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ABSTRACT

ICE ACCRETION SIMULATION AND SCALING ANALYSIS FOR
CONCEPTUAL DESIGN OF AN ICING WIND TUNNEL

¥zkanakt é, Mehmet Harun
Doctor of PhilosophyAerospace Engineering
Supervisor : Prof. Dr. Serkan Ozgen

August 2023232 pages

Icing in aerodynamic structures is one of the most important problems to be
considered due to its negative impact on the performance of aerodynamic
components and its potential to cause fatal accidéteace it is necessary to
conduct experimental studies to investigate the causes, intensity, and physics of
icing. Additionally, certification processes and compliance with these processes are
inevitable in the development of aircraft. For these reasons vigimtgtunnel (IWT)
studies are the most suitabtethod in terms of cost, safety, and feasibility for icing
prediction and certification. However, since the dimensions of these components are
often large for existing IWTSs, it is necessary to conduct a scaling study to directly
obtain inflight icing. In this study, asimilitude model was developed that matches

the geometry, flowfield, droplettrajectory total watercatch energy balance, and
surfacewater dynamics. Based on tlermsin this similitude model, a scaling
calculation was performed usingettModified Ruff Method due to its superior
accuracy and inclusion of more scaling terms. The outputs of these calculations were
used to analyze different reference conditions using the Aero@Biceing
prediction code, and the experimental data was coedpaith the reference and
scaled icing results. The technical specifications of the icing wind tunnel were

determined based on the limitations and physical requirements of these calculations



and the requirements specified in 14 CFR Appendix C to Part 25. Various scenarios
consisting of differenair velocity, droplet sizes, temperatures, and ice accumulation
conditions, as well as the technical information and limitations obtainedtfrem
scaling, were used to perform the conceptual design of an IWT and its verification
was carried out using the commercial computational fluid dynamics software
ANSYS Fluent. The design process was revised based on the results obtained and

the IWT design rededits final form

Keywords:Icing Wind Tunnel,Experimental Aerodynamic$ce Accretion Icing

Similitude, Icing Scaling In-flight Icing
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BUZLANMA RUZGAR TUNEL KNKN KAVRAMSAL TASARIMI  KCKN BUZ
OL Uk UMKMUISASYONU VE OLCEKLEND KRME ANAL KZK

¥ z k a nMekmegHarun
DoktorgHavaceéel ek ve Uzay Mihendi sl i
Tez Yoneticisi: Prof. Dr. Serkan Ozgen

AJ ust 0,832y 3

Aerodinami k yapeélarda buzl anma, aerodinar
° 1 ¢ mc ¢ | kazal ara neden ol mase sebebiyl e
probl emlerden biridir. Bu nedenle, buzl ar
arakt ermaddynek ddeneysel -al éeékmal arén yap
ara-1|l aréneén geliktiril mesinde sertifika
ka-énél mazder . Bu nedenl erden dol ayeé, b u

buzlanma tahmini ve sertifikasyon ngimaliyet, givenlik ve uygulanabilirlik
a-éséndan en uygun y°ntemdir. Ancak bu b

i -1in b¢yeék ol duj undan Ot ir ¢ Uu- uck dur umu

edebil eceji buz °] - ekl endi r me Bua l-eakl neaksnee
dahilinde geometri, akeéex, daml acéek harek
yizeysu di nami kl er i ni ekl ektiren bir benzet
model i ndeki parameterl|l er baz al émdar ak, 0

fazla olceklendirme terimi icermesi nedeniyle Modified Ruff Metodu ile bir

°]l -ekl endi r me hesapl amasé yapél mékter.
AEROMSICE2 D bwuzl anma tahmin kodu ile farklee
yapéel méxk, deneysredf evamisl ewe °I| -ekl endiri
karkeéel akt éréel méektér . Bu hesapl amal ar daki
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kull anél arak ile 14 CFR Appendix C to Part
buzl anma r¢zgar t¢gnelinin teknik ©°©zellikler
damlacéek boyutl ar e, sécakl ekl ar ve buz biri
Olceklemdi ri |l mesinden el de edilen teknik bilgi v
t asar eémée dyog préeull naénkmavsee amaceéeyl a ticar.i hesap
yazél émé ol an ANSYS Fluent ile analizleri i
tasareml g¢ i tekrar d¢gzenlenil mik ve BRT tas:

Anahtar Kelimeler: Buzlanma Ruzgar Tuneli, Deneysel Aerodinamik, Buzlanma

Birikimi, Buzl anma BenzeW-iuvk ,BBalzd mmasaé ¥1 - el
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CHAPTER 1

INTRODUCTION

Physical and climatic research onflight icing should be recognized asaicial
operational condition in many of the relevant engineering disciplines, particularly
aviation. The consequences of the effects of thedkght icing conditions on
aerodynamic components candatastrophicln particular, thisonditioncan occur

on wings @ading edges, control surfaces and engine inlets, resulting in performance
degradation or even failure of these components. In order to avoid silightincing
conditions, or at least to be aware of thieatwhenthe possibility of the condition
presencethe physics of these icing conditions must be thoroughly understood and
accouned It is of great importance that the aircraft is designed and operated taking
into account the limits and behavior of the airciaficing conditions. During the
design and certification phases of the aircraft, the assessment of performance
degradation due to icing and operational limits in icing conditions has become a
necessary part of the process. Fmnceptualdesign phases, the results of
computational analysi$or in-flight icing are acceptable, however, for detailed
design and certification phases, tests simulating aatdfight icing conditions
should be conducted to validate the computational results and examine the actual
behavior of the aircraft.Civil Aviation Authorities, such as thEederal Aviation
Administration FAA) andEuropean Union Aviation Safety Agen@ASA), play

a crucial role in addressing the challenges posed by aircraft icing. These
organizations are responsible for ensuring that bethmercial and general aviation
operations are conducted with the highest level of safety. In light of the potential
risks associated with icing, authorities have developed guidelines, protocols, and

regulations that govern the design, maintenance, andtapeof aircraft under icing



conditions. These regulations have been shaped through exteesesrch and
experimental studge The international aviation authorities FAA and EASA require
atmospheric icing certification conditions 14 CFR Appendix C to Part 25 and EASA
CS-25 to certify an aircraft to fly safeft], [2].

For the aforementioned reasons, experimental studies need to be carried out to
thoroughly understand the icing conditions and to ensure that the certification
conditions can be met. Testing of aerodynamic components exposdtightiiting

can be perfaned by flight tests, icing tanks or ground tests. Flight tests are the most
realistic of these methods, Hiights in hazardous conditiorarerisky, expensive,

and it is not always possible to establish the conditions required for certification.
Anothermethod is testing with #flight icing tankers. In this test, an icing condition

is created for a flight creatdxy a tanker spraying watand icing parametersan be
controlled but this method isffectivefor local parts of the exposed componand

other atmospheric conditions amet completely controlled. At the same time, the

issue of flight safety also applies to this test method.

However,amongall these methods, the icing wind tunnel is the naggilicable
method The icing wind tunnel can create the necessary environmental conditions for
icing in a closed and controlled environment. In this way, tests can be carried out at
reasonable costs, taking into account flight safety and physiogconditions, with
limitations onliquid water contentl(WWC), median volumetric diametekM{/D) and

the size of the test object. It is often not feasible to perform actual size tests in an
icing wind tunnel. For this reasoscaled models can bestedby matching the
similitude parameters of icingn addition, the implementation of the scaling method

is performed in the wind tunnel. However, it is necessary to verify the outputs of the

scaling calculations beforehand to verify the reliability and validity of the tests.

This thesis conducts the conceptual design of an icing wind tunnel through icing
simulation and scaling studies, and the identification of constraints and parameters
of the physical environmeaitconditions derived from their outputs. In addition, a

comprehensive overview of the simulatioinreferenceand scaling case study with



experimental data ipresented Subsequently, the technical requirements and
conceptual design of the icing wind tunnel with the resulting limitatemesbe

determined. The stelpy-step process of this study is shown below.

Defining icing similitude parameters

Conducting icing scalingalculations

Determining limitations for the icing wind tunnel design
Defining requirements facing wind tunnels

Icing wind tunnel design and calculations

Icing wind tunnelconceptuatiesign in computer aidetesign.

Icing wind tunnel @mputational Fluid Dynamics D) analysis

O O O 0o o o o o

Validation ofthe icing wind tunnel

In summaryconceptual design ain icing wind tunnel with all componensarried
out. In addition, a model test casedetermined and scaled to provide suitable

conditions for the wind tunnel thedesigned as part of this thesis.

1.1  Scope

The research commeredy conducting a comprehensive review of existing
academic literature and technical reports that pertain to the design and operational
parameters of icing wind tunnels. Additionally, the research preaideverview of

the current understanding of icing scaling limitations and their implications on wind
tunnel testing applications. The study then proceed to the methodology and design
phase, where a detailed discusswinthe design of an icing wind tunnen
component bases presentd. This discussion specifically foeson the selection

and determinatiorf design parametersf icing wind tunnel and the theoretical
justifications for thes&lesign decisionsThe primary objective of this focus is to
address the challenge posed by icing scaling limitatiortermsof testand icing
similitude conditions andmprove the validity and reliability of scaling techniques
using availableexperimentaldata and to provide a better understanding of the

physical and thermal phenomena related to atmospheric icing.



1.2 Literature Survey

Previous studies on-flight icing have used different methods to obtain a scaled ice
shape that matches the reference ice shape. The analogies mentioned in the literature
for ice scaling analysis are geometry similarity, flow field similarity, droplet
trajectory similarity, water catchsimilarity, energy balance and surface water
dynamicssimilarity. Thesimilitudesof the these is achieved by deriving the scaling
parameters for eachariableand matching them for the scaled and reference cases.
However the correct definition of scaling terms and the decision on their importance
has been developed over many yeanmsl is still in progress However, various
similitude parameter®r icing physicsand scalings suggeste@énd employedor
prediction of icing shapes througicalingmethods The parameters introduced as
follows, 0 ; modified inertia paramete, ; accumulation parameted ; freezing
fraction, @ 'Q; weber number based on lenfphsurface water dynamic%; droplet
energy transfer parameter air energy transfer parametelrelative heafactor.
Through the yearslifferent and various combinations of scaling parameters for icing
have been proposed depending on the simulation requirements to laadtet
enhance the accuracy of icing scaling.

According to the authors affiliated with Lockheed Aircraft Corporation, a novel
scaling approach has been introduced. This approach involves a series of parameters
that need to be aligned in order to achieve similarities in droplet trajectory, water
catch,and energy balanceepresented using notation related to icing physics, such
asL ho , & , Q[3].

Dodson et al. from Boeing Airplane company conducted a y4drkvhich involved

the scaling method with droplet trajectory and water catch similarity that leads to the

scaling parameters sufficient for icing scaling.

Another scaling approackasintroducedanddeveloped by Dr. Earl Olsen in the
1950s and is based on the temperature and humidity conditions atntbephere
which require the kowledge onthe ambient temperature, relative humidity, and
wind speed at the altitude where the airciaftying [5]. Also, Olsen and Newton



enhanced this method bgfining thed ®6 t @£ & i 6mithanl.This method
suggesting thahe product oexposure timeand LWC should be the same for both
casesand this method can be utilized fze scaling and test condition scal[by

[6].

The IngelmanSundberg method, as described by the SweBishet Working
Group on Aircraft Safety, is a sigealing approach that primarily focuses on
matching the similarity parametews ando , as well as the test conditiorisand

LWC. This method allows the user to specify the size and velocity of the scale model.
With model size and velocity given, the drop size can be determined by matching
scale and reference , and, with LWG andw known, icing time can be found by

matchingo [7].

The other scaling method known as RERA techniqud8], [9] was developed

by Charpin et affor wind tunnels where temperature and pressure are not controlled.
This methodrequires the terms of0 , & , ¢ and ® from the energy balance
equationsThe droplet size is calculated by matching and the LWC is calculated

by matchinga This method is conducted in Modane wind tunfasiilities with
different scalingratios,and it is reported that this method is us¢8}] [9]. In this
technique, the scaling speed is generally lower than the speed before scaling, and
improvement by matching the Weber numgl] which is named adviethod | of

Ruff (AEDC) [11]. Parameters that need to be matched tareand o , for the

Method Il isb ,0 and € .

Similar to prior methods, everal scaling methods have been propdsedRuff,

which are combinations of similitudes of droplet trajectory, water catch and energy
balance. Different combinations of energy balance parameters provide similarity of
the energy balance. Some other scaling methods are suggested, where different
number ofsimilarity parameters are involved suchiasandd constantp ,0 and

¢ constant) ,0 ,&¢ andwconstantand , 0 , ¢ , %and—constan{11].

A novel scaling method by Ruff et al. was investigated at the Arnold Engineering

Development Centre engine test facilifyl]. This work includes scaled and full



scale versions of cylinder and airfoil sections. As a result of this work, ice
accumulation on the specimen was compared tecass conditions to prove the
accuracy of the scaling methdche scalingnethodinclude size scaling and scaling
of icing conditions, and the similitude is examined by providing similitude of droplet
trajectory, flow field and impact attribute to the amount of impinging water, and

thermodynamics of the ice accretion process.

A study proposed by Anders¢hO] suggests that is the most precise to obtain the
proper outer geometry of scaled ice shapes. The limitation of the scaling method is
the airflow velocity since the velocities leading to a Reynolds number of less than
¢ z p mand beyond the critical Mach number have unique characteristics that only
allow scaling with further work. A scaling method is developed by identifying the
scaling parameters lanalyzingcing and similitude physics in airflow and gathering

the knowledge from previous studies on icing scaling methods.

