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Abstract

During the flight of aircraft, due to special weather and flight conditions, ice accretion is
prone to occur. This problem is a major hidden danger aftgtitght safety, and it is easy to
cause serious accidents. Therefore, the problem of ice accretitvwisssue foresearchers.

The main work of this paper incluslethe research background of icing problem were
discussedthetheories and numerical methaadated taairfoil icing processvere introduced,;
afterwards, ANSYS icing platform was built to solve the airfoil icing, and undpecific
conditions, the numaral results were compared with reference dataake validationunder
different tes$ conditions, the ice shapes, surface pressure coefficients, lift and drag
coefficients, etc. were analyzed to judge aerodynamic losses.

Numerical results showed thdreestream temperature mainly affects ice shape, and
higher temperature is easy to produce clear ice; clouds liquid water concentration and flight
speed mainly affect icing rate, the higher the water concentration, the faster the flight speed,
the faster thecing rate, and the more serious the lift loss and drag growth. Median volume
diameter of droplets significantly affects airfoil icing range, the larger the median volume
diameter, the larger the icing randde icing at a small angle of attack has lidféect on the
airfoils aerodynamic characteristicgisteadthe icing airfoils at a large angle of attack is
prone to stall, resulting in a sharp drop in lift arttbigeincrease in drag.

Key words: airfoil icing, CFD, ANSYS simulation, aerodynamic characteristic#-

flight icing effect



Abstract in lingua italiana

Durante il volo dell'aereo, a causa di particolari condizioni meteorologiche e di volo, é
probabile che si verifichi I'accumulo di ghiaccio. Questo problema e un graneolo
nascosto che incide sulla sicurezza del volo ed e facile causare gravi incidenti. Pertanto, il
problema dell'accrescimento del ghiaccio € una questione calda per i ricercatori

Il lavoro principale di questo documento includeno statidiscussi i retroscena della
ricerca sul problema della formazione di ghiaccio, sono state introdotte le teorie ei metodi
numerici relativi al processo di formazione di ghiaccio sui profili aerodinamici
successivamente, e stata costruita la piattaforrgéagdsa ANSYS per risolvere la formazione
di ghiaccio sul profilo alare e, in condizioni specifiche, i risultati numerici sono stati
confrontati con i dati di riferimento per effettuare la convalidaliverse condizioni di prova,
sono state analizzate Morme del ghiaccio, i coefficienti di pressione superficiale, i
coefficienti di portanza e resistenza, ecc. per giudicare le perdite aerodinamiche.

| risultati numerici hanno mostrato che la temperatura del flusso libero influisce
principalmente sulla forandel ghiaccio e che una temperatura piu elevata ¢ facile da produrre
ghiaccio trasparente; la concentrazione di acqua liquida delle nuvole e la velocita di volo
influiscono principalmente sulla velocita di formazione di ghiaccio, maggiore € la
concentrazine di acqua, maggiore € la velocita di volo, maggiore € la velocita di formazione
di ghiaccio e piu grave € la perdita di portanza e la crescita della resistenza. Il diametro del
volume medio delle goccioline influisce in modo significativo sull'inteovall glassa del
profilo aerodinamico, maggiore ¢ il diametro del volume mediano, maggiore € l'intervallo di
glassa. La glassa con un piccolo angolo di attacco ha scarso effetto sulle caratteristiche
aerodinamiche dei profili alari, invece i profili alamrc ghiaccio con un ampio angolo di
attacco tendono allo stallo, con conseguente forte calo della portanza e un enorme aumento

della resistenza

Parole chiave:glassa di profili alayi CFD, Simulazione ANSYS caratteristiche

aerodinamichgeffettoglassa in volo
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Chapterl Introduction

1.1ResearctBackground

1.1.1 Overview of Aircraft Ice Accumulation and Related Physical Mechanisms

When an aircraft flies in clouds containing supercooled water droplets, or encounters rain
such as freezing rain, ice accretion may occur on some key parts of the airframe, such as:
aircraft wings, helicopter rotors, control surfaces, and engines Intakeppot tube, etc. Ice
accumulation at these parts will have a serious or even devastating impact on the flight
performance and flight safety of the aircraft. For this reason, aviation researchers in many
countries in the world have always paid closerdibn to the problem of aircraft icing, and have
launchedawide variety of ice accretion studies.

In fact, the problem of icing has plagued aeronautical engineers since the early stages of
flight in the last century. In order to judge the icing strenigthhe 1940s and 1950s, the US
Weather Bureau and the US Air Force developed and used the icing strength scale
comparison table, in which the liquid water concentration (LWC) of the cloud was regarded
as an important parameter index to determine the sitjeof ice accretiol; in addition,
before and after World War 1l, National Advisory Committee for Aeronautics (NACA) (now
replaced by NASA) embarked on some icing research projactsderto develop thermal
antricing systems for military aircrgftand an icing research wind tunnel wdssigned by
Lewis Rodert et al.which wasthe predecessor of the current NASA Glenn IRT icing wind
tunnel. Before the 1960s, W the experimental technology was relatively backward, some
important experiments anddght test projects were completed one after another, laying a solid
foundation for alleviating the negative impact of aircraft icing and designingicardi
systeng?; During this period, some scientists also developed basic theories related to ice
accreion, for example, Langmuir and Blodgett etPhlanalyzed the trajectory of water
droplets in clouds in 1946, and Messinfaroposed the classical ice accretimodelin
1953.Although these early works were key milestones in the study of ice aodtetiory, the
theoretical results obtained were only used to solve ice accretion problems on simple
geometric surfaces, such as plates or cylinders, due to the limitations of the computational
resourceat thattime. Until the advent of the computer agehe late 1970s, computing power
developed rapidly, and researchers gradually focused on theoretical and numerical studies of

ice with complex geometric surface areas, such as airfoils.



Chapter 1 Introduction

With the continuous development of related research, people hawere indepth
understanding of the ice accretion problems encountered by aircraft during flight. Generally
speaking, aircraft icing ithought to be the phenomenon that occurs when supercooled water
droplets hit and freeze on unprotected surfaces wheraitbft is flying in clouds with
temperature below or equal to freezing. Theaattamounbf ice accretion on an aircraft depends
on the following factorsicing surface configuration, aircraft flight conditions and surrounding
weatherenvironment Among them, the icing surface configuration includes: surface size (such
as airfoil chord length) and geometry (such as the selection of different airfoils); aircraft flight
conditions include: flight speedl and flight angle of attackl ambient weatheervironment
include: ambient temperatui®, cloud cover ardeelated to icing time)cloud liquid water
concentration (LWC), and water droplet size, etc. When the above parameters are changed, the
ice type on the surface where the ice accretion occursalstl change. To date, idgpes
formed on aircraft wings or helicopter rotor blades have been classified into the following
categories!:

1" Rimeice

Rimeice is a kind of white, opaque ieecretion which has a relatively streamlined shape,
butin generakhe roughness is significantly greater than that of the airfoil it is attached to. It is
often formed when the flight airspeethe ambient temperature and the liquid water
concentratiorare under lower conditions, as shown in Figure 1.1(a);

2" Clearice

Clear ice also known as "glaze ice", is a transparent and smooth ice type. This ice type has a
local shape like aficornep ,since clear ice generally forms at higher airspeeds, warmer
temperatures (abov&0 °C), and higher liquid wateroncentrationnotall of the water droplets
that collide with the leading edge of the airfoil can be frozen on the imgaatface in time, and
some water droplets that have not been frozen will continue to move along thengmatace,
and will be gradually frozenuiling the mdéion. Therefore, thiscornel ice pattern appears on the
upper and lower surfaces of the wing, as shown in Figure 1.1(b);

3 Mixed ice

Mixed ice isthe third ice typdetweerrimeice andclearice. It is often formed under the
conditions of intermediate temperature and the coexistence of large and small water droplets
in the cloud. The surface is relatively rough anditieecolor is whitish. Once formed, it is
firmly attached to the airfgiles shown in Figure 1.1(c);

4~ Beak ice
As flight speed or ambient temperature continues to incradgad ofice that is shaped

2



Master Thesisof Politecnico di Milano

like a bird's beakvill appeaiontheairfoil upper surfaceas shown in Figure 1.1(d).

Rime ice shape Clear ice shape

(a) Rime ice type (b) Clear icetype

Mixed ice shape Beak ice shape

(c) Mixed ice type (d) Beak ice type
Figure 1.1 Main ice types of wiriging surface

The physical mechanism behind the formation of the alposetioned main ice types
includes two main parts: 1) liquid water droplets hit the airfoil and are intercepted; 2) the
intercepted water droplets freezernmkeice accretion. For the first part, thate at which
water droplets are intercepted by the airfoil per unit time can be viewed as the product of the
local droplet collection efficiencyb, the cloud liquid water concentration(LWC), and the
speed of the aircraft passing through the cloud. Antbiegn, the water droplet collection
efficiency b of the airfoil i's maiaawejfascont r c
the melian volume diameter (MVD) of the water droplets; in addition, the liquid water
concentration and flight speed alskayp an important role in the interception rate. For the
second part, the rate at which the droplets freeze is primarily controlled by the heat transfer
from the airfoil. Te heat transfer includes trenergyconversion of the kinetic energy and

thermal enmy of the water droplet itself, aerodynamic heating, convective cooling,



Chapter 1 Introduction

evaporative cooling, and the release of freezing latent le¢é@tWhen an aircraft passes
through a cloud layer containing supercooled water droplets, the water droplets hitting the
airfoil will try to release their latent heat to freeze to form By controlling the mass and
energy conservationondition the freezing amount of water droplets the surfacecan be
determined. Generally speaking, if the water droplets can be defypleozen at the
impactng position,rime ice with better streamlines will be formed; if the water droplets are
not completely frozensomeof the water that remains liquid witiontinue to flowalong the
impinging surfacethengraduallyfreezeto form the other ice types mentioned above.
1.1.2 The Harm and Research Significance of AircraftAceretion

When the icing phenomenon of the aircraft occurs, the pilot needs to take effective measures
in time to remove the &on the aircraft to ensure flighafety, otherwise it will easily lead to fatal
consequences. According to the National Transportation Safety Board (NTSB) report on the
investigation of aircraft accidents from 2000 to 281the number of accidents related to weather
factors accounted f@9% of the total number of accidents, which is equivalent to 435 out of 1500
accidents on averagamong theaccidents caused by bad weathbke accidents caused by the
icing of the airframe structure and the carburetor accounted forlrO%ddition, NTSB also
investigated the icing accidentsAmerica from 2010 to 2014, wiR icing accidents and total
of 78 fatalities The abovenentioned investigations fully demonstrate that aircraft icing is an
important cause of aircraft crashes and must begpaidgh attention to.

Ice accretion on the airframe can form during different flight phases, includingffake
and climb, cruise, descent, approach and landing. Wheitigeon the grounaccurs, it will
not only increase the weight of ta@craft butalso reduce the lift and increase thiag which
will prolong the distance and time required for takle and evermake the aircraftail to take
off normally. Compared with the rest of the flight envelope, the stall margin of the aircraft
during the takeoff phase is usually the smallest. Ifitleeaccretionon the grounds not
removedin time, the stall margin will be offset by theradynamic losses caused by icing, put
the aircraft at risk of stalling. Relevant studies have shown that frost of about 2 mm can cause
the lift coefficient of the aircraft to drop by about 15% and the stall speed to increase by about
20%. When the icing dring flight occurs,On the onehand, due to the deterioration of
aerodynamic characteristics, the required thrust of the aircraft increases, and the fuel
consumption increases; on the other hand, due to the deterioratidghe ohandling
characteristics hie control efficiency, the maximum lift coefficient and the stall angle of attack
of the aircraftare significantly reduceayhich makat prone to stall and crash.

Ice accretion orthe aircraft can formon different parts, including wing and rotor
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surface, rudders, elevators, engine intakes and compressor blades, sensors, etc. When ice
accretion occurs on the surface of the wangherotor, or otherkey aerodynamic surfaceis

will change thegeometriesof spanwiseairfoil sectiors, no matter in the itial stage of ice
accretionor in the process of ice accretjamesulting in a loss of lift, a reduction in the stall
angle of attack, and an increase in parasitic drag. Lynch and Khodadoust! diadgl.
discussed in detail the results of icing wind teintests for different NACA airfoilsunder
different Reynolds number conditions, different flight conditions and atmospheric conditions,
and analyzed the effects of different types of icingtloa aircraft lifting surface. Under
specific experimental conditions, wind tunnel testing results of different airfoils show that
even about B mils of ice accretion can lead to a significant reductioth@maximum lift
capacity and stall angle of attack: for some airfall® maimum lift reduction of a single
component lifting surface.@., without slats, flaps and other aerodynamic components) may
be as high as 40%pr airfoils with common thickness ratios(9%6%), the stall angle of
attack can be reduced by about 6°; in &ddj for someairfoils with thickness ratiobelow

15%, drag increasasmderlow-speed flight conditions range from slightly more than 50% to
about 120%.

Ice accretion not only causes the deterioration of the aerodynamic performance of the
lifting surface but also changes the weight distribution on the aircraft, reduces the static
stability margin, and damages the stability of the aircvdften ice accretion occurs on the tail,
the control &iciency will be affected, and eveworse,the movablesurfacewill be blocked,
which causeshe controllability of the aircraft fails completely.

When ice accumulates on the engine intake, the direction and flow rate of the air flowing
into the intake will changef ice forms on the compressor blades, the bladdssuifer from
unsteady aerodynamic and structural loads, which can nilakaion and fatigue damagso
thatthe life of the enginand propulsion efficiency will be severely affectedt only that, the
ice accetion on the rotating blades may cause dangerous ice shedding behavior, which will
eventually cause serious mechanical damage to the engine.

When ice accretion occurs on pitot tubes or other sensors, inaccurate airspeed indication,
pressure, power and other @aire likely to be generated, which may lead to misjudgment and
improper operation by pilots. The most typical relevant casieeixrash ofAir FranceFlight
447 in 2009which killed 228 peopleand it was considered theorst airdisastessinceAir France
was foundedAlthough the pilot of the aircraft at that tinféierre Cedric Boninalways kept the
wrong operation of the levanhich madethe angle of attack of the aircraft was too large and the

aircraft was in a stall state, which eventually lecnoair accidentthe initial reasorwas that the
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pitot tube wasicing and failed to detect the flight speed of the aircraft, catismgutopilot mod&
beturned off, and the pildiad tomanually control the aircrafiyhich led to themproper operatin
of thepilot. It can be seen that the accumulation of ice in any part of the aircraft may bring disaster.

To sum up, aircraft icing directly affects the flight safety of the aircraft and the life safety
of passengers, and is one of the major hiddenetarthat requires people to be vigilant. In
order to ensure that passengers can take the plane safely in most weather conditions, improve
the power and control efficiency of the aircraft, and reduce the operation and maintenance
costs, relevant researcharsed to accuratelpredict ice accretion and assess its associated
performance lossashendesignng the aircraft including the aniting system.

For this reason, it is necessary to carry out corresponding analysis and research work on
the airfoilicing problem during flight to provide support for the design of theieinty system,
S0 as to better meet the safety and economic requirements of aircraft design.

1.1.3 CommonAnti-icing Systems

After understanding theghysical mechanispfiormationlocation ad possible impact of ice
accretion, the design of the aiting system becomes necessarpart of the aircraft design
process. According to the development and applicdtistory, the antiicing system can be
divided into two categories: traditional rfo and new foril. Traditional form includes:
mechanical décing, liquid deicing, thermal decing; newform includes: memory metal de
icing, electromagnetic repulsion -@ieéng, low-frequency piezoelectric deing, etc. Although
the new form of anticing system contineto be experimentally researchedije to its
insufficient technological maturifynostantricing systens used on contemporary airciaéire
in previous traditional form, among which, the hot gas method anelébt&othermal method
under the form of thermal deing have been theoretically analyzed. The following is only a
brief introduction to the traditional form of afting system

1° Mechanical dacing form. Mechanical decing is to take mechanical means to break
the ice, and then use airflow or vibration to remove the ice. Mechanidaindeincludes:
deicing boot electric pulse deing, etc. Deicingboot can be said to be one of the earliest
forms on the aircraft, invented around the 1930%ey are generally installed at the leading
edge of the wing or tail where ice is likely to accumulate, and are composed of many thick
rubber films. When the ice accretion forms on #erodynamic surfaceshe pneuratic
system will deliver compressed air to inflate the deidngt make it expand and break the
ice accretion, and then the air flow will blow away the brokenatterwardghe deicingooot
will be deflated to restore the geometric shape ofthitaces. Besidesthe air bag installed on

the surfacess controlled by bleed air to make it periodically vibrate with small amplitude and
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high frequency, which can also achieve the purpose of deicingkifldi®f form is lighter in
weight and lower in energgonsumption, and can be used on small,-ép&ed aircraft;
however, it may not be sufficient to handle more severe icing condiaodst may change
the aerodynamic shape of the airfdilring deicing processso it is rarely used otte high-

speed ainaft.

Electric pulse decing consists of power supply device, capacitor, thyristor, induction coll,
etc. The main principle is: the power supply device first provilesct currentvoltage to
charge the capacitor, then the thyristor is turned on, anddpacitor discharges to the
induction coil, which is arranged on the inner side ofwiregy skin. Under the action of electric
pulse, the coil generates a hifyaquency changing magnetic field, and induces eddy currents
on the metal skin, forming a pul$erce that elastically deforms the skin. The pulse force is
small in amplitude, fast in speed and very short in duration, which can effectively crush and
remove the ice on the airfoil. Experiments have confirmed that this method has high deicing
efficiengy and relatively energy saving. Although there are some technical difficulties that need
to be overcome, it is still a promising deicing method.

