CucreMHe NPOEKTYBAHHS Ta aHAJII3 XapaKTePUCTUK aepokocMivHOol TexHiku. Tom XXV

UDC 532.526 : 532.24
S.V. Alekseyenko

Oles Honchar Dnipro National University

SIMULATION OF THE AIR-DROPLET FLOW IN THE AIRCRAFT ICING
PROBLEMS

Meteorological conditions presupposing the occurrence of icing is possible are analyzed.
To describe the external air-droplet flow and the process of moisture precipitation on the
streamlined aerodynamic surfaces in icing problems a model of interpenetrating media is
proposed to use. This model allows one to take into account the law of droplet size distribution
in an icing cloud, to consider the problem in a three-dimensional statement, and also to take
into account the exchange of mechanical and thermal energy between supercooled water
droplets and air flow.
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IIpoananizoBaHo MeTeOpPOJIOTiYHI YMOBHM, Wi 4Yac MOJAbOTY B SKHX MOKJIUBE
BUHHUKHEHHsI oOMep3aHHs. LI omuMCy 30BHIIHBOIO MOBITPAHO-KPANeEJbLHOr0 MOTOKY |
npoiecy 0caJ:KeHHsI BOJIOTH HA 00TiYHY MOBEPXHIO B 3a/1a4ax 00Mep3aHHs aepoANHAMIYHHX
N0BEPXOHb JIiTaJIbHUX anaparis 3aMPONOHOBAHO BHKOPHCTOBYBATH Mojelb
B32€EMONPOHMKHUX CePeIOBHIN, 10 /I03BOJIIE BPAXOBYBATH 3aKOH PO3MOALLY PO3MipiB
Kpamnejb B XMapi oOMep3aHHsI, Po3IJISAaTH 3a4a4yy B TPUBUMIPHid NMOCTAHOBLi, a TAKOXK
BPaxXoBYBATH O0MIH MEeXaHiYHOIO i TENJIOBOK €HEPri€l MiXk NMepeoxoJ0AKeHUMHU BOASIHUMHU
KPaIvIsiMHU i OBITPSAM.

Knrouogi cnosa: nosimpsano-kpaneivHuti NOMIK, 0CaA0NCEeHHs 80J102U HA 0OMIUHY NOBEPXHIO,
0OMep3aHHs aepOOUHAMIYHUX NOBEPXOHb.

IIpoananu3upoBaHbl MeTEOPOJIOTHYECKUE YCI0BHS, IPH MOJeTe B KOTOPBHIX BO3MOKHO
BO3HUKHOBeHHe o0jiefeHeHUA. JIJisl ONMUCAHMS BHEIIHEr0 BO3IYIIHO-KAINEJIbHOIO0 NMOTOKA H
npouecca OcCaxkaeHMsl BJIArH Ha 00TeKaeMYyK TMOBEPXHOCTH B 3aJa4dax o00JieJeHeHus:
a3POAUHAMMYECKUX MOBEPXHOCTEN JeTaTeJbHbIX ANNapaToB MPeAJI0KeHO HCNO0Jb30BATH
MoO/ieJIb B3aMMONPOHHKAINIUX Cpell, MO3BOJSIIONIYI0 YYUTHIBATH 3aKOH paclnpenejieHus
pasMepoB KameJb B o00jaKke o00JeeHeHUsl, PacCMaTpUBATh 3a/a4yy B TpexXMepHOM
NMOCTAHOBKE, a TaKKe YYHMTHIBATH OOMEH MeXaHM4YeCKOH M TeNJIOBOM JIHEPrued Me:Kay
NnepeoxJIakIeHHbIMI BOASTHBIMYU KAMJISIMU M BO3IyXOM.

KiioueBble cj10Ba: BO3MyIIHO-KANENbHBIA TIOTOK, OC&XKJCHHE BIAard Ha OOTEKaeMYyIo
MOBEPXHOCTD, 00JIEIEHEHNE aPOTTHAMUUECKHIX TOBEPXHOCTEH.

Introduction. In modern conditions, ensuring the safety of aircraft flights,
including in adverse weather conditions, is an actual problem causes a constant
interest. Under certain flying conditions, supercooled water droplets contained in
clouds can freeze, falling on the aerodynamic surfaces of the aircraft, forming ice
growths.
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Depending on the amount, shape and location, such growths can have a significant
negative influence on the aircraft: disturb the flow structure, increase turbulent wake,
increase in drag, decrease in lift force and stall angle of the wing affecting adversely
the stability of aircraft and its handling on the whole, lead to weight gain.