Numerous empirical studies conducted in the NASA Glenn Icing Resé&aructel

have demonstrated compelling outcomes. The similitude is provided by the
similarity of geometry, energy balance, droplet trajectory, flow field, water catch,
and surface water dynamifk2]. These similitude parameters are used for scaling
test conditions in this intensive work, and the effects of the scaling parameters on the
final geometry of the ice shape and the physical phenomena containing the icing

parameters were deduced during tinest

The Modified Ruff Method was proposed with a constai® G QO Q16 & O Qi
approactwhich isanimportant parametes to determine the characteristics of water
flowontomodel 6 s sur f acieuseditvoinprte veloaityrabdeobtain
reference ice shape with a scaled size model, which is also employed in the current
study. This method requires tuning of energy balance, water catch, surface water
dynamics, the droplet trajectory, as well as scaling ofggmmetry and angle of
attack [11]. This research was further developed by Wang et al. who used the
modified Ruff method tooptimize the speed of the simulation to obtain more

accurateesults in the icing wind tunngl3].



In the present work, the primary intention of the scaling method is to extend the
effect of surface water dynamics, which is contained in the scaling method by
modifying the conditions of ‘Q. The scaling parameters to be matched are chosen
asv ,0 ,¢& , % —wandw 'Q for tunnels with altitude adjustment capabilityor,

0 ,& ,®w'Q and one of théeand—parameters for atmospheric tunnels. The
parameter drives the selection of scaled velocity. In this work, the practical
limitations of size scaling due to physical and spatial constraints are as follows; a
scale ratio smaller than ¥ is not feasible for effective scaling, and there are other

limitations for test condition scaling.

1.2.1 Icing Wind Tunnels in The World

Icing wind tunnels are specialized testing facilities used to evaluate the impact of ice
on aircraft performance. These tunnels are designed to replicate the conditions of
flight through icing clouds, allowing engineers to assess how ice accumulates on an
exposed surfacand how it affects the aircraft's aerodynamics. Icing wind tunnels

are used by aircraft manufacturers, airlines, and research institutions around the

world to ensure the safety and performance of aircraft in icing conditions.

In the field of aerospace research, the icing wind tunnel is emerging as a crucial tool
designed to rigorously simulate the conditions under which aircraft components
struggle with the phenomenon of atmospheric ice accumulation. The essence of these
tunnek is to understand the methods of ice formation on aircraft under various
conditions, to facilitate subsequent evaluations ofiaiftg and decing systems,

and to investigate the aerodynamic consequences of these ice formations.

The key principle in the design of an icing wind tunnel is, firstly, to organize a
controlled airflow over the test object, similar to conventional wind tunnels.
Secondly, by conditioning the air inside the icing wind tunnel, piogidhe
atmospheric conditionsy which icing occurs, anthavingthe ability to maintain
temperatures below the freezing threshold. Finally, by spraying water into the



airflow through a calibrated spray bar, it simulates the accuracy of flight in cloud or

high humidity environments.

From a design perspective, there is a multivariable design problem to consider. The
uniformity and velocity of the airflow stand out as they critically affect the way ice
forms. Given that the transformation of water into various forms of ice (rime or
glaze) is closely linked to these temperatures, ensuring precision in the control of
both air and water temperatures is anothatlenge Furthermore, the spray bar must
offer flexibility in terms of droplet size and distribution, mimicking the variations
observed in reaworld conditions. The spatial dimensions of the test section need to
be calibrated to the object under investigation, such as a large wing section or a small
probe. Furthermore, the instrumentation requires sophisticated instrumentation,
including cameras, to meticulously observe and measure ice formations and the

resulting aerodynamic nuances.

However, theprocedurdrom designing to realizing an icing wind tunnel is full of
challenges. Achieving a consistent and repeatable set of conditiorsdsodre a
challenging endeavor. While the size of larger aircraft components requires scaling
down for testing, this action introduces semlduced deviations not present in the
original component. Maintenance also emerges as a conceani@ssareas of the
tunnel become vulnerable to ice accumulation. Furthermore, the presence of support
structures fothe model, such as studs or ties, increases turbulence by disrupting
airflow and careffectice accumulationwith all these concerns and design needs in
mind, several icing wind tunnels are in operation around the world, some examples

of which are detailed below.

A The National Research Council of Canada's Icing Research Tunnel in Ottawa,
Canada: This tunnel is one of the largest and most advanced icing wind tunnels in
the world and is used to test aircraft of all sizes and types. The tunnel is equipped
with A/C (air conditioning)system andophisticatedgpray barsystem to replicate

the conditions of an icing cloud and has a variety of measurement instruments to

assess the performance of the aircraft being t¢stdd



A The Icing Research Tunnel, formerly known as the Lewis Research Center,
is a facility located in Cleveland, Ohio, USA, operated by the National Aeronautics
and Space Administration (NASA). Its primary purpose is to investigate the effects
of ice on aircraf performance, as well as various aspects of aircraft design and
performance. The tunnel is equipped watklimaticconditioningsystem angpray
barsystem, which allow for the replication of icing cloud conditions. Additionally,
the facility is equippd with a range of measurement instruments that are used to
evaluate the performance of the aircraft being tefdt2fd It is worth noting that the
renowned ice prediction code LEWICE has been developed as a result of the

extensive research conducted in this wind tunnel.

A The DLR Institute of Aerodynamics and Flow Technology's Icing Wind
Tunnel in Braunschweig, Germany: This tunnel is operated by the German
Aerospace Center (DLR) and is used to study the impact of ice on aircraft
performance, as well as other aspectdrofat design and performance. The tunnel

is equipped withA/C system and apray basystem to replicate the conditions of an

icing cloud and has a variety of measurement instruments to assess the performance
of the aircraft being testdd5].

These are just a few examples of the many icing wind tunnels located around the
world. These facilities play a vital role in the design and safety of aircraft, helping to

ensure that aircraft are capable of performing safely and reliably in icing cosdition

Table 1 below lists theexistingicing wind tunnels with their specifications. It is
obvious that they are insufficient for the aerospace industry. Moreover, it should be
noted that there are no icing wind tunnels in Turkey, although the Tukkisispace

Industry hagonsiderablyn the lastenyears.



Tablel: Icing Wind Tunnels Around the World

Company, Name Test Velocity MVD LWC Min .
Location Section at test temp
section
(m) (m/s) enm __ (@m) (0

Regional
Ecological T-4  2x15 70 8i35  0.25i 3
Center,
Latvig[16][17]
Regional
Ecological T-5  34x26 100 10-40 03i2 -12
Center,
Latvia[16][17]
CIAM, . 0.5
Turaevil7] S1A 1.5 (Dia) Mach 30 2.5 -30
NASA, . .
USA[18] IRT 2.74 x1.83 175 15150 0.21 25 -32
NRC, ) ‘oL
Canadéld] PIWT 3.1x6.1 54 151 50 0.151 2.5 -30
CIRA, IWT  2.35x1.15 150 15250 0.151 2 -40
ltaly[19]
Boeing, . .
USA[20] BRAIT 1.22x1.83 1286 15140 02i3 -32
NASA, . .
USA[12] Glenn 1.8x2.7 168 151275 0.1514 -30
RTO, . -
Viennd21] IWT  3.5x4.6 80 151 40 0.9i5 -30
BF Goodrich, y .
USA[22] IWT 0.56x1.12 268 107 50 0.471 3 -32
Collins
Aerospace, IWT  0.56x 1.52 102 57 50 0.17 3 -43
USA
o> ™ RID 0914(Dia) 268 15-40 0.2-39 -2
Le Clerc Icing
Laboratory LIRL 0.71 x1.17 98,5 15-50 0.25-3 -30
NY USA[23]
Le Clerc Icing
Laboratory 1.22 x1.22 54 15-50 0.25-3 -30
NY USA[23]
E'g'fy”e’ MN|RT  055x055 273 10-35 0.1-5 Amb.
Rosemount, .
MN USA [15] IWT  0.254 (Dia) 94 15- 40 0.1-3 -30
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Figurel: NASA Icing Wind Tunnel IAflight Icing Test[24]

In the initial phase of this thesis, a comprehensive review of existing literature on
icing wind tunnels, wind tunnels, and icing studies worldw&leonducted. The
subsequent chapteraimed to establish an understanding of the physics of icing and
the formation of ice on aerodynamic structures. This imaxdwploration of cloud
types, microphysics of icing, icing envelope, and various physical factors that
influence icing. Additionally, general parameters and information pertaining to icing

were preseied

Chapter3 focuses on modeling and scaling studies relatedciog accumulation
Initially, the similitude approach foicing is discussed, followed by an examination

of scaling methods and types. Subsequently, the most suitable scaling method for
this studyis selected, and calculatioaseperformed accordingly. The solutioase

then compared based on their physical properties, and limitai@igentified.

These limitationsare subsequently incorporated as design inputs for the planned

wind tunnel.

In Chapter 4 the conceptualdesign of the icing wind tunnas developed for
componentwise and a collective analysis of all componeisteonducted. These
analyses are compared, and the accuracy of the procedures emplaoyed

demonstrated
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CHAPTER 2

ICING PHYSICS

It is important to understand the physicsctdudsand the atmosphere in order to
fully comprehend thdéehaviorof ice formation on air vehiclesTherefore, in this
chaptey icing physics coupled with atmospheconstituentswill be explained in

detail.

The atmosphereomprises @aombination of many gases which are nitrogeygen,

and carbon dioxide, mainly. However, beyond this gaseous mixture, air contains,
vastnumberof particles of liquid or solid massealso, air mixturecontains water
vaporin three phasesdepending on the psychometric conditions of atmosphere apart
from the most abundant gagé$ [25].

The upperatmosphere has ions and electronically excited particles. Composition of
the airis approximately, 78% nitrogen, 21% oxygetl% argon and 0.03% of
carbon dioxid¢1], [25]. Thesecombination®f air candiffer with location and time.

So thatmoisturein the air can balteredup to 4% of air volume and it can be easily
said that water vapor @arried by cloudin the lowestatmosphereThe atmosphere

also comprisesdifferent types ofparticlessuch as salt crys&ldust, and smoke
particlescarried with wind Most of these smaltonstituentsn theair work as nuclei
around which water droplet or ice crystals form. These microscepidualsare
crucial for aerospacebecause they plagn important rolein the condensation
process. The water vapor in thiecondenses on particles present in the atmosphere,
which are called condensation nucl¢26]. Table 2 provides a comprehensive
breakdown of the composition of atmospheric air, including the range of diameters
and concentrations of its constituents. Furthermore, the table also presents the

terminal velocities of these components, as they have the potergracipitate.
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Table2: Constituents ofir [26]

Type Diameter Concentration  Approx. terminal
range (mm) range (no./cm®)  velocity (cm/sec)
Small ions (0.15-1)x10~° (1-7)x 107
Large ions (1-20)x107° (2-20)x 10*
Small Aitken (0.1-4)x 1074 10-10° 10—2-10—3
Large nuclei (420)x10~* 1-10° 10—3-0.07
Giant nuclei (20-1000)x 10—* 10~%-10 0.07-0.7
Fog & cloud droplets (1-200)x 103 25-600 0.01-70
Drizzle (2—40)x 1072 1-10 1-170
Raindrops 044 10—3-1 170-900
Snow crystals 0.5-5 <10 30-100
Snow flakes 4-20 10731 80-200
Hail 5-75+ (largest: 140) 10~°-107! 800-3500+

2.1 Cloud Formation And Classification

211 Cloud Formation

Clouds come into existenceby condensation of water vapoesulting in the
formation of visible water droplets, snow, or ice crystdath combination of various
particlesas it can also be seen Table 2. This condensatiorprocessrequiresa
sufficient adequate amouwff vapor, coolingand theexistenceof nuclei in theair.

The cooling of the atmosphere can be initiated through various processes, including
convection, orographic lifting caused by geographical features like mountains,
frontal lifting where warm air displaces cold air, and turbulendeced lifting due

to friction between the air and the Earth's surf@&, [27]. Thesemeteorological
phenomeacome into existence mostly in troposphleseerof the whole atmosphere

which can be seen FFigure?2.
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Figure2: Vertical Atmospheric Properti¢26].

2.1.2 Cloud Classification

Cloudsconsistof liquid water droplets, supercooled droplets, and solid particles (ice
crystals).Studying these clouds is crucial for understanding atmospheric conditions
andpredicting weather patterns in the troposph&hee cloudsan be classifiethto

three segments &sgh (above 6 km), middle (2 km to 6 km), low (below 2 km) and
verticaly developing cloudsFigure 3 provides a visual representation of the most
frequently observed cloud typesth respect to altitudgl], [25], [26]. Clouds are
identified according to their form and average height atgpeendlevel (AGL).

Cloud names are categorized based on specific roots. Cirrus refers to clouds that have

a feathery or fibrous appearance. Stratus denotes clouds that are stratified or arranged
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in layers. Cumulus describes clouds that are heaped up or have a puffy shape. Lastly,
Nimbus refers to clouds that are associated with rain.

Tempature of the standard atmosphere (°C)
(W) LHDI13H

Figure3: Cloud Classification witifferent Altitude[25].