Z2° Liquid antticing form. The liquid antiicing system sprays aritiing liquid on the
surface to make it mix with the water droplets collected on the surfaceder to loweithe
freezing point of the mixed liquid to prevaning. Common anticing fluids include ethylene,
ethylene glycol, etc., all of which have relatively low freezing points. The advantage of liquid
antricing is that theeffectivetime is longer, and the aritiing canlast for a period of time
after the supply of aniting liquid is stopped; the disadvage is that the aircraft needs to be
loaded with a certain amount of aiding liquid, which increases the weight of @ecraft

3* Thermal decing form. Modern largeairplaneswidely use thermal aniting
systems, which can be divided into ghermal ati-icing and elect-thermal antiicing
according to different heat sources. Thermaioiley mainly uses thermal energy to heat
critical surfaces, so that the surface temperature exceeds 0°C, so as to meet the needs of de
icing. Air-heat deicing is to @sthe hightemperature compressed air generated by the engine
compressor as a heat source, and lead it to the surface to be protected, and transfer heat to the
surface through hot air to remove ice. Compared with electric heat, the thermal efficiency of
gas heat is lower, and the deicing method of continuous heating is generally adopted; in
addition, the current aircraft design is developing towards the direction ofefedtric and
all-electric,so thatthe traditional engine bleed air is gradually repthby electric heat.

Electrothermal anticing is to arrange resistance heating elements on the leading edge of

the wing surfaceand other positions. After powen, the electric energy is converted into the
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thermal energy of the electric heating elersemtd then theurfaces heated to remove ice. Due
to the large amount of power consumption caused by continuous heating, large components such
as modern aircraft wings, tails, helicopter rotors,, eti@ usually déced by periodic heating.
This method provides high thermaefficiency and stable working performance, and is also
suitable for windshields, sensors and other parts.

1.1.4 TheMain ResearciMethods ofice Accretion

The main research methods of icexgcretionproblems include: theoretical analysis, flight
test, icing wird tunnel test, and numerical simulation. These research methods complement each
other and jointly ensure tlseiccessf the research work on the problem of aircraft icing.

T Theoretical analysisAs a basic research methotheoretical analysiscan help
resarchers clarify some essential characteristics related to ice accHeiiolen in
experimental phenomena and simulation results. Generally speaking, theoretical analysis will
put forward assumptions on practical and complex engineering problems to sithplify
analysis. Secondly, by studying some key physical behaviors under the background of the
simplified problem, a corresponding mathematical model is established for the pristdam,
someappropriate boundary conditions agpliedto solve the problem. In most cases, due to
the complexity of practical problems and the nonlinearity of mathematical models, analytical
solutions are difficult to obtain. Therefore, researchers often pursue the numerical solutions,
which can be realizelly somenumericalcalculationmethods.

The relevant theories of ice accretion are discussed in threetopiis airflow field,
water droplet trajectory, and icing behavior. First of all, it is necessary to analyze and model the
airflow field to solve themotion of the air and the forapplied onthe object. The theoretical
research on the airflow field has been very mature. Take the flow field around the airfoil as an
example: the Euler equation under theiscid assumption and the Nawi8tokes equatio
under the viscous condition have long been proposed; for airfoils with complex geometric
shapes, The conformal transformation theory can be used; in order to solve the lift force on the
airfoil under certain assumptions, the t&doukowskitheorem, thesurface voites method,
the lift line method and other theories are introduced; after considering the viscous boundary
layer, thePrandtlequation is proposed to deal with the flow in the boundary layer; considering
the unsteady flowcondition Theodorsertheory and the subsequent thick airfoil correction
theory have been developed successively; the treatment of wake vortitakecadvantage of
the vortexlattice method or the surface elemgmhethod,as well as someelated viscosity
corrections; turbience nodeling can consider the RANS equasionthe LES equatia) etc.

Secondly, it is necessary to theoretically analyze the trajectory of water droplets to
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determine the amount of water droplets that hit the airfoil and are collected by the Enoil.
most classic theoretical model was proposed by Langmuir and Blodgett, using the Lagrangian
method to track the trajectory of supercooled water droplets in the flow field; in addition, the
Euler method was also proposed to analyze the colleeffmiency of water droplets on the
airfoil. After obtaining the amount of water droplets collected by the airfoil, the mass and
energy conversion during the ice accretion process can be analyzed to determine the amount of
ice accretion within a certain periodtohe. The classical theory of ice accretion prediction was
proposed by Messinger in 1953, andaitl the foundatiorfor mostof the subsequent icing
prediction code developmerih addition, Myers et al. have successively proposed extended
theoretical models to deal with the behavior of water films and ice accretion on complex
surfaces.

2 Hight test. Compared with the other three research methods, the biggest advantage of
flight test is that it can use real and natural weather and flight conditions to test and verify the
aircraft icing phenomenon and the working state of theieinty sysem, providing the most
intuitive and reliabldgcing data; of course, the disadvantages are also more prominent: high
risk of flying with ice, high weather requirements, and high consumption of human and
financial resources. In order to relax the weathgquirements, reduce the time and cost, and
make a controllable assessment of the performance deterioration of thep&iggthe
artificial ice shape obtained by the icing wind tunnel experiment can be used in the flight test
in some cases. The Federali@dion Regulations (FAR) in the United States require that, in
order to be certified against ice, an aircraft must be certified to operate safely under
continuous and intermittent maximum icing conditions specified by the icing envelope. Flight
testis animportant part of the aircraft certification process due to limited ground simulation
capabilities, sat will be very usefuin natural or simulated icing conditions

NASA published a flight test report in 1999which took 51 test flights over four ysa
for the DHG6 Twin Otter icing research aircraft to demonstrateefifect of the simulated ice
accretion on the flight characteristiothe horizontal stabilizdeading edgeBetween 2011
and 2021, the German Aerospace Center DLR conducted diffeglntests using VFW 614
and Phenom 300 prototypes for supercooled large dsdpiegi?l. It can be seen that flight
test has always played an indispensable role in ice accretion research.

3 Icing wind tunnel experiment The icing wind tunnelexperimentis the most
commonly used research method by relevant experimenters. Compared with the flight test, the
wind tunnelexperimentan create an icing environment more conveniently by controlling the

experimental conditionsyhich is safer and saves costs. The obtained Expgrimentatlata
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can not only provide evidence for theoretical analysis and judge the scope of application of
the theory; it can also be used in flight tests to help create simulatstiapeand reduce
dependence on natural weatheesidesijt can also be used with numerical simulation results

to compare and verify the correctness of numerical simulagenlts Therefore, icing wind
tunnel experimentand the design of icing wind tunnels are very intgor for the study of

icing problems. The early icing research in the last century mainly focused on related
experiment.

At present, there are not many icing wind tunnels in the world. The representative icing
wind tunnels include: the NASA Glenn IRT icimgsearch wind tunnel in the United States,
the icing research wind tunnel of the Italian Aerospace Center (CIRA), andirigevind
tunnelof Canadian National Research Council(NR&f. Although China started relatively
late in icing wind tunneéxpermentand icing wind tunnel constructiobreakthroughs have
been madafter manyyears of research. At present, the China AerodyreRésearch and
Development Centé€ARDC) has already built the 3mx2m, closed, high subsonic,
recirculation type largscaleicing wind tunnel, the key systems of the wind tunnel include:
the refrigeration systemthe spray system, the ainting system, etc.all of these systems
work properly toaccurately simulate the supercooled cloud environment and ensure the
quality of the flow field.

4 Numericalsimulation. Numerical simulation for icing problems is considered to be a
fast and efficient research method. As mentioned above, the mathematiledd wiatained by
theoretical analysis are often highly nonlinear, and people have to resort to numerical
simulation to obtain numerical solutions. Especially with the continuous development of
computer technology, the cost of resources required for catnulia continuously reduced,
so that many complex engineering problems including ice accretion can obtain satisfactory
results through numerical simulation. The numerical simulation of ice accretion generally
includes the following steps: 1) Meshing theew domain, and using open source or
commercialCFD software to discretize the airflow field; Caimg out numerical calculation
on the flow field to obtain the amount of water droplets collected on the airfdilc&@)rding
to the thermodynamic model afd accretion, calculag the mass and heat transteithin
each controlvolume sohing the freezing amount of ice accretion, and deteimgithe ice
shapewithin a certain period of time; 4) Updiag the calculatiormeshto adapt to theolid
airfoil boundary and bw domainafter the icing deformation, and Higeratively sohng the

airflow field until the predetermined icing time is reached.
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1.2 Overview ofPreviousResearch

Regarding the problem of aircraft icing, various research activities have been carried out at
different countriesrom different perspectives and using different research methods. Since this
paper studi@ the icingphenomenorof airfoil and its influence @ aerodynamic performance,
the previous research progress and research status relatedveie itnainly discussed and
analyzed

1.2.1 Overview ofinternationaResearch

Internationatesearch on the icing of aircraft wings has progressed since the 1960s. As early
as the miell8th century, British Joseph Black proposed the key concept ofligaiidl phase
transition problem: latent heat; in 1889, Stefan proposed the classic Stelblem on the moving
boundary of twephase flow on the basis of earlier research, aimimisatissinghe change of
boundary positiorsuch as gabquid, liquid-solid two-phase flow boundanVing surfacecing
generally appears in the cloud with sigeeled water droplets, so some scholars have carried out
research on cloud physics and thetiorotrajectory of water droplets: Langmuir and Blodgett
published an article in 1946 to describe the basic mathematical formula used to calculate the
trajectory of water droplets; Bergrun and NorrHahin 1947 studied a numerical calculation
method of water droplet trajectory to calculate the area and distribution of water droplets
impinging on the leading edge of the airfoil, and simulated the water dropdattdrgj of the
NACAO0012 airfoil section; meteorologist Mason, B2Jpublishedthe first and second editions
of The Physics of Clouds 1957 and 197,1in whichthe physical mechanisms associated with
clouds were explored in detail, and unaeirtainlaboratory conditions, supercooled water
dropl ets were found to exist at temperatures
worked on establishing theetmodynamic model of ice accretion: Messinger in 1953 revolved
around mass balance and energy balance, innolyagpreposedthe concept of "“freezing
coefficient”, anccreatedhewell-knownMessinger modelVithin the frame of this modespome
parametersinder flight conditionsvere combinedsuch as frestreanvelocity, altitude, relative
heat coefficient, etcto analyzethe changeof icing surfaceequilibrium temperatur@and the
change of ice shape

After the 1960s, due to the breakthrough of computer technology, Computational Fluid
Dynamics (CFD) gradually emerged, and successively develoest division technology,
numericalsimulationtechnology, etc., which made the simulation of air flow field péssdnd
also made CFDas one of the main meamns study fluid mechanics. There anew many
commonly used CFD solvers, includiraimmercial softwaresuch asluent®, CFX; and open
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source softwaresuch a®©penFOAM, SUB4.

Regarding the trajectory evater droplets, foreign scientists have successively carried out
some related researches: in 1984, Gent considered the assumption that small water droplets
remain spherical, and Hansmi&rconsidered the influence of large rgpherical water droplets
on ice accretion, respectively gawee formula for calculating the drag coefficient of water
droplets related tats Reynolds numberin order toevaluate the aerodynametrag of water
droplets when they move in the flow field; in addition, since the 1988s;alculation codes of
water droplet trajectories in tadimensional and thredgimensional flowconditionshave been
successively developed, includirtge 2D water droplet trajectory calculation caderitten by
Meijer in 1987, Gent in 1994, Wright in 1995, Habashi in 1998, Mingione in; E9@BD ones
written by Bidwell and Potapczuk in 1993, Hedde and Guffond in 1€28uso in 1994, and
Dart in 1995.

At present, the two mainstream methods for calculating #jectory of water droplets are
the Lagrangian method and the Euler method. The Lagrangian method tracks the trajectory of
each single droplet; while the Euler method treats the droplet as another phase, the volume
fraction of the droplet and the colleati@fficiency of the droplet are obtained by solving the
governing equaticof the droplet phase in the computatiomash which is suitable for three
dimensional complex surface. In 1997, Yves Bour§8ukt al. studied the finite element
method of thewater droplet collision model related to Euler method, and proposed an Euler
model for the air flow containing the water droplet phase to calculate the impact of the water
droplet on the airfoil.

For the thermodynamic model of ice accretion, most forgigentists continue to revise and
improve it based on the Messinger model, and explore some key parameters contained in the heat
bal ance equation, such as:§ SmithrandeSpdading/ie 1958e at  t
proposed the calculation equettiof convective heat transfer coefficient in laminar fiammdition
Kays and Crawfofdf! in 1981 describedthe calculation method of convective heat transfer
coefficient in turbulent floncondition

Myers et al*® 1% proposed the Myers ice accretion madeh 2001 and 2004
respectively, which werédased on the Messinger model. Compared with the original
Messinger model, the Myers mosdeldditionally considexd the following points: 1) The
temperatureprofile within the ice layer and the water layaras no longer regarded as
isothermala certain temperatuggofile was followed insteadand the heat conduction in the
layers needs to be considered; 2) The dnyforce of the water film flowincludes not only

airflow shear force, but also thewn gravityof the water film surface tension, and pressure

12



Master Thesisof Politecnico di Milano

gradient along the airfoil surface.

Based on the Messinger model, NASA developed LEWICE, GlennICE ice accretion
calculation software; McGill University in Canadadevelope the FENSAHCE three
dimensional ice accretion sol#8r?% 22 based on the Myers modétplitecnico di Milano
developed the PoliMIce icingimulationsoftwaré?®l. This paper mainly usethe FENSAP
ICE solver as thealculationtool, which will be escribed in subsequent chapters.

In recent years, foreign countries have also carried out some latest research work on ice
accretion. Giulio Gori, Gianluca Parma ef?dl proposed a new ice accretiomdel during
flight for rime and clear ice conditions. Tmodel was developed from the Myers ice
accretionmodeland includes an unsteady description of the heat diffysiolblemwithin the
ice layer; in addition, local valuex air temperature outside the boundary layereused to
calculate convective heat flow, replacing the constantffosetemperature value considered
by the Myers model; Morelli, Bellosta et &l in 2019 based on the Lagrangian method,
proposed a new technology for water droplet particle trackingdef@med slip grid, which
wassuitable for the flow field solution when the roteasicing.

Due to the vigorous development of artificial intelligence, machine learning and neural
network technologyin 202Q Zhou, Gauger et & combined computatiohaeroacoustics
and Bayesian neural network technology, and propasednovative approadior developing
reakttime in-flight ice detection systenin this approachSU2 softwarevasused to calculate
the aerodynamic forces experienced by the airfoil iffierdnt icing levels,as well asthe
corresponding fafield noise levels; the resulting data seas then used to construct a
Bayesian neural network that provitlea mapping of faifield broadband noise levels to
predictionof aerodynamic performance, and uncertainty information to characterize the quality
and confidence of those predictions. This warss the first to use highidelity acoustic
simulations to explor¢he correlation between airfoil aerodynamic performance anfiefdr
noise levels through machine learning techniques.

1.2.2 Overviewof ChineseResearch

In China,researchers began to carry out related scientific researchimibik 1980sHan
Fenghua ofBeihang University and Qiu Xiegang of Nanjing University of Aeronautics and
Astronautics edited "Aircraft Andicing System” in 19857, in which he antiicing method,
icing calculation and anicting systemtestswere introduced in detail; after that, i/ and
1999, Han Fenghua, Chang Shinan et@hduced research orhe icingcondition of aircraft
radomeandthe performance verification aintricing device Relevant data shaa that before

2000, there was noiigy wind tunnel in China that could be used for aircraft-enmig research.
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At that time, the construction ofing wind tunnel still required a long development time.

Aiming at solving the trajectory of water droplets, Yang Shenghua, Lin Guiping, and
ShenXiaobin of Beihang Universi§?! studied the calculation of the impact characteristics of
water droplets on thredgimensional complex surfaces in 2010, and proposed a method to solve
the collection efficiency of water droplets based on the Euleiptvrasdliow model.

In 2011, Yang Shenghua and Lin Guigig established a method for numerical
simulation of the icing process based on the tstegping method(also known as the time
multi-steping method) in order to predict theéce shape of aircraft wingand built up a
software framefor icing; In 2014, Bai jungianget al®'! from Northwestern Polytechnical
University explored the application of the Euler tplase flow method in airfoil icing.

Aiming at developingthe thermodynamic model of ice accretion, Lei Menglong, Chang
Shinan, Yang B&!improved the criterion of cleace based on the Myers model in 2018, and
carried out a thredimensional icing numerical simulation; Yang Jun, Zhang Bing, and Lu
Guofu®® studied mesh reconstruction and muiphysics coupling methods in numerical
simulation of aircraft icing in 201%nd proposed a mulihysics couplingsolving platform
developed by theresearch group: EasyCouple.

In addition, someChinesescholars also discusd aircraft antiicing/deicing technology
and related issues. In 2013, Wang Chao, Chang ShinaF¥®&dbpted numerical calculation
method to study the formation of ice ridges and their influence on the aerodynamic
characteristics of the wing during thaatricing process; in 2015, Hu Qi, Huang Anping and
other$® used Fluent software to analyze the aerodynamic characteristics of NACA23012 and
NACAO0012 airfoils before and after icing, and pointed out the influence of icing on the lift
coefficient. Besides, they also analyzed the existiagtiicing technologyand relevant
principlesof the wing as well as thadvantages and disadvantages; in 2018, Cao Yihu&®t al.
combined with the aviation accident report given by the NTSB, emphasized tleucost
impact of aircraft icing on flight safety.

