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Abstract: In this article, analyzes the operational and technical characteristics of
anti-icing systems used in modern civil aircraft, as a promising anti-icing system, a
structural model of a system equipped with a microwave generator that can be installed
on the wing of an aircraft, as well as on other aircraft surfaces that may be subject to
icing, has been proposed. An application scheme for such a system for carbon-fiber
and aluminum-based front edges has been developed, and the microwave generator to
be used in the system will be used in the form of a block with low energy consumption
and minimal traction on the icy parts of a particular type of aircratft.
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Introduction. Aircraft icing in flight is recognized as a serious safety problem
worldwide. Under certain flight conditions, water droplets can cool and freeze within
clouds, causing damage to the leading edge of the aircraft fuselage, wings, controls,
and engine air intakes. The ice sheet changes the shape of the aerodynamic surfaces
and the resulting aerodynamic performance of the aircraft can be dangerous to the
flight. As we know, the aircraft eliminates ice accumulation during flight by activating
anti-icing systems. Most systems currently in use can be divided into two main types:
thermal and pneumatic.  There are real limits to the application of other types such
as vibration, chemical, shape memory alloys and super hydrophobic and are still under
development. Thermal anti-icing systems melt ice build up on the wing's protected
surface or prevent ice from forming by applying heat. This is done either by the use of
electric heaters or by transferring hot air from a jet engine. Typical applications of off-
wing anti-icing systems are on the leading edges, as well as the engine and propeller
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blades, where ice accumulation can be detrimental. Therefore, each anti-icing system
has its own impact on weight, energy, as well as consumption and costs, for this reason
we will try to classify all possible technical solutions, of course, this leads to ratings
with no general reliability. In this article, operational and technical features of anti-
icing systems applied in modern civil aviation aircrafts are analyzed, and a structural
model of a system that can be installed on the aircraft wing and also on other aircraft
surfaces that may be exposed to icing by being equipped with a microwave generator
as a prospective anti-icing system is proposed. The application scheme of such a system
for carbon-fiber and aluminum-based front edges has been worked out, and the
placement of the microwave generator to be used in the system in the form of a block
Is justified by consuming less energy and having a minimum weight in the parts of a
specific type of aircraft subject to icing [1].

Development of the scheme of perspective anti-icing systems. Since the early
days of aviation, the growth of ice on the surface of airplanes during flight has been
able to cause from minor danger to major disasters. Despite great developments,
aircraft anti-icing systems have become more effective over the years due to increased
understanding, but unfortunately, accidents due to this reason still occur during icing.
As it is known, the ice formed on the aerodynamic surfaces of the plane disrupts the
laminar flow of air, as a result, the lifting force decreases, the resistance increases, and
it weakens the stability by complicating the work of the control bodies. Maintaining
altitude, increasing angle of attack, and expending power to compensate for additional
drag allow ice to accumulate on the underside of the fuselage and wing. Ice
accumulates not only on the wings, fenders and windshields, but also on the front
surfaces of the aircraft, including antennas, vents and inlets. Vibrating the antennae so
severely eventually causes them to break. Most of the systems in use today are
classified according to two main types: thermal and pneumatic. Other types, vibration,
chemical, shape memory alloys and superhydrophobic are limited in real application
and are still under development. Thermal systems melt ice on the wing's protected
surface and prevent ice from forming through heat. This occurs through electric heaters
or hot air from the engine. Pneumatic de-icing systems usually consist of a rubber
inflatable cargo area located on the leading edges of the wing. In this research topic,
we will talk about the application of microwave anti-icing system for carbon-fiber
reinforced plastic front edges. Thus, the microwave anti-icing system for carbon-fiber-
based front edges is capable of performing both anti-icing and de-icing functions
through a microwave generator placed on those front edges, which has a high
absorption rate of microwaves. Thanks to such a high ratio, the efficiency of the system
Is extremely high with negligible losses. Typical power consumption for a regional
aircraft is approximately (20kW). The system is always reliable due to its vital
importance, but can result in difficulty caused by the heavy weight as protection of
adjacent structures and systems is required. A schematic diagram of the microwave
anti-icing system for composite leading edges is shown in figure 1.
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Figure 1. Structural diagram of Figure 2. Structural diagram of
microwave anti-icing system for carbon- microwave anti-icing system for aluminum
fiber reinforced leading edges leading edges