2.1.2.1 Icing Clouds

Two different cloudypes areesponsible for icingccurrencestratiform clouds and
cumuliform cloudsBeyond these two cloud types, there is another meteorological
phenomenon that causes aerodynamic icing, although it is not a cloud. This
phenomenon, called icing precipitation or drizzle, also causes severe icing. This
phenomenon occurs when rain or drizehcounters a layer of very cold air as it falls
towards the ground and the precipitation droplets turn into large, supercooled
droplets. Thesdroplets are then called supercooled large drop&it®) and can
cawse a very rapid accumulation of ice. This type of icingutsidel4 CFR Parts

25, Appendix Gange of conditionsThe existence of this deficiency was recognized
after the ATR72 accident at Roselawn in 1994. Subsequently, in 2015, the FAA and
EASA published new rules, Appendix O, required for certificatiamtuding SLD
conditions[28], [29].
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Table3: Continuous and Intermittent Maximum Icing Conditighk

Condition Stratiform Clouds Cumuliform Clouds

(Continuous (Intermittent Maximum)
Maximum)

Temperature Range 0to-303 0 to-303 (possibly to-40

3)

Droplet Range 15to 40" a 15to 50 a

LWC Range 0.04 to 0.8C¥a 0.1to 2.9Qa

Pressure Altitude Range 0 to 22,000 feet 4,000 to22,000 feet

Reference  Horizontal 17.4¢ a 2.6¢ &

Extent

Horizontal Extent Range 5to 300¢ & 0.26t0 5.2k a

2.1.2.1.1 Stratiform Clouds

As it can be deducted from the name of the cloud, this typewdhas the shape of
horizontal layersFor this cloud type, icing conditions agenerally less sevethan
cumuliform clouds. Howevethis cloudhas thdargestof horizontal extent in the
air. This type of cloud$iasLWC ranging from 0.1 to 8. g/nt and MVD from 5 to
50em [30], [31]. Stratiform cloudsareresponsiblenostly forformation of rime ice
due torelativelylow temperatur@ndlow LWC.

The stratiform cloudsan be high, middle,andlow-level clouds In the high-level
occurrence of SCabove 6 km (20,000 ftthis cloud contains owlice crystals

therefore, there would be no icing problem.

Middle level and low levelSCsare important for icing since both ice crystals and
liquid water dropletare presenfis it is stated in thbeginning of this chapteunder

2 kmaltitude (6,500 ft) icing is verrucialdue tothe presence of highquid water
content.Apart from the LWC issudurbulencealso increases the severity of icing,

especiallywhen the cumuliform andtratiform clouds overlapStratiform clouds
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form continuouscing conditions as designated in the FAA envelop®4o€FR Part
25, AppendixC.

CONTINUOUS MAXIMUM (STARTIFORM CLOUDS)
ATMOSPHERIC ICING CONDITIONS
LIQUID WATER CONTENT VSMEAN EFFECTIVE DROP DIAMETER

1. Pressure altitude range, S. L.=22,000 ft.
2. Maximum vertical extent, 6,500 ft.
3. Horizontalextent,standard distance of 17.4 Nautical Miles

SOURCE OF DATA

NACA TN NO. 1855
CLASS III-M CONTINUOUS MAXIMUM
<22 °F

Figure4: ContinuousMaximum Atmospheric Icing Conditiorjg]
2.1.2.1.2 Cumuliform Clouds

Cumuliform types of clouds contaitggherquantities of water. In this cloud type,
LWC rangesrom 0.1 to 3.0 g/ and somelouds can have 3.9 gfnof LWC for a
short extent[30], [31]. In cumuliform clouds, vertical air movememuses
turbulence which mayenhancehe fomationof SLD. Thesedropletsform glaze
ice on exposed surfageThis causes serious icing formation in a shtne.
Cumuliform cloudsconsistsof cumulus (CU) and cumulonimbus (C&ymation
These cloudbave a relative smallérorizontalcoverageaanging from3.7 to 11 km
[31] butexhibit significantverticalgrowth, which can result in intermittent icing.
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INTERMITTENT MAXIMUM (CUMULIFORM CLOUDS)
ATMOSPHERIC ICING CONDITIONS
LIQUID WATER CONTENT VSMEAN EFFECTIVE DROP DIAMETER

1. Pressure altitude range, 4, 000-22, 000 ft.
2. Horizontalextent,standard distance
0f 2.6 Nautical Miles

SOURCE OF DATA
NACA TN NO.1855
CLASS III-M CONTINUOUS MAXIMUM

NOTE: DASHED L INESINDICATE POSSIBL
EXTENT OF LIMITS

Figure5: Intermittent Maximum Atmospheric Icing Conditiofy

2.2 Icing Envelopes

National Advisory Committee for Aeronautiésrmerly known asNACA, placed

extensive work on icing investigationsn understanding icingbehavior in

atmospheric conditionsoth experiment&f and theoretich) i n 406 s[254 nd 50 06
[32]. These work$iave been useshd led tahe FAA tocreate new regulations for

operating aircraft in atmospheric icing conditi¢ghk

FAA accepted two standard envelopes for the certificatiaranéport andategory
aircraft which arethe continuous and intermittent icirenvelopes The design
criteria for icing protection systems are based onptrameters which aleWcC,
droplet diameter, temperature, altitude, horizoexaén, and the type of cloud.

In Figure4 andFigure5, distribution of LWC versus droplet diametéor different

ambient air temperatures can be se@amuliform clouds representstermittent
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maximum icing and stratiform clouds represents continuous maximum icing

conditions

2.3 Ice Accumulation Mechanism

Icing poses a significant hazard during flight and can have detrimental effect
aircraft. The formation of ice in the atmosphere requires two conditions to be met:
the ambient temperature must be below 0°C and there must be supercooled water
droplets present. When an aircraft flies through clouds containing supercooled
droplets, with have a temperature slightly below freezing point, iceacaomulate

on the outer surface of the aircraft. This occurs when the supercooled droplets freeze
upon contact witlihe aircraft's surface, resulting in the accumulation of ice on the

exposed frontal areas of the aircratft.

Rime icerepresenteth Figure6, typically occurs at low temperatures and libguid
water contentCloud droplets freezenmediatelyuponimpingement Rime iceis

opague and usualfpllows the surface contour. It is easier to detect@miove

Rime Icing

Figure6: Rimelce on airfoil sectior[33]

Glaze ice representediigure? is transparentT his type of icing formsypically at
temperaturearound freezing point with high LW@Glaze ice forms wheronly a
part of the water droplets freeze with impact #redresof the droplets run bacnd
flow along the surfaces or freedewnstream. Glaze ice forms imegularshapes

andfor this reason it distorts the aerodynamic shape ditbeaft ancdcauses intense
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performance degradatiolaze ice is more dangerous thame ice. Also, it is

harder to detect and remove.

Glaze icing

Figure7: Glazelce on airfoil sectior[33]

Table4: Rime and Glazé&ce Formation Comparisda6]

Icing Types Rime Ice Glaze Ice

Air Temperature Low High

Airspeed Low High

LWC Low High

Water Droplets  Freeze on impact Only a fraction freezes on impac

restflow on the surface

Color Milky/opaque Glossy / Clear
Texture Rough Smooth

MVD Small Large

Airfoil ice shape Streamlined Single or Double Horn

2.4  Physical Factors Affectinglce Accumulation

The ice accumulation risk on the aircraft depends on several factors that can be
named as icing tensity. Theseaerodynamics and meteorological factoosisists
LWC, MVD, ambient temperature, velocity, sigeometry of theexposedsurface
exposure timgpressure altitudehorizontal extent of a cloud, terrain factors and
seasonal climatéBeyond these factorsyater catch,and collection efficiency are

21



derivedparameterghat determining ice accumulatioVater catch ishequantity of
water thatimpingesthe surfaceof aircraft and is the combination of LWC,
freestream velocitynd exposure timd.otal collection efficiencycan bestatedas
the ratio of the dropleisnassimpinges on a body in unit timeverdroplet® ma s s
thatimpingesthesurface ofircraftcomponentVisual representation of trajecies

of the impinging dropletisshownin Figure8.

,_E_____
ay, M

A

&
A

£

l
I

T A marks the limit trajectories

H: frontal surface of the wing
Ay : surfaca determined by the limit trajectories

Figure8: Total CollectionEfficiency
2.4.1 Icing Intensity

Icing can beclassifiedastracelight, moderateandintense This classificatiorhave
been defined in 1964 according tweteorologicaland operation condition34].
Table5 summarize icing intensitiesaccording to ice accumulation redtso same

definitions in other way representedTiable6.

Table5: Icing Intensityand Time [34]

Icing Intensity Time to Accumulate ¥4 inch of Ice
Trace Over 1 hour

Light 15 to 60 minutes

Moderate 5 to 15 minutes

Intense 5 minutes or less

In Figure9, classification of the icing types introduced by Makkonerl B9. The
term"Critical Liquid Water Content" is not commonly recognized within standard

terminology, but it could denote a specific value lOVC where a transition from
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liquid form to ice form basean a criticalLWC denotes a&) while other physical

parameters are fixedkigure9 is also,confirmsthe Table4 with addition of icing

intensity characteristics.

1.2 i . ISevere
1.0 »
Moderate %
T% 0.8 E
2 06 £
g o
Mixed 2
o 04 Light E}

02 Rime
0 . A . o , ----- TTrace
0 -5 -10 -15 -20 -25 -30

T(°C)

Figure9: Ice Classificatiorw.r.t. Critical LWC vs. Temperaturf36].

The psychrometric diagrams depicted irFigure 10 and Figure 11 provide
information on atmospheric conditions associated with cumuliform and stratiform
clouds that are susceptible to icing. Upon careful examination of both figures,
particularly within the highrisk region, it becomes evident that the temperature
rangeconducive to icing formation lies between 0 abfl . This phenomenon can

be attributed to the presence of a cold air mass, which fosters a more stable-and low
energy environment. Additionally, during the impingemantower temperatures
than-30 , theSLD exhibit a tendency to rebound rather than adhere to the model's

surface. Consequently, tpeobabilityof ice formation on the surface is diminished.

In order to gain a deeper comprehension of the FAA icing envetaogare 10 and
Figure 1l incorporate International Standard Atmosphere (ISA) temperature lines.
The ISA model represents air that adheres to the principles of the ideal gas law and

is considered a benchmark for atmospheric conditions. The temperature lines
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depicted inFigure 10 and Figure 11 demonstrate the deviation from standard day
conditions, indicating the altitude range within which icing conditions occur. For
stratiform clouds, icing conditions are typically observed betweenH&B°C and

ISA 140°C as represented with black dash and red linE€igure 10. On the other
hand, the range for cumuliform clouds spans from KBSRC to ISAT120°C as
represented with black dash and red linEigurel11[37].

If we examineeach figure in more detail, the envelope of cumuliform clouds for
FigurelOis limited to the right side by the ISA values of 8.5The highrisk region
scans temperatures-df5 and higher, while the mediunsk region encompasses
atmospheric conditions ofl5 and colder. In summary, when the graph is
examined, th region marked by the red line is seen as the continuous maximum

icing envelope.

~ 115
~ AVERAGE ICING
TEMPERATURE

10

ISA+8.5deg C
~

Y

CONTINUOUS MAXIMUM
ICING ENVELOPE

184 °

HIGH RISK
REGION

TEMPERATURE ~ (DEGREES FAHRENHEIT)
TEMPERATURE ~ (DEGREES CELSIUS)

-12

-25

0 2 4 6 8 10 12 14 16 18 20 22
PRESSURE ALTITUDE ~ (1000-FEET)

Figurel0: Stratiform Clouds Atmospheric Icing Conditioj3¥]
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When examining the intermittent maximum atmospheric icing conditions shown in
Figurell, it can be observed that the ISA values limit the right side of the graph to
+5 . For the higkrisk region, an upper limit of approximately is established.
The left side of the graph is limited to an ISA valuel& for all risk regions. The
icing risk regions for cumuliform clouds have lower limits-80 for high risk,

-30 for moderate risk, angtO for low risk.

ISA+5deg C

110

AVERAGE ICING
TEMPERATURE

N
HIGH
RISK

REGION

10

ISA -20 INTERMITTENT MAXIMUM
ICING ENVELOPE

0 1 deg C

0 L

TEMPERATURE ~ (DEGREES FAHRENHEIT)
TEMPERATURE ~ (DEGREES CELSIUS)

Low
RISK
REGION

0 2 4 6 8 10 12 14 16 18 20 2 24 26 28 30 k74
PRESSURE ALTITUDE ~ (1000-FEET)

Figurell: Cumuliform Clouds Atmospheric Icing Conditiof8¥]

Table 6 provides a detailed description of the physical characteristicviandl

appearance associated with this level of icing intensity.
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Table6: Classification ofcing [33]

Ice Intensity  Description

Trace Ice becomes perceptible. Rate of accumulation slightly gre
than rate of sublimation. It is not a hazard even though e
when deicing/anticing equipment is not utilized, unle:
encounteredor anextended period of time (over one hour).

Light The rate of accumulation may create a problem if fligh
prolonged in this environment (over one hour). Occasional u
deicing/anti icing equipment removes/prevents accumulatiol
does not present a problem if deicing/acitng equipment is
used.

Moderate The rate of accumulation is such that even short encou
become potentiallyhazardous,and use of deicing/aniting
equipment or diversion is necessary.

Severe The rate of accumulation is such that deicingfantig
equipment fails to reduce or control the hazard. Immec

diversion is necessary.

2.4.2 Liquid Water Content (LWC)

The liquid water content (LWC) refers to the mass of water present in one cubic
meter of dry air. Extensive research, as outlined in 14 CFR Parts 25, Appendix C,
provides flight test data on LWC values for various cloud types and durations of
exposurd1l], [2]. The threat to aircraft increases as the LiN€&eases. The ability

of air to hold liquid is determineldy the available energy, and therefore the most
significant risk of icing occurs at temperatures abds8C for stratiform clouds and
above-20°C for cumuliform clouds. Cumuliform clouds exhibit more turbulence
compared to stratiform clouds, resultingarhigher level of energetic movement.
This increased energy allows cumuliform clouds to hold a greater amount of

supercooled liquidiroplet (SLD) compaed to stratiform cloudg-urthermore, the
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LWC value also indicates the severity of icing, as well as the types and shapes of
icing accumulationFigure12 provides a visual representation of the shape of icing

accumulation for different LWC values.
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Figurel2 LWC onAirfoil [33]

2.4.3 Droplet Diameter (MVD)

The MVD is a term used to describe the size of water droplets present in the
surrounding air. It is also a determining factor in the severity and type of icing, as it
affects the droplet collection efficiency. When the droplet size increases, the kinetic
energy of tle impacting droplets also increases, resulting in a higher collection

efficiency.