At present, a largscale icing wind tunnel has been built in China, located in Mianyang,
Sichuan, which is convenient for future scientific researchers to conduct more detailed and
accurate icing experiméen Someresearcherat the wind tunnelaboratoryhave been working
on experimental and numerical simulation studies related to aircraft icing in recent years: in
2010, Yi Xian, Gui Yewei, Zhu Guoli#! proposed a thregimensional ice accretion
calculaton model that considedthebackfloweffect of liquid water, and based on the criterion
of local air velocity direction, establistha distribution scheme for the massbatcklow water

within the surfaceelements and developd a set ofcalculationmethods that cariteratively
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solve the icing process all surface elements at the same titme2020, Guo Long, Yi Xian et
al® carried out experiments, usingigh-speed camesato record the movement and
deformation process of water droplets under the action of aerodynamic forcesjided the

deformationof water dropletsunder acceleration conditionto 4 typical shapes: spherical,
ellipsoidal, hemispherical and disc, whiexpanéd the research scope of water droplet
deformation andcorresponding dragcharacteristics, aigd to explore the occurrence
mechanism and essential characteristics of water dsaggédrmation behavior, and improve

theaccuracy ofcing simulation

1.3TheWork Done inThis Paper

Since the icing problem is a relatively complex engineering problem, considering the time
and research cost constraints, this paper facosethe airfoik of aircraft wing,and used
numerical simulatioras the mairresearch method. According to different airfalslection
flight conditions and meteorological conditions, combined with qualitative and quantitative
analysis, the effect of icing on the aerodynamic characteristics of thesairfsievaluated, and
somereasonablsuggestionsvereput forward.

As mentioned above, the main parameters affecting airfoil icing include: airfoilsshape
free flow velocity, flight angle of attack, ambient temperatdi@ydsliquid water concentration,
medianvolume diameter fowater droplets, etc. If these parameteese considered together
the complexity of the researaetill increase substantiallyand itwill be not easy to distinguish
the scope and degree of influence of each parameter. Therefore, in this paper, tie contr
varigdes methodwas adopted,.e. each of the above parametaraschanged separately under
the condition that other paramet&rsre kept unchanged, and the effects of each parameter on
the water droplat collection efficiency, ice shape, airfoil suréagressure coefficierdind
aerodynamic characteristiggere analyzed and studied, and thewmeevaluationconclusion
was obtained

The specific work done in this paper incladee followingparts
" 1" Summarizgpreviousresearch resulisn iceaccretion, and provide refererioe this
paper;

2" Introduce the relevant theories, mathematical models and numerical calculation
methods of the flow field around the airfoil, the trajectory and collecimountof water
droplets, the thermodynamics of @ecretion, andneshupdate;

3" Use FluentFENSARICE to build a numerical simulation platform for the airfoil

icing problem design the verificatiortasesand testcasesfor the numerical simulation, and
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makepreprocessingCompae thenumerical results oferification cases witheference icshape
given by the existing data to judge the correctness of platodpreprocessing

4" Through the established platform, the stesare simulated in turn, and relevant
results are obtained, including: water droplebllection efficiency, iceshape airfoil surface
pressure coefficient, |Htlrag coefficient and other data, as well as the pressure and speed cloud
map;
"~ 5 Use own posprocessing modulef Fluent MATLAB and other tools to analyze
and study the airfoil icing results, mainly to study the influence of the above parameters on the
icing process and the deterioration of airfoil aerodynamic characteristics;

6° Summarize the researetork done in this paper, give relevant conclusions, and

point out possible directions and expectations for further research.
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Chapter 2 Analysis of Flow Field Around Airfoll

2.1Foreword

The primary entry point to study the airfoil icing problem is the analysis and calculation of
the flow field around the airfoil, because the water droplets will be subjected to the force from
the ar flow when they move in the flow field, and the velocity vector distribution of the air flow
needs to be known in advance before the water droplets can be affected. The motion trajectory
is judged to determine the amount of water droplets that can reeptied by the airfoil.
Therefore, this chapter mainly focuses on the airflow field, analyzing the governing equations
and related numerical solutions.

During the actual flight of the aircraft, there is a thin boundary layer on the ainfoil,
which a strang viscous shear and heat exchawgkeoccur; in addition, due to the icing of the
airfoil studied in this paper, ¢hairfoil shape may have significant changtter a period of time
which canresult inairflow separation. Therefore, in the analysis of the flow field around the
airfoil, it is necessary to consider the airflow viscosity, whicehiewn inthe NavierStokes
governing equation.

Considering the actual airfoil shape and when thefiide o form@d by €e accretion
separates the airflow, turbulence often exists, and an appropriate turbulence model needs to be
selected for solvingroblem At present, there are three main ways to deal with turbulence: 1)
Direct Numerical Simulation(DNS); 2) Large Eddy Siation(LES); 3) Reynoldéveraged
N-S Equatios(RANS). Because the first two methods require large computing resources and
take a long time, this paper choosesRANS methodo calculate the timaveraged flow field,
which is also the most mature methimi engineering applications at present. To close the
governing equations, the RANS turbulence model choosé¥ tH& two-equatiors model.

2.2 GoverningEquationsof Airflow Field

Airflow governingequations include: continuity equation, momentum ggoandenergy
equation. According to the different forms of Lagrangian method and Euler method to describe
the equation system, it can be divided into conservative form andamservation form; in
addition, according to theangeof the control body,tican be divided into integral form and
differential form. The field of computational fluid dynamics generally favors the governing
equations in the conservative form. The following two expressions of thditaensional NS

equations in the form of the mservative differential and the conservative integral will be given
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in the Cartesian coordinate system.
2.2.1 ConsenrativeDifferential 2D NS Equations
Conservative Differential form(ignoring air gravity term):
(I N o NV

To To Tao | @D
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Equation (2.1) represents the continuity equation, whereepresents air density,
represents time) andv represent the velocity components of the airflow along the directions
wandw of the Cartesian coordinate system, respectively; Equations (2.2) and (2.3) represent
the momentum equations , wheéreepresents the air pressute,, ¥ ,1 ,1 represent the
viscous shear stress comporseriquation (2.4) represents the energy equation, wkere
represents the internal energy per unit mass of flidepresents the airflow velocity
magnitude Qrepresents thihermal conductivity” Yrepresents the temperature.

In addition, the abovequationsan be expressed in the following féith

—n

W ToT0 (2.5)

In formula (2.5),w represents the conserved variable vector,"@add Orepresent the

correspondingdlux vectoss:
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The viscous shear stress components ingheve expressionsan form a shear stress
matrix 1

to + + (2.9)

The above components can be further expressed by the constitutive relationship between
stress and strain as

L 1erorTe 16 1610
“T ol ola °f o ToT o
o . (210)
_— ,  LeToro 1o
“-TofoTa ST o

represents thair dynamicviscosity coefficient, and represents the second viscosity

coefficient (also known as the bulk viscosity coefficient); for the general airfoil flow field, it
can be obtained from the Stokes relationship:

g, (2.11)
(0]
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It is not difficult to find by observing the systemexjuations: the unknown quargginclude

not only the vectony, but also the air pressureand temperaturéY the number of equations is

less than the number of unknowns, so for compressible flow, it is necessary to introduce the gas
state equation anthe relationship between pressure and internal energy to close the equations.
Treating air as an ideal gas, using the ideal gas assumption:

B 7YY A o p"wQ (2.12)

'Y represents the gas constahair, and its value is 28% E O+ ;| represents the specific
heat ratio, in practicg is theratio of constant pressurspecific heab to constant volume
specific heab . If it is assumed that and0 do not change with temperatutéthen’ can
take 1.4 as its value. This assumption is applicable in this study.

Since the maximum flight speed selected in this study is 105m/s, the Mach number is about
0.3, and the air densitycan be approximately regarded as a constant, the continuityoecaad
momentum equation of the above equations can be solved by decoupling from the energy
equation. At this time, the unknowns incldd@” 0r), "Y and the system of equations is closed.

It is still necessary to pay attention to the dynamic wigga@oefficient' and the thermal
conductivity'Q Generally speaking, the higher the temperature of aitather the value of.
Therefore, there are sonfiermulasbetween’ and temperaturéY This research wiladopt
Sutherland law, which ishe most commonly usetbrmula in numerical simulations at

present

VR
N Y

- 2.13
~ (2.13)
In the expression (2.13), is the reference viscosity coefficient with a value@&f p @

p O Gl ; "Yis the reference temperature with a value of R7Y is the effective

temperature (also known as the Sutherland constant) with a valuekaf 111

For the thermal conductiviti) it can be related to trmnstant pressuspecific heab

and the dynamic viscosity coefficienby the Prandtl number :

01 5= = (2.14)
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The Prandtl number actually reflects the ratio of the fluid momentum diffusivity to the
heat diffusivity. The Prandtl numb8r of air is generally around 0.7; the constant pressure
specific heat of air is about 1006.4F E Or .

Through the abovenalysis, the twalimensional NS equations in the conservative differential
form have been constructed; however, when there are some discontinuities in the flow field (such as
shock waves), thabovedifferential formequationgannot accurately describ@se discontinuities
in addition, the finite volume method commonly used in CFD needs to cottseghysical
variablesand interfae fluxes for each control volume, so the N equations in the form of
conserativeintegral reed to be given.

2.2.2 Conserativelntegral Forn2D N-S Equations

For the obtained consetive differential equations, the volumetegral of themwithin
thefinite control volumecan be performedand the Gaussian divergence theooam beused
to convert thevolumeintegral of the convection term, diffusion term and pressure gradient
term into the directedurface integraaround théboundarie®of the control volumefinally the

corresponding consennae integral equations can be obtained:

— "Q¢% CLUZQY . (2.15)
1o

T

o "VQw "OLUZE QY neqQ-y T QY (2.16)

TT_o 0Q® 0O V3E QY
(2.17)

n QY LOBEQY  TBYEQN
The aboveexpressionsolve the voluméntegralwithin the control volumey, and solve
the surface integrablong the control volume boundes? ¢ represents the normal vector

of the boundaes that is directed outwarahdis perpendicular to the surfaaerepresents

the flow velocity vectorO represents the total energy per unit volume, which is:

o "0 Y (2.18)
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2.3NumericalCalculationMethod
In order to solve the actual flow field problem, numerical calculation methods are widely
used at present, dividing the flow domain to be solved into a sufficient number of computational
grids, and solving théliscreteproblemunder the finitevolume. The field of computational
mechanics often adopts the following three methods: 1) Finite Element Method (FEM); 2)
Finite Difference Method (FDM); 3) Finite Volume Method (FVM). FEM first constructs and
uses trial functions to weakly formalize thegmnal equatios, then discretely represents the
continuous physical quantities in the solution domain with basis functions and physical
guantities at theomputationahodes, and finally solves numerically; FDM is based on Taylor
series expansion, usirbe difference quotient of the physical quantities on dlgcent grid
nodesto replace the partial derivatives of the abowentioned differential form governing
equations, and an algebraic equation system is established to solve the physical qiahsties
nodes; however, most CF&blverscurrently use FVM, so this section focuses on the finite
volume method.
2.3.1 DiscreteSolving Domain and Equatisn
The above conservative integratNequatios need to be discretized first in order to
solve the governingquationsfor eachfinite volume. The finite volumefter meshings

shown in Figure 2.1:

Figure 21 The schematic diagram of the finite volume

The figure above shows two finite control volumes, in which point P and point N are the

center points of each control volume, all physical quantities are defined at the center pdint, and
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is the interface between the two control volumes. If the individoairol volume is denoted as
®, and the total number of control volumes after meshing is denoted athen the entire flow
field wcan be expressed as:

o

w z ® andozo mQQ (2.19)

That is, the entirdlow field is completely divided by  control volumes without
volume overlap. According to the different selection of the center point of the cooluiaie
it can be divided into the cetlentered controfolumeand the nodeentered contrololume
The Fluent solver adopts the first formhile the SUZolver takes the second form.

The semidiscrete NS equation for each control volumses follows

g | %O "I QY s %3QTY 0 Qw (2.20)

%oin the aboveequationis a generalized physical quantity, which can represent any field,
such as velocity field, temperature fieldY etc.;3 represents the generalized diffusion
coefficient corresponding %, and0 represents the generalized source/sink terfésiich
as the pressure gradient term. Therefore, the above equations consist of unsteady term,
convection term, diffusion term, and source/sink term, each of which can be discretely
interpolated to realize a system of equations for numeratallation

The discrete NS equation is expressed as:

Q" %o
Q0

s " % b DY 3 1% JY W (2.21)

The unsteady term and source/sink term in equation (2.21) are represented by physical
guantities at the center point P of ttentrol volume while the convection and diffusion terms
are represented by physical quantities on each interface. The intdnfesteap quantities are
often obtained by interpolating between the physical quantitiesner points. The following
will analyze the specific discreschemesuch as convection terms and diffusion terarsl
the corresponding calculationethod
2.3.2 Discrage Schemes
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Common discretschemegor CFD*% include firstorder upwindscheme powerscheme
central differencescheme seconebrder upwindscheme and QUICKschemeIn this study,
the convection term in the above equation is discretized by the semerdupwindscheme
and the diffusion term is discretized by the central differscbeme

First, the secondrder upwindschemeadopted by the convection term is lgaad.
Compared with the firsbrder upwindscheme the seconarder upwindschemehas second
order accuracy, the truncation error is relatively senabut sometimes oscillation may occur.
Therefore, gadient limiters can be used to ensure the stalifithe simulation At present, the
CFD numericalsimulation basically adopts the secondder or higher precisioschemeto
calculate the convection term; the fistler precisiorschemecan ensure the convergence of
the simulationfor the possible instality of the initial flow field calculation, and the resuan
be takenas the initial solutiorfor the subsequent calculation using teecondorder upwind
schemeto ensure the accuracyfofal solution.

Take Figure 2.1 as an examplalligstrate theprinciple of the secondrder upwindscheme
Assume that thgeneralized physical quantities at tbenter point P of the master control
volumeand those at the center point N of the adjacent control volumenawen, and they are

denoted a%o and%. ; if the physical quantitf at the center of the interfad@needs to be

solved, the interpolaton for it should be givenThe interpolatiorunderthe upwindscheme
depends on the direction of the mass flux at the center of the int&pface tlis mass fluXO is

expressed as:

0 "y JY (2.22)

If "O> 0, it means that the mass flows out from theteraontrolvolumeand enters the
adjacent controbolume if "O< 0, it means that the mass flows out from the adjacent control
volumeand enters the msgercontrolvolume Depending on the directionality @, %. can be

defined as:

%o N% N O 1
%o (2.23)
%o N% N O m

‘Q ° Q represent the distance vectors from the center points P and N to the interface
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Here %o is always judged and calculated accordingthte stored informatiorof upstream

center pointhence the name of the upwischeme Thisschemenot only includes the physical
guantities of the nearest upstream center point, but the introduction of the gradient term also
includes the physical quantities of other upstream center points. Sinceatige dietween the
physical quantities at the center point and the physical quantities at the interface is linear, this
schemehas secondrder accuracy. However, if the calculated gradient is too $keepill be

larger tharPe and%. , and the solutin will oscillate and affect convergence. So the gradient

limiter functione can be used to control the gradient (assuming the upstream center point is P):
%o %o * N%o A TU * P (2.24)

If the value of in the above formula is 1, the limiter does not work, and the semraiedl
upwindschemas still used; if the value of in the above formula is 0, the physical quarfdty

at the interfacéQis directly determined by the nearest upstream center point, at thishéme
formula degenerates into a firstder upwindscheme Due toscopelimitation, this paperwill
not discuss the selection«ofin detail.

Secondly, the central differensehemeadopted by the diffusion term and the calculation

methodof the physical quantity gradient are analyzed. Diffusion term contiagndiffusion

coefficienta , usually thes at the interfac€éQis obtained by linear interpolation of the

diffusion coefficients atthe center point P of thmastercontrol volume and the diffusion

coefficients at the center point N of the adjacent control volume
Q
3 3 — 3 3 (2.25)
Q

‘Qrepresents the distance vector between the center point P and the center point N.

For nonrorthogonal surfaces (that i%, is not parallel t€), then%o JY at the interface
"Qcan be divided into orthogonal term and fethogonal term. The orthogonal term is
represented by the central difference between the %l the center point P of the star

control volume and the vald® at the center point N of the adjacenttol volume,while

the nonorthogonal term is still represented o :
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% OY 8 % %o (O %o (2.26)

The first term in the formula is the orthogonal term, which represents the component of the
gradient at the interfac®along the direction d and the second term is northogonal term,

which means that the gradient at the interf&e perpendicwdr to the direction ofor is at a
certain angle, and needs to be furithealt with

0 andcdcan be written as
5 — G Y 00 (2.27)

The gradientn %o at the interfacehat still exists in the neorthogonal term can be

obtainedby interpolating the gradienat the center poiabf the control volumg
Q
N% NM% —— "M% "N %o (2.28)
Q
Finally the formula about%. JY can be written as:

Q
N% JY 0 % %o O %o En%o N %o (2.29)

The above formula performs interpolation orthogonal term and namwthogonal term
respectively, mainly considering the saving of computing resource and the accuracy of
calculation: thecomputing resourceequired for the central difference calculation of orthogonal
term is small, and the separatdculationcan make the obtained resuthore accurate.

The central difference scheme makes the change between the center points of the control
volumes linear, this scheme satisfies the seconder accuracy, and a relatively accurate
solution can be obtained; however, this schemalss regaded as unbounded and non
directional, and the numerical solution may oscillate. Therefore, the central difference scheme
is generally used for the ditizationof the diffusion term, but not for thdiscretizationof
the convection term.

