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O6’ckmom docrioncenis € npoyecu 2i0poaepoounamixy ma menioMaconepenocy, wo 6i00ysarmvcs npu 3ie-
Oeninmi JIMAIbHUX anapamis nio 4ac noIbLOmy 6 HECNPUAMAUCUX MEMEOPOJLOZIMHUX YMOBAX, A MAKONC CUCTNEMU
saxucmy 6i0 snedeninis. OOHUM 3 NPOOIEMHUX MICUDb 6 PO3POOKAX CUCTEM 3AXUCTY 610 3Ne0CHINHA € MIHIMIZAUIL
ix enepeocnosxcusanis npu 3abesnevenni 6eanexu noIbomis.

B x00i docnidacenns 6yno suxopucmano po3pobiene npozpamno-memoouune 3abesneuenns, axke 00360186 MO-
deniosamu npoyecu 31e0eHinisa JimarvHux anapamie. /s onucy 308HiuHb020 NOGIMPIHO-KPANEILHO20 NOMOKY,
a maxoxc eunadinus 60J02u Ha 00MIUNY NOBEPXHIO 3ACTOCOBAHO NIOXI0 Ha ocHoei pisnsns Has’e-Cmokca ma
MOOei 63aEMONPOHUKHUX cepedosuy. Hucenvie MOOeNI08aHs NPOYECY HAPOCAHHSA KPUZU BUKOHAHO 3 BUKOPUC-
MAHHAM MEMOOY NOBEPXHEBUX KOHMPOILHUX 00 €Mi8, w0 6A3YeMbCsl HA PIGHAHHAX HEPOIPUSHOCTI, 30epecents
KIIbKOCMI PYXY ma enepeii.

Pesyavmamu nposedenux docnioxcens npeocmasieni na npuxiadi oomixanmns npogino xpuia NACA 0012
6 SI3KUM CTNUCIUBUM NOGIMPANO -KPANEAbHUM NOMOKoM. Ompumari 6inviw mouni po3nodii 0CHOGHUX NAPAMEmpPIs
NOMOKY HA MENCE NOZPAHUUHOZ0 ULAPY, KOHBEKMUBHO20 MENLO0OMINY 6300694 0OMIUHOT NOBEPXHI, A MAKONC OCHOGHUX
BeAUYUM, WO BXOOAMD D0 PIBHIHD MACOBUX MA MENL0GUX barancie. [le nos’sa3ano 3 mum, o 3anpononosanuii noxio
BPAX0BYE 6 A3KICMB MA CIMUCIUBICMY NOMOKY, A MAKONC MAE PAO 0COOAUBOCMET NPU ONUCT 306HIUHBOZO NOMOKY.
3okpema suxopucmosyemvcs modugpixosana modens mypoyrenmuocmi Spalart-Allmaras, wo epaxosye wopcmxicmo
cminku. 3a80aKu yboMy 3a6e3NeuyemovCs MONCAUCICID GUSHAUCHHS KOCPIUIENMA KOHBEKMUBHO20 MeNI000MINY
3G OMPUMANUM POSNOOLIOM MEMNEPAMYPHO20 NONS. Y NOPIGHAHHI 3 GI00MUMU MPAOUUTTIHUMU MeMOOAMU, U0
BUKOPUCTNOBYIOMb IHMeZPANbHI CRIBEIOHOWEeNHHS, MAKULL NI0XI0 0036015€ 8pAX0sysamu nepedicmopio nomoxy,
Mmodxce bymu 3acmocosanuil iy sunaoky 00CUMb GEIUKUX WEUOKOCMEN | CKAAOHUX KPUNCAHUX (DOpM, Y 3a0auax
Yy mpusumipii nocmanosyi. Taxoxr maxuil nioxio 0ae MOJNCAUBICTND GUSHAUUMU AePOOUHAMIUNT XAPAKMEPUCTIUKU
npoghinie 3 Hapocmamu Kpuzu 3 Ypaxy8annsim uopcmrocmi noGepxHi.