Droplet size is commonly measured in microns, with cloud droplets typically ranging
from 2 to 50 um in diameter. Droplets larger than approximately 100 um tend to fall
from the clouds as precipitation. In cloud formations, MVDs are generally less than
35 um. Droplets smaller than 15 pum are so tiny that they are carried around aircraft
surfaces by convection, and the minimal ice accretion that occurs does not
significantly contribute to overall buildup. Consequently, droplets smaller than 15

pm are not consdiered in the Federal Aviation Regulations (FARS).

Figurel3illustrates the shape of icing accumulation for various MVD sizes. As the

particle sizes increase, the likelihood of droplet impingement also increases.
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Figurel3: MVD Effect on Airfoil Icing[38]

244 Temperature

The ambient temperature plays a significant role in determining the type and severity
of ice formation. Temperature serves as a measure of the thermal condition of the
surrounding airHence Iigher temperatures correspond to greater thermal energy,
enabling the air to hold more water vapor. Conversely, as the temperature decreases,
water vapor condenses and precipitates out of the air. For SLD droplets, the outside
air temperature range for il@mation spans from freezing to a minimum49°C.

At -40°C, nearly all water is converted into ice crystals, resulting in a very low risk

of structural icing. It is worth noting that as the temperature approaches 0°C, the
phenomenon of runback, which refers to the movement of liquid water along the
aircraft surfacebecomes more pronounced. Consequently, the predictability of icing
events diminishes. This decrease in predictability arises from the fact that during
actual flight near freezing temperatures, minor local fluctuations can either increase
or decrease thiecal energy, thereby altering the likelihood of freezihgyure 14
provides a visual representation of #i@ape and characteristics of ice accumulation

under different ambient temperature conditions.
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O AIRSPEED 209 km/hr LWC 13 g/m®  TIME 8 min.
9

L R E

TEMPERATURE -26°C -20°C -16°C -15°C -12°C -8°C -5° -2°C -1°C 0°C

[0 AIRSPEED 338km/hr LWC 1.05g/m® TIME 6.2 min.
TOTAL
TEMPERATURE -26°C -17°C -12°C -8°C -2°C 0°C

Figurel4: Temperatur&ffects onAirfoil Icing[33].

2.4.5 Velocity of Air

As the velocity of the air increases, the kinetic energy of the droplets also increases,
resulting in a greater impingement. Consequently, as the speed of the air increases,
the droplet collectioefficiency level increase&igurel5illustrates the relationship
between the collection efficiency of icing accumulation and different airspeed
values. However, it should be noted that increasing the airspeed also leads to
aerodynamic heating, which in turn raises the surface temperaturanand

potentially reduce ice accretion.
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Figurel5: Velocity Effectson Airfoil Icing [38].
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2.4.6 Exposure Time

The accumulation ofce is observed to increase with longer exposure times,
specifically in relation to LWC. This is because the total amount of ice accretion is
influenced by the increasing number of droplets that come into contact with the
surface over time. The exposure tioa also be influenced by the horizontal extent
and airspeed of the aircraft. It is important to note that conditions with greater
horizontal extent of clouds can result in higher levels of ice accrétism.as shown

in theTable5 andFigure9, as the exposure time increases, the severity of the icing

iS increases.

2.4.7 Sizeof The Object

Larger aerodynamics componentseate moreaerodynamicsforces Therefore,
biggerdeviation for the incoming dropletecurs and thisaugsless impingement
that leads to a decrease in collection efficielesslsas it can be seen Figurel6.
Thereforeit can be said that biggeircraft ardess susceptible to icing occurrence.
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Figurel6: CollectionEfficiency Effecton Airfoil Icing [38].
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CHAPTER 3

MODELLING AND SCALING

The prediction of atmospheric ice formation, which is one of the critical issues in the
field of aviation and has a significant role in many accidents and incidents, can be
predicted by numerical methods. Although numerical methods give valuable
information about this issue, the accuracy of these methods should be proven by

experimental methods.

Icing experimental testinganbe done in two different methods,
1 Flight test
1 Wind tunnel test

The most accurate and reliable testing is the flight tstcever this testing method
is too expensive and risky to run, and besides, it is hard to replicate the exact natural

conditions where icing occurs.

When a reatase model is too large for an existing wind tunnel facility and required
test conditions exceed the operational limitations of the facility, a scaling method is
required to provide scaled ice accretions for the desired test conditions. Te ensu
test reliability, the scaling method must be corrected for icing conditions prior to

experimental wind tunnel testing.
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Figurel7: In-flight Icing Test[39]

3.1 Icing Similitude Analysis

3.1.1 Dimensionless Parameters For Similitude

In fluid mechanics, a dimensionless number Buanerical value that describes a
physical phenomenon or property of a fluid system in a way that is independent of
the size or scale of the system. These numbers are used to predict the behavior of
fluid systems under different conditions and to comphee results of different

experiments or simulations.

3.1.1.1  Weber Number

The Weber number (We) is a rdimensional parameter commonly employed in
the field of fluid dynamics to investigate fluid flows involving the interface between
two dissimilarfluids, particularly multiphase flows characterized by highly curved
surfaces. It is named after Moritz Weber (18Rb1). The Weber number serves as

an indicator of the relative significance of fluid inertia in relation to surface tension.
This parameteproves valuable in the examination of phenomena such as thin film
flow, as wellas the formation of droplet#t is used to predict the likelihood of
droplet formation and other phenomena in sprays and atomization. The Weber

number indicates whether the kinetic or the surface tension energy is dominant.
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Where,

! O isthe drag coefficient of the body cressction.

7 is the density of the fluid (kg/M

1 Uisits velocity (m/s).

1 dis its characteristic length, typically the droplet diameter (m).
1

. 1S the surface tension (N/m).

In the field of aircraft icing, the Weber number plays a significant role in
understanding the dynamics of interaction between supercooled water droplets and
the aircraft surface. The behavior of these droplets upon impingement on the aircraft
is greatly nfluenced by the Weber number. At higher values of the Weber number,
the inertial effects can cause larger droplets to break upon impact, resulting in a
different freezing pattern compared to single, unbroken droplets. This differential
behavior, governeldy the Weber number, also determines the type of ice formation.
When droplets freeze rapidly upompingement rime ice forms, which is
characterized by a rough and opaque structure. On the other hand, when droplets
spread out before freezing due to greater inertial forces, glaze ice forms, which is a
clear and glossy ice layer. The significance of the Weber aumahnnot be
overstated, particularly due to its direct implications for aircraft performance and
safety. Ice formations have the potential toratterodynamic properties, thereby
affecting lift, drag, and overall control. Furthermore, studies have shown that
maintaining the same Weber number in scaling analysis leads to successful
prediction of icing, further highlighting the importance of the Weatnember as a

crucial parameter in understanding the physics of iglog
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3.1.1.2 Nusselt Number

The Nusselt number is a dimensionless parameter that is used to predict the rate of
heat transfer in convective heat transfer systems. It is defined as the ratio of the
convective heat transfer coefficient to the conductive heat transfer coefficient and is

used to predict the efficiency of heat transfer in systems involving fluid flow.

The Nusselt number is defined as:
DO — 2
66 = 2

where:

1 0 ois the Nusselbhumber.

1 Qs the convective heat transfer coefficient

7 0is a characteristic length, such as the diameter of a pipe or the height of a
wall.

f Qs the thermal conductivity of the fluid or salid

The Nusselt number is used to predict the heat transfer rate in a wide range of
applications, including the design of heat exchangers, boilers, and other heat transfer
systems, the prediction of heat transfer in internal and external flows, and thesanalysi

of heat transfer in porous media. It is an important parameter in the analysis and
design of heat transfer systems and is widely used in engineering and scientific

research.

The value of the Nusselt number depends on the specific conditions and geometry of
the system and can be calculated using analytical or numerical methods. It is often
used in conjunction with other dimensionless parameters, such as the Prandtl number

and he Reynolds number, to predict the heat transfer rate in complex systems.
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3.1.1.3 Prandtl Number

The Prandtl number is a dimensionless quantity that is used to describe the ratio of
momentum diffusivity to thermal diffusivity in a fluid. It is often denoted by the

symbol "Pr" and is defined as:

.  UQi ©&ii QoW WHB 1) O O QO ©

JNI dMaE Qo ®O QL QO ® 3)
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Where:

T 0 iis the Prandthumber.
f * is thedynamic viscosity of the fluidd i 0 (i7&
T o is the specific heat capacity of the fluid at constant pres(t Qo

f "Qis the thermal conductivity of the fluido ¥ & 0

The Prandtl number is used to predict the behavior of fluids in various applications,
such as heat transfer, fluid flow, and convection. It is particularly useful in the study
of fluid dynamics, as it allows engineers and scientistgréalict the behavior of

fluids under different conditions.

For example, a high Prandtl number indicates that the momentum diffusivity is
dominant, while a low Prandtl number indicates that the thermal diffusivity is
dominant. The Prandtl number is also used to predict the behavior of turbulent flow,

as it can affet the rate at which momentum and heat are transported in the fluid.

In general, the Prandtl number is an important parameter in fluid dynamics and is

used to predict the behavior of fluids in a variety of applications.
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3.1.2 Similitude Analysis Parameters

In order to simulate the model geometry in icing tests and achieve similarity in ice
accretion conditions, it is imperative to scale the test geometry, flow field, droplet
trajectory, total water capture, and heat transfer to simulate the desired icing
en®unter.Studiesabout icing similitude parameters and scaling studies have been
investigated sincthe 197@ s s t a rérivingdosedform équations that could

be resolved for the model tesinditions For icing similarity and scaling studies, the
calculations of the physical phenomena that cause aerodynamic icing formation are
performed. The physical and thermal analyses are discussed in detail betther
simplifications or derivations should be made if the solution requires a programmed
numerical solutionThe following similaritieswhich can be seen iRigure 18 are
defined by Anderson, D.N10].

uEvaluate the possibility of water droplet impinging on
the monitoring location

uEvaluate normalized maximum local ice thickness

uEvaluate how much of the impinged water is going to
freeze upon impact

oOuter contour of the model geometry should be
identical

uReynolds and Mach number should be matched

uEvaluate surface running water behaviour

Figurel8: Similitude ParameteSefinitions[41]

3.1.2.1 Geometric Similarity

Before any simulation parameters, the outer mold line of the scaled geometry must

be equivalent to the reference (real model) geometry to ensure aerodynamic flow
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similarity. This is a prerequisite for simulating the physics of icing in both cases.
ice accumulates on the test model, the accumulation shape of the ice must conform
to the aerodynamic model's contour. So, the flow field similarity should be

maintained.

Figurel9: GeometricSimilarity [42]

3.1.2.2 Flow Field Similarity

Not only for the icing wind tunnel experiments, but also, normal type wind tunnel
experiments requires thmeatching ofthe ReynoldsNumber andMach Number for

reference and scaled conditioifis furnishedlight conditionsimilitude.

In thefollowing equations, the subscript a indicates that it represents air for the term

in which it is used.

0z Hz”
YQ — )
VTN ey ©6)

For most of the cases regarding wind tunnel tests, characteristic length is taken as
chord length; however, in this case, characteristic length is taken as leddig
diameter of the airfoil because ice accumulation occurs in the region around the
leading edge So that,0 is the airfoil leading edgeadiusin Equation5, air density

and viscosity can be calculated as follows,
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Icing happens in the atmosphere in a specific range of psyeltric values of the
ambient air. Therefore, matching Mach and Reynolds number together is hard to
achieve simultaneously. When performing geometric similarity calculations,
Reynolds and Mach numbers are ignored. Because of the conditions under which
icing occurs, the Mach number isually low so compressibility effects can be
ignored, and the boundary layer is initially thin and viscous effects are negligible at

the leading edge of the airfoil so the Reynolds nureffectcanalsobe neglected.

However, the flow field simulation needs to comply with the velocity, pressure, and
temperature distributions for the scaled model, even though Reynolds and Mach
numbers are not matchddevertheless, there is a condition that must be met for the
flow to be considered as similar. If the Mach number and Reynolds number are in
the O 0 0 range near the stagnation region, the flow field

simulation is considered to be achieved at least for icing stlidigs

3.1.2.3 Droplet Trajectory Similarity

Similarity must be ensured as water droplets impinge the scaled and reference
geometry Furthermore, it is necessary to ensure that the impingement zones of the
droplets and their trajectories amatchedin order to accurately determine the
specific impingement zone of the mod#i. order to achievesimilitude in drop
trajectory, it is imperative to ensure a harmonious match between the modified

inertia parameter and the collection efficiefit].

0 'YQ 0 YQ
CT CT

9)
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Where'YQ is Reynolds number of dropleglculated using droplet velocitglative
to freestream velocity.

In order to satisfy the similitude condition for the droptajectory, modified inertia

parameter{ for both cases should be matched as it can be seen in Edl@tion

0 0 (10

In addition, the Langmuir and Blodgett expression is used to calculate the modified

inertia parameter, as shown in Equatidr43].

= % "0¢ U L% (11)

€1°
I

In the following equationy is the nordimensional inertia parametdefinedby
Langmuirand Blodget{43].

"oz| oz w
_— 12
pyoz (12
where” is density of water and ~ p"Q¥a#
The ratio_7_ is defined a$10]:
- P
- TpoPydinp tYRo T Y1 ¥Q
€1 13
P T

Yo Feva 2P

where the Reynolds number for the droplet is defined as in Equatiovhere the

1 term denotes the median volume diameter.