Since the abovealculation analysis includes the gradient teainthe center poistit is
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also necessary to calculate the gradient of each physical field at the center point of each
control volume. In this study, the weighted least sqpiaettbasedyradientmethod is used to

solve the gradienat the center point, including velocity gradieni, pressure gradient),

temperature gradient’Y etc. Compared with the Gre€@auss method, this methddes not
need to use the physical quantities on the interfadgakes advantage die physical quantities
stored at the center pasntio find their gradienfrigure 2.1 is still used as an example to illustrate
the calculation method of the temperature gradiéitand the gradients of othghysicalfields
canbe obtained in the same way.

Denote the temperatued the central point P of the rsigr control volumeas™Y, and the

temperaturatthe central point N of thadjacentontrol volumeas™Y, and the two can be related

by the gradientn Y atpoint P:

Y Y QOn'y (2.30)

Both™Y and"Y in this formula are known quantities, and the quantity to be determined is
the gradientn™Y . The above formula is only for thmastercontrol volume andone of the
adjacent control volumes, if all adjacent control volumes are considered (the number @, set as
then a set of equations related to the gradient of point P will be obtained, in which the
unknowns are all the same, namelyY . The generaldrm of this system of equations can be
expressed as:

"YOY Q OnY  Q pheB (2.31)

The above equations are expressed in matrix form as:

Q nvy YooY (2.32)

Observing the above formula, it can be seen that the number of equations is controlled by
the number of adjacent contr@lumes In the twedimensional case, if triangular mesh is used,
the number of equations is 3; if quadrilateral mesh is used, theenwhkquations is 4The

number of unknownss determined by the two directional components of the temperature
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gradient, namely— and — . In fact, the coefficient matriXQ of this system of equations is

not a square matrix, anthe number of equations is greater than or equal to the number of
unknowns. At this time, the calculation ideatloé problem is to construct the cost function C

and use the weighted least squares method to obtain an approximate solution of tlatutemper
gradient 1Y , so that thesum of squaredrroris of the above equatistis minimized. The error

‘Q for each equation is expressed as:

Q Y Y Q OonYy  "Q pfkefB (2.33)

The cost function C and the corresponding solution objettiveare expressed:as

o) wQ 6 i ET6 (2.34)

Thew in the formula is the weight coefficient constructed for the éRraf each

equation. The basic idea is to judge the distance between the center points of adjacent control
volumes If the distanceQ between the twpointsis smaller, then assidf larger weightw .

It can beexpresseas the inverse of the distance:

w (2.35)

Finally, the expressioof the gradienatthe center pointl1™Y can be obtained:

ny Qw 0Q Qw w Y Y (2.36)

The above formulaises "~" to represent the me&$ where théQmatrix iscomposed of
the distance vector between thastercontrolvolumeand each adjacent contralume In the
two-dimensional case,sitdimensionso ¢; thew matrix is a diagonalmatrix composed of
weight coefficientso , and itis a square matrix of ordér< g Y  "Yis the difference vector

between thevalues at theenter points, which is a column vectoroof 1. Finally, the gradient
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value athe center poinb of the matercontrolvolumecan be obtained by this formula.

After dealing with the discretechems of the convection terpthe diffusion term and the
gradient term, it is necessary to discuss the processing of the pressure gradient term, and explain
thecalculation methodf pressure and velocity in the fldield.

The pressure gradient term, which drives the flow around the airfoil, is important in the
momentum equation, so it needs to be dealt with separately. The volume iategral
pressure gradient in tle®ntrol volumecan beransformed into the following form:

nn Qw neQ "y n-y (2.37)

Now we need to solve the pressure vajueon each interface. This study uses the

secondorderschemeo interpolate the pressure on theerface The specific expression is as

follows:

nmoX o X (2.38)

allxel

P
C

This expressionactually uses the central difference scheme to construct the interface
pressuré) , and the pressure and pressure gradient on thehagick side of thexpressiorare
stored at the center point of the controlume

The above analysisssumes that the physical quantities stored at each center point are
known, and then a discrete equation system for the physical quantities at the cerdes point
constructed. In order to solve the equation system, it is necessary to imposedegfin#in
conditions, and use the iterative method to deal with nonlinear and coupling problens.
calculationmethodis explainedbelow:

For flows with relatively dw velocities, Fluent and other solvers are generally based on
pressure, andanuse twodifferent calculation methods: one is to decouple presguirem
velocity 0, express the pressubg usinga separate Poisson equation, and thenunknown
variabkes in the governing equationare solved in sequence, and the iterative steps are
repeated until the numerical solution converges. This algorithm is called the separation
algorithm, represented by the SIMPLE algorithm and the later modified SIMPLEC
algorithm®!, Theideaof the SIMPLE algorithm includes: 1) Bshe initial guessed pressure
to numerically solve the momentum equation to obtain the initial velocity field, which may
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not satisfy the continuity equation; 2) éthe velocity field to numerically solve the Poisson
equation about the pressuygfor the pressure corraoh; 3) Us the new decomposition form

of the pressure field and the momentum equationorrectthe velocity fieldto satisfy the
continuity equdon, and it is judged whetherighnew velocity fieldsatisfies the momentum
equation; 4) In the loopyse the new pressure field and velocity field, numerically solve the
energy equation and turbutsstransport equatis) 5) Repeat théoop, and finallymake each
physical quantitiessatisfy the governing equations. In order to solve the possible discrete
problem of the pressure gradient in the iterasteps the algorithm generally adopts the
staggered grid technology to ensure the correct calculatioich will not be discussed too

much here.

Another method is to directly couple pressure and velocity, corresponding go-chked
coupkd algorithm. The difference between the ceadphlgorithm and the SIMPLE algorithm
above is that the couwga algoithm solves the momentum equation and the continuity equation
based on the pressure representation simultanemstgad of calculatingnknownssequentially
based orthe abovesteps It can be seen that the memory resources consumed by thedcoupl
algorithm are relatively large, but the convergence speed is relatively fast. In this study, the
coupled algorithnis used to calculate discrete equations.

2.4 Selectionof Turbulenceviodel

According to the processingpproachof Reynolds stress in RANS equats,
turbulence models can be divided into two categories: the first category is based on
Boussinesq assumption, and the Reynolds stress is represented by the construction of
turbulerce viscosity. At present, about 95% of RANS models belong to this cate@be
second category is the direct modeling of the Reynolds stress tensor. This category is
developed relatively late, and only about 5% of the RANS models belong to this category.
In this study, the possible effects wirbulenceafter airfoil icing are considered, and the
"YYW turbulence modek selectedwhich is included in the firstlass RANS model.

In reality, manyirregularflows can be regarded asbulerce The RANS equations deal
with turbulenceby performing Reynolds decomposition on the physical quantities in the flow,
which are expressed as tiraeeraged quantities arfldictuating quantities. For example, the
velocity componend in the direction ofwcan bedecomposed into timaveraged veldty 6

andfluctuatingvelocity ON;j:
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6 6 O (2.39)

Among themp is a timeaveraged quantity, independent of time; aiNj iflictuasing
guantity, andts time-averaged result is 0. Through the above decomposition, the constructed

incompressible flow RANS equations are as follows:

ny T (2.40)

0766 nND"606 AC ‘N 6 (2.41)

Observing the aboveguationsit can be found that theonvection term, diffusion term and
pressure gradient term in the originaB\equations still exist in RAN&quations, but theystem

of RANS equations has an extra termD 6 6 , which causes the system to be unclosed.
Generally, "6 0 is called theReynolds stress tensor, which can be expressed imaiknix
form:
. "0 0 "0 U
"0 0 o e (2.42)
LO U
ONj aMjdi aboue matrixepresent théuctuatingcomponents of the velocity along
the directions ofw and &y respectively. Reynolds stress reflects the effect of turbulent

fluctuationon timeaveraged motion, which can be decomposed into isotropic and anisotropic

terms:

” (') (') En '!"Q (I) (243)
o
00 O (2.44)
s s C, on o
VNV p Qw (2.45)

Qin the isotropic term represents the turbulent kinetic energy, and thecderpss |

® , etc., as the anisotropic terms, carekpressedhrough theBoussinesdpypothesis:
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A " 2'46
© C o (2.46)
" L, .10 To 247
IR wT_o'oT_(b (2.47)
. L, 10 2 48
() q wT_o’o (2.48)

W is called turbulent viscosity or eddy viscosiwndit is related to the spatial location of

the flow. Define effective viscosity o :

@ ' ® (2.49)

where’ represents the kinematic viscosity of air. With the above construction, the

momentum equation can beegpressed as:
n0"06 nF n 0" wnod (2.50)

If an expression df w is given, then the momentum equation in this form, combined
with the continuity equation, etc., will reconstitute a closed system. Therefore, the RANS
turbulence model based on the Boussinesq assumption mainly considers how’ tocgive
According tothe number oéxtraintroduced transport equations, it can be divided into algebraic
modelit is also known as zerequation mode))oneequation model, twequation model and so
on. This section mainly describes tNéYTY turbulence model used.

In fact, the"Y"YTY turbulence model combines the advantages otthenodel and the
'@ model. Each of these two models contains two additional transport equatior®: the
model contains model equations for turbulent kinetic enéxpnd disgpation rate- of
turbulent kinetic energywhich can better simulate shear flow, gredforms well away from
the walt while the’@ model contains model equations for turbulent kinetic ené&gyd
turbulent frequency , which performs wellwithin the neamwall region and is more
numerically stable’Y"Y™® turbulence model is a linear combination of the above two

models in the form of a mixed equation to exert their respective performances. The transport
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equatiors of the modehredirectly given below, and theéetailedderivation will not befurther
discussed

iy Qu%—QT— ’ crer ’ T—TQG 61 Q (25)
Tw Wl o " T o ! W " T W '
oubﬁ_TT_, S TR S
T W ” T T o ” T 0 Q
- - (252
G T T W
p 00— —— ——,

The lefthandsideterns of the above two transport equati@sthe convection ters)the
first two terms on the rightandsideof the equatiosare the viscous diffusion tegrthe third
termsarethe generationierms ofQand] , respectively;ithe fourth terrs arethe dissipation
terms; the last term of the turbulent frequencytransport equation can be regarded as a
crossdiffusion term, which can be combined or switched betweerhenodel and théQ

model, controlled by the mixing equatitd.:

A o WQ v mrmn.1, Q
O OAI-Bh — I ETT A& h— ho - (253
0] W 00

50 | Ag— .l
T Tole

b (2.54)
When"Q = 0, the above equation is tli®@ model equation; whefCl = 1, the cross
diffusion term is discarded, and the equation is switched t@®thmodel equation.
If the turbulent kinetic energiRand the turbulent frequenty are known, the turbulent
viscosity’ w can be expressed as:

’ 60 2.5
A @ Fmjo (2.%)
. .. CVMQu T
O OAI A@,c—,h,— (2.56)
0] QW]
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Accordingto the above expressigrthe turbulent viscosity at different positions can be
obtained. The first term in the denominator corresponds to the expressioti ® of the

traditionalform of two-equation model

Q

's)

(2.57)

D‘ll 1

The second term in the denominator modifieso based on some relation of shear stress
within the boundary layer to avoid overestimating its valuth@boundary layers with inverse
pressure gradients "Yh&nce the name.

It can be seen that afteitroducing the transport equatsand the corresponding turbulent
viscosity, the RANS equations based on the Boussinesg assumption are combined with the above
transport equationt makethe system ofequationsclosed, and thseequations can be solved
according to the previous discretization method.

Finally, it should be noted that the above transport equatontain some empirical
coefficients, such as ,, ,, , etc. Some coefficients amerived from the experimental
facts and theoryor sonme specificturbulent flows, for example, the value @f is derived
from simple shear turbulence. In addition, since ¥i& Y turbulence model considers both
the Q- model and thé@ model, the empirical coefficients corresponding to each model
need to be given according to the specific calculatondition and spatial location. The
following table gives the valuexd empirical coefficiend in the transport equatisn

Table2.1 Empirical Coefficients Used ifY"YTY Turbulence Model

3

0.09 0.85 1 0.5 0.856

f f [ [ &)
0.075 0.0828 0.56 0.44 0.31

2.5 ChapterSummary
The analysis of the flow field around the airfoil is the key work in the study of icing.
This chapter discusses in detail how to calculate the flow field around the airfoil from the
perspectives of governing equations, discrete schemes, nunoalmalaton, and turbulence

model selection The governing equatisradoptthe complete set of N6 equations, and the
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expressions in the form of conservative differential and conservative integrgiven;after
discretizingthe flow field and governing equationisy finite volume method the discrete
schemes adopted lepnvection termdiffusion termandgradient terrmare respectively given
among them, the convection term adopts the seooer upwindschemethe diffusion term
adopts the central differensehane the gradient term adoptise weighted least squareelt
basedgradientmethod and the pressure interpolation adopts the seootel scheme then
the definite conditions are appliedand he discrete equation system is calculated by the
pressurevelocity coupled algorithmIn addition, this study takes into account the possibility
of turbulent flow after airfoil icing, and us€¥"YXY turbulence model to describe the effect
of turbulence.

So far, the analysis of the flow field around #tidoil is completed, and the third chapter

will focus on the analysis of the water droplet trajectory and the airfoil icing behavior.
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Chapter 3 Analysis of Supercooled Water Droplaijectory

and Airfoil Icing Behavior

3.1Foreword

The calculation of the motiomajectoryof the supercooled water droplets is based on the
obtained flow field around the airfoil. By analyzing the foegplied onthe supercooled water
droplets and establishing the relevant dynamic equations, the motion trajectory of the
supercooled water draggs can be numerically solved, and then itiess of water droplets
intercepted by the airfoiper unit time can be determinedt present, the two mainstream
calculationmethods are Lagrangian method and Euler method, which are also the basis for the
devebpment of water droplet motion trajectory codes. Among them, the LEWICE software
developed by NASA solves the trajectory of water droplets wathrangian method as the
framework; while the FENSAICE software developed by McGill University in Canada s®lve
the trajectory of water droplets with the Euler method as the framework. This chapter will
analyze the above two methods separately.

After the supercooled water droplets are intercepted by the airfoil, the amour@ of ic
accretionwill be calculated accding to the mass and heat transfer behawitiin the surface
control volumeof the icing airfoil. Most of the ice accretion calculation codere developed
based on the Messinger model, including FENSBP used in this study. Therefore, this
chapter aalyzes the improved Messinger model of FENSEE.

3.2 Analysis of Supercooled Water Dropl@tsjectory

Before analyzindgorce and motion trajectory of supercooled water droplets, it is necessary
to introduce some relevant assumptions in ordsinplify the problenat hand

T The water dropletin the airflowhaveperfect spherical shapand they areiniformly
distributed during movementthe dropletsvill not be deformear broken;

Z The volume fraction occupied by water droplets in the air g smnall, so it is unlikely
that the water droplets will collide and fuse, and these interactions can be ignored;

3 During the movement of the water droplets, there is no mass and heat exchange with
the air, and the physical properties including the densitythe water droplets remain
unchanged,;

4 Since the size of the water droplets is small and the proportion is very low, it can be
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considered that the movement of the water droplets does not affeuatrttezicalsolution of
the airflow field;

5 Regardless of the influence of air turbulence on supercooled water droplets, the force
exerted onsupercooled water droplets only includes iakffiorce, airdrag air buoyancy and
gravity;

6 The supercooled water drogetelocity far away fromairfoil is the same as the free
flow velocity of the air.

For this study, the above hypotheaboutsupercooled water dropletsereasonable and
valid. Next, the governing equations for the motion of supercooled water droplets are derived by
using Lagrangian method and Euler methespectively

3.2.1 Description of LagrangiamMethod

In order to track the mimn of each supercooled water dropietthe flow field, it is
necessary to establish the force balance equation of supercooled water droplets according to
Newton's second law:

[0))
O 0 0 4 — ™ (3.1)
Q0

In the aboveequation "O represents the aidrag "O represents air buoyanciQ

represents thgravity of the water droplet; & — represents the inertial foce. For the

aerodynamic force and the gravity, the corresponding calculation formulas are as.follow

0 g b0 b6 3.2)
o —a Q (3.3)
0 4 0 (3.4)

In above formulas, ” represents the air density, represents the density of
supercooled water droplets, generally speaKing, ”; 0 represents the airflow velocity,
0 represents theelocity of the water droplet) represents the projected arealu water

droplet; 6 represents the dramefficient of the water drople§ represents the mass of a
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single supercooled droplet, arffetepresents the gravigcceleration
Based on the assumption that the water droplets remain spherical, the formdlas for

anda are given

5 Pug (3.5)
T

6 2oeqg (3.6)
()

‘Q represents the equivalent diameter of a spherical water droplet. Substituting the above

expression into equation (3.1):
-——=— 0 0 0 p — Q (3.7)

Since there isoften a close relationship between the drag coefficient and the Reynolds
number, in order to give the drag coefficiemt, the water droplet Reynolds number is first

defined as follows:

” 'Q N l‘)
v —2 YR (3.8)

represents the dynamic viscosity of air. Therefore, the athpwvamicequation can be
expressed as:
QD oYQYL 0D ”

— " 3.9
'Q b T ” ’Q p ” Q ( )

Consideringthat the shape of the droplet remains spherical, the relationship between its

drag coefficient and the droplet Reynolds number is given by:

" v W w
° ® Ya o (3.10)
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The coefficientsid, ¢® andd8 in the formula change accordingth® different ranges of
the water droplet Reynolds number. The reference valti¢sese three coefficients under
different conditions are as follawv

Table3.1Reference valuesf coefficients under different water droplet Reynolds numbers

~ ~
g v

YQ @ @ @
m YQ 1™ 0 24 0
™ YQ p 3.690 22.730 0.090
p YQ pm 1.222 26.167 -3.889
pTTYQ prm 0.617 46.500 -116.670
PTITMTYQ p1mT 0.364 98.330 -2778

As can be seen from the above tabl&€) L p corresponds to theeristaltic flowaround

spherical particles, and the drag coefficienis exactly equal te—, which mees the actual

requirement.