Pesynavmamu pobomu moxcymov Oymu 6UKOPUCIANT NPU ONMUMI3AUTT POOOMU CUCTNEM 3AXUCTNY 6I0 3/1e0eHinHs
Ma GUIHAYECHHSA WIAXIE SMEHULEHHA eHePZeMUUHUX GUMPAm NPy podomi maxux cucmem.

Kmouosi cnosa: snedeninms aepoOUnaMiunux nNOBEPXOHb, CUCEMU 3AXUCTY 6i0 3Ne0eHinHsl, MameMamuyne
MOOeNI0BANHSL NPOUECY HAPOCTNAHHIA KPUZU.

— by the principle of action on: mechanical — pneu-
matic, electropulse, ultrasonic, hydrophobic coatings;
— physical and chemical — liquid, thermal (air-thermal,
electro-thermal).

At the same time, the thermal de-icing system can

1. Introduction

The problem of icing of aircraft in adverse weather
conditions is one of the key to ensuring flight safety.
Supercooled water droplets contained in the clouds can

freeze when they hit the leading edge of the fuselage,
wings, blades, the tail elements of airplanes, helicopters,
unmanned and other aircraft, air intakes, and parts of
aircraft engines. This significantly changes the structure
of the flow, aerodynamic characteristics and operational
properties of the aircraft.

The development of anti-icing systems and the deter-
mination of their effectiveness is a complex problem, in
addition to reliability, for such systems there are strict
requirements on the volume, weight and power consump-
tion. The anti-icing systems can be divided by the nature
of the work into:

— anti-icing — systems for removal of already formed

ice, as a rule, of cyclic action;

— de-icing — which, in principle, do not allow the ice

appearance;

operate in full modes, when all the drop-down moisture
evaporates, and incomplete evaporation, when the drop-
down moisture in the liquid state drains along the stream-
lined surface.

Reducing energy costs during the operation of anti-icing
systems can be achieved by more accurately determining the
optimal cycle time for the system to be turned off while
ensuring an acceptable level of negative impact on the
aircraft of the resulting inter-cyclical ice. When operating
a thermal de-icing system, energy costs can be reduced
by accurately determining the coefficient of convective
heat transfer along a rough, streamlined surface. On the
one hand, it has a dominant influence on heat and mass
transfer on an icy surface and, in fact, determines the
shape of the resulting ice buildup. On the other hand,
the convective heat transfer coefficient plays a key role

.

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(43), 2018, © Alekseyenko 5., Yushkevich 0.



IS5N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
MECHANICS )

in determining sufficient local heat fluxes that must be
supplied to each element of the protected surface [1].

When solving this problem, one of the effective tools
for studying the processes of icing are numerical simulation
methods that allow one to obtain data on the distribution
of the parameters of an airborne flow along a streamlined
icy surface. This will allow to determine in which places
of the aircraft and what form during the specified time
interval ice buildups will form, and how these buildups
will affect the aircraft.

Therefore, it is relevant to study the processes of hyd-
rodynamics and heat and mass transfer occurring during
icing of aircraft.

2. The ohject of research
and its technological audit

The object of research is the processes of hydrodynamic
and heat and mass transfer occurring during icing of air-
craft during flight in adverse meteorological conditions,
as well as the system of protection against icing.

Frost forming on aerodynamic surfaces of aircraft can
affect the handling characteristics in different ways depen-
ding on the location, quantity and type of ice. However,
the most common phenomena caused by icing include the
decrease in lift and the angle of stall flow on the wing,
on the tail elements, the loss of longitudinal stability and
controllability of the aircraft as a whole. In addition, the
resulting ice layer destroys the structure of the flow, causes
a loss of thrust, an increase in the turbulent wake, and
leads to an increase in weight.