(j)z‘] z"
YO ——— (14)
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Modified inertial parametershould be matchefbr both scaled case and reference

case in order to gather similituér droplet trajectory.

VSV (15

And it should be noted thatf a modified inertia parameters lower than 1/8
impingement would not occur. Therefothgse calculationare only valid for U

greater than 1/8.

3.1.2.4  Water catch Similarity.

The amount of ice accreted relies on the amount of water striking the surface. Water
catch parameters should be matched in order to ensure ice accretion similitude. The
freezing fraction concept,, is introduced by Messinger et[d4]. For particular
conditions, there is no local freezing of water. For that case, paeameter is equal

to zero. Otherwise, if all water droplets freeze on impgmrameter should be equal

to 1. Also, if water droplets freeze partially upon impact, ¢ p. In thefollowing

calculation ¢ parameter is taken as 1 so that following equasabtained

In the following equatiorg, is taken as one:

& a 16
oF (16)

The total mass of water impinging in a unit area per unit time is given as in Equation

17 where thé) w ds liquid water content arfd is the droplet collection efficiency

RN AT FALY (17)

Integration of total mass equation over the accretion time for ice thickness is shown

in Equationl8andT is the exposure time.

b O& G
3 — 2t (19
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The following equality should be established for water catch similarity:

3 3

Q Q
bos o 2T D aE o] 21 19
70 70

Additionally, the accumulation parameter, which is defined as follows should be

matchedor both reference and scaled conditionsas beseen in equatiofl

b esert
° — g (20)
Ofp O (21

For both casedf it is not possible to match the orf parameters on the model.

therefore in order to ensummatching both cases following equation must be
followed.

I R20Rr T RZ0R (22

Wher¢g  (collection efficiency at the stagnation point) is defined as foll@\8§

8
P8 1™ U

=1

5 (29

ppaﬂ()%

3.1.2.5 Energy BalanceSimilarity

Ice accretion occurs when the supercooled droplets strike the aircraft surface and

freeze instantly (rime ice), or a fraction of them freezes upon impact, and the rest
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freezes downstream (glaze ice). For the first case, the formation of rime ice, no
similarity in the energy balance is required since all water freezes upon impingement.
However, energy balance must be established for glaze ice conditions. These
relevant terms ardefined below and defined for the stagnation liflee energy

balance of freezing is illustrated gure 20 to facilitate a better understanding of
the physics involved.

Crystal Evaporation

L J» l Droplet
. :
: !‘il,“," E

Runback Water In ! + Runback Water Out
e e -
: ;
. H
£ :
Convection Sublimation Evaporation Radsation
\ """""" TT/
Mmen

Runback In Sensible

e

i Latent heat of solidification

Figure20: Mass and EnergBalance Diagrany5]

Heat dissipation from the surface by convection through the boundarj4&yer

0 Qz'Y Y (24)

Heat lost from the surface due to evaporation of watr

o & zx (25
Heat lost from the surface due to sublimation offid¥:

~
g

O a zvy (26)
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Where parameter represents latent heaft vaporization or sublimationand the

subscript®H are used to denote vaporisation and sublimation, respectively.

Heat is lost from the surface due to radiafibdy.

o ,z-z2°%Y Y (27
Heat is dissipated from the surface to increase the temperature of the impinging

liquid to the freezing poirtL0].

O azd 7Y Y (29)

Heat is dissipated from the surface by water flowing out of the control volume to a
neighboringocation[10]:

~

0 p &€za & z& z Y Y (29

Heat conducted from ice to mod#D]:

. Nzs | 3 iz
Y Y

4 o (30

5¢

Heat is gained from the surface because of releasing the latent heat of fusion from

the freezing watel0]:

~

0 az& zy 31

Heat is gained from the surface due to the release of sensible heat from the ice
when cooling from the freezing temperature to the surface tempefEdiire

0 az& z@pz Y Y (32

Heat gained from the kinetic energy of the water drops striking the siitface

- W
0 a — (33
C
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Table7: Energy Balance Components

1 Convective Heat Transfer 0

2  Evaporation 0

3 Sublimation 0 Negligible

4  Radiation 0 Negligible

5 Sensible Heat of Water 0

6 Conduction 0 Negligible

7  Runback 0 Zero on stagnation line

8 Sensible Heat of Ice Discard for glaze ice; surface
0 temperature is equal tdreezing

temperature.

9 Latent Heat of Fusion 0 Only valid for rime ice

10 Drop Kinetic Energy 0

11 Water inflow Zero on stagnation line

As clearly stated ifable7, some of the components of the energy balance parameter
cancel out due to its physical conditions. When the surface temperature converges to
a point, heat transfer becomes zero. Therefore, the energy balance can be stated as
follows [46].

C
c
-
[l)]
C

(34)
The abovesquation can be stated as follow
, A bl
“ W " ’ . n
QY Y —— Q ; ; 'S
oo nzqF)) W
CGQ
. . (39
awp Y Y
. dw
e vy ——

Where the) s total pressura) is vapour pressure amg is vapour pressure

of water
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The above equation hampressibilityterms; in order to use this equation in

incompressibilityform, the energy equation is rearranged as follows

o~ . w o N n C ey w
QY Y —/— O —m % adp Y 'Y
CWp f
(36)
s aw
aege ¥ —_—
C

Tribus et al. introduced the new dimensionless paranigteamed relative heat
factor[47].

. w 3
) 5 D (37)

Two additional parameters frequently employed for the sake of convenience are
temperaturédased quantities, denoted %&and— These parameters pertain to the

transfer of energy between droplets and the surrounding air, respectively.

% Y Y - (38)
O
SRR B T
. " W ’ ’ n
— Y Y — = < : ¥ 39
s Q@ _p_,0_ N 39
T C QY Y
The lowspeed form of the above equation is as follows,
w QN n
— Y Y —-— = ——— ¥ 40
AT IO n (40

The energy balance, Equatidd, can berearrangedvith parametersy %.and —
Then, theglazeice energy balance becomes
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< |§"

%o =
o = (41)

Parameteg¢ should be matched for each case in order to yield ice accretion (freezing
physics) similitude.
Er  €h (42

This representation of the freezing fraction incorporates simplifications and
assessments that are specifically applicable to the stagnation line. Additionally,
Equation 41 is only valid for a clean airfoil. It should be noted that as ice

accumulates, the freezing fraction at the stagnation point is likely to vary due to the

continuous alteration of the geometry.

3.1.2.6  SurfaceWater Dynamics Similarity

In order to achieve surface water dynamic similarity, Wehenbersshould be
matched for the reference and scaled geometries by considering water film presence

for glaze ice conditions.

N
N\

w0

0 43)

” 7
where, ¢ is surface tension between water and air with respect to water.

When the calculations of Weber's number for the scaled and reference cases are
equalizedand the terms that have the same value for both cases are discarded, by
utilizing Equatior43, the equatiod4is obtained The ratio of the velocities for both

cases is inversely proportional to the square root of the leadigg diameters.

Q
DO — (44)
o b 5

where thew ho are freestream veloasandQ HQ are leading edge diamesdor

scaled and reference geometries respectively.
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3.2  Scaling Methods

Scaling methods are technigues used to reprodutettaviorof a full-scale aircraft

in a wind tunnel at a reduced scale. This is necessary because it is often impractical
or impossible to test a fuficale aircraft in a wind tunnel due to size or cost
constraints. Scaling methods allow engineers to test smadldelsof aircraft and

extrapolate the results to predict thehaviorof the fulkscale aircraft.

There are several approaches to scaling methods in icing wind tunnels. One approach
IS to use geometric scaling, in which the dimensions of the aircraft model are scaled
down in proportion to the size of the figitale aircraft. For example, if the fisktale

aircraft is twice the size of the model, the model would be scaled down by a factor
of two in each dimension. This approach is based on the principle of similitude,
which states that theehaviorof a system is independent of size as long as the ratios

of the relevant dimensions are maintained.

Another approach is to use dynamic scalwher e t he model 6s dir
scaled down in proportion to the size ofthe-tult al e ai rcraft. Howev
mass and inertia are scaled up to maintain the same dybahmawioras the full

scale aircraft. This approach is based on the principle of dynamic similitude, which

states that thbehaviorof a system is independent of size as long as the ratios of the

relevant dimensions, mass, and inertia are maintained.

Scaling methods in icing wind tunnels should take into account the effects of ice on
the aircraft performance. Scaling can be challenging, abahaviorof ice on an
aircraft's surfaces is highly dependent on the size and shape of the aircraft, as well as
the temperature and humidity conditions. Engineers must carefully consider these

factors when selecting a scaling method and applying it to test results

Overall, scaling methods are essential in designing and testing aircraft in icing wind
tunnels. They allow engineers to test smaller models and predizhheiorof full-
scale aircraft under real icing conditions, which helps ensure flight safety and

performance in realorld operations.
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Previous studies have used various strategies to create a scaled ice shape that matches
the reference ice shape. The simulation of geometry, flow field, droplet trajectory,
water catch, energy balance, and surface water dynamics are mentioned in the
literature in the context of scaling analysis of ice. The similitudes of the former are
fulfilled by calculating scaling parameters for each similitude parameter and
comparing them for scaled and reference situations. Defining the scaling factors and

determiningtheir strength and significan&veproven challenging.

Nevertheless, following the procedure of the scaling study is only possible with a
good understanding of the physics and calculations of similitude calculations.
Scalingwill start by solving a set of equations of the previously mentioned similitude
parameters of the scaled and reference values to determine the scaled case. For the
tests using sea level wind tunnel, 5 test conditions need to be determined. These
are temperature, air speed, MVD, LWC and exposure time. For pressure adjustable
wind tunnelste number of parameters is 6, with the addition of pressure. In addition

to these parameters, there are two parameters that are important to match but are not
possible for icing conditions as mentioned in previous explanations, namely
Reynolds numbeand Mah number After these operations, droplet trajectory and
water catch values are matched after keeping the external geometry of the model and
AOA values the same. The remaining unmatched values are calculated by solving

the energy balance equations.

Therefore, several icing scaling factors have been recommended based on the
selected similitude parameters, and various combinations of these values have been
usedin scaling methods to generate similar ice accumulations. Those that have been

selected for this study are,

U ; Modified inertia parameter,
0 ; Accumulation parameter,

I ; collection efficiency,

¢ ; freezing fraction

& relative heat factor,

= =/ =4 A4 -4 -4

% droplet energy transfer parameter
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1 —air energy transfer parameter,
1 o Qreimilitude of surface water dynarsic

1 'Q T¥Q water film thickness.

When these sigf nineparameters are matched geometry, flow field, energy balance,
flow field, water catch, droplet trajectory, and surfaeger dynamics are

equivalent, which ensures similitufs].

Most of the scaling methods and thessearcherare mentioned in the literature
review part of this study. However, one of the most impoeadtreliablevorkshas
been selected in order to b#lized in the developed computer code in tthesis
Table8 summarizesvhich parameters to be matched for specific works.

Table8: Ice ScalingLiteratureComparisor{10]

=+ T P 7w
Hauger et al. =] P
Sibley et al. = P P P
Jackson et al. P P P P
Dodson et al. P P
Armand et al. P P P P P P
Ruff Sea Level Wind Tunne P P P P P P
Ruff /with altitude capabilty P P P P P P P

3.3  Scaling Methods forTest Conditions

The most straightforward scaling method is LWC scaling especiallyfulfills
watercatch similarity [49]. For this application, scale model dimensions
temperature, pressure, airspeed, and drop size are matched to the reference values
For thescalel case,modelsizeand angle ofattackshould be samby reference

geometry When the scaled and reference numbers for the accumulation parameter
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are correlated and constants revoked, the product of the-iiguiet contenémerges

as follows:

babzt OGb 7t (45)

The user selects the saleWC, and the scatkaccretion time can be determined
from the equation. It is assumed that the leadidge heat balance falfilled by
adjusting the static temperatune., which is the modified inertia parameter is
matchedthrough the modelgeometry velocity, cloud drop size, and ambient
pressure. The effect of liquid water content on the heat balaneglsctedHence,

this method is not sufficient for icing scaling as it does not take into account the heat
balancg49].

The Olsen method is a method for predicting the formatioreaniaircraft surfaces
during flight. It was developed by Dr. Earl Olsen in the 1950s and is based on the
temperature and humidity conditions in the atmosphere. To use the Olsen method,
oneneedto know the ambient temperature, relative humidity, and wind speed at the
altitude where the aircraft will be flying5]. Also, Olsen and Newton suggested
refining the® 6 1t @& ¢ i dmethad. the scatkd o dis selectedwhile
keepingchordlength velocity,MVD constantSince model size, airspeed, andD
sizeare not variedv 0 . Icing timefor the scaled conditions found from
equation0 ; 0 . But, in this method, the freezing fractiomust bematched
rather thanstatic temperatureHowever, it has been discovered subsequently that
when the size is scaled, there is a discrepancy between thd aodleeference
velocity if surface water phenomena are accurately simuldted. approach is
effective only when thecalel andthe referencenodeldimensionsre the samelue

to the aforementioned factors.

Ruff's second method closely resemsbtee Olsen method. Nevertheless, his
experimentation revealed that the replication of the glaze horns in terms of size and
placement was insufficient. Consequentity,is determined that this particular
approach is limited to simulating the ice type rather thashigpg11].
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3.4  Scaling Methods for Model Size

Due to the natwof the wind tunnelthetess e c t i o n dimporant zoastraind a n
for experimental testing. Unfortunately, real case sizes canrtestagin the wind
tunnel.Thus real casenodelsshould be scaled down to the restriction of the facility
under some conditions. These scaling rules applies for the test conditions which
subscale model will produce the ice accumulation similar to real case model.