The abovedynamicequation can be further simplified under certain conditions: because
the density of water droplets is much greater than that of air, the buoyancy of air on water
droplets can be ignored; in addition, when the size of water droplets is very smalldthgiair
much greater than the gravity of the water droplets, so the main driving termdgniumic
equation is only aidrag It is generally considered thahenthe equivalent diamet& of a
water droplets less than 50 ¢ the effect ofyravity can be ignored.

The dynamic equation of the supercooled water droplet describes the relationship between
the force and the motion acceleration of the water droplet. In addition, it is necessary to
introduce the initial conditions and tkenematicequation, and then establish a complete set of
eqguations for the supercooled water droplet:

% 0 (3.12)
QD g'Y'Q‘ L LY
Qo0 T " Q

(3.12)

W o m (3.13)
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b o m (3.14)

The above equations can be regarded as nonlinear ordinary differential equations. The
classical numericatalculationmethod is to use the fourtirder RungeKutta methodand the
problemis solved step by step in discrete time stdéips|ly the positionand velocity of the
supercooled water dropldtringthe movementan be obtained. In addition, thalculationof
this equation system depends on #mflow velocity distribution calcated by the flow field
around the airfoil, so it is necessary to analyze the flow field around the airfoil first.

When the velocity distribution of the airflow is known, the airflow velocity at the location
of the water droplet needs to determined. Therefore it can best judged whether the water

droplet is located in a discrete contvolume Taking he following figureasan example:

w

A D Aﬂ D

B C B C

Figure 31 Determination of the relative position of water droplet and discrete control volume

The W point in the figure marks the position of the water droplet, the left figure indicates that
the water droplet is inside the quadetal control volume; the right figure indicates that the water
droplet is outside the quadrilateral control volume. There are many methods for judging the relative
position of point W. For example, it can be determined according to the sum of tHé:afahe
area enclosed by point W and the vertices of each control volume is equal to the theea of
guadrilateral control volume, then point W is included in the control volume; otherwise the W point

is outside the contrebolume The formula is expreed as:

SY Y Y Y Y s | (3.15)

1 can be a very small value, on the ordepaft ; this setting mainly considers the

numerical precision of the calculation. If the area enclosed by the W point and the control
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volume nods satisfies the above formula, then the supercooled water droplet is just located at
the W point position within theontrol volume, and the airflow velocibyat this position can be
obtained by a custom interpolation method.

In addition to the above method, it also includes the method of drdwifiine from
point W to the interface, and judging by the parity of nhenber of intersection pointsr the
method ofiludging by thesequencef the connection between point W and each comtiime
vertex etc. All of these methods can determine riblative position of the supercooled water
dropletwith respect to control voluneg any time, and then determine the airflow velogjtgo
as to solve theystemequations of motion.

After the trajectory of the supercooled water droplet is determined, theopositithe
water droplet impinging on the airfoil surface can be calculated, and then the distribution of the
impinging water droplet on the airfoil surface can be obtained, which is usually expressed by
the local water droplet collection efficiericy Thecollection efficiency reflects thigux fraction
of freestreamdroplet that canmpact ona given airfoil location. Typically, has its peak value
near the leading edge stagnation poitjle it tends to be O at the rearward position of the
upper andower surface

The local droplet collection efficien¢yis defined as follows:
Qw
o (3.16)

In the formulaQw represents the unipanarea that a certain mass of water droplets in
the free flow pass througif irepresents the unéipanarea covered by the impawetgion of
the given mass of water droplets on the airfoil; Jand the ratio between the two. In order to

have a more initive understanding of the local water droplet collection efficiency, the

correspondingchematic diagram is as follows:

Figure 32 Schematic diagram of the definition of water droplet collection efficiency

The above figure clearly explains the definition formula of the local water droplet
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collection efficiency . In addition, the total collection efficien& of water dropletganalso

be defined according to the above figure:
o 2 (3.17)

(@]

In the formulaw represents the total amount of water in the free flow that can collide
with the airfoil, andO represents the forward projection height of the airfoil. The total
collection efficiencyOreflects the ratio of the actual total feteamwaterdropletstha can
be collected by the airfoil to the maximum fseeamwaterdropletsthat can be collected by
the airfoil. In practice, the amount of water collected on the airfoil surface is defin&d by
and“Yin the figure, wheréY represents the upperrgace impact limit, andY represents the
lower surface impact limit. Beyondedlupper and lower limit, the supercooled water droplets
are no longer intercepted by the airfoil and will continue to flow downstream.

When the upper and lower limit trajedtes of the water droplets are determined, and the
local collection efficiencyl is obtained by usings definition formula within the limit, the
distribution map of can be drawn, and the mass of water droplets colliding witkutface

controlvolumeper unit timed can be expressed as:
a 0 wdY I Y (3.18)

0 w dn the formula is the liquid wat@oncentrationandits unit is usually expressed as
‘(Y& . lts physical meaning is the mass of liquid water contained in a unit volume of
supercooled cloud layer, which is usually used as an important indicator to predict the
development of ice accretioand the ice shape, ice accretion rate, etcotiem affecied by
0 woY is thefreestreamairflow velocity;] is the local water droplet collection efficiency
described aboveyY is the normal projection area dfe interface when the supercooled
water droplet collides with thgurfacecontrolvolume Y 3 JY in the above formula can
be regarded as tHieeestream volume flow rataf the water dropletthat can be successfully
intercepted by the airfoil.

a will be used for the mass conservation condition in the subsequent icirej taod
solve the ice accretion mads per unit time, so it is necessary tteterminethe water

dropetstrajectory and collection efficiengy. It is more intuitive to solve the motion of water
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droplets by the above Lagrangian method, and the metate of each supercooled water
droplet particle can be obtained. At present, many calculation models use this method.
3.2.2 Description ofEulerMethod

Different from Lagrangian method, Euler method no longer focuses on the motion of a
single supercoolewaterdroplet, but treats the dropdets another phase, and establishes the
governing equationfor the water dropletphase by introducings volume fraction . By
discretely solving the equations, the volume fragtionvelocityv of supercooled water droplets
within each control volumean be obtainedn addition, the local water droplet collection efficiency
I can also be directly calculated from theaflsolution. Compared witbagrangian method, Euler
method allows to share the sameshwhen calculating the flow fieldf air and water droplets
phasewhich is more suitable for dealing with more complex thlieeensional flow problems.

Before describig the water droplstphase flow field with the governing equations, first
define the volume fraction of water droplety: represents the proportion of the volume
of water droplets in the mixed fluid per unit volume. Therefore, for a given mixed fluid

volumeaw, the volume occupied by the water droplgiiasely can be expressed as:

® | Qo (3.19)

In general, volume fraction bahe following propest:

P (3.20)

| represents the volume fraction of tR& substance component, and the sum of the
volume fractions of all components should be equal to 1. For the problem of the movement of
water droplets in the airflow, the mixed fluid only contains the air phase and the watersdroplet
phasetherefore, such aroblemcan be regarded as a tpbase flow problemonly| can

describe the respectiwentributionof air and water droplets on the density of the mixed fluid:

” ” p I 7 (3.21)

” is the density of the mixed fluid, ” is the effective density of water droplets,
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and p | " is the effective density of air. Sinte considered in this study is very small,
on the order op 1 , the assumption that the movement of water droplets does not affect the
air flow field is valid, and the effective density of ar | " is almost the same as the
density of pure ait .

In the Cartesian coordinate system, the-tlivoensional continuity equation and momentum
equatios of the supercooled water droggthasein differential form can be written in the

following form:

5 T o 5 T (3.22)

Tr o6 1T 6 T1 60 .
— — — o) (3.23)
T1 v TI owv Tl v 0 0 O (3.24)

The above equations have the same physical principles asSttegdations of the airflow field,
and the expressions are simiéar. in the equations represents the velocity component of supercooled
water droplets in the direction@fb representthe velocity component of supercooled water droplets
in the direction ofy "O represents théorce component of aidragin the direction ofy and’O
represents thierce component of aidragin the direction oty "O and’O represenéir buoyancy and
droplets gravityespectively

The force applied in the governing equations is calculated by the following farmula

p £
(@) E 0 o 0 U 6 60 09 TF;
o 2 (3.25)

(3.26)
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O 0 p —| "Q " | Q (3.27)

whereo andv are the velocity components of the airflow alabgndwdirections;Qis
the equivalent diameter of spherical water drapligte drag coefficiendb can be related to
the water dropletsReynolds numbel ‘Q, and is calculated from the coefficients given in

Table (3.1) it can also be calculated using thowing empirical formula:

CT o N
5 ~vo P ™ P YQ pomnm (3.28)
1]t YQ ponm

The unknowns that need to be solwedhe abovegoverningequations for the supercooled
waterdroples phase include: the volume fraction of supercooled water drppletdhe velocity
components of supercooled water droptetsandv . In order to solve the above equation system,
it needs to be numerically discretized. FENSBE uses the Galerkirfinite element
methodGFEM) to discretize the equation system, and adds the streamline upwinul
GalerkinSUPG)formulation forstabiliang convection term

The Galerkinfinite elementmethod aims to construct the discrete form of the above
equations and obtain approximate solutions of the original partial differential equations.
Considering an unknown quantity of the system of equatgunch as 6 , the following

equation is satisfieth the supercooled water drogébw field w:

n® O (3.29)

3 in the equation now corresponds to the flux o . The equation is weighted with the

trial functions and integrated over the domairto get the integral equation:

— cQ® "B QO O.Q® (3.30)

Using the divergence theorem to process the second termegjubgon, we can get:
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nB e QO 3Je QO 3+ BQTY (3.31)

The purpose of this step is mainly to facilitate the realization of numerical solutions, so

that the fluxa does not have to be differentiable. Substigitthe above formula into the

integral equation, the wedkrm formulaof the finite element method e obtained:

o
L%TT'QQ 3031 QO 32+ QY O Q0 (3.32)

The reason why the above formula is called a weak form formula is that it uses the trial
functione , which relaxes the requirement for the original governing equation, that is, it is no
longer necessary to ensure thatd and its flux areclearly defned within the droples flow
field at any positionit is only necessary to ensure that tt@respondingvalues after
integration satisf the weakform formula; moreover,this formula allows for discontinuous
first-order derivatives of the solution. Thugh the above steps, the original governing
equationdor supercooled water droptatan be solved discretely. In general, the trial function
» can have several types of choices, the most common choice is the polytygpaiah
addition, ife takes thevalueof 1, the above weatorm formulawill be transformed into the
basic equation of the finite volume method.

To further discretize the weak form formula, it is necessary to approximate theigaantit

to becalculatedsuchas 06 :
o o T (3.33)

| 0 inthe formula is the physical quantity at the node of the calculatiory gridy
is a selected set of bagisctions, which are related to the spatial position. In the Galerkin
finite element method, the trial function and the basis function use the same function, so the
following will continue to usee to represent the trial function and the basis function.
Substituting the above linear combination into the weak form formula corresponding to each

trial functione :
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QG 3¢ e Q@ 3¢ e QY
(3.34)

The unknown quantity of the above formula is transformed from the physical quantity

| & atany point in the flow field to the physical quantity 6  at the calculation node. In

the case of known trial (basis) functions, assuming that the nuitizd (basis) functions i8 ,

a system of equations with a numberiofcan be represented, and the number of unknowns

| & s alsol , the system of equations can be solved afiteng the boundary conditions
and initial conditions of thélow field. The first term of the above formula is the tieéated
term, which can be expressed as the change of the physical goererthe current time and
the previous time with the time step by using the Euler backward difference methodietithe
flow problem is considered, this term can be negtect

The above formula can be simplifiedo the form of a matrix equati@ystem
o o & (3.35)

[0U] can be regarded as a stiffness matrix wdimensionof 5 ;| & is a
discrete physical quantity vector tiie computational gritiodes, with dimensionof 6 p;
{c} can be regarded as a load matrix generatethéforce™O , and itsdimensionis {§ p.
In general, the(] matrix isa large sparse matrix.

In addition, in Galerkirfinite elementmethod, the trial (basis) functien is a compact
function, which means that each has valusonly in a small discrete interval, amdmains O
in other intervals Such characteristicalso makesfinite element methodlifferent from
RayleighRitz method, which is based on a globally defined trial function. I§ expressed
in the form of polynomial, the coefficient of eaplolynomid term can be determinelly
using certain interpolatiormethod after considerinthe valus on thegrid nodes and the
corresponding boundary conditions.

In addition tousng the abovementioned Galerkiriinite elementmethod to discretely
solve the governing equatiorSENSARICE also added dditional streamline upwind term
which mainly used the firstrder derivative of the basis functionto correct the trial function
* , so thatan artificial dissipatioralong thestreamline directiois introduced; at this time, the
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trial functione is different from the basis function in order to stabilize the convection term
in the governing equation and suppress the numerical oscillation that may occur during the
numericalcalculation
The boundary conditions of the drogébw field include farfield boundary conditions
and wall boundary conditions. For faeld boundary conditions, the volume fraction of the

droples and the dropletvelocity can be determined by the following equations:

7 (3.36)

0 0 (3.37)

In the formula,d w06 is the liquid waterconcentrationin the frestream v is the
freestreamvelocity of air, which is consistent with tlessumption made at the beginning of
this chapter.

For the wall boundary conditisntheimpingingsurface can be regarded as-@ray outlet
for water droplets, which means that water droplets can only flow out of the computational
domain. Becausehenhitting the airfoil surfacethe water dropletgither freeze immediately
or attach to the surface the form of water film and do not return to the computational domain
again. If the velocity of the supercooled water dragiéting the surface is denotedias, and
the outer normal vector of the surface is denotedl, deen wherd & 1, the droples
collide with the surfacethe volume fraction and velocity of droplets on the surface can be
obtainedby theabovecalculation methogdWhent & 1, the oneway outlet condition is
not satisfied, and the volume fraction of water droplets iseset to 0, indicating that the water
droplets did not collide witthe surface

After numerically solving the governing equations of the supercooled water dritqiet
field under Euler method, the local droplebllection efficiencyf can be directly obtained
according to the calculation results. The volume fraction of the water dropl¢he impact
surface igdenotedas| , the normal velocitynagnitudesb 2 sis denotedas™  ; the volume
fraction of the water droplgtn the freestreamis denotedas| , the velocitymagnitudeis

denotedas™Y , thenthelocal collection efficiency can be obtained by the following formula:

v (3.38)
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After obtaining the local water droplet collection efficiericyusing the above Euler
method, the subsequent ice accretion calculation can be carried out. In this study, FENSAP
ICE was used to complete the calculation of airfoil icing under a series of test conditions,
including the solution of water dropsatotion. Figures 3.3 and 3.dre collection efficiency
distribution diagram and liquid water concentration distributiodiagram respectively
selecing the NACAQ012 airfoil with chord length ofdd, and flight speedis 65 /i, flight
angle of attacks 4°, freestream pressureis 101325Pa, static temperatueet 15°C, cloud
LWC is 1°(¥a , dropletsMVD is 25 ¢ freezing step is 120 and total freezing time is
360 .

The Droplets Collection Efficiency for NACA0012 when V __=65m/s

Droplets Collection Efficiency for NACA0012 when V __=65m/s

04

Droplets Collection Efficiency
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Figure 33 Droplet collection efficiencylistribution under given test condition of NACA0012 airfoil

e

Droplet LUC (kg/m"3)
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Figure 34 Liquid water cbncentration distributiamder given test cohdition of NACA0012 airfoil
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The water droplet collection efficiency distribution diagram generally uses the abscissa to
represent the arc length from therfacepoint on the airfoil to the leading edge point, and the
ordinate represents the local water droplet collection efficienétycan be seen from Figure 3.3
that the distribution of the collection efficienty on the upper and lowesurfaceof the
NACAO0012 airfoil is not asymmetric under this test condition. Since the flight angle of attack is
4°, the incoming water dropletse mordikely to collide with the lowesirfoil surface in this
case. Figure 3.4 reflects the distribution of liquid water concentration, with the dark blue area
indicating that the volume fraction of water droplets is O.

3.3 Analysis ofAirfoil Icing Behavior

After analyzing the flow field around the airfoil and the trajectory of water droplets, the ice
accretion behavior on the airfoil surface can be described by establishing an improved
Messinger model and transforming it into a partial differentipladion system composed of
conservation equations. In FENSAPE, the physical quantities transferred to the ice accretion
calculation module ICE3D incluf: 1) convective heat fluw and wall shear forcet
obtained by solving the air flow field) Bcal water dropletollection efficiency and droplets
impact speetd  obtained by solvinghe water droplet flow field. Through the transfer of the
above physical quantities, the improved Messinger model can be completely constructed.

The airfol icing problem is usually caused by supercooled water droplets hitting the
airfoil to form water film and gradually freezing. The freezing process is accompanied by the
conversion and transfer of mass and heéait.conveniencdirst define surface control volume
(also called surface mesh) on the icing airfoil. The surface control volume referctmtia
volumeincluding the interface of the air with the initial airfoil acing airfoil, so the lower
boundary of thevolume is always kept as the clean airfoil surface or thagicsurface.
Performing mass and energy conservation analyses for each surface control volume can help
to understand the physical processes that occur when ice accretion forms.