Figure 1. and figure 2. Structural diagram of microwave anti-icing system for
carbon-fiber reinforced and aluminum leading edges

However, the microwave anti-icing system for aluminum front edges only has a
de-icing function, which heats and melts the accumulated ice by absorbing
microwaves. In this case, the microwave absorption process is not very high, and
therefore the system efficiency usually causes energy loss below 70% when the system
Is in operation [1,2,3]. A structural diagram of the microwave anti-icing system for
aluminum front edges is shown in figure 2.

In general, this system is designed for the wing, rotor and aerodynamic profile of
the aircraft. The working principle is that the radiated microwave energy is absorbed
in the propagation tube of the leading edge of the wing of the aircraft and eventually
turns into heat energy. In order to ensure the most efficient conversion of microwave
energy into heat energy, a highly absorbent coating and a mirror-insulator are placed
on the inner surface of the tube. As a result, heat energy is transferred to the wing, rotor
and aerodynamic profile through special heat transfer channels, so the temperature of
the wing parts, rotor and aerodynamic profile increases. and melting of ice formed even
at temperatures above freezing occurs and is preventable. So, we can use Maxwell's
equations and Lambert's law to describe the absorption of microwave energy. Since
Maxwell's equations are complex equations, we can give a numerical model of the
report using these two equations that represent the absorption of microwave energy.
Using these, it is possible to compare the numerical model's predictions based on the
two equations that show the absorption of microwave energy. As a result, it can be
concluded that the penetration depth, which is a function of the predictions of the two
formulas, depends on the critical density. According to Lambert's law, melting occurs
during microwave heating, and as a result, the microwave power P, at a normal surface
Is expressed as a distance x from the surface. This dependence can be characterized by
the following dependence:

P(X) =Py 2% (1)
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where ¢ is the attenuation constant, specified in units of 1/m. The penetration depth J,
Is defined as d,=1/(29), where P(x)/Po = 1/e [2]. From here it can be said that if the
thickness of the surface is 2.7 times greater than the depth of penetration, then the two
formulas will have the same results. Therefore, for sufficiently thick surfaces, models
based on the absorption of microwave radiation can be performed using Lambert's law.
The exact determination of the Po- quantity is very important for the development of
the microwave model algorithm. The surface power can be expressed as a function
equal to the absorbed power and the absorbed surface power. The proposed equations
are shown to correspond to this approach for cylindrical samples. However, the powers
calculated by the calorimetric model are averaged over absorbed powers rather than
surface powers. In this case, the absorbed power can be defined by the following
expression:

Paps = [, PCOAV = [, [7" [ Py e %% = dxdfdz 0)

and after integration, the following equation related to the force can be obtained in
terms of the surface force absorption equation:

_ Pab56
0™ (1-e—26RypH (3)

However, in a cylindrical body, the volume element is not (dxdfdz), and the
dimensions on the left and right sides of equation are inconsistent. The aim of the
present work is to design a difference model to predict the experimental data, using the
absorbed power and surface power as well as the estimated surface power in a finite
way using the approach related to. The unsteady state heating for microwave radiation
on a long cylindrical surface can be modified by the equation of conductivity for solids
with constant physical properties by adding the absorption term of microwave power.

oT __ ka aT
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where the P/V ratio is the volumetric heat generation time.

It should also be noted that the surface power for a certain geometry and charge
at a certain position in microwave radiation should not depend on the irradiated
samples, this movement is associated with inaccuracies in the attenuation constants,
and the non-uniformity in the microwave field or its absence reduces the probability of
the assumption of normal energy transfer. | would like to note that the microwave de-
icing and anti-icing system for airplanes is usually designed for airplane wings, rotors,
and airfoils. The principle of operation can be briefly explained as follows: microwave
energy is absorbed by the rising tube inside the front leading edges of the wing and
eventually turns into heat energy. Therefore, placing a highly absorbent coating and a
mirror insulator on the inner surface of the tube ensures the conversion of microwave
energy into thermal energy. And as a result, the heat energy spreads to the surface of
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the wing, rotor and airfoils through the heat transfer channels, and at the same time, the
temperature in the wing part, rotor and airfoils increases, the elimination and formation
of icing is prevented [4].