Different models have been investigatearthe years.

The SwediskSoviet Working Group on Aircraft Safetgroposeda method for
scalingaircraftsizethatis primarily based omatching similarity parametets and

0 and test conditiond and LWC. The user specifies the sdaleodel size andir
velocity. With model size and velocity given, the drop size can be determined by
matching scale and referenge, and, withd «ad andw known, icing time can be
found by matchingd . In the event that the scale and reference velocities are
identical, the freezing fractions withatch for both conditiamas well. However, it
should be noted that this method fails to acknowledge the significance of the freezing
fraction, except in this particular scenario. Additionally, it has been established that
velocity exerts a substantial influence on the shapespthereby rendering arbitrary
selection of velocity impractical.

The ONERA techniqué8], [9] was developed for wind tunnels where temperature

and pressure are not controlled. In the incompressible energy balance equation, the
stagnation pressure and stagnation temperature are measured and substituted in the
test unit inside the test facility and0 parameters with energy parametersand

cshould matchedThe droplet size is calculated by matching the modified inertia
coefficient, and the LWC is calculated by matching the relative thermal coefficient.

In this technique, the scaling speed is generally lower than the speed before scaling,
and improvement iseeded in the direction of calculating by matching the Weber
number{10] .

Among all aforementioned extensive scaling studies, the Modified Ruff Method
(AEDC) differs from the others by matching the Weber nunittgr This particular

method demonstrates superior alignment between the scale and reference ice shapes
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in comparison to alternative methods. Consequently, this scaling technique is
favored for the preserttissertationand will be expounded upon extensively in a

dedicated section.

3.4.1  Modified Ruff Method (AEDC)

The Modified Ruff method is a method for predicting the behavior of estalle
aircraft based on testing a redueaxile model in an icing wind tunnel. The method

is based on the principle of similitude, which states that the behavior of a system is
independent of size as long as the ratios of the relevant dimensions are maintained
[11].

Modified Ruff Methodis similitude analysiderivation of scaling methodRuff
Method is matching Weber numbefsurface tensionpy adding surface water
dynamicsFor ice accretion similitude, the droplet trajectory similarity, the similarity

of the total mass of liquid water impingement of the surface, the energy balance
similarity, and surfacevater dynamics similarity should be satisfied after the
geometry and @iw similarity are achieved. Toprovide that, modified inertia
parametery ), accumulation efficiency (), accumulation parameteds (), freezing

rate € ), and droplet energy transfer paramét@nd Weber numbery'Q are to

be matched50].

Reference Length Scaling Method
ference Velocity = —
Rel;.eierfzuf‘[ elout;m Kos = Kon Scaled Length or Velocity
e{ﬂ?w emrpiffa > Bos = Bor Scaled Temperature
Reference Pressure A = A ;
) cs cR Scaled Pressure
Reference MVD - » :
h o Qo= Do Scaled MVD
Reference LWC S R ‘ =
: ‘ — Scaled LWC
Referance Exposure time Moo= Nop Scaled E &
a oC LDOSUr
Scaled Length or Velocity [/VeLOS = VV&’L0 R e DR
Scaled Total Pressure -

Figure21: Modified Ruff MethodProcedurg51]

The Modified Ruff methodlifferentiated with constanb ‘Q approach is suggested
to compute velocity antbr obtainingreference ice shape with a scaled size model

which is the methodmployed irthis dissertationThis method requires adjustment
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of energy balance, water catch, surface water dynamics, the droplet trajectory as well
as modelling of the nondimensional geometry and angle of affdek.scaling
parameters to be matched are selectedl a8 ,£ ,®, %oand —® Q for tunnels

with altitude capability o) ,0 ,& , @'Q and one of%eand —for atmospheric
tunnels.These findings are to be expected, as previous research has not demonstrated
any independent influence &kor —on the shape of ice, apart from the freezing
fraction. Therefore, it is likely that the scdkemperature can be selected arbitrarily,

with the LWC determined by matclgrihe scald and reference values of. This

assertion is supported by experimental evidence presented by Anders¢bit al.

Table9: Modified Ruff MethodTestand Similitude Parameters

Test Parameter Modified Ruff Method

w User Select
b h %o %o
W UserSelectsor @ ® —
0 O Or Up
0 €n &
+ Or Oj
n s User Selets or — —

The Modified Ruff Method with a constani’Q is implemented using in house
developed computer code. Tiestand scaling parameters are compuwtéd respect

to reference condition. To achieve size scaling, a specific scaled chord length is
determined. By equating th®e'Q values for the reference and scaled cases, the

scaled velocity can be obtained using equati@n

Q
S o o (46)
w w o)

After determining the scaled velocity, the calculation of thecan be performed by

equating the reference and scdi@dalues, as described in equatibn
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[
%0 Y "Yﬁ - (47)
O
In order to acquire the static temperature and airflow velocity, as well as the scaled
Mach number, it is necessary to measure these parameters. Additionally, the total
temperature and othexssociated terms can be determined through appropriate

calculations.

MVD values for the scaled conditions can be determined by utilizing the results

obtained from previous calculations.

= % "0 U L% (49)

€1°
I

In order to determine the MVD value, it is necessary to solve the following equations.
However, due to their interdependence, they are solved iteratively within an inner
loop. In this particular solution, a comprehensnalinear generalized reduced
gradient (GRG) methoegblver was employed, and the modified inertia parameter

matchingby optimizing multiple dependent parametses carried out with minimal

deviation.
— i (49
_ Mo Pydinp tYRo T YT ¥Q
"1 W
) r-e— 50
oW %

The determination of the LWC for the scaled cas@ be achieved byatchingthe

scalel and reference freezing fractios, . Similar to the solution fomedian

volumetric diameteran iterative approach is necessary.

@
¥

%o (51)
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According to Pruppacher and Klett, the energy released during the process of water
freezing is referred to as latent heat isrfolatedasin equatiorb3.
Y WO dna ® d)zd,,Y 5
X & 0 Llldf)—b CXP
.. (53
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CEB)ZPT[.‘Q-) ZY ¢ xpo

%ovalue has been calculated in Equatidi remaining parameter formulations are
given in following equationsln order to calculate thes it is required to solve
following equation However,Q,Q, 1 ,n  andy need to be calculatedhich

are defined asgas phase heat transfer coefficient, convective heat transfer
coefficient, vapopressure of wataver ice vapor pressure efater over liquid and

latent heat of vaporization respectively.

R E .
v W ’ ’ n
— Y'Y = = . ; ¥ 54
i Q p_.nN n 4
T C Y Y
0 j, is defined agonstant pressure specific heat of air
6rp pPpUTMYAQ 20 (55)

"Q is gas phase heat transfer coefficient and in order to compute this parameter,
Prandtl number an8chmat numberof air should becalculatedand their formulas

are given in equatiorts7 and58.

o "onos (56)
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01— ' (57)

" (58)

The relationship between the viscosity of air and temperature can be determined by
referring to the comprehensive research report published by the National Institute of
Standards and Technology (NIS[BB]. Within the temperature range €f0°F to

40°F, the data obtained from this study were fitted to the following mathematical

expression:

‘ p T
T CXPPCH FY

(59

Thermal conductivity data is taken from works of NI$B]. These datarefitted
into the following formulation at 14.5 psia andemperature rangef -40 to 40
Fahrenheit degree.

Q PHWCBICW Y zp&zpT (60)

The expression provided by Pruppacher €bdl} describes the diffusivity of water

vapor in air.

G Y 8 pgipEp T O
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Pruppacher and Klett derived a regression equation to fit the curve of the saturation
pressure of vapor over water within the temperature rangg0d€ to 0°C[54]. It
should be noted that this equation is also applicable for estimating the vapor pressure

over ice

N ® FYO FYO YO FYO 3V

G Q&Y O
W T® QO
® P& ¢ YDuiBy

" (64)
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Pruppacher and Klett provide thalowing equation to represent the latent heat of
vaporization54].
CXPO OO

ST ¢ v 5 (65)

In addition, it should be noted that the exponent E is dependent on temperature as

well and expressed ihe followingequation.

O ™ @xo®pxapm 2"y (66)

Tribus et al. introduced a dimensionless parameter denoteavaich is commonly

referred to as the relative heat fader].

L D0E 01 2
w

- (67

Where thé (collection efficiency at the stagnation point) is defined as fol[d&k

57



P& 1O

=1

(68)
p p8& T p °
P

In Equation 51, all the necessary terms for calculation are provided in Equdins
to 68, excluding the term LWC. The LWI(S determined through nonlinear GRG
solver process, allowing the solver to converge towards a calculated tglue
changing and fitting the depended parameters for optimal .v&@uee this is
achieved, all scaling parametesse computed, thereby completing the scaling
process. The resulting calculations &rexamplecenario are displayed in the table

provided below.

Tablel1Q: Scaling of a Test Conditions

Fle » | }
(m) dvé ) A& ) (M)
Ref 0.530 -27.8 -26.12 58.10
Scded 0.265 -28.2 -24.84 82.17
Change ) -1.4% -4.9% 41.4%

1 mImr y 3

um) 4 5 fg/md) 4. L) |e &Pa)
Ref 30.00 0.90 480.0 97921
Scded 17.08 1.03 148.5 100000
Change 43.1% 14.2% 69% 2.1%

Tablell: Scaling ofSimilarity Parameters

L o = . i
Ref 3.398 0.791 1.633  1.326 0.46
Scded 3.398 0.791 1633  1.326 0.44
Change 0.0% 0.0% 0.0%  0.0% 3.9%
K PK i T ETF
Ref 274 356 83811 8.70E+05 0.185
Scded 274 34.2 59272 8.70E+05 0.262
Change 0.0% 3.9% 29.3%  0.0% 41.5%
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Table12: Scaling of Test Conditions withd ¢ ‘©match

Ll #® A6 ) de ) T (ms)

Ref 0.530 -27.80 -26.12 58.10
Scaled 0.265 -28.20 -24.84 82.17
Change 1/2 -1.4% -4.9% 41.4%

Vrpum) 4 5 fgim®)  4.06) |.. &Pa)

Ref 30.00 1.3 480.00 97921
Scaled 16.54 144 15296 87206
Change 44.9% 10.9% 68.1% 10.9%

Table13: Scaling ofSimilarity Parametersith o & ‘@match

L 7 =y . i
Ref 3398 0.791 2.358  1.025 0.662
Scded 3.398 0.791 2.358  1.025 0.662
Change 0.0% 0.0% 0.0%  0.0% 0.0%

K PK g T YET
Ref 27.40 35.564 83811 8.70E+05 0.185

Scded 27.40 35.564 51688 8.70E+05 0.262
Change 0.0% 0.0% 38.3% 0.0% 41.5%

The findings of thenodel scaling calculations are presented@able 10 andTable
11 1t is evidentfrom Table 11 that all similarity parametersmatch with the

exception of theband—terms As observed in the data presented@able12 and

Table 13, the matching ofo and — values has been successfullghieved but
requiring altitude capability in the wind tunnélowever, he discrepancy in these
values has been previously addressed in digsertationthat & and —have
infinitesimal effect on final ice accumulatio®onsequently, it was determined that
the wind tunnel to be constructed for this study should not incorporate an altitude
control capability in order to optimize cost efficiency. Furthermore, the Modified

Ruff method demonstrates satisfactory outcomethfsiparticular type ofunnel
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3.5 Icing Prediction

Thein-house icing predictiocode(AEROMSICE2D) operates within aeries of
calculations andgolving a physical statat each step. The calculationemprises,
flow field, determining droplet trajectories and collection efficiencies, conducting
thermodynamic analysis, and modeling ice accrettonsecutively.

351 Flow Field Solution

The inhouse ice accretion prediction code uses the-Basth panel methofb5]

in conjunctionwith a boundary layer solver. This code also calculates the flow
velocities and pressure distributions on the airfallecessary to calculate the
trajectories of the droplets. In addition, boundary layer calculations are performed,

and heat transfer coefficients are obtained.

To explain this method in more detail, the airfoil is divided into a certain number (N)
of line segments called pandiach panel in the system is linked to a specific source
and vortex singularity element. The source singularity strength remains constant for
each panel, while the vortex singularity strength remains constant across all panels.
The presence of N sources amgingle vortex singularity strength introduces N+1
unknowns. These unknowns are determined by applying the flow tangency boundary
condtion at the collocation points, which correspond to the centers of the panels.
The Kutta condition is then utilized to provide the necessary equation for the closure

of the system.

Once the singularity strengths are known, the velocity potential castablished

and the components of the airflow at any location in the flow field, including the
boundaries of the wing, can be calculatéairthermore, the distribution of
convective heat transfer around the wing is determined through the utilization of the
integral boundary layer method, which involves the calculation of the inviscid
velocity distribution obtained from the panel methedrther details are available in
referencd56].
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3.5.2 Droplet Trajectory

Droplet trajectories are calculated using the Lagieamapproach. These calculations
are performed for droplets with 500 microns or smaller diameter under the following

assumptions:

1 Droplets are assumed to be spherical.

1 Droplets do not affect the flow field.

1 The only forces acting on the droplets are gravity and aerodynamic drag.

1 Heat and mass transfer (evaporation) between the droplet and flow are
neglected.

1 The temperature of the droplets is the same as the temperature of the flow.

Governing equations for tH&D droplettrajectories are as followfg6]:

a®  OQEri (69)
ao O P a"Q (70)
OAT @ 71
r w ()] ( )

- P
O -"wo o0 (72

C

w O W W (73

wherew o are components of flow velocityp hwh o ho are droplet velocity

and componentsf accelerationrespectivelyd representgrosssectional areaf
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the droples, and0 is the droplet drag coefficierAn empirical drug formulation is

used to calculatthedroplet drag coefficiest56]:

T
5 .C%p ® GYQ8  cap TYQ® YO ouT (74)
., GT o eumB :
0 %pa)wupnYQ YQ oum (795

The Reynolds number used in the calculation above is determined by utilizing the

droplet Reynolds number.