Before the analysis, theessumptions of the original Messinger model for the icing problem
are given first, and on the basis of the original assumptions, the improvements made by FENSAP
ICE areillustrated The main assumptions of the Messinger model include: 1) Only the water tha
has not been frozemithin thesurface control volumis allowed to run backand allwaterflowsto
the downstreamrmeshcells along the airflow direction, so thenbackwaterthat is still liquidwill
not stay in the currembesh offall off the surfae; 2) The temperature at which thenbackoccurs
corresponds to the freezing point of the water; 3) The thermal radiation is ignored due to the low
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temperature when the airfoil freezes; 4) Tieat conduction betweehe runbackwater andthe
surfaceis ignored. The above Messinger assumpgtane relatively simple. By discarding some
flow and heat transfer details, the icing problem can be simplified, but it will reduce the accuracy
of ice shape prediction. To this end, FENSIGE mainly addsomedetails ofthe water film flow
in the surface control volumeconsidering the driving forces such as airflow shear and pressure
gradientwhenthewater film flows, so thathewater filmflow, as well as itsnassconversiorand
transfer are more cleartiescribed

Next, the massonservatiorduring ice accretiois analyzed

For a flowing water film system, the mass change per unit atba ofater film system per
unit time is caused by the following factors: 1) the collision of supercooled water singjkethe
airfoil brings a part of the mass; 2) the evaporation of liquid water asdbtmation takes away
part of the mass; 3he freezing of watetakes away part of the mass. The formula can be

expressed as:
Oa
— 6 . ) 3.39
o5 ¢ a a (3.39)

In the righthand side of the equationg is the mass of supercooled water droplets
flowing into the system, which can be regarded as the source term of the water filmx mass;
is the mass loss caused by water evaporation or ice sublimation to form water vagor, and
is the mass of watdreezing,d and& can be regarded as the sink term of the water film
mass; the lefhandsideof the equation represents the mass change per unit atea wéter
film systemperunit time during the flar, and can also be written in thdléeving form:

Oa 0" Q 0oQ TQ

2% L2 e 3.40
06 06 00 5 03X (3.40)

"Q represents the thickness of the water film, andepresents the average flow velocity

of the water film along the thickness direction. Since the water film flow is an incompressible
flow, the density of water is regarded as a constant.is represented by the following

formula:

0 whdQw (3.41)

oo
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w is thesurfacecoordinate vectorand y is the coordinate in the thickness direction of
the water film6  who is the flow velocity of liquid water in the water film, which can be
different along thesurface direction and the water film thickness direction. In addition, due to

the incompressibility of water flow, the continuity equation can be expressed as:

n® T (3.42)

Therefore, the mass conservation equation per unit atea stirface control volumeer
unit timeis finally established:
1Q

"5 26 a4 a (3.43)

a anda can be calculated by the following formsila
o] 0 wdY 3 (3.44)

: Qn N

In the calculation formula of evaporation and sublimati@ss flow™Q is the convective

heat transfer coefficient of the surface contmume ¢ is the constant pressure specific heat of

air,n is the saturated vapor pressure of water corresponding to the free flow temperature, and
f is the saturated vapor pressure of wat@responding to the surface temperatyreis the
meanvalue of the pressuren the airfoil surfacend thepressuren the free flow The above
calculation formula ofx is one of the empirical formulasné there are other similar
expressioriorms, which will not be described here.
The water film thicknes¥2 and the ice accretion rafe in the mass conservation
equation are the quantities to selved while the water film flow velocity o and the
averagevelocity along the thickness direction w are determined according to thdiving
force applied on thevater flow. Generally speaking, the water film on the icing surface is very
t hin, |l ess than 10&gm, so after considering t

velocity profile of the water film subjected to the airflow shear force can belifgdpby the
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linearmodel
o} ohy —ow (3.46)

In this model;t is the wall shear force from the airflow, and is also the main driving force
for the water film far from the stagnation point, which can be directly obtained from the
numerical solution®f the CFD solver; is the dynamic viscosity coefficient of waterjs the
distancefrom the wallalong the thicknesdirection If the driving effect of the pressure gradient
is also considered, the complete water film flow velasityxpressed as follows:

w Loaon

6 whw — —
3 th

(3.47)

The second term on the righénd side of the equation is the contribution of the pressure
gradient, where represents the curve distance between the surface pegigsa the velocityo
be obtained and the stagnation point. In the vicinity of thenatamn point or separation point,
the influence of the pressure gradient is relatively large. In thediwensional case, the

dimensionless pressure gradient at the stagnation point is defined as:

L on 3.48
” (') 'Q i ( " )
According to the above formula, the water film flow velodity ¢ o can be determined;
if only the airflow shear force is considered, the mean value along the thickness direction

is expressed as:

N O |
0 WwhQw — (3.49)

L p
0 ® c

So far, the analysis of mass conservation duringaa@etion has been completed. The
quantitesto besolvedinclude two unknownsQ andd . Next, energygonservatiorduring ice
accretion is analyzed, and then dadculationmethod of theinknownss explained.

When the water film system is flowing, its enthalpy value will also change, which is mainly
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caused by different types of heat transfer. The heat transfer per unit area per unit time includes: 1)
heat increase caused by the impact of supercooled wateetdfopl ; 2) heat loss caused by

the liquid water evaporation and the ice sublimatibn; 3) heat increase caused by water
freezingd : 4) heat loss caused by ice sensible cooling 5) heat loss caused by thermal
radiationd ; 6) heat los caused by the convection heat transfer between water film and :air

7) The heat increase caused by the aerodynamic heatinglof dihe energyonservatiorof

water film systentan beexpressed by the following equation:

o0 . - - s s - -
— U ) ) V) V) 0 ] (3.50)
Oo

The enthalpy change rate of the wdilen system per unit area can be written as:

CO 0O M0Q ) 0 QQ
Oo Oo Oo (3.51)
T Q6 Y , W
T————— 0 O Qo0 Y
T 0

In the formula,Q is the enthalpy of the water film per unit mass, is the constant

pressure specific heat of watéY,is the temperaturef icingsurface and A~0 i ndi cat
temperature is expressed in degrees CelsiusC@nbined with the continuity equation for

incompressible flow, the equation is organized as:

00 Q6 Y
0 T2 Y 5608 vy (3.52)
Oo T O

The first term0  on the righthand side of the energy conservation equaitictudes

the sensible heat and kinetic energy of the impinging watefedsop

3 AV U 5 v % Doy 3 (353

“Y is the temperature in Celsius of the water tetspin the freestreanandd sis the

velocity magnitude of the drdgts whenhitting on the surfaceThe other terms on the right
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hand side of thenergyconservation equation are written in turn:

0 ™ 0 0 & (3.54)
0 0 a& (3.55)
0 6 Y& (3.56)
O - , Y Y (3.57)
0 QY Y (3.58)
N 4
0 Qi — (3.59)
co

whered is theevaporatioriatent heat per unit mass of watér, is thesublimation
latent heat per unit mass of iée, is thefreezinglatent heat(ofusinglatent heat of ice) per
unit mass of water is the constant pressure specific heat of ice, is the surface
radiation rate, is the Boltzmann constarity is theicing surfacegemperature expressed in
Kelvin(0), Y is the free flow temperature, and is the recovey coefficient. These
parameters actually represent physjpalperties of air, water, ice, etcded ), as well as
flow field properties specified by the userg€Y). The following table gives the reference

valuesof parameters related to physical properties:

Table3.2 Reference valuasf parametes related to physical properties

6 03QQ A 6 03JQQ > 0 03JQQ B
pTt & O 4200 2060
0  03QQ 0 03QQ 0 03QQ
COMmMPT YT pm BT pT
- ., (WX ) i
0.020.2 VX pTt 0.895
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In addition, it is also necessary to determine \thkie of the convective heat transfer
coefficient’Q. The way FENSARCE determine&Q is: using the convective heat flux
previously obtained by the Fluent solterderive the convective heat transfer coeffici@ntor

ice accretion:

Q - (3.60)

Here"Y is the wall temperature value set by the user in the Fluent solver. Generally,
before solving the flow field around the airfoil, the thermal boundary conditions of the wall
need to be determined. The Fluent solver provides several setiegnain two are: It the
convective heat flux at the wall ; 2) set the temperatuf¥ at the wall. Stefano Fornasier et
al*¥ studied the above twaetting respectively, and judged whishttingis more suitable for
the calculatios underdifferent ice accretion conditions. The results show that by setting the
wall temperaturéY ¢ Y@ 0, the values ofQ and0d which are consistent with the
LEWICE reference valigeeunder different conditionsan be obtainedhowever, if the first
seting wasused, the given value 0f needs to be carefully selectdmbcauseoo small or
too largevalues o0 will make'Q deviatefrom the actual value.

The setting ofY here is only to obtain the convective heat flux and convective heat
transfer coefficient that are consistent with the actahles the icing surface temperaturé
during ice accretiors still a quantity to beolved and it is necessary to solve #gmguations of
mass conservation and energy conservation simultaneously. It is worth noting Yhit et
to be lower than or equal to the freezing point, when the freestream temperaturey value
close to'Y, the denominator of the above formtgads to 0, and a numerical error will occur,
resulting in the failure of the calculation ©f. The setting reference value of in the
FENSARICE user manual is 2&lL

In practice, the convective heat transfer coefficiénts relatively independernof the
surface temperature distributed along the airfoil; however, the vall@ teinds to vary
depending on the boundary layer thickness. Therefore, some references will establish the
boundary layer energy equation and userthegralmethod of bounarry layer to solv&Q; in
addition, due to the different transition positions of the flow on the smooth surface and the
rough surface, the laminar and turbulent boundary layer regions are affected, which will lead

to changes irfQ. Therefore, this studwlso introduced the equivalent sand roughness to

56



Master Thesisof Politecnico di Milano

simulate the effect of rough surfaatter icingon flow and’Q calculations.

Therefore, thevalue of the aboveéQ is actually determined by the flow field position,
flow conditionandthe physicainformation contained in the boundary layer, etc., which have
been determined during trealculationof the airflow field. Then, according to the above
formula, thevalue of the convective heat flux is also determined; Fluent uses the saved
data ofd @ and’Y Y to inversely obtain the value @ @, which is used to solve the
relevanttermsin the ice accretionalculation

Finally, the energy conservation equation per unit time and anei&for the surface

control volume is written in the following form:

rQ v o~z v

" ———— 0 O Qo0 Y
T o0

- VS e . . , .

o Y T:Zbood)YiJ) ™ 0 0 a 0 a (3.61)
e 114 r w w ”, 14 14 ”, N ?‘Y

o] Yo -, Y Y QY Y QI ——

co

So far, the mass conservation equation and energy conservation equation of airfoil icing
have been established. The physical quantities teobaedinclude: 1) Ice accretion mass
a ; 2) Water film thicknes¥2; 3) Idng surface equilibrium temperati"Y(or "Y, only the
units are different). In order to solve the above physical quantities by closing the system of
equations, the following compatibility conditions are introduced:

0 T (3.62)
a T (3.63)
Y T (3.64)

a Y m (3.65)

These four compatibility conditions actually constrain the three physical quantities to be

solved 1) When'Y 13,8 must be equal to O to satisfy the above conditions, indicating
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that when the surface temperature is higher than the freezing point, there is no ice
accumulation2) WhenY Tt 3, all of the above conditions can be satisfied. At this time,
onlyd andQ are left as the unknowns of the ice accretion conservation equations. The
equations are closed and solvable, which means that when the surface temperature is at the
freezing pointthe water film and ice accretion are allowed to coexist; 3) Wxientt 3, Q

must be equal to 0 to satisfy the compatibility condition, indicating that there is no water film,
and the supercooled water droplets in the surface coattoheare completely frozen.

The introduction of compatibility conditions makes the systéequations closed, and the
closed system of equations can be solved by iterative method: that is, assuming that the surface
equilibrium temperaturé’ 11 3in the controlvolume & andQ are obtained through the
above equations, and it is judbehether all theompatibility conditions are satisfied. tiiey are
satisfied, it indicates that the initial assumption is correct andrtkeownquantites has been
solved if one or more of them areot satisfied, the corresponding unsatisfied comalghould

be found outfor example: if the calculation resili is a negative value, then Satequal to O,

and resolve the system of equations to obtain and”Y satisfying all conditions. Through the
aboveiterative method, thairfoil icing calculation can be successfully completed.

Finally, a brief description of the equivalent sand roughiiessed in this study is given.
Generally speaking, the surface of the icing airfoil is rougher than the clean airfoil, and the
influence of the roughness on the surrounding flow field and icing calculation needs to be
considered; however, the formation pres and detailed characterization of the roughness of the
icing airfoil still require inrdepth researchirhereforethe main roughnessalculationmodel of
FENSARICE is the equivalent sand roughness modet. ddrrespondingoncept can be traced
back to he work done by German scientist Nikuradse in the 1980=xploredthe relationship
betweenwall roughness andrag coefficientof pipe flow with tightly packed, uniform sand
particles adhered to the pipe wall. The NASA research institute later gavielldveing

empirical formula for the equivalent roughness, which is suitable for this study:

7 W (3] w W — %
0 0 0 9 ox & (3.66)
) ) ) )

— in the formula is the reference value of the ratio of roughi@ssairfoil chord

length &) which is 0.001177the first four termson the righthand side of the formulean be
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regarded as the influence coefficients—efinder different weather dnflight conditions,

which can be obtained by the following calculation forrsula

jo)

T T X p T T UK O3 p& L XM W6 (3.67)
©

Q

'Qco T Y pRX (3.68)
)

Q

'Qoo MqUEBITT T QW0 W (3.69)
)
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W p 0 wO ¢ ftd
Q p® @ XTI O A WO U GO ¢ T & (3.70)
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Using the above empirical formslathe effect of icing surface roughness walso
considered in this study. The airfoil icing behavior analysis is over, andetlagdcetion shapes

aregiven under théest condition corresponding to the water dragil@jectory dagram

The Development of Ice Shape for NACA0012 when V _ =65m/s
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Figure 35 Ice accretion shape at different times under given test condition of NACA0012 airfoil
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3.4 ChapterSummary

This chapter mainly analydehe motion trajectoryof supercooled water droplets and the
icing behavior of airfoils. Thenotion trajectoryof supercooled water droplets in the flow field
can be described by Lagrangian metbo&uler method. In this study, Euler method was used
to calculate the governingquations of the water dromephase, and the equations were
numericallydiscretizedwith the Galerkirfinite elementmethod; under the given test condition,
the water droplet collection efficiencyand liquid water concentration distribution of the
NACAO0012 airfoilweredrawn.

After the calculatios of the air flow field and the watedroples flow field were
completedsomeparameters such as the wall shear force and convective heat flux obtained by
the airflow, as well aghe local water droplet colleon efficiency and water droplet impact
velocity obtained by the movement of the water dropletsetransferred to thece accretion
module of FENSARICE, for analyzing the airfoil surfacécing behavior Based on the
improved Messinger model, the massl @amergy conservation equatiofts the water film
system and the surface contvolumewereestablished by analyzing the changes in mass and
energy that occur when the water film flows. Orestablished combined with certain
compatibility conditions, the system of equations can be solved and the ice accretion behavior
can be correctly analyzed.

All the theories, numerical discization methods and calculation ideas related to the
airfoil icing problem have been clarified. The subsequent chapters will focus on the construction
and verification of the ANSYS numerical simulation platform, andptieeessing and analysis

of simulationresults.
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Chapter 4 Construction and Verification of ANSYS

Numerical SimulationPlatform

4.1 Foreword

This chapter mainly discusses the ANSYS numerical simulation platform built stulis
and compares the numerical simulation results with the experinaadt@lumericateference data
given in the literature to verify theorrectnes®f the numerical simulation platform. First, the
geometies of the airfoik, the selection and generation of computational grid, and the grid update
technology ardlustratedand presentegthen, from the perspective of the airfoil icing cédton
process, theelevant configurations abo&tuent solverand FENSARICE solverare given and
the schematic diagram of the platform after construction is shown; finally, the experimental
verification conditions used in the literature are given topete the verification work.

4.2 Airfoil s Selection andsrid Generation antUpdate

Four airfoils from the NACA series were selected for this study, including: NACA0012
airfoil, NACA0015 airfoil, NACA4412 airfoil, and NACA23012 airfoil. The first two belong to
symmetrical airfoils, and the latter two belongtfte airfoils with certain canbers In fact, the
naming of this series of airfoils follows certain rules, for airfoils with four digits: the first number
indicates the maximum relative camber, the second number indicates where the maximum
camber occurs, and the last two numbers itelitde maximum relative thickness. Take the
NACA4412 airfoil as an example:ighairfoil has a maximum relative camber of 4%, which
occurs at the 40% chord position; the maximum relative thiclafasss 12%. For airfoils with
five digits: the first numér corresponds to the desighlift coefficient, the second number
corresponds to the maximum camber position, the third number correspondsieatheamber

line type, and the lastwo digits correspond to the maximum relative thickness. Take the
NACA23012 airfoil as an example: the desegHift coefficient of this airfoil isg¢ — T®,

the maximum camber positiona3¢ 1 1@ v which is 15% of the chord length position; 0
indicates that thenean camber ling/pe is simpletype with no inflection point; he maximum
relative thickness is 12%.

The coordinate poisidata of each airfoil can be obtained from Airfoil Tools, Profili, etc., or it
can be calculated using taigfoil shape formula. The airfoil shagdrawn using Matlalareshown in

the following figure:
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Figure 41 The geometries of selected NACA airfoils

After obtaining the coordinate points of the aidpdomputational gridcan begenerated
There are two main types of grids commonly used in CFD calculations: strugtigteshd
unstructuredyrid. The structuedgrid has a regular topology atite gridnodesarearranged in
an orderly mannerin general, he grid nodes araumberedand idenfied one by one in
sequence. If the location and numimentifier of a node are knowrthenthe locatiols and
identifiers of its adjacent nodes are determined accordinghe grid distribution of the
unstructuredgrid is irregular, the arrangement is madlexible, and the numbering of grid
nodes is irregular.