According to accepted safety standards [1], the main research instruments to be
included in the certification plan for aircraft for flight in icing conditions are: flight
tests in natural icing conditions, and using spray systems installed on the ahead-of-
flight aircraft and creating an icing cloud; experiments in wind tunnels, both "dry"
and modeling icing conditions; numerical methods. It should be noted that flight
tests, although being the most reliable means of research, have significant limitations
related to the danger, as well as the difficulty of ensuring the reproduction of
experimental conditions, in addition, they require significant financial and time costs.
Ground-based experimental methods also require the use of expensive and complex
cooled high-speed wind tunnels equipped with a system for the reproduction of icing
conditions. Such methods, although they make it possible to significantly expand the
range of the investigated parameters, but, in turn, also do not give a complete idea of
the distribution of the parameters of the air-droplet flow in the investigated region. In
addition, experiments conducted under ground conditions can not accurately
reproduce the icing conditions in flight, requiring the use of scaled models. As a
result, in order to reduce the financial and time cost of developing anti-icing systems,
to assess their effectiveness, to understand the effects of changing the geometry of the
aerodynamic surfaces due to the formation of ice build-up on the flow field and,
accordingly, to create the most advanced anti-icing systems in modern conditions,
there is a need to apply numerical simulation methods.

Until now, a number of well-known techniques and software products have been
developed in various countries to simulate the icing processes (LEWICE, ONERA,
CANICE, etc.) [2-4], in which, as a rule, the external airflow is described using the
potential equations, and motion of supercooled water droplets — using a trajectory
model. Also, the application of the trajectory model in combination with the Navier-
Stokes equations of compressible gas for the describing of the air-droplet flow is
considered in [5-6]. When implementing this approach, the airflow parameters are
first calculated, along which a number of trajectories of supercooled droplets with a
small margin of "enveloping™ a streamlined profile are built. The concentration of
droplets directly at the surface and, correspondingly, the local collection efficiency
for the streamlined profile, is determined by the condition for the conservation of the
mass flow of droplets in the cross section, limited by neighboring droplet trajectories.

It should be noted that the traditional approach using the trajectory model [2-4]
does not take into account the mutual exchange of mechanical and thermal energy
between supercooled droplets and air flow, is associated with certain difficulties in
implementation of three-dimensional statement of the problem: in the case of
complex geometry of streamlined bodies, multi-body configurations.
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Objective of the paper is to develop a mathematical model describing the
motion of the air-droplet flow taking into account the mutual exchange of mechanical
and thermal energy between supercooled water droplets and airflow in a three-
dimensional statement.

Physical Problem Statement. All observed weather phenomena, including
meteorological conditions, in which the occurrence of icing is possible, are formed in
the troposphere at heights of up to 7 km at the poles and up to 16 km at the equator.
The powerful thermal vertical streams of moist air, the continuous mixing of air
masses with different temperatures and pressures, the lowering of the temperature
and air pressure with altitude, also cause a change in the water concentration in the
air, condense water vapor and form clouds, fog, rain, snow or hail. It is known that
under certain conditions, water droplets, contained in clouds or rain at a negative
temperature of the ambient air, can be in a supercooled state [7]. The icing of aircraft
In most cases occurs during a flight in this environment.

The main meteorological parameters on which the intensity of icing depends
are:

 the amount of condensed water per unit cloud volume (liquid water content,

LWC);

* the air temperature (T);

* the size of the water droplets.

Water content varies considerably with temperature and can fluctuate strongly
for both the same cloud type and the same cloud. In practice, usually used water
content averaged over large areas, equivalent in volume of 1 m® and a length of
several kilometers. As the temperature decreases, the water content decreases, and the
probability of icing decreases. It should also be noted that an icing cloud represents a
polydisperse aerosol, which contains supercooled water droplets of different sizes —
from a few up to tens of microns, and during rain up to hundreds of microns. To
estimate the size of droplets contained in the cloud, in practice, the mean volume
diameter (MVD) is often used, determined in such a way that 50% of the total water
droplets contained in a unit of cloud volume have a diameter larger, and 50% -
smaller than MVD.

It is believed that the major types of clouds, which may cause icing are
stratiform and cumuliform clouds and also freezing drizzle or freezing rain conditions
(in the presence in atmosphere of so-called supercooled large droplets, SLD).
Herewith the range of meteorological parameters presupposing the occurrence of
icing is determined by the Aviation Rules of the International Aviation Committee
part 25 [8] and also Title 14 of the Code of Federal Regulations, part 25, Appendices
C and O [1], which also regulate the law of distribution of sizes of supercooled water
droplets in the cloud.
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Mathematical Problem Statement. When describing the external air-droplet
flow in a three-dimensional statement, a model of interpenetrating media proposed by
H.A. Rakhmatullin [9-11] was used. This model is based on the concept of a
multiple-velocity/multiple-temperature medium, with each point of the medium being
characterized by as many velocities and temperatures as the amount of layers that the
considered medium contains. Each phase continuously fills the space.