Anderson et aldefines thg term asthe local catchefficiency, or collection
efficiency. This term can bdefined byratio ofthe projection of a stream tube-w
from the undisturbed flow upstream of the mddehe model surface at the location

of interest(ai and is formulated in Equation 65 canvigualizedin Figure22[10].
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3.5.3 Thermodynamic Analysis

The ice prediction method utilizes an Integdalundary Layer Method to compute

the convective heat transfer coefficiemtger the 2D geometryMoreover, this
approach facilitates the precise calculation of the characteristics of both laminar and
turbulent boundary layerMoreoverin the context of this icing prediction code, the
Thwaites formulation is employed to analyze the boundary layer conditions for
laminar boundary layéior the roughnesReynolds number lower tha®00, while

the Kays& Crawford formulation is applied for turbulent boundary layer conditions

for the roughnesReynolds number greater th&90[56].

3.5.4 Ice Accretion Modelling

Extended Messinger model could iized in order to yield ice accretion on the
model. Phase changdso known aghe Stefan problem, is the foundation foe
formation. The governing equations for the phase change problem consist of the
energy equations in the ice and water layers, the mass conservation equation, and the

phase change condition at the ice/wattgrface[57].

The iceand water layersonservation of energgquationg56],

~

TY Q1Y 7
T (‘) ” (‘j T ’ ( 7)
T— 1 —
o738 T8 79
The conservation of mass equations for ice and water I[EB&rs
T O 1TQ
L ¢ ) X 79
o o fw o a p (79
Ice-water phase changg6],
sl 0 YT —
0= O Py (80)

In Equations77-78, —h and "Y are the temperature¥) and 'Q are thermal

conductionsp andd are specific heats and B affehre the thicknesses of ice
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and water layer§s6]. Boundary conditions associated with these equatomas

follows:

In this approachceassumed to be icompletecontact with the surfaca the model
thereby ice having the same temperatgahe ambierdir temperature}Y in this
study[58]:

Yo Y Y (81)

The temperature is equal to the freezing temperaitutree ice/water boundaf$8]:

Yo —6 Y (82

At the air/water (glaze ice) or air/ice (rime ice) interface, the heat flux is governed
by various factors including convectiod , radiation 0 , latent heat releasé |,
cooling caused by incoming droplet8 , heat carried by runback wateb
evaporation 0 , sublimation 0 , aerodynamic heatingd , and the kinetic

energy of incoming droplet$)  which are shown in Equatid8 and84 [56].

T —

00 HAQQ —,
e J00) o
ol il il il ol ol ol (83)
U V] V] V] U V] U
atw 0 Q
Y QAW Q ol
T o
o ol o o ol o o o (84)
V] U V] V] U V] V] V]
atw O

The wingsurface assumed to be completely clean at initial time.

5 Q Mo T (85)

These equations are solved for rime ice and glaze ice using the numerical method

defined in referencis6].
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For rime icegrowth.

60 z0 (89)

W, .. 0 O 06 O OO 0O O O
Yo 7Y = zw (87

Ice growth equation foglaze ice,

LT 0 LT Y Y
”U_‘ Q,—,
T 0 0

.0

. ; (88)
o ]

C
C
C
C
C

In the context of the upper surfamighe airfolil, it is postulated that the water remains
unfrozen and flows back to the adjacent downstream cell. Conversely, for the lower
surface, all water is shg®9]. The thickness of the glaze ice is determined by

numerically integrating equation 53 using the RuKgéta-Fehlberg method.

Ice layer temperature distribution

Y Y (89

Temperature distribution within the water layer

—w Y = z w 0 (90
Threshold ice thickness where the transition from rime ice to glaze ice occurs.

QY Y 91
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In the context of glaze ice formatiod, represents the critical thickness of rime ice
at which the initial formation of glaze ice occurs. Correspondirilylenotes the

time at which this glaze ice formation takes place.

0 — 2§ (92)

3.55 Langmuir Distribution Modification

One of the essential assumptions in all these sizing processes is to take the particle
size as the patrticle size that is most abundant in the cloud environment. The actual
droplet size distribution in clouds is conventionally represented by a simpleleariab
which is the droplet MVD. When the actual size distributions of these particles are
included in the calculations, it is possible to obtain results with higher accuracy. For
this reason, the distributions wetiscretized taking into account the CFR R&5
Appendix C icing conditiong2]. Most commonly used droplet size distribution
model is the Langmuir Dysedfor Appendix C conditionf26], [43]. An MVD=20

micron cloud 7bin weight average and cumulative weight representation of the

Langmuir D distributions are shown Trable14.

Tablel1l4: Langmuir D Distribution

index dix MVD Cumulative Mass (% Weight (%)

1 6.200 3% 5%
2 10.400 10% 10%
3 14.200 25% 20%
4 20.000 50% 30%
5 27.400 75% 20%
6 34.800 90% 10%
7 44.440 98% 5%
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As can be seen iRigure23, the probability of the size of the droplets in the cloud
is used as a value in the weighted average calculafi@ollection efficiencyin
Equation93 by using percentage values representedable 14. Equation 93
represents the overall droplet collection efficiency of the droplet size distribution by
taking the contributions of the individual droplet sizes proportional to their weights

in the distribution.

LangmuifD Distribution

100%
90%
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30%
20%
10%
0%
5 10 15 20 25 30 35 40 45
MVD Size (micron)

Cumulative Mass (%) Weight (%)

Figure23: LangmuirD for 20Microns Droplet Size

I muul mprf ™2 T T ) T

93
o ru (93

As clearly seen ifrigure 24, the application of the Langmuir D distribution for the
Case 27, increases the collection efficiency with the arrival of particles with larger
diameters within the impingement zone of the particles, especially in the regions at
close to the impingementniits at the top and bottom of the airfoihile the

maximum collection efficiency value remains almost unchanged.
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Figure24: Langmuir DImplementation

Comparing the overajl distribution with theg distribution of a single droplet
distribution (MVD=20 micron for this caseih Figure24 highlights the effect of the

distributionwith browndashed line angellow line in comparison.

3.6 Case Study

3.6.1 Ice Prediction Analyses

In order to validate the icing software and the similitude model described above, six
test cases were selected exhibiting sufficient variation in the icing parameters and
also have experimental ice shape data. Modelling and scaling were performed to
deternmine the limits of the numerical approach.

The test cases shown ifable 15 are weltknown test cases widely used by
researcherf0]. These cases were first solved and then downscaled. In some cases,
upscaling was also attemptdsbcause the reference geometry is already very small.
The variation of the parameters presented by these cases provide valuable

information for validation.
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Table15: Experimental Case Valug¢&O0]

Figure  Airfoil Chord A.O.A. Velocity '?:?ntlgé;razﬁz

Cases NACA m. Degrees m/s °C

27 0012 0.530 4.0 58.10 -27.8 ¢26.0)
28 0012 0.530 4.0 58.10 -19.8 ¢18.0)
29 0012 0.530 4.0 58.10 -13.9 ¢12.0)
30 0012 0.530 4.0 58.10 -6.7 €5.0)
31 0012 0.530 4.0 58.10 -3.9 €2.0)
35 0012 0.530 4.0 93.89 -12.2 (-8.0)

Figure Pressure Humidity LWC MVD Exﬁ(rfgre
Cases kPa RH % g/m*  Microns Seconds
27 95.61 100.0 1.30 20.0 480.0
28 95.61 100.0 1.30 20.0 480.0
29 95.61 100.0 1.30 20.0 480.0
30 95.61 100.0 1.30 20.0 480.0
31 95.61 100.0 1.30 20.0 480.0
35 92.06 100.0 1.05 20.0 372.0

The aim of scaling these cases is to yield the exact icing contours in scaled conditions
as in the reference conditions. However, the numerical scaling approach can perform
satisfactorily only in some conditionsTherefore, these cases with different
conditions were studied to comprehend the scaling method's. limits

3.6.1.1 Case 27
Reference and scaling conditions for case 27 are staf@blal6andTablel?. In

this case, the temperature and velocity are low, suggesting incompressible flow and

a typical rime ice condition.
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Table16: Physical Conditions for Case 60|

Case Type NACA AOA Chord Tt Ttot Vv
deg (m) () ( ) (mhs)
27 Ref 0012 4 0530 -27.8 -26.12 58.10
27 Scaled 0012 4 0.265 -28.20 -24.84 82.17

Case Type NACA MVD LWC texp Prot Pst
(um)  (g/n) (s) (kPa) (kPa)

27 Ref 0012 20.00 1.30 480 97921 95610
27 Scaled 0012 11.44 149 147 100000 95342

Tablel7: Similitude Parameters for Case 27

Case Type Ko bo Ac No b

27 Ref 1.807 0.684 2.358 1.129 0.572
27 Scaled 1.807 0.684 2.358 1.129 0.553

d ( d ( Reynolds WeL Mach

27 Ref 274 35.6 83811 869764 0.185
27 Scaled 27.4 344 71345 869764 0.262

As can be seen ifablel7, four of six similitude parameters are identically matched,
and the remaining twaifand—} are fairly well matched. The collection efficiency
distributions and ice shapes presentedrigure 25 and Figure 26 show that the
similitude approach successfullgplicatesthe reference case. The ice shapes
illustrated inFigure 26 show typical rime ice characteristics, with ice shape being

generally smooth, following the contours of the airfoil leading edge.
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Figure26: Case 27 Droplet Collection Efficiencies

The selected scaling parametersTable 16 and Table 17 have been effectively
aligned with the intended level of confidence, as evidenced by the findings presented
in Figure 25 and Figure 26. The scaling technique has yielded ice shapes that is

indistinguishable from the reference case. However, it is important to acknowledge
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that the computed ice shape does not exhibit wavy contours present at the upper and
lower part of the ice, which is prominently observed in the experimental ice shape
but still, experimental ice shapes and ice shape predictions of scaled and reference
caseare in a good agreement. Besides, it can be easily said that collection efficiencies
are in a perfect agreement on reference and scaled cases which can bEigeea in

26, both in terms of impingement limits and droplet collection efficiency values. This
affinity can be interpreted as an indication that the calculations of the scaling analysis

work very well.

The computed ice shapes are also in very good agreement with the experimental ice
shape. However, this is not a really challenging test case for the numerical method

because all the droplets freeze upon impact, establishing energy balance is trivial.

3.6.1.2 Case 38

The reference and scaling conditions for Case 28 are listeable18 andTable19.

In this case, théeemperatureand velocity are low again suggesting incompressible
flow and rime ice conditions. The contour of Case 28 ice shape resembles Case 27
as shown irFigure 27 and droplet collection efficiencies are showrnFigure 28.
However, according to the freezing fraction value, it is a mixed ice condition rather

than rime ice.

Table18: Physical Conditions for Case ]

Case Type NACA AOA Chord Tt Ttot Vv
deg (m) () ( ) (mhs)
28 Ref 0012 4 0530 -19.80 -18.12 58.10
28 Scaled 0012 4 0.265 -20.20 -16.84 82.17
Case Type NACA MVD LWC texp Prot Pst
(um) (g/n?) (s) (kPa) (kPa)
28 Ref 0012 20.00 1.30 480 97848 95610
28 Scaled 0012 11.45 1.47 150 100000 95486
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Tablel19: Similitude Parameters for Case 28

Case Type Ko bo Ac No b

28 Ref 1.799 0.683 2.358 0.828 0.573
28 Scaled 1.799 0.683 2.358 0.828 0.544

d ( d ( Reynolds WeL Mach

28 Ref 19.4 26.4 79099 869764 0.182
28 Scaled 19.4 34.2 71345 869764 0.258
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Figure27: Case 28ce Shapes
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Figure28: Case 28 Dropletollection Efficiencies

The chosen scaling parameters have been successfully matched with the desired
confidence level, as can be seenFigure 27. The scaling calculatiomesult is
identicalfor ice shapesf the scaled case compared to the reference case. However,

it should be noted that the computed ice shape does not exhibit-Akiedieature

that is observed in the experimental ice shape. The experimental ice shape shows
mixed ice characteristics, thatmot reflected in the computed ice shapes. Although
the ice shapes may not exhibit precise conformity, the graph of droplet collection
efficiency demonstrate complete overlap, as depictdeéigare 28. This serves as
compelling evidence that the scaling calculations have been accurately formulated.

3.6.1.3 Case?29

Reference and scaling conditions for Case 29 are preseniedl®20 and Table

21 In this case, the temperature is higher than in the previous cases, in the mixed ice
range, while the velocity is still low, in the incompressible flow range. The freezing
fraction of the stagnation point is below the unity; hence glaze ice characdearst

expected.
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Table20: Physical Conditions for Case 0]

Case Type NACA AOA Chord Tst Ttot V
deg (m) ( ) ( ) (mls)
29 Ref 0012 4 0530 -13.90 -12.22 58.10
29 Scaled 0012 4 0.265 -14.30 -10.94 82.17
Case Type NACA MVD LWC texp Prot Pst
(um)  (g/n7) (s) (kPa) (kPa)
29 Ref 0012 20.00 1.30 480 97796 95610
29 Scaled 0012 11.46 1.44 153 100000 95586
Table21: Similitude Parameters for Case 29
Case Type Ko bo Ac No b
29 Ref 1.794 0.683 2.358 0.592 0.573
29 Scaled 1.794 0.683 2.358 0.592 0.534
d ( d ( Reynolds WeL Mach
29 Ref 135 19.1 75879 869764 0.180
29 Scaled 135 34.2 71345 869764 0.255
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Figure29: Case 29 Ice Shapes
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Figure30: Case 2Droplet Collection Efficiencies

The chosen scaling parameters were successfully matched with the desired
confidence level, as shownkingure29 andFigure30. The scaling method employed
predicts identical ice shapes for the scaled case compared to the referengercase.
this casethe horntype ice formations in the experimental data were not evident in
the computed ice shape. Furthermore, the droplet collection efficiencies show a high
degree of agreement between the reference and scaled cases, as §tiguva30.