Microwave technology in the field of aviation. Microwave technology is widely
used for point-to-point telecommunications (ie, non-broadcast uses). Microwave ovens
are particularly well suited for this use because they are more easily focused into
narrower beams than radio waves, allowing frequencies to be reused; their relatively
high frequencies allow for large bandwidths and high data rates, and antenna sizes are
smaller than those at lower frequencies because the size of the antenna is inversely
proportional to the transmitted frequency. Microwaves are used in spacecraft
communications, and much of the world's data, TV and telephone communications are
transmitted over long distances by microwaves between ground stations and
communication satellites. Microwave radiation is also used in microwave ovens and
radar technology. A microwave oven passes microwave radiation at a frequency near
2.45 GHz (12 cm) through food, causing dielectric heating primarily by absorbing
energy in water. Microwave ovens became a common kitchen appliance in western
countries after the development of cheaper cavity magnetrons in the late 1970s. Water
in its liquid state has many molecular interactions that broaden the absorption peak.
Water molecules isolated in the vapor phase are absorbed at a frequency of 22 GHz,
which is almost ten times the frequency of a microwave oven. Many semiconductor
processing techniques use microwaves to generate plasma for purposes such as reactive
ion etching and plasma-enhanced chemical vapor deposition. The word "beam™ refers
to energy emitted from a source, not radioactivity. The main effect of microwave
absorption is to heat materials; electromagnetic fields cause polar molecules to vibrate.
Microwave radiation (or other non-ionizing electromagnetic radiation) has not been
conclusively proven to have significant adverse biological effects at low levels. Some
studies, but not all, show that long-term exposure can have a carcinogenic effect.
Considering that the two plates located inside and the electromagnetic rays passing
through that plate cause the substance to be heated from negative temperature to
positive temperature [5].

Figure 3. Cutaway profile view of a magnetron
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At low frequencies, open-wire and coaxial transmission lines are replaced by
waveguides and strip lines, and lumped-element tuned circuits are replaced by cavity
resonators or resonant stubs. In turn, at higher frequencies, when the wavelength of
electromagnetic waves is small compared to the size of the structures used to process
them, the microwave technique becomes inadequate and optics methods are used. High
power microwave sources use special vacuum tubes to generate microwave beams.
These devices operate on different principles than low-frequency vacuum tubes, using
the ballistic motion of electrons in a vacuum under the influence of controlling electric
or magnetic fields, and are divided into magnetron (used in microwave ovens),
klystron, traveling wave tube (TWT) and gyrotron types. These devices operate in
density modulation mode rather than current modulation mode. This means that instead
of using a continuous stream of electrons, they operate on piles of electrons that fly
ballistically over them. A cutaway view of the inside of a cavity magnetron used in a
microwave oven (left). Antenna splitter: microstrip techniques become increasingly
necessary at higher frequencies (right) figure 3. [6].