The main assumptions of the model are the following:

e the medium is assumed to be multiple-velocity and multiple-temperature,
consisting of air — viscous compressible carrying gas and supercooled water
droplets — fractions of incompressible spherical particles of specified diameter
with no interaction between them;

e heat capacities of the air and droplets are constant;

e the droplets sizes are many times larger than the molecular-kinetic distances

and many times smaller than the distances, and the averaged macroscopic

parameters of flow vary significantly;

e the interaction of the supercooled water droplets and the carrying air is taken

Into account via air viscosity;

e the temperature of a single droplet is constant throughout its volume.

The equations that describe the carrying air flow and supercooled water droplets
are coupled through the source terms, taking into account the momentum and energy
exchange between states. They differ from the Navier-Stokes equations only by the
presence of these sources. In order to specify the terms that describe the interphase
interaction, the results of studies of the processes occurring at the gas flow over
particles are used [12].

The unsteady equations of the multi-phase flow are written as follows [9-11]:

o4 0E OoF oG .~ 1(6rR oS of
H=—o —+—+—|, (1)
ot & o o Rel & on &
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The following notations are used in the equations: u,v,w — are the velocity
components in the directions x,y,z; p, p, e — are the density, pressure, and total
energy of the unit volume of air; a — is the sound velocity; y — is the specific heat
ratio; u — is the dynamic viscosity coefficient; Re — is the Reynolds number; Pr— is
the Prandtl number; ¢,.&,.¢,.n,.n,m,.C0.C,.6,, 0 — are the metric coefficients and

Jacobian of the coordinate transforms &=g(x,y,z,t)n=n(x,y.z,t) {=C(x,y.z,t),
respectively. U, v, w — are the contravariant components of the velocity vectors of
the carrying air and supercooled droplets; variables with subscript j describe the
particles; o — is the specific heat ratio of the droplets and air at a constant pressure,
subscript k varies from 1 to n, where n is the number of intervals that correspond to
the mass fractions of droplets of a given size in the air-droplet flow (according to the
accepted law of droplet size distribution by volume of the cloud).

The magnitude of the momentum and energy exchange between the layers is
specified as [12]:

Huk =pjkAjk(U_Ujk)r Hyk =ijAjk(V_ij)' Huwk ijkAjk(W_ij)r Hek =P jkAjkBijk » (4)

n n n n
Hu:ZHuk' HVZZHvk' HWZZHwk' He:ZHek'
k=1 k=1 k=1 k=1
where Aj, Bj, are dimensionless coefficients determining the momentum and energy

exchange,

omgfjk L
A== -
2 mjkrjzk v
Bik =2Y[qjkAﬁjk—gc(Tjk—T)J, (5)
ajkquk =Ujk(u—Ujk)+ij(V—ij)+ij(W—ij), Jc = NUjk/6fjk Pr. (6)

Normalized friction coefficient s, is calculated by the following formula:

C
fik=¢ b, (7)
Dstokeg

where cp — is the drag coefficient of the drops, and

24

CDstokes( :ﬁ-
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Re jy , Is determined in terms of the relative drop velocity by:

‘qu'k‘Z\/(U—Ujk)2+(V—ij)2+(W—ij)2 ) (8)

was calculated using the formula:

Z‘Aij‘rjkp
Hg '

(9)

Rejk=

In the calculations, the normalized friction coefficient and Nusselt number for the
drops are determined as follows:

1, Re jk <0,49,
1125 Re%®3049<Re;, <80,
i = Ik ‘ (10)
00125 Re’if’,80<Rej, <1000
Re jk/12’ Rejk >1000,
Nu=2+0,459Re®% pro%3 | (11)

In the relations (4) — (11) L — is a typical length scale; rj — is the drop radius,
corresponding to the k-th interval; ., — is the dynamic viscosity coefficient of the
carrying air; my — mass density of droplets, corresponding to the k-th interval; v —is
the datum speed; p — is the dimensionless density of the carrying air; and the

remaining notations are universally accepted.
The initial distribution of the droplet concentration in the air-droplet flow,
corresponding to the k-th interval:

Pik =P /=), (12)

where ¢, =Wj, /Wy, — the mass fraction of droplets in the air-droplet flow having
dimensions, corresponding to the k-th interval.

Conclusions: A mathematical model that can be used to solve the problem of
icing of aircraft aerodynamic surfaces during the flight in adverse meteorological
conditions has been developed. The model makes it possible to describe the motion
of the air-droplet flow taking into account the law of the droplet size distribution in
the icing cloud, the mutual exchange of mechanical and thermal energy between the
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supercooled water droplets and the air flow, and proceed to the solution of the
problem in a three-dimensional statement.
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