Common structuredrid shapes include quadrilateral time 2D case hexahedron irthe
3D case unstructuredgrid shapesnclude triangles in th@D case and tetrahedrons in B
case. Compared with unstructured grid, structured grid generaléytighergrid quality due to
its regularity andorderlinessandis not prone to distortion during deformation and update, so

that the calculation accuracan beguaranteed; in additiofor solving the same flow problem,
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the number of structuregrid elementds often less than that of unstructurgdd elements
espeailly when dealing with boundary layer closetie wall, structuredyrid is generally used
for division. Therefore, for this airfoil icing problere structured grid isdoptedo discretize
the entire flow field.

According to the overall shape of thedgthe structuedgrid can bdurtherdivided into G
type grid, Otype grid and so orhe Gtype grid is slected for this studyand according to the

idea ofblock division, the following gridor the flow fieldis generated:

T
I T

17,
TN
TR
TR,

Figure 4. 2NACAO0012 Gtype grid global diagrar

T

T T T Tt

Figure 4.4 NACA4412 @ype grid global diagram  Figure 4.5 NACA23012 @ype grid global diagram
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Figure 4.BNACA0012 grid partial enlargement Figure 4.7 NACA0O015 grighartial enlargement

Figure 4.8 NACA4412 grighartial enlargement Figure 4.9 NACA23012 grigartial enlargement

The computationabrid is generated in the Linux operating system using the blockMesh
command provided by OpenFOAM, and the corresponding mesh generation file blockMeshDict is
written by using aPython program.

The Python program used to write the blockMeshDict file mainlyudes the following
steps: 1) Define some key parametensthe mesh generatipisuch as: airfoil chord length,
airfoil geometrydata file to be imported, flow field height, wake lendtigfirst layergrid height
from the airfoil wall grid size growthate,themaximum grid size, trailing edge block angle, etc.;

2) Define relevant indicators for improving grid quality, such as: boundary layer height, grid size
gradng near the leading edggrid size grathg near the trailing edgetc.; 3) Read the amit
coordinate points, distinguish the upper and lower airfoil surfaces and perform quadrant division;
4) Calculate the normal vector of each coordinate point of the airfoil to stretch the boundary layer
mesh; 5) Determinthe coordinates of the trailingige point, and the wake angle is determined
according to the Kt condition; 6) Define the key coordinate points for dividing the flow field
into blocks; 7) Define the interpolation control points during grid division; 8) Calculate the grid
size grading 1ad grid sizein eachblock; 9) Write the data obtained in the above steps into the
blockMeshDict file according to threquiredformat.

The blockMeshDict file of OpenFOAN& generally located in the system subfolder of the
casefolder, and its writing format has rules to follow, generally includingCajhversion of
coordinate units; 2pefinition of block vertices; 3Definition of blocks; 4) Definition of some
special edes ofeachblock, such as splines on the airgurface interpolation lines at the outer
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edge of the boundary layer, arcs of theestreaninlet, etc.; 5) Definition of the surfaseon
which the boundary conditions should be appliHtere are a totalf 12 blocks written into this

file, taking the NACAO0O012 airfoil as an example, the bkdiagram drawn is as follows:

Blocks of C-grid

10}
Block 4 Bigck 5 Block 6

5
Block 9 ock 8 Block 7
= A Bock 10TBock—it Block—12
5F Bock 3 |[Bock 2 Block 1

10t

-10 5 0 5 10 15 20

X

Figure 4.10 Twelve blocks of NACAOQ0O012 airfoil -@pe grid

Block 7 toblock 12 divide the boundary layegrid and are scaled approximately 50 times
for display purposes. The actual boundary layét height is around X0 &. Some parameter
definitions ofthe Gtype grid include: the airfoil chord length is set ta 1the length of the
freestream inlets 104 ; the height of the flow field and the length of the wake aie;2be
height of the first layegrid fromthe airfoilwall is calculated by thé calculator, which is in
the order op 1 &, mainly to ensure thaccuracy of Y'Y turbulence modelthe growth
rate ofgrid size is1.05;the maximumgrid sizeis 0.5 times the chord length; trailing edge
block anglds v”.

Finally, the blockMeshDict file was successfully written and obtained, and blockMesh
commandwvas used to generatetype grid; in order to convert thgrid into a recogniableformat
for Fluent solverthefoamMeshToFluentommand was used to succesgfatbnvertfoamformat
mesh intothe Fluentformat mesh. The grid generation wonkas completed, the number of grid
nodes generated is about 260000, and the number of grid elements is about 130000; IG&d CFD
used to check the quality of the generated grid, the minimum grid quality is 0.667, the average grid
quality is 0.975, computatiahrequiremenis satisfied Thegrid quality histogram looks like this:
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Figure 4.11 Gype gid quality histogram

When the airfoil icing phenomenon occurs, the original airfoil shape will be destroyed, so
the existinggrid needs to be updated to adapt to tiev icing surface. Thegrid update
technique provided by FENSARE is based on tharbitrary LagrangiarEuler method (ALE)
to determine the computatiorgrid around the new surface.

In the framework of@rbitraryLagrangianEulerian method, the grid nodes can neither move
with the displacement of the material particles, nor remain stationary in the original spatial
position, and theirmovementvelocity and movementposition can be independent of the
description of the agrangianmethod and the Euler methadtierefore,this method adapts the
deformation update of thgrid to the shape of the airfoil after icing. Generally speaking, after the
ice shape data points are obtained, the new icing surface is given by thgsandstahe ALE
method is used to ensure that giniel nodes on the surface move and deform with the surface, and
the nodeshat arenot on the surface withake corresponding movement adjustment according to
the displacement of the surface nodes andtaiceteformation law.

The deformation law of thgrid can be determined by the method of elaatialogy that is,
each edge of thgrid is regarded as a spring or other elastic body, angrithi@odes are located
at both ends of the spring. At this tintee grid is actually represented by an elastic network
composed of springs. According to the resultant force of each node of the grid, a force equation
system is established, and combined with the initial conditions and boundary contfigons,
motion behaviorof all nodescan be calculatedn order to prevent the phenomenon of edge
overlap(zero volume) or negative volume when gl is deformed, some improvement
strategiesto the original linear springnalogy method have also been proposece @iter

another.For example, the spring can be considered as nonlinear, and its stiff@snd’Q

respectively represent the nodes at both ends of the ying longer fixed. ie smaller the
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spring length, the greater the, and the grear the force against theodemotion; or thegrid
is regarded as a solid structure, and a complete elaséilogyis performed, that is, the
structural coefficients such asoung's modulusOand Poisson ratib are usedand make
them related to the afeent size to represent the force systemd thedegreeof grid
deformationis determined by solving such a systérhe smaller the mesh element, the larger
the Young's modulu§ etc., the stiffer the element, and the less likely it is tdisirted to
cause negative volume.

Consideringhe test conditiogivenin Chapter 3, the comparison between the origjridl
and the deformegrid is presenteafter the NACA0012 airfoil is icing for 6 minutes:

Figure 4.12 Comparison of origingdid and deformedrid underthe givenNACAQ012 airfoil test condition

4.3 Construction of ANSYS Numerical Simulation Platform

First, the computationarid is importednto Fluentsolver and the flow fieldcomputational
model and fluid propertieare setThis study uses a presstased solver for calculations and takes
into account the effect of viscosity and turbulence, so the correspo¥¥y model needs to be
selected; air is considered anablgas, and its viscosiig determined througButherlandaw as
described above.

After that boundary conditions need to be defined for the boundary surfaces. The
freestreaminlet boundary surface includes the frontmost inlet surface and the upplemend
surfaces of the fdreld, and he velocity inlet boundary conditiaa appliedfor it, in which te
freestreamvelocity magnitude the flight angle of attack and the static temperature of the

freestreanare defined to clarify thmlet conditions; $1ce the grid generated by OpenFOAM is
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generally a 3D grid, and the default gddnensionof the Fluent solver is also 3D, it is
necessary to set the front apack surfacesf the grid to symmetrical boundary conditions in
Fluent, so that the airfoil iog problemin this studycan be treated as a twdimensional
problem. ifOpenFOAMwas used ta@alculate the flow field around the airfoihe front and

back surfacescan be set as the empty boundary sudate short, such surfacs do not
participate inthe calculation the outlet boundary surface can be set as the pressure outlet
boundary, the pressure remains the default 101325fdhe static temperatulis consistent

with that of freestreanfilow. The airfoil surface is regarded as a +slip solid wall, andits
thermal boundary condition selects a fixed wall temperature &€.ZB1is temperature value is
only used to correctly calculate the convective heat transfer coefficient and convective heat
flux. When ice accretionccurs,the surfacetemperature is still obtained by icing calculation,
which has been clarified above; inditbn, the roughness after icing is also introduced in the
definition of wall boundary conditions: by selecting a highghness model, and importing the
calculatedroughness fileafter icing the effects exerted by roughness also be taken into
accoun in the flow field solution. The schematic diagram lfundary surfaceand the

corresponding boundary conditions are as follows:

\elocity inlet
boundary condition

Non-slip  wall
boundary condition

Symmetrical
boundary condition

Pressure outlet
boundary condition

Figure 4.13 The boundary surfaces of the computatgnichbind the corresponding boundary conditions
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After the boundary conditions are defined, the calculation references\anebe set to
accurately calculate the lift coefficieahd drag coefficiendf the airfoil. Since the airfoil chord
length is &, and the grid length along the direction is also &, the reference area is
determined to bedl ; the reference valuesf velocity, temperature, pressure, etc. have been
given in the previous definitions.

After the above preparations are completedctieulationmethod used to solve the flow
field and the discretschemedor the terms ofgoverning equations amgven: the pressure
velocity coupkdalgorithm is usegthe convection term adopts the seconder upwindscheme
the diffusion term adopts the central differescheme The gradient term adopts thweighted
least squareell-based gradiennethod, andhe pressure interpolation adopts the secmdér
interpolation. In addition, the convergence speed and convergence stability of the solution can
be controlled by adjusting the relaxation facbeach quantitylf the relaxation factor is close
to 1, theconvergence speed thenumericalsolutionis relatively fast, but it may cause unstable
oscillation of the solution and cannot meet the convergence conditions, so it is necessary to
appropriately adjust the relaxation factor to a smaller value.

Since tlis study needs to compare the change ofattredynamicoefficiens before and
after the airfoil is icing, the lificoefficient and drag coefficient are numerically solviy
defining the directiosof the lift and drag forcesand combining the calculat reference values
set above. Finally, the allowable residual valaee given as the convergence criterion(the
default isp 11 , andin this study is set tp 1 ), the residual monitor and the maximum number
of iteration steps are set, and the flondisl initialized to starsolvingthe problem

When the solution is completed, the resulting data is transferred to the FEQEABIver,
and the relevant parameters and boundary conditions faratbelationof the water droplet
trajectory are set, including: tieudliquid water concentratiorhé medianvolumeric diameter of
the water droplet the initial velocity componestof the incoming droplet After the relevant
calculation settings are checked, and the maximum iteration time step is given, the solution of the
droplet phase flow fields completed. The solutisiof the air flow and the water drogdlow are
stored in FENSARCE as the input of airfoil icing. After the icing time is specified, the calculation
can be carried out to obtain the ice accratimountand ice shape at thisne. The ice shape data is
used forgrid update to obtain a new computatiogatl after deformation. Repeating the above
process, the ANSYS airfoil icing numerical simulation platform can be successfully built. The

calculation flow chart of the numericmulation platform is as follows:
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End
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generation Final freezing
Weather environment; _ _ time is reached
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Figure 4.14 Calculation flow chart of ANSYS airfoil icing numerical simulation platform

The built ANSYS airfoil icing platform is shown in the following figure:

- E
2 | setup 2 o Arflow v 4 2 @@ Setp &2 2 Arflow v 2 @@ Setp
3 | souton v, 3 @ setup Droplets v . %3 | souton 3 @ setup Droplets v . #3 | souton
Fluent 4 5 Solution Dropiets v . Fluent 4 | @5 solution Droplets v o, I Fluent
5 @ seple 'y 5 @ setuplce 'y it
6 5 Solutionlce v 6 3 Solutionlce v
7 ﬁ Displaced grid (Fluent) T 7 @ Displaced grid (Fluent) v 4
8 @ Results v, 8 @ Resuts v,

Fluid Flow - Icing (Fluent) Fluid Flow - Icing (Fluent)

Figure 4.15 Théuilt ANSYS airfoil icing platform(icing time is 4 minutes)

4.4 Verification of Airfoil Icing NumericalSmulationPlatform

Combined with theeferenceesults given by the icing wind tunretperimentandNASA
LEWICE icing simulation software, the numerical simulation platform Ieiiewas verified to
judge its accuracy, so as to ensure the foligwanalysis can be carried out smoothly. Because
the vast majority ofirfoil icing wind tunnelexperimentsselectthe NACA0012 airfoil as the
research object, with sufficient data and high reliability, four verificatiasesof this airfolil
icing were selectedor this study, and the corresponding icing results were compared with the
reference results of experimerstad numerical simulatioli$ %1 Table 4.1 gives the specific
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icing conditions for the four verificatiotases

Table4.1 Specific icing conditions for the fouerification cases

) N Verification  Verification  Verification Verification
Icing conditions
casel case 2 case 3 case 4
Selected airfoils NACAO0012 NACA0012 NACAO0012 NACA0012
Chord lengthc(m) 0.5334 0.5334 0.5334 0.5334
Flight speedY (m/s) 102.8 67.1 67.056 67.1
Angle of attack (£) 4 4 4 4
Free flow pressurg (Pa) 101300 101300 101300 101300
Free flow temperature
. 261.54 244.51 253.69 268.4
Y (0)
Liguid water concentration
) 0.47 1 1 1
LWC(Xa )
Median volume diameter
) 30 20 20 20
MVD(* 0
Total icing timeo(min) 8.2 6 6 6
Single icing stey&(min) 2 2 2 2

According to the above table, the icing airfoil srepbtained by using theimulation

platformareshown in the following figure

1 Comparison between references data and the simulation result
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Figure 4.16 Ice shapes for verification case 1
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Figure 4.17 Ice shapes foerification case 2
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Figure 4.8 Ice shapes for verification ca8e Figure 4.D Ice shapes for verification cade

The figures above correspond to the four verificatiagesn Table 4.1. The blue lisen the
figures represent the clean NACAQ012 airfoil, the blackdiepresent the iing shape calculated byeth
numerical simulatiomplatform the red lins represent thexperimerdl referencecing shapegiven in
the literature, and the green Bmepresent the LEWZE numericakeferencecing shapedt can be seen
from the figurs that the ieng shaps of NACAQ012 airfoil obtained by the platfornare basically
consistent with the referenoesults which verifies the reliability of the platform. Among sieefour
casesit is verified that the icing condition ofisel corresponsito the mixed ice formation condition.
Generally speaking, the mixed ibas relativelycomplex shapen the iang surface, and the current
numerical simulation results have a certain devidrom the experimental resulig thatthe detailed
icing shape cannot be well described shown inigure 4.16.While the icing conditions of
verification @se2 and verification ase3 correspond to lower flight speed and lower free
flow static temperaturetherefore, the ing shaps arerelatively simple, and theesultsare in
good agreement; it is verified that the icing conditioncade 4 corresposdo the clearice
formation ondition, and thealculatedcing shapeprofile is very similar to the referense

According tothe abovecomparisos, the numerical simulation platform built in this study
has the ability tsolvethe airfoil icing problemandfurther indepth researchn ice accretion
and its nfluenceunder different parameteconditionscanbe carried out.

4.5 ChapterSummary
This chapter discusdethe construction of th&ANSYS numerical simulatiorplatform.
According to the technical route of airfoil icingroblem, the selection of airfeiland the
generation of calculation griderethe first steps. Thistudy choseNACA0012, NACAQ0015,
NACA4412 and NACA23012 airfoils as the research objeesdillustrated the naming rules
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of NACA series airfoils.In orderto generate suitable calculation grids, the advantages and
disadvantages of structured grids and unstructured wyedsanalyzed and compared, and C
typestructured gridsvereselected for ice accretioBy usingthe Python program and the mesh
generatorcarried by OpenFOAM, the calculatigmids based on block divisiowere created:;
thenthe gridsweresuccessfully imported into Fluetiitrough the relevant operation commands,
and thegrid quality was checked in ICEM CFD.

After grid generation, Fluent solver, FENSAGE DROP3D solveland FENSAFCE
ICE3D ice accretion solvewere configuredin turn. The detailed icing conditions were
specified byselecing the verificationcasesand the testases The relevant mathematical
models ad numericalmethods hd been discussed in Chapters 2 and 3. After each part of the
calculationwas completed, the resulting dataere transferred between the above solvers
according to theéechnical routgfinally, the local collection efficiency of wateiroplets, icing
shaps, and aerodynamic characteristics of airfoils afteergaintime can be obtained.