The development of anti-icing systems and determining
their effectiveness is a very difficult problem. Flight tests,
although being the most reliable means of research, have
some significant drawbacks. In addition to their extremely
high cost, in this case is not an exhaustive and quite
informative tool. On the one hand, there are difficulties
of determining the location of icing conditions and en-
suring the repeatability of experimental conditions, and
on the other hand, taking into account the danger of
a situation, the range of acceptable experimental condi-
tions is significantly narrowed. Therefore, to understand
the various mechanisms of ice formation, the degree of its
influence on aerodynamics and aircraft controllability and
de-icing, it is more efficient to use modeling techniques.
However, experimental methods also require the use of
expensive and complex equipment — cooled high-speed
wind tunnels equipped with a reproduction system for
icing-causing precipitation, do not provide a complete
picture of the distribution of parameters in the area under
study. Experiments conducted under ground conditions
can't accurately reproduce icing conditions in flight, they
require the use of scale models.

As a result, in modern conditions there is a need to
apply numerical modeling methods that will allow:

— reduce the time and cost of developing anti-icing

systems;

— create a tool for assessing the effectiveness of anti-

icing systems;

— improve the understanding of the peculiarities of the

influence of changes in the geometry of aerodynamic

surfaces, due to the formation of ice buildup, on the
flow pattern.

And, thus, to create more advanced anti-icing systems.

At the same time, one of the problem areas in the
development of anti-icing systems is minimization of their
energy consumption while ensuring flight safety.

3. The aim and ohjectives of research

The aim of research is analysis, with the help of the
developed software and methodological support, the main
physical processes that occur during the solidification of
supercooled water falling on the streamlined surface, and
their influence on the shape of the ice formed.

To achieve this aim it is necessary to perform the fol-
lowing tasks:

1. Develop a methodology to simulate the processes
of icing of aircraft when flying in adverse meteorological
conditions, as well as to evaluate the effect of ice buildup
on aerodynamic characteristics.

2. Create a model that allows, when calculating the
external flow, take into account the roughness of the stream-
lined surface and calculate the heat fluxes in the area of
ice formations from the found temperature field.

4. Research of existing solutions
of the prohlem

In order to predict the shape and estimate the im-
pact of ice buildup on the aerodynamic characteristics
of aircraft, a number of mathematical models have been
developed that describe the ice buildup in different at-
mospheric conditions. The most famous are:

~ LEWICE 2D (USA) [2];

— ONERA (France) [3];

— TRAJICE2D (United Kingdom) [4];

— CANICE (Canada) [5];

CIRA (Italy) [6];

— 2DFOIL-ICE (Netherlands) [7].

In which the external airborne flow is described using
the equations of the potential and the trajectory model,
and the description of the ice buildup process is based on
the approach proposed in 1953 [8], using semi-empirical
dependencies. Such techniques have limited application
in the case of sufficiently high velocities and complex
forms of ice buildup (due to the presence of local tran-
sonic zones and significant pressure gradients). As well
as configurations with multi-bodies, neglecting the his-
tory of the flow, do not allow to evaluate the influence
of the resulting rough ice buildup on the aerodynamic
characteristics of the profile. They have limited applica-
tion in the transition to problems in a three-dimensional
formulation, contain some contradictions in describing the
physical picture and, accordingly, the thermodynamics of
the ice buildup process.

At the same time, such parameters as surface roughness,
ice density, residual amount of liquid water are currently
insufficiently studied and are taken into account using
empirical relationships. In particular, in [9], relations are
obtained for estimating the surface roughness. In [10] — to
describe the processes of tearing and spraying droplets.
And in [11] - to determine the ice density.

It should also be noted that the use of the listed soft-
ware products may be completely restricted outside the
country of origin, or implies the acceptance of license
conditions containing restrictions for use in other coun-
tries of the latest versions of the product.
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Thus, the results of literary analysis allow to conclude
that to ensure the safety of the developed aircraft in ad-
verse weather conditions is a promising problem in the
development of numerical methods and models that would:

— allow for a given design of the aircraft to assess the

danger of flight in a given meteorological conditions;

— could be used in the development of anti-icing systems;

— allow to find ways to reduce energy costs when

operating such systems.