Effect of ice accumulation on wing aerodynamics and perspective reporting
methodology and scheme. One of the main objectives of this project is to determine
the effects of icing on aerodynamics according to the performance of the aircraft
configuration (since each geometric surface accumulates ice differently and a general
study would be impossible). The effect of ice on the airflow depends on the location of
the ice and is regulated by the pressure distribution of the airflow. The ratio of the
height of the ice formation to the length of the chord of the wing determines the shape
of the ice wing and its geometry. Furthermore, its effects do not appear to be linear or
proportional in any sense. In general, icing has the effect of increasing wind resistance
by increasing the vertical load of the structure and increasing the open area of its wings.
This leads to reduced performance, loss of lift, variable control and eventual stalling
and subsequent loss of control. The least thing to do is that icing directly changes the
shape of the variable airfoil, which will increase its aerodynamics (changing the
airflow) and also its mass (important in UAVs, more so than other types of aircraft due
to their smaller mass), and most importantly, change the center of mass, which,
currently we will analyze it. Aerodynamic problems in airplanes are mainly observed
with a decrease in lift force and an increase in wing drag. These two forces are the
forces that control aerodynamics, and their variation is what gives us the aerodynamic
degradation caused by icing. The drag force is the force parallel to the flow direction,
and the lift force is the force perpendicular to it. Lift is the (ideal) upward force created
by the aircraft as a result of its motion in the air. However, how air flow creates lift can
be explained by Bernoulli's principle (as well as Newton's laws). According to
Bernoulli's principle, we know that there is a direct relationship between pressure and
velocity. Like air flow, a pressure imbalance occurs, so that the air passing through the
upper part flows at a different speed than the lower part [7,9]. This pressure difference
Is exactly the lifting force. Also, the lifting force depends on the air density, the square
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of the speed of the plane, the area of the wing, the shape of the wing and the angle of
attack.

Figure 4. The principle of location of magnetrons and temperature transmitters
on the airfoil
B Magnetrons

® Temperature transmitters

This is the angle of attack and its shape (the lift coefficient in the lift force formula
Is expressed in the form of the equation (5)). Icing greatly affects the shape of the wing,
resulting in reduced lift and lift. We will refer to the lift force as the lift coefficient, as
this is what FENSAP will output. Its equation is shown in (5). This coefficient is
dimensionless and will be perfect for comparison between the cases we will be working
with here, FL - is the lifting force, S - is the surface area, V- is the velocity of the air
flow, and p - is the density of the liquid.
€ ==4 (5)

Drag is the opposite force of air, a force that opposes the relative motion of an
object, or in this case (aerodynamic drag), a force directed against the direction of flow.
This force is viscous and we will also work with a dimensionless drag coefficient. Its
equation is shown in expression (6). Similarly, the lifting force coefficient depends on
the liquid density p and the square of the flow rate V. However, this coefficient depends
on the cross-sectional area (A) unlike S.

p = (6)

The change in the center of mass is also very important. Generally, water droplets
hit near the front leading edge of the wing, and most of the ice accumulates on the
leading edge. This changes the mass distribution and center of mass of the fuselage.
For this reason, the change in center of mass caused by ice accumulation can be very
detrimental to flight. There are two different approaches to numerically calculate fluid
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dynamics: one is Lagrangian and the other is Euler. The Lagrangian specification of
the field is a way of tracking the fluid motion followed by an individual fluid particle
as an observer moves through space and time. The position of an individual particle
over time gives the trajectory of that particle. The Eulerian approach, on the other hand,
focuses on specific locations in the space through which the fluid flows, instead of
following a fluid particle. With this approach, we can see the motion of the fluid
particle at all observed locations. The problem is that CFD analysis usually fails to
accurately determine the lift and drag forces and results in low Reynolds numbers with
free passage. This is due to laminar separation effects, which cannot be fully captured
by common CFD methods [8-11].

Microwaves are a form of electromagnetic radiation with wavelengths of about
one meter to one millimeter, corresponding to frequencies between 300 MHz and 300
GHz, respectively. Different sources define different frequency ranges as microwaves;
the broad definition above includes the UHF, SHF and EHF (millimeter wave) bands.
A more common definition in radio frequency engineering is the range between 1 and
100 GHz (wavelength between 0.3 m and 3 mm). Microwaves travel in the line of
sight; unlike low-frequency radio waves, they do not diffract around hills, follow the
earth's surface like ground waves, or reflect from the ionosphere, so that terrestrial
microwave communications are limited to about 40 miles (64 km) beyond the visual
horizon [12,13]. At the high end of the range, they are absorbed by gases in the
atmosphere, limiting practical communication distances to a kilometer. In modern
times, microwaves are used in aviation, medicine and other fields, including household
applications. It should also be noted that microwave ovens are used in modern
technology, for example, in point-to-point communications, wireless networks,
microwave radio relay networks, radar, satellite and widely used in spacecraft
communications, medical diathermy and cancer treatment, remote sensing, radio
astronomy, particle accelerators, spectroscopy, industrial heating, collision avoidance
systems, garage door and keyless entry systems, and microwave cooking, etc.
Microwave radiation occupies a place in the electromagnetic spectrum with a
frequency above ordinary radio waves and below infrared light:

Electromagnetic radiation

Name Wave length Frequency Photon energy
Gamma <0.01 nm > 30 EHz > 124 keV
radiation

X-ray 0.01 nm—-10 nm 30 EHz —30 PHz | 124 keV — 124 eV
Ultraviolet 10 nm — 400 nm 30 PHz - 750THz | 124 eV -3 eV
Visible light 400 nm—-750 nm | 750THz -400THz | 3eV - 1.7eV
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Infrared 750 nm -1 mm 400THz-300 1.7 eV-1.24 meV
GHz

Microwave Imm-1m 300 GHz—-| 1.24meV —1.2 pev
300Mhz

Radio >1m <300 MHz <1.24 peV

Microwave radiation is also used in microwave ovens and radar technology. A
microwave oven passes microwave radiation at a frequency near 2.45 GHz (12 cm)
through food, causing dielectric heating primarily by absorbing energy in water.

Figure 5. Newly designed 1.5k W microwave magnetron

The characteristics of a microwave magnetron are as follows:
Output voltage: 3.8kV~4.4kV
Output current: Max.480mA
Destination: magnetron
Dimensions: 254 (L) x 173 (W) x 92 mm (H)
Output power: 100~2000W
Input voltage: 220V
Product name: New design 1.5kW microwave magnetron
Efficiency: more than 90%
As the main result of our research, we can say that the development of a
mathematical model that simulates the operation of the anti-icing system with the
conversion of microwave energy into thermal energy will provide ample opportunities
for the application of this system to a specific type of aircraft in the future [14]. And as
a new proposal, through the placement of microwave magnetrons in the wing profile,
it is possible to use about 2kW of power as a result of pulsed electromagnetic radiation.
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As a result of the analysis, it was determined that the anti-icing system based on the
microwave generator is the most promising system. It has been shown that the use of
carbon-fiber-based reinforced plastic leading edges for a specific aircraft type can be
achieved in this work. As an innovation, it is considered appropriate to place the
microwave generator to be used in the system in the form of a block, consuming less
energy and having a minimum weight in the parts of the system that are subject to
icing.

Conclusion. As a result of the analysis, it was determined that the anti-icing
system based on the microwave generator is the most promising system. It has been
shown that the use of carbon-fiber-based reinforced plastic leading edges for a specific
aircraft type can be achieved in this work. It has been determined that this system,
besides being reliable in terms of its working capacity, is capable of performing both
de-icing and anti-icing functions. In the article, as an innovation, the placement of the
microwave generator to be used in the system in the form of a block is justified by
consuming less energy and having a minimum weight in the parts of the system that
are subject to icing of a specific type of aircraft. In general, with the application of
temperature transmitters, magnetrons cause the melting of ice and the prevention of
icing on aerodynamic surfaces that may be subject to icing with the heat energy
released as a result of electromagnetic radiation. Harmful radiation can be relatively
avoided by operating in 1.5kW pulse mode.

Ucnam Hckennepon, CaxaBatr AMupOeiu

CTPYKTYPHAA MOJIEJIb U METOAUKA OTYHETHOCTH
NEPCHOEKTUBHOM HPOTPIBOOEJIEJ]EHHTEJIBHOFI CUCTEMBI JUIA
CAMOVJIETOB I'PA’KJAHCKOU ABUALIUN