After the numerical simulatiorplatform wasbuilt, it needs to be verified. In this chapter,
the most welresearched NACA0012 airfoivas selected, rad four verification eseswith
experimental andumericalreferencedataweregiven, which successfully verifieghe accuracy
of the ANSYSnumerical simulation platform, and also slalthat the calculationin this

studywerecorrect.
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Chapter 5 Influence of airfoil icing on aerodynamic characteristics

5.1 Foreword

under different parameters

When theweatherconditions, flightconditions etc. change, different icing shapes will

appear on the airfoil surface, resulting in different degrees of aerodynamic performance

deterioration. Therefore, the airfoil icing problem is actually affected by a variety of gtaram

Among them, the key parameters relatedveatherconditions arefree flow temperaturéy ,

cloud liquid water concentration(LWC), wulian volume diameter of water droplets(MVD),

cloud rangeand so onthe key parameters related to the flighhditionsare: flight speedy |,

flight angle of attack , and so onln this chapter, according to the idealw# control variable

method, thevalues of theabove parameteare changed in turn, and under different parargeter

the local water dropt collection efficiency , icing shapesurfacepressure coefficiengnd

aerodynamicoefficiens on the airfoilare studied, in order to sdeetinfluence of airfoilicing

on aerodynamic characteristics.

5.2 Different Free FlowTemperatur&€onditions

In this study, four differenfree flowt e mper at ur es

1 1 A C; Thesfedfi€icing conditions are given in Table 5.1:

Table 5.1 Differenfree flowtemperature conditions

were sel

Icing conditions Test case$-4 Test case5-8 Test case8-12  Test case$3-16
Selected airfoils Four airfoils  Four airfoils  Four airfoils  Four airfoils
Chord lengthc(m) 1 1 1 1
Flight speedY (m/s) 65 65 65 65
Angle of attack (£) 4 4 4 4
Free flow pressurg (Pa) 101325 101325 101325 101325
Free flow temperature
‘ 248.15 258.15 262.15 266.15
"Y(v)
Liquid water concentratiot
) 1.0 1.0 1.0 1.0
LWC('Xa )
Median volume diameter 25 25 25 25

74

ected,



Master Thesisof Politecnico di Milano

MVD(® 8
Total icing timed(min) 6 6 6 6
Single icing stey&(min) 2 2 2 2

Under different temperature conditions, the local water droplet collection efficiency
distributiors of the four airfoilsareshown in the following figure

The Droplets Collection Efficiency for NACA0012 with different T The Droplets Collection Efficiency for NACA0015 with different T
0.7 0.7 1
NACA0012 when T_ =-7°C NACA0015 when T_=-7°C
NACAD012 when T_=-11°C NACA0015 when T_=-11°C
0.6 - NACA0D12 when T =-15°C 06 - NACA0015 when T__=-15°C
= NACADD12 when T_ =-25°C (>)~ NACA0015 when T_ =-25°C
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y Y
Figure 5.1Collection efficiency of NACA0O12vith  Figure 5.2 Collection efficiency of NACA0015 witt
different temperatures different temperatures
The Droplets Collection Efficiency for NACA4412 with different T The Droplets Collection Efficiency for NACA23012 with different T
071 071
NACA4412 when T_=-7°C NACAZ3012when T _=-7°C
NACA4412 when T_=-11°C NAGAZANZwhen T =116
L - NACA4412 whenT:=-15'C he -NACA23012 when T =-15°C
> NACA4412 when T _=-25°C z NAGAZIM2when T =26°C
E 0.5 .g 05 F
S 04r E 0.4
% 0.3 § 03r
é 021 i‘? 0.2
(=] =]
0.1 01 & #
0 ! " - - 0 — . ‘ ‘
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 -0.15 -0.1 -0.05 0 0.05 0.1 0.15
Y y
Figure 5.3 Collection efficiency of NACA4412 wi Figure 5.4Collection efficiency of NACA23012 with
different temperatures different temperatures
The purple linsin theabovefigures corespond toY X3 , the red lins correspond
to"yY p P , the green lingcorrespond tdY p 8 , and the black lirecorrespond to
Y ¢ 8 . It can be seen from the figgrthat while keeping other parameters unchanged,

the collection efficiencydistributionsof different airfoils under different temperaturase
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different. For the two symmetrical airfoils NACA0012 and NACA0015, the oveallection
efficiencydistributiors areskewed to the left, which means that at angle of attack of 4°, more
water droplets in the free flow hit the lowsurfaces of airfoilswhile for thetwo cambered
airfoils NACA4412 and NACA23012, although there are still many water droplets colliding
with the lower airfoilsurfaces compared with symmetrical airfejlthe uppersurfacescan
intercept more droplets due to the camber.

After 6 minutes of ice accumulation, the ice shapes for the four airfoils are as follows:

The Comparison for NACA0012 among different T __ after 6 minutes icing The Comparison for NACAQ015 among different T __ after 6 minutes icing
0.1 T T T T T T T T T T T T 0.1 T T T T T T T T T T T T
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Figure 5.5 Ice shapes of NACA0012 with differen Figure 5.6 Ice shapes of NACAM®With different
temperatures temperatures
The Comparison for NACA4412 among different T __ after 6 minutes icing The Comparison for NACA23012 among different T __ after 6 minutes icing
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Figure 5.7 Ice shapes ofACA4412 with different ; P
9 tp ¢ Figure 5.8 Ice shapes of NACA23012 with differer
emperatures
P temperatu res

When thefreef | ow t emperature is 17AC, descebed ce
by purple lines. It can be seen that there are protrudingi ibeo r om she upper airfoil
surfaces which is an important feature ofearice, indicating that when the temperature is

higher, theupper surfacearemore likely tohaveice accretion, and it is more likely form
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cl ear i ce; when the
accretion hasetterstreamlined shapeeflecting the characteristics ne ice, as shown by

the black linsin theabovefigures.

Under different temperature conditions, due to the difference iitigetypes of airfoils,

thesurfacepressure coefficientift and drag coefficientf the airfois also change differently:

x-Cp plot for NACA0012 with different T __
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Figure 5.9% 6 rdiagrams of NACA0012 with
different temperatures
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The waxis in the figure represents the position of the upper and lower airfoil surfaces

along the chord length direction, and thexis represents trmurfacepressure coefficieri 1)
According to the expressiaonvention,the waxis is reversedyhich means thathe upper
half of the curve reflects the pressure coefficemthe uppersurface and the lower half of
the curve reflects the pressure coefficientthe lowersurface Due toice accretion the

pressure coefficieaton the airfoil surfacesstart to change from a negatitevalue; different
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temperature conditions have different effects onstindacepressure coefficieat which are
represented by dotted lines; while the blue solidslimpresent theoT 6 fcurves of clean
airfoils. In general, ice accretion will reduce the pressure difference between the upper and
lower airfoil surfaces Thefree flowt e mper at ure of T17AC has a r el
the distribution of f)which can be seen from the purple dottedslinghe fgures.

The following table show the changeof the lift anddrag coefficiers of the four airfoils

under different temperature conditions:

Table 5.2 Variation of lifanddrag coefficierd of NACA0012 under different temperature conditions

t;r:r?r?g:;rjtgre Initial 6 Aftgr cing perlzzc:esnstage Initial 6 Aﬂ; ricing pggt)avr\ﬁgge
Y(3) ' of 0 (%) . of & (%)
-25 0.41456 0.33215 19.88%  0.009948 0.015185 52.64%
-15 0.41493 0.34680 16.42%  0.010058 0.014234 41.52%
-11 0.41506 0.25715 38.04% 0.010102 0.018836 86.46%
-7 0.41519 0.30186 27.30% 0.010144  0.019887 96.05%

Table 5.3 Variation of lifanddrag coefficierd of NACA0015underdifferent temperature conditions

t;rr]r(]:p?g:;gre Initial 6 Aftgr 'cing perlzzzsnsiage Initial & Aﬂ; ricing pgizvr:tgge
"Y(3) ‘ of 0 (%) : of 0 (%)
-25 0.40237 0.38695 3.83% 0.011670  0.012247 4.94%
-15 0.40407 0.36896 8.69% 0.011756 0.014754 25.50%
-11 0.40358 0.37961 5.94% 0.011795  0.013132 11.36%
-7 0.40393 0.30794 23.76% 0.011835 0.018738 58.33%

Table 5.4 Variation of lifanddrag coefficierd of NACA4412 under different temperature conditions

Incoming o After icing Loss T After icing Growth
temperature Initial 6 5 percentage Initial 6 5 percentage
Y(3) : of 0 (%) : of 0 (%)
-25 0.84333 0.80565 4.47% 0.012960 0.013545 4.51%
-15 0.84481 0.80174 5.10% 0.013050  0.013987 7.18%
-11 0.84539 0.80622 4.63% 0.013090 0.013845 5.77%

-7 0.84594 0.72204 14.65% 0.013120 0.020746 58.13%

Table 5.5 Variation of lifanddrag coefficierd of NACA23012underdifferent temperature conditions
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Incoming T After icing Loss T After icing Growth
temperature Initial 0 5 percentage Initial 0 5 percentage
Y(3) : of 6 (%) : of 6 (%)
-25 0.54335 0.43700 19.57% 0.01007 0.015668 55.59%
-15 0.54374 0.45796 15.78% 0.010184  0.015054 47.82%
-11 0.54382 0.45844 15.70% 0.010231  0.015504 51.54%
-7 0.54393 0.43405 20.20% 0.010275  0.016486 60.45%

It can be seen from the above tatileat when the temperature conditions changelifthe
lossand thedraggrowth of different airfoils are quite differentherefore, the change of lift and
drag cannot be generalizeahd t needs to be determined according to the selected safull
specific icing conditions. In this study, the four airfoils all showed severeaiifi drag
deterioration afree flow temperature af7°C, becaus¢he obvious icé h o rappsaded on the
upper airfoilsurfacesand the aerodynamic shaé the airfoik were greatly damaged.

5.3 Different Cloud Liquid Wate€oncentratiorConditions

The liquid water concentration(LWC) in the cloud directly determines the mass of
supercooled water droplets that collide with the airfoil per unit timech in turnaffect the
amount of ice accretion on the airfoil. In this study, foanditions ofcloud liquid water
concentration were selected: @ , 0.7¢¥ad , 1.0Qa , 1.5Qa , 2.004 , and the

specific icing conditions are shown in the following table:

Table 5.6Different cloud liquid water@ncentration conditions

Testcases Testcases Testcases Testcases Testcases

Icing conditions

17-20 21-24 25-28 29-32 33-36
Selected airfoils . Fo.ur . Fo.ur ) Fo-ur . Fo_ur . Fo.ur
airfoils airfoils airfoils airfoils airfoils
Chord lengthc(m) 1 1 1 1 1
Flight speed
&Y, (ms) 65 65 65 65 65
Angle of attack
4 4 4 4 4
| (£)
Free flow pressure 4 5¢ 10125 10125 10125 10125
n_(Pa)
Free flow 258.15 258.15 258.15 258.15 258.15
temperaturéY (v)
Liquid water
concentration 0.5 0.7 1.0 1.5 2.0
LWC('QXa )
Median volume o5 o5 25 o5 25

diametetMVD(‘ &
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Total icing time
o(min)

Single icing step
Y&(min)

The collection efficiencydistributions corresponding to different cloud liquid water

concentration$or different airfoilsareshown in the following figure

" 8The Droplets Collection Efficiency for NACA0012 with different LWC 0 8The Droplets Collection Efficiency for NACA0015 with different LWC

NACA0012 when LWC=0.5g/m* NACA0015 when LWC=0.5g/m*
NACA0012 when LWC=0.7g/m? NACAQ015 when LWC=0.7g/m*
NACAQ012 when LWC=1.0g/m* 0.7 NACAQ015 when LWC=1.0g/m*
~ NACA0012 when LWC=1.5g/m* - NACA0015 when LWC=1.5g/m*
NACA0012 when LWC=2.0g/m* NACAQ015 when LWC=2.0g/m?

041 04

Droplets Collection Efficiency
Droplets Collection Efficiency

0.1 0.1
o L ; . L o L | l | |
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 -0.15 -0.1 -0.05 0 0.05 0.1 0.15
y y
Figure 5.13 Collection efficiency of NACA0012 with Figure 5.14 Collection efficiency of NACA0015 with
different LWC different LWC
8The Droplets Collection Efficiency for NACA44 12 with different LWC " 8The Droplets Collection Efficiency for NACA23012 with different LWC
NACA4412 when LWC=0 5g/m® NACA23012 when LWC=0.5g/m*
NACA4412 when LWC=0.7g/m* NACA23012 when LWC=0.7g/m*
071 NACA4412 when LWC=1.0g/m* 071 NACA23012 when LWC=1.0g/m*

= NACA4412 when LWC=1.5g/m*
NACA4412 when LWC=2.0g/m*

NACA23012 when LWC=1.5g/m*
NACA23012 when LWC=2.0g/m*

o o
o ]

0.4

o
w

Droplets Collection Efficiency
Droplets Collection Efficiency
o
S

o
N

01 0.1
? ~0.‘15 ~0I.1 *0»‘05 0 0.05 0.1 0,115 g -0.15 -0.1 -0.05 (; 0.05 Oj1 0.‘1 5
y y
Figure 5.15 Collection efficiency of NACA4412 with Figure 5.16 Collection efficiency of NACA23012 with
different LWC different LWC

The droplet collection efficiencglistributionsof each airfoil under different liquid water
concentrationsare basically the same or very similar, indicating that the liquid water
concentration and éhcollection efficiency are independent of each other, that is, the liquid

water concentration hardly affects the impacige and impact locatiasf supercooled water
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droplets on the airfoil surface. In fadt,w 6 ¢8tQX¥a is already a very high condeation
value, which has little effect on the collection efficiency; however, in the same icing time, the
high liquid waterconcentration will significantly increase tlaenountof ice accretion orthe

airfoil, which can beeflected by théce shapeafter 6 minutesf icing:

The Comparison for NACAQ012 among different LWC after 8 minutes icing gl}e Comparison for NACA0015 among different LWC after 6 minutes icing
0.1 T T T T T T T T T T T T i T T T T T T T T T T T T
Clean NACAQ012 airfoil Clean NACAD015 airfoil
0.08 LWC=0.5¢/m* after 6 minutes icing | 0.08 LWC=0.5g/m?® after 6 minutes icing |
LWC=07g/m’ after 6 minutes icing LWC=0.7g/m® after 6 minules icing ==
0.06 - LWC=10g/m* after 6 minutes icing | _| 0.06 - LWC=1.0g/m* after & minutes icing | |
= LWC=15g/m’ after 6 minutes icing [| = LWC=15g/m’ after & minutes icing
LWC=2 0g/m* after 6 minutes icing — LWC=2.0g/m’ after 6 minutes icing
0.04 - 1 0.04 | = R
0.02 - 0.02
£ of £ of
002} 002+
-0.04 - 004t
-0.06 -0.06
-0.08 - 1 -0.08 |
04 . . . . . . . . . . . . 04 . . . . . . . . .
4 O & U L I I 2 & o & < P N - R I
,Q‘-SO ,ng‘ o & F o PR pggo ,Q'Qk o° FIFTFF I ET
xlc xlc

Figure 5.17 Ice shapes of NACA0012 with different LWC Figure 5.18 Ice shapes of NACA0015 with different LWC

‘0rh1e Comparison for NACA4412 among different LWC after 6 minutes icing T0h$ Comparison for NACA23012 among different LWC after 6 minutes icing
0.08 | 0.08 |
0.06 0.06
0.04 0.04 |
0.02 0.02
o (s}
SR = 0r
-0.02 002}
-0.04 1 -0.04
Clean NACA4412 airfoil Clean NACA23012 airfoil
LWC=0.5g/m? after 6 minutes icing | | LWC=0.5¢/m* after 6 minutes icing
-0.06 LWC=0.7g/m* after 6 minutes icing -0.06 LWC=0.7g/m* after 6 minutes icing 1
LWC=1.0g/m? after 6 minutes icing LWC=1.0g/m* after 6 minutes icing
-0.08 - = ~LWC=1.5g/m’ after 6 minutes icing | -0.08 - - LWC=1.5g/m* after 6 minutes icing | -
LWC=2.0g/m" after 6 minutes icing LWC=2.0g/m’ after 6 minutes icing
01 . . . . . | . : 04 | i . . . ] 1 | | | :
¢ 9 & > & & N D > o 09 I O G4 * & ® N O > L D9
& &I RULER PR R LN g R PO RS T FTEL L
xlc x/c

Figure 5.19 Ice shapes of NACA4412 with different LWC Figure 5.20 Ice shapes of NACA23012 with different LWC

The blue lins in the figures represent the clean airfoil shapéhe purple linsrepresent
the ice shamewith 0 w6 T & , the light blue line represent the ice shapeavith
0 wo T4 , thered lines representthe ice shaps with 0 w0 pd8tXa |, the green
lines representhe ice shapswith0 w6 p&'Qd& , and theblack lines representhe ice
shapswith0 w0 ¢8tQYa . Whend w0 t@®"(¥d , the amount ofice accretionon the
airfoils is the smallestas the liquid wateconcentratiorgradually increases, the ice accretion

on the airfoi also gradually thickens. Wheth w 6 ¢8tQ¥a , the airfoil icing problem is
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quite seriousthere is a certain amount of ice on the upper and lower asddhcesard the
ice shaps areirregular, which significantly deteriorates the aerodynamic characteristics of the

airfoils.

The following figures reflect thechanges of the surfaggessure coefficient of the four
airfoils under different LWC

Figure 5.2l ¢ rdiagrams of NACAO0012 witt  Figure 5.220 6 rdiagrams of NACAQ015 with
different LWC different LWC

Figure 5.23b ¢ rdiagrams of NACA4412 witl  Figure 5.24» ¢ rdiagrams of NACA23012 with
different LWC different LWC

It can beseen from the figusethat when the liquid water concentration is low, the
surfacepressure coefficieston the icing airfoik are not much different fronthose onthe
clean airfois; while when the liquid water concentration reach&(¥a , the surface
pressure coefficients of the four airfoils have significant changes, and the pressure ddference

between the upper and lowsurfacs aregreatly reduced. Therefore, it can be predicted that
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