5. Methods of research

Ice buildups on the aerodynamic surfaces of aircraft
can be formed during flight in adverse weather condi-
tions with an inactive system of protection against icing,
or during the cycle of its drawdown. From the point of
view of influence on the aircraft, the most sensitive to
icing are the front edges of the wings, control surfaces,
and tail elements.

Depending on the parameters of the airborne droplet
flow, loose, vitreous or mixed ice may form on the stream-
lined surface. This is determined by the amount of released
latent heat of solidification, which can be absorbed by air,
liquid and a streamlined surface, or already existing ice.

Loose ice, as a rule, forms smooth growths of a well-
streamlined shape, having a not so significant negative
impact on the aerodynamic characteristics. Vitreous growths
with the possible formation of «feather» formations behind
the protrusions downstream are usually inherent in vitreous
ice. In this case, the shape of a horn can be characte-
rized by its height, the angle it forms with the line of the
chord, and its location along the profile surface. Corn-like
growths can form on both the upper and lower parts of
the profile, significantly changing the flow structure, up
to a critically negative effect on the wing aerodynamics.

Based on the data obtained as a result of the experi-
ments [12, 13], let’s suppose that the main mechanisms for
moving an unfrozen liquid along a streamlined surface are:

— at a temperature close to the phase transition tem-

perature, and a sufficiently high water content, the water

can take the form of a non-continuous film flowing
around the <«tubercles» of ice, and move under the
action of aerodynamic force;

— at a lower temperature and water content, in the

area of inhibition, in the far field of ice formations,

water moves by spraying followed by «catching up»
the rebounded droplets by an external flow and their

«secondary» fallout;

— «jumping» and «splashing out» as a result of the

collision of supercooled drops with an icing surface.

When calculating the external airborne air flow con-
taining supercooled water droplets, let’s use the Reynolds-
averaged Navier-Stokes equations in vector-integral form:

g 1
gq+§95[Fn(q)—En(q)]dl=H,

L

(1

where ¢, F,(g), F,,(q) — the vectors of independent variables,
non-viscous and viscous flows; H — vector describing the
interfacial interaction.

In the simulation of turbulence, the Spalart-Allmaras
one-parameter differential model [14] with the correction
for the rough wall [15] is applied.

The discretization of the Reynolds-averaged Navier-
Stokes equations is performed using the implicit finite-
volume method. To calculate the convective terms, the
Roe scheme is used [16]. Viscous terms are approximated
by a three-point pattern with a second order of accuracy.
The block-matrix system of algebraic equations is solved
by an iterative Gauss-Seidel algorithm.

Simulation of ice buildup is performed by iterations
with increments in time under conditions determined by
the parameters of the atmosphere. A mathematical model
describing the motion of supercooled droplets makes it
possible to calculate the flow of moisture falling on the
streamlined surface. Then, at each time step, on the basis
of the thermodynamic model of ice buildup, the form of
the existence of moisture is determined, the thickness of
the accumulated ice layer and the surface roughness are
calculated. At the same time, the process of modeling the
ice growth is carried out at the macro and micro levels.

The method of surface control volumes [17—19] is used
to describe the thermodynamic processes of phase transfor-
mations of water precipitated in the form of supercooled
droplets on a streamlined surface. The balance of mass
and energy for the control volume can be obtained on
the basis of the laws of conservation of mass, energy and
momentum (Fig. 1). External heat and mass flows, which
are included in the equations of mass and energy balance,
are determined directly from the solution of the system
of equations describing the airborne flow. The following
basic assumptions are made:

— physical transformations in the surface control vo-

lume occur instantaneously within a time step;

— hydrodynamic processes within a time step are con-

sidered quasi-stationary;

— freezing of liquid on the surface occurs from the

side of the streamlined body.

