-
water structure in the control volume freezes, the latent
heat of solidification is released:

(22)

Qu=m /}eezeLfy

where mg,,,, —the mass ofice formed in the ice-water struc-
ture; L, — specific heat of solidification of water.

In this case, the mass of ice formed during complete
curing of the ice-water structure will be equal to:

1

Mice = m [reeze
o

(23)

The kinetic heat Qp;, is the energy generated by the
change in the speed of supercooled water droplets that
hit a streamlined surface [13]:

2
mcapUd

Qkin = 2 ’

(24)

where Uy is the speed of water droplets, determined from
the calculation of the external air-drop flow.

The heat of aerodynamic heating generated by the
friction of air on the surface of the streamlined body,
Queroas 1s formed inside the boundary layer when the tem-
perature changes from the value in the incident flow T.
to the average temperature in the boundary layer, which
is called the recovery temperature Ty, [13]:

Qaerad = hczr (]:‘ec - Tw)ASAtacm (25)
where A, — convective heat transfer coefficient; As — area
of the control volume; At,. — step along the time of ice rise.

Part of the ice mass present in the control volume
sublimates, while the heat is absorbed:

Q,sub = _msuthuhr (26)
where my,; — mass of sublimated ice, Ly,; — specific heat of
sublimation.

Part of the mass of water in the fluid phase, which is
present in the control volume, evaporates, absorbing heat:

Qm‘up = _memplrrapv (27)
where .4, — mass of evaporated water, L,q, — specific heat
of evaporation.

The convective heat transfer Q., between the air flow
and the streamlined surface, when the flow and the sur-
face have a different temperature, can be determined by
the temperature field, or be described using the relation:

;18
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Qe =ho[ fura+(1- f)(T. - T) AsAt., (28)
where h., — convective heat transfer coefficient; T., — tem-
perature of the unperturbed flow; T; — surface temperature.

The relative contribution of various quantities to the
heat balance is shown in Fig. 6 for typical flight condi-
tions in icing conditions [19]. Fig. 6 shows that heating
mainly occurs due to the release of latent heat of the
phase transition, and cooling, mainly due to convection,
evaporation and/or sublimation and the internal heat of
supercooled water drops. It should be noted that internal
heat makes a significant contribution if the temperature
of the incident flow (i. e., the temperature of supercooled
drops) is sufficiently low (~ =30 °C). It is also seen that
the convective heat transfer coefficient plays the most
significant role in the area of the stagnation point, since
convective heat flux and flux due to evaporation and sub-
limation depend on it (60 % of negative values in the
heat balance depend on this coefficient).

Based on the mass and thermal balances, the fraction
of the ice-water structure n passing through the control
volume over the time At,, is calculated, the mass of ice
is completely frozen mj, and the thickness of the ice layer
that formed Ay

1 Q(fmp + Qc()mr + Q(:(ma' - Qkin - Qaemd
1- f;},, L_/ (min,,‘ + my,,, + mcap)
miceAt

hire = )
pire

n=

, (29)

(30)

where the ice density is determined depending on the surface
temperature T;.

In wet mode, let’s assume that the surface temperature is
0 °C and assume that the density of smooth ice is 917 kg/m?.
In dry mode, the surface temperature is lower than the
solidification temperature, the density is calculated by the
empirical formula proposed in [13]:

x
p,-w=917~(m] : (31)
where X — Macklin coefficient:
X:ﬁ.i, T, >T, (32)
2 1,1

which is a dimensional number and depends on the arithmetic
mean diameter of supercooled water droplets d, expressed
in microns, undisturbed flow velocity U.., expressed in m/s,
icing surface temperature T; and temperature of the phase
transition of water Tyin K.

7. SWOT analysis of research results

Strengths. A model of the process of ice growth on aero-
dynamic surfaces has been developed. It can be used in soft-
ware and methodological software that allows describing the
icing of aircraft during flight in adverse weather conditions.

The proposed model, unlike the existing ones, will allows
to evaluate the effect of rough outgrowths of ice formed
on the aerodynamic characteristics of the profile. And also
go to the solution of the problem in a three-dimensional
formulation and to a greater extent take into account the

real physical processes of icing of aerodynamic surfaces
extremely difficult for the mathematical description

Weaknesses. The developed technique, unlike the exist-
ing ones, requires significant computing resources and has
large time expenditure. So, the required increase in labor
resources will increase the cost of research.

Opportunities. The approaches used in the technique
will allow to move on to solving the problem of icing
aircraft in a three-dimensional formulation, to the pos-
sibility of a comprehensive analysis of the effect of ice
on an aircraft. They will provide additional opportunities
for creating more advanced and safer aircraft.

Threats. The emergence of new methods of computational
fluid dynamics, the creation of increasingly sophisticated
universal commercial software products, an increase in the
computing power of computer systems and developments
in the field of artificial intelligence will lead to new, more
advanced solutions to the problems considered in this work.

1. On the basis of new experimental data obtained
on the physics of icing, it was proposed to separate the
formation of the ice-water volumetric structure and sub-
sequent complete freezing of this structure separately in
the methodology for modeling the formation of ice out-
growths. This makes it possible to take into account, to
a greater degree, the real physical processes of icing of
aerodynamic surfaces that are extremely complex for ma-
thematical description.

2. To describe the process of ice growth in a three-di-
mensional setting, the method of surface control volumes was
developed and the main simplifications and assumptions were
formulated. In this case, the equation of mass and thermal
balances is obtained on the basis of the laws of conserva-
tion of mass, energy and momentum for a control volume
located on the surface of a streamlined body. To determine
the direction of fluid movement along the streamlined sur-
face, the method of successive approximations is applied.
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