Aunomauusn: B cmamve ananuzupyiomcst dKCHIYamayuoHuble U MexHu4eckKue
XApPaKmepucmuky  npomueoo0/1e0eHUMEIbHbIX — CUCMEM,  NPUMEHSEeMbIX  Hd
COBDEMEHHbIX — SPANCOAHCKUX — camojlemax, 6  Kauecmee  NepcneKmusHou
nPOMUBO0OIEOCHUMENbHOU CUCTIEMbL NPEOSIONCEHA CMPYKMYPHAS MOOEb CUCEMb,
ochawennon CBY-eenepamopom, komopas modicem Oblmb YCMAHOBNEHA HA Kpblie
camonema, a mMakdce HA Opyeux HOBEPXHOCMIAX CamMojiemd, KOomopvie MO2Ym
noosepeamwcs obnedenenuro. Paspabomana cxema npumenenus maxoti cucmemul OJist
nepeoHUx KPOMOK U3 YeAenIdcmuKka u attoMunus, a ucnoivzyemolii 6 cucmeme CBY-
2eHepamop 0Oyoem UCNOJIb308AH 6 8ude OJ0KA C MAlbiM nompebieHuem 3Hepeuu u
MUHUMATBHBIM  MA208LIM  YCUTUEM HA 00J1e0eHENbIX YACMAX KOHKDEMHO20 Mund
camonema.

Knrouesvie cnosa: npomusoobdnredenumenvuas cucmema, nepeoHue KpOoMKU,
yenepoonoe B0JIOKHO, npomMue006Ie0eHUMeNbHAs 3awuma,
NPOMUBOOOICOCHUMENbHASL  3AWUMA, —OECNUIOMHbIIL  JIeMAMelbHbIL  annapam,
KOMRO3UMHbIL MAMEPUAIL, OUINEKMPUK, AIPOOUHAMULECKASL NOBEPXHOCTb, MENIO8AS.
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npomMu80006Ie0eHUMENbHAs CUCeEMAd, NHeBMAmu4eckas npomueoooiedeHumensHas
cucmema, 1aMUHAPHLIL NOMOK, MYpOYIeHMHbIU NOMOK, MUKPOBOIHOBAS IHEPLUL.

Hcnam Uckennepos, CaxaBaT Amup6eitnu

A3AMATTBIK ABUALIUSIHBIH YINAKTAPBIHBIH KY3FA KAPCBI
KETLUIIK dKYWUECTHIH KYPBUIBIM/IBIK MOJIEJI J)KOHE ECENTIK
JJIICI

Anoamna. Maxanaoa xoxmatieakka Kapcbl NepcneKmusmi dcyie peminoe
Ka3zipei azamammolk aye Kemeaepinoe KOJOaHbLIAMbIH MY30aHy2a Kapcul KHcyienepoiy
IKCNIYAMAYUSANIBIK IHCOHE MEXHUKANbIK CUNammamanapsbl manoanaosl, KaHamya
opnamyea 0OOaamMvlH MUKPOMOIKbIHObL 2eHepaAmOpMeH HCAOObIKMANAH HCYUEHIH
KYPbIILIMOBIK YA2ICI YCIHBLIAObI, Jye KeMeCIHiy, COHOal-aK MY30aHy2a Yulblpaybsl
MYMKIH dye KemeciHiy backa bemmepinde. Kemipmexmi manuvlk neH airOMUHUOeH
Hcacanzan anoblybl JHCUEKMepP2e APHANRAH MYHOQU JCYUeHi Natoaniamy cxemacsl
A3IpNIeHOl  JicoHe dicyliede KONOAHBLIAMBIH MUKPOMOIKbIHObL 2eHepamop MY30bl
bonikmepoe dHepeusiHbl a3 MYMbIHY JCoHe eH a3 mapmy Kyuii oap 0610k mypinoe
KONOAHbLIAObL. YULAKMbIY HAKMbL MYPI.

Tyiiin co30ep: my3ea Kapcol, HeemeKwi dHcueKxmep, KOMIpmeKmi maiubslk, My32a
Kapcol, MY38a Kapcol, YUWKbIUCHIZ YUWAK, KOMRO3ZUMMIK Mamepuan, OudNeKmpux,
A3POOUHAMUKATILIK, Oem, MEePMUSIbIK MY3, NHHeBMAMUKAIbIK MY3, JAMUHAD]IbL ARbIH,
mypOyIeHmmiK agviH, MUKPOMOJIKbIHObL YHEPIUSL.
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