rbout

‘/\»
m

L\
thin \

A\
A\
!lL/. \
\\/ et mresw _A
: e
Ice \ "
(e

Control
volume

Fig. 1. Scheme of mass flows in the control volume

Mass balance equation. Let’s consider a control vo-
lume (Fig. 1) located on the surface of the streamlined
body [20, 21]. The mass of water entering the reference
volume for the period in question consists of the sum of
three masses of water in the liquid state:

1) the mass of incoming water from the external flow
in the form of supercooled droplets mcgy;

5

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(43), 2018



IS5N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
MECHANICS )

2) the mass of inflowing water from the previous con-
trol volume m,;y;

3) the mass of the remaining liquid water from the
previous time step Mgz

My = Mgy + Mgy + My (2)

The mass of water flowing in from the external flow
is a part of the supercooled water droplets that are in
the external air flow and hit the object. In the case of
a two-phase model:

Mgy =P, Uy Ab-As- At e, (3)
where p; — the concentration of particles near the surface of
the body; U;, —normal to the streamlined surface component
of the velocity of the second phase; Ab, As —width and length
of the control volume; At,, — step on the rise time of ice.

The mass of flowing water m,;;, — the part of the mass
of liquid water m,p0 from the previous control volume,
indicated by the index i—1, which is involved in the current
control volume, indicated by the index i, external flow:

Mypinciy = Mipour (i-1)- (4)

The mass of the remaining water is equal to the mass
of residual liquid water m,,,, calculated in the control
volume at the previous time step:

My, = MEA (5)

On the other hand, the mass of water m;, entering
the control volume is spent on the mass of the outgoing
water m,,, the mass of residual water m,,;, and the mass
of residual ice myy;:

My = Moy + Mgy + My (6)

The mass of the outgoing water is the mass of water
in the solid phase, in the form of a liquid or vapor, which
leaves the control volume and consists of five components:

1) the mass of sublimated ice mg;;

2) the mass of evaporated water meyqp;

3) the mass of flowing liquid water m,p0u;

4) the mass of liquid water torn out by the flow mgq;

5) masses of ice torn out by the flow mg,:

My = Mgy + mez:ap + Mypour + Mgy + Mg (7)

Heat balance equation. From the energy conservation
equation for the control volume, it is possible to obtain
the heat balance equation that has the form [19, 20]:

The mass of sublimated ice and the mass of evaporated
water are parts of the ice mass and the mass of liquid
water that evaporate into the air under the influence
of the temperature difference in the boundary layer. The
mass of flowing liquid water is the fraction of the mass
of liquid water in the control volume, which passes into
the next control volume. The mass of torn liquid water
is the part of the mass of liquid water inside the control
volume, which is emitted into the air under the action
of tangential stresses caused by the incoming flow. It can
be determined by the Weber number, using the empirical
relationship [2]. If there is a stall that is determined from

the calculation of the external compressible viscous flow
using the Spalart-Allmaras turbulence model, let’s assume
that all unfrozen water flowing from the previous control
volume is sprayed and carried away by the external flow.

The mass of the torn-out ice is a part of the ice mass
in the control volume, which is thrown into the air due to
the detachment of ice crystals under the action of aero-
dynamic force [21].

Heat balance equation. From the energy conservation
equation for the control volume, it is possible to obtain
the heat balance equation that has the form [19, 20]:

Q/ + Q\'.\' +Q\‘uh + Qemp + Qazlh + Qkin + ch + QL‘L‘ + erl = 0’ (8)

where Q — latent heat of solidification; Q. — latent heat of
sublimation; Qg — latent heat of evaporation; Qg — internal
heat; Q., — convection heat exchange; Q.; — conductivity
heat exchange; Q,,s — radiation heat exchange; Q4 — heat
of aerodynamic heating; Qyi, — heat of kinetic heating.

Based on mass and heat balances, let’s calculate the
frozen fraction f of water passing through the control
volume during At,.

6. Research results

The results of calculations are presented on the example
of the test case of the flow around the wing profile of
the NACA 0012 with a chord length L=0.3 m with an
airborne droplet flow at zero angle of attack, having a
velocity of V.=129.46 m/s, temperature T..=-12.6 °C,
pressure p..=9.075-10* Pa. Using the developed metho-
dology, calculations were performed for a <rough» profile
having an average height of equivalent sand grain rough-
ness k;=0.00020 m. Fig. 2 shows the distribution of the
dropout coefficient B along the profile surface, as well as
the values of V, velocity, p, pressure and T, temperature at
the boundary layer boundary, temperature on the surface
of the body T; and T, recovery temperature. In the «wet»
mode, when a part of the liquid flows over the surface of
increasing ice, the surface temperature T is equal to the
temperature of the phase transition of water. Then, as the
distance from the stagnation point increases, a laminar-
turbulent transition occurs in the boundary layer. Convec-
tive heat transfer increases significantly, all liquid entering
the surface control volume freezes, the temperature of the
resulting ice is below the phase transition temperature,
but above the recovery temperature. In the area where ice
was formed in the previous time steps, but where droplets
from the external flow no longer fall out, cooling occurs
due to the sublimation of ice and the surface temperature
is below the recovery temperature.

Fig. 3 shows the distribution of the coefficient of con-
vective heat transfer o and the frozen n fraction along
the icing surface. It can be seen that there is a sharp
increase in the value of the phase transition coefficient
from values of ~0.75-103> W/m?/K in the region of the
laminar boundary layer to values of ~1.25-10> W/m?/K in
the region of the laminar-turbulent transition. And, then,
the subsequent gradual decrease in the value of the phase
transition coefficient due to an increase in the thickness
of the boundary layer. Accordingly, the frozen fraction in
the region of the laminar boundary layer and the stagna-
tion temperature turn out to be small and increase with
the turbulization of the boundary layer to 1.
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Fig. 4, 5 summarize the components of heat and mass
balances. It has been demonstrated that the main contribu-
tion to the heat balance is made by heating due to the
released latent heat of the phase transition and cooling due
to convection and evaporation. A significant increase in the
mass of freezing water occurs during the transition of the
boundary layer to the turbulent regime, accompanied by
a significant (several times) increase in heat flow due to
convection and evaporation. As a result, in
the region of the laminar-turbulent transi-

As noted earlier, as the distance from the stagnation
area increases, the boundary layer becomes turbulent, the
convective heat transfer coefficient and the frozen frac-
tion of the water entering the control volume increase.
Protrusions form on the ice surface, on which charac-
teristic ice «horns» are then formed. In the region of
these protrusions, the incident flow accelerates, and a flow
disruption occurs.

1.44E+02
1.16E+02
[ 9.02E+01
6.35E+01
3.68E+01
U 1.00E+01

-1.67E+01

-4.34E+01

0.11

tion, growths begin to form, over time, they
overlap into large <horn-shapeds. 0.07

Fig. 6 shows the distribution of isolines g,
of Mach numbers near the streamlined pro-
file, as well as the buildup shape obtained  0.00 (’
using the developed technique and the ex- o,
perimental form [2].

The considered design case corresponds — -0.07
to a wet icing regime — smooth ice forms in .
the region of the stagnation point, on the 0075

surface and above the surface of which there
is a large amount of unfrozen water moving

-0.014 0.047 0.108 0.130 0.200

Fig. 6. Builpuo shape, distribution of isolines of Mach numbers near the NACA 0012 profile

. . . (o=0°: — calculation of this work; — — — experimental data (2]
downstream by spraying and «jumping over».
Q. J/s/m® There is a good agreement between the
x10° experimental and calculated forms of growth
2000 in the region of the stagnation point and
1 at some distance along the flow (in the
15.00 region of large «horns»), but in the far
/ \ lower ice formation area, where relatively
10.00 small local protrusions predominate, there
/ \\ is a significant discrepancy in the results.
500 The proposed method allows to consider
' icing problems with a heated streamlined
————\ surface and, accordingly, to simulate the
0.00 — formation of «barrier» ice during the opera-
M tion of the anti-icing system [18], as well as
5.00 to evaluate the effect of ice buildup on the
\—/// aerodynamic characteristics of the profile.
-10.00
000 507 302 503 004 S, m 7. SWOT analysis of research
Fig. 4. Components of heat balance: — — latent heat of evaporation; — — convective heat results
transfer minus the heat of kinetic heating and the heat of aerodynamic heating; — — heat
transfer through heat conduction; — — internal heat; — — latent heat of solidification Strengths. The developed method for
calculating the flow of bodies around an
m, kg/s/m? airborne viscous compressible flow describes
X107 the process of moisture deposition on a
0140 streamlined surface using the model of in-
h\ terpenetrating media. Convective heat trans-
0.112 fer is determined by the temperature field
/ \\ obtained from solving the Navier-Stokes
0.084 equations using a modified turbulence model
’ for a rough wall. This approach allows, in
\\ contrast to existing methods:
0056 — more accurately and in a wider range
\\ of parameters, describe the change in the
0.028 geometry of the streamlined bodies and
b% take into account the effect of this change
0,000 on the aerodynamic characteristics;
00 XY 002 003 004S. m — the technique is also valid in the case
of sufficiently high velocities and complex
Fig. 5. The components of mass balance: — — the mass flow rate of supercooled water flowing forms of ice buildup. in the presence
in from the external flow; — — the mass flow rate of fluid entering from the previous control . b, .p o
volume minus evaporating water; — — mass flow rate of fluid flowing into the next control of local transonic zones and significant
volume; — — mass flow of freezing water; — — mass flow of evaporating water pressure gradientS;
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— takes into account the history of the flow, can be

applied to configurations with multi-bodies;

— allows to assess the influence of rough ice buildup

on the aerodynamic characteristics of the profile;

— allows to go to the tasks in the three-dimensional

formulation.

The developed methodology and software and methodo-
logical support will allow creating more sophisticated systems
for de-icing, and increase the safety of aircraft operations.

Weaknesses. The developed technique requires significant
computational resources and has a large time cost. Conse-
quently, an increase in labor resources is required — this
leads to an increase in the cost of research.

Opportunities. The approaches used in the methodology
will allow to proceed to solving the problem of icing of
aircraft in a three-dimensional formulation, to the pos-
sibility of a comprehensive analysis of the effects of ice
on the aircraft. Provide additional opportunities to create
more sophisticated and safer aircraft.

Threats. The emergence of new methods of computational
hydrodynamics, the creation of more and more advanced
universal commercial software products, an increase in the
computing power of computer systems and the development
in the field of artificial intelligence will lead to new, more
perfect solutions to the problem considered in the work.

1. Based on the Navier-Stokes equations using the Spalart-
Allmaras turbulence model, a method has been developed
for calculating airborne viscous compressible flow around
a body, which allows simulating the processes of icing of
aircraft during flight in adverse meteorological conditions. In
contrast to the traditional approach based on the equations
of potential, by taking into account the compressibility of
the medium, the technique allows to obtain more accurate
solutions at flow velocities higher than 0.4 M. The tech-
nique is valid in the case of complex forms of ice buildup
causing the formation of local transonic zones and signifi-
cant pressure gradients when it is impossible to neglect
the effects of viscosity and compressibility of the medium.
Takes into account the history of the flow, can be applied
to configurations with multibodies.

2. In the developed methodology, a modified Spalart-
Allmaras turbulence model is used, taking into account the
wall roughness. This allows, when calculating the external
flow, to take into account the roughness of the streamlined
surface and to calculate the heat fluxes in the region of ice
formations from the temperature field found. This solution
allows to go to solving problems in a three-dimensional
formulation. Also, the technique allows to determine the
aerodynamic characteristics of aerodynamic profiles with
frost, including the initial stage of icing. The obtained
results and the analysis of parameters on the surface of
the ice allows to determine ways to optimize energy con-
sumption during the operation of anti-icing systems.
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