This agreement can be interpreted as evidence of the effectiveness of the scaling

analysis approach.

3.6.1.4 Case 30

Reference and scaling conditions for Case 30 are giv@iale22 andTable23. In

this case, the temperature is well within glaze ice range and the velocity is still low
enough to be in incompressible flow range. The freezing fraction of the stagnation
point is well below unity; hence glaze ice characteristics were indeed observed

shown inFigure32.
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Table22: Physical Conditions for Case §&D]

Case Type NACA AOA Chord Tst Ttot V
deg (m) ( ) ( ) (mls)
30 Ref 0012 4 0530 -6.70 -5.02 58.10
30 Scaled 0012 4 0.265 -7.10 -3.74 8217

Case Type NACA MVD LWC texp Prot Pst
(um)  (g/n) (s) (kPa) (kPa)

30 Ref 0012 20.00 1.30 480 97737 95610
30 Scaled 0012 1146 1.34 165 100000 95702

Table23: Similitude Parameters f@ase 30

Case Type Ko bo Ac No b

30 Ref 1.787 0.682 2.358 0.280 0.574
30 Scaled 1.787 0.682 2.358 0.280 0.495

d ( d ( Reynolds WeL Mach

30 Ref 6.300 9.10 72206.5 869764 0.178
30 Scaled 6.300 34.2 71345.9 869764 0.251
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Figure31: Case 30 Ice Shapes
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Figure32: Case 30 Droplet Collection Efficiencies

The selected scaling parameters are successfully matched at the desired confidence
level also for this case, as seerFigure 31. The scaling method predicts the ice
shape very closely for the scaled case compared to the reference case, including the
prominenthorntlike structure at the upper surface. The ice accretion prediction code
accurately predicts the experimental ice shape, including the size and location of the
abovementioned horsike structure. Furthermore, the droplet collection efficiency
values &o for this particular case exhibit a high level of consistersshown in
Figure32.

3.6.1.5 Case3l

Reference and scaling conditions for Case 31 are provided and tabulaledla
24 andTable 25. In this case, the temperature is close to the freezing temperature
and velocity is still in incompressible range. The freezing fraction of the stagnation

point is much below unity; hence glaze ice characteristics are expected.
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Table24: Physical Conditions for Case §0]

Case Type NACA AOA Chord Tst Ttot V
deg (m) ( ) ( ) (mls)
31 Ref 0012 4 0530 -390 -2.22 58.10
31 Scaled 0012 4 0265 -430 -0.94 8217
Case Type NACA MVD LWC texp Prot Pst

(um)  (g/n) ()

(kPa) (kPa)

31 Ref 0012 20.00 1.30 480

97715 95610

31 Scaled 0012 11.47 1.16 191 100000 95745

Table25: Similitude Parameters for Case 31

Case Type Ko bo Ac No b

31 Ref 1.785 0.682 2.358 0.149 0.574
31 Scaled 1.785 0.682 2.358 0.149 0.428

d ( d ( Reynolds WeL Mach

31 Ref 3.5 4.70 70845 869764 0.177
31 Scaled 35 342 71345 869764 0.250
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Figure33: Case 31 Ice Shapes
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Figure34: Case 31 Droplet Collection Efficiency

Within the selected scaling parameters, the reference and scaled ice shapes are very
close, as seen iRigure33. As a result of thegwvalue being well below unity, it is
possible to say that this icing formation is glaze ice. Although the location of the
hornlike structure is well predicted by the calculations, its size is underpredicted
compared to the experimental ice shape. ltkis@wvn fact that glaze ice predictions
usually are worse than rime ice predictions due to mixed characteristics of ice and

water thermophysics.

3.6.1.6 Case 35

Reference and scaling conditions for Case 35 are givEalle26 andTable27. In
this case, the velocity is sufficiently high for higheed flow effects to be
considered. The freezing fraction of the stagnation point is below unity; therefore,

mixed/glaze ice characteristics are expected.

80



Table26: Physical Conditions for Case §@]

Case Type NACA AOA Chord Tst Ttot V
deg (m) ( ) ( ) (mls)
35 Ref 0012 4 0530 -12.20 -7.81 93.89
35 Scaled 0012 4 0.265 -13.25 -4.47 132.78
Case Type NACA MVD LWC texp Prot Pst

(um)  (g/n) (s) (kPa) (kPa)

35 Ref 0012 20.00 130 372 97593 92060
35 Scaled 0012 11.32 1.18 145 100000 89027

Table27: Similitude Parameters for Case 35

Case Type Ko bo Ac No b

35 Ref 2.42 0.738 2.953 0.363 0.803
35 Scaled 2.42 0.738 2.953 0.363 0.621

d ( d ( Reynolds WeL Mach

35 Ref 11.2 141 116678 2271372 0.290
35 Scaled 11.2 34.2 71345 2271372 0.411
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Figure35: Case 35 Ice Shapes
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The selected scaling parameters could not be successfully matched at the desired
confidence level for this case as can be seéhngure35. Although the solution of

the reference model and the ha@tmaped structure of the experimental data overlap
approximately, they do not match exactly. Due to the physics of glaze ice and high
velocity, these approaches give an approximate value butlgrpastially accurate.

In this case, the droplet collection efficiency values also started to deviate slightly
from each other as the difference in ice shapes started to become more noticeable as
it can be seen iRkigure36. However, the droplet collection efficiency values of the
reference and scale cases are still remarkably close to each other. This shows that the
scaling calculations were performed successfully regarding droplet trajectory

physics.

The ice accretion predictions do not show good agreement between the reference and
scaled ice shapes; both predictions deviate from the experimental ice shape,
especially regarding the horn angle. This discrepancy can be attributed to the
limitations of tke computational tool used, which may not be dependable in
accurately calculating the amount of increased velocity in the scaling and,

consequently, the higbpeed effects. If one examines the similitude parameters
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presented iMable27, the reference freestream velocity is 93.89 m/s and the scaled
freestream velocity is 132.78 m/s, corresponding to M=0.29 and 0.41 respectively.
The reference condition is at the limit tfe generallyaccepted threshold for
compressibility, while the scaled conditias well-above the same threshold,
rendering the flow regime differerwhich certainly contributgto the discrepancy.

3.7 Determination of Wind Tunnel Design Limitations

Requiremerd for wind tunnel that will be designed within this thesid|l be
determined by ice formation testing needlsastparametric studwill be conducted

to finalize wind tunnel aerodynamic amdechanicalariables.The present thesis
presents the design of an icing wind tunnel that aims to replicate the majority of the
icing conditions outlined in 14 CFR Parts 25, AppendiX Berefore, wind tunnel
must satisfy the conditions illustratedrigure4 andFigure5. Besides, wind tunnels
should be equippeadith spraying nozzles to control LWC and MVD of the air in the
wind tunnel.To accomplish this objective, this chapter discusses and identifies the
constraints of the wind tunnel design andgpecificatiors of necessary equipment.

A table is provided, outlining the specific test conditions required to achieve the
desired outcome, along with the factors that influence these conditions and the
equipment that determines them. Furthermore, each contributing fagtor i
individually analyzed and comprehensivetiescribed in subsequent sections.
Unfortunately as mentioned in the preceding sections, the pressure value will not be

matchedthereby rendering the wind tunnel incapable of simulating altitude.
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Table28: SimulationCapability Determination

Test Condition Determine Limitation
o ord Test Section size Blockage
0 Icing capability Cooling Power an€ost
n Altitude and®and— Mechanicalstrengthof wind tunnel
walls and Cost
@ motor  power  anc Effect on droplets tanhibit particle

compressibilityeffect.

0D w0 Icing capability
0 wo Icing capability
t Cooling requirements

Turbulence  Mesh screensize and
intensity quantity, heat transfe
rate

impingement. Fail in scaling due -
high-speed effects.

Spray bar type and calibration
Spray bar type and flow rate
Liquid nitrogen capacity an
cooling power

Ice accretion on mesh, intrusi

equipment of wind tunnel.

3.7.1 Scalingthe Sizeof the Object

3.7.1.1 Blockage in Test Section

The speeds mentioned in the literature survey regarding wind tunnel test sections
typically pertain to test sections that are not occupied. Therefore, the actual airspeed
achieved in practice is contingent upon the level of blockage and the drag caefficien

associated with the test assembly. For instance, in the case of the IRT (Institute for

Research in Technology), it has been approximated that the maximum speed

decreases frorh92 m/s 430 mpl) in an unoccupied test section 166 m/s(350

mph) whena modelin test sectionvith 5 percent blockage and a drag coefficient of

1.7 is installed61].
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Hence, it is comprehensible that the calculation of blockage, a crucial factor in
determining the dimensions of the test chamimndertaken. The maximum
blockage was found to be 5 percent, and based on this rate, the optimal size of the
model to be accommodated in the test chamber was determined. This size was

deemed adequate for conducting icing flow field analysis and scaling.

Table29: Test Section Blockage

Test Allowed Cross Utilization  Thickness Chord
Section Blockage Section of Test
Area Area of section w/
Model span
pa& 5% 8T W 1000 0.05m 0.416 m
pa 5% 8T W 75% 0.067 m 0.555 m
pa& 5% T8t W 50 0.1m 0.833 m

The chord length of 0.833 meters was determined as the largest model size for the
icing wind tunnel to be designed. Considering the scaling limitations discussed
earlier, when the maximum scaling reduction of 1/4tikzed, this translates to a
chord length of 3.33 meters under real conditions. This size is more than sufficient
to test the icing characteristics of many aircraft with scaling, for example the ATR

72, in the wind tunnel.

3.7.2 Temperature

Temperatureontrolin the icing wind tunnel is achieved through the utilization of
cooling systems. These systems incorporate a heat exchanger positioned within the
wind tunnel, enabling the air circulating through the clesieclit wind tunnel to
counteract the conditioribat lead to temperatuealjustmentvithin the wind tunnel.

The majority of wind tunnels discussed in the existing literature are capable of
cooling down to30 , which is the desired level of cooling for this particular study.
Furthermore, as shown irable3, the data collected in the research conductetfby

CFR Appendix C to Rrt 25 on clouds causing icing reveals that the required
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temperatures within the icing envelope $matiform andcumuliform clouds range

from 0 to-30 . However, it is worth noting that occasionally, temperatures as low
as-40 can be observed farumuliform clouds. Therefore in instances where
additional cooling is necessary, tingectionof liquid nitrogen into the wind tunnel

is employed to temporarily lower the temperature bel8@ . The specific
duration for which this enhanced cooling is sustained will be comprehensively
describedcand calculated ithe design section of the wind tunnel. Nevertheless, for
the present moment, taking into account cost considerations, it has been determined
that a cooling system capable of maintainingfabletemperature 0f30  within

the test chamber is the most suitable optimr.temperatures lower thaB0 , the
expected exposure time by injecting liquid nitrogen into the flow is planned to be at
least6 minutes, provided that the temperature of the test chamber is kept constant at
-40

3.7.3 Velocity in Test Section

In addition to the aforementionégbuesit is important to consider the variations in

ice shapand the effects of compressibility when the airspeed is ldgbhed on the
literature and market research, the minimum MVD size that can be calibrated and
applied is10 microns[15]. Figure38, shows MVD values as a function of scaling
ratio, while the redline is the limitation of the minimum MVD generation; therefore,
working below that line is impracticaConsidering this and the results of the sizing
studies, facility, andundamentaphysical constraints, scaling below 8216 1)

does not seem feasibl@¢hese outcomes are also in agreement with the works
conducted by Anderson et §10].

Even if higher velocities than 155 m/s can be achieved, compressibility effects
should be taken into account, and it needs to be kept in mind that the assumption
made for scaling ignores the compressibility effects. Therefore, it is generally
accepted that50 m/s velocity in the test section is an upper limit for the icing test
applications[62]. However, inconsistencies in scaling calculations have been

observed after the flow velocity exceeds a value of 0.3 Mdehce the airflow
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velocity in the test chamber for this study has been determined to be 100 m/s. The
reason for selecting this value is to ensure higher accuracy in scaling calculations
and to enable cosdffective design of the wind tunnel for production purpo$ess

can be seen iRkigure 37 andvisualizedwith a dashed redline for the limitation of
airspeed in the test sectidrigure 37 also states that scaling factor lower than %

(6 70 1) scaling ratio is not feasible for wind tunnel applicatiofisis scaling

ratio is even reduced to 1/2 for the reference cases with airspeeds of 100 m/s and

above.
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Figure37: Velocity vs.Scaling Ratio
3.7.4 LwC

Comparison ofAppendix C envelopes and generic spray bar calibration curve,
highlights the limitations of current water spray nozzle technology used in icing wind
tunnels. These aatomizing nozzles, while allowingome control over water flow

rate and droplet size, do not provide complete independence in achieving the desired
LWC ard MVD ranges. As a result, the capabilities of icing wind tunnels in
reproducing certain ranges of LWC and MVD are restrichedletail spray bars
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struggleto replicate the high LWC and small MVD of the intermittent maximum
icing envelope, as well as the low LWC and large Médnditionsin the Appendix

C envelopes. In theory, increasing the number of spray nozzles could enhance the
LWC for low MVDs. However, incorporating a larger number of spray bars and
nozzle locations into the system would be challenging, as it would significantly
compicate the spraypar system and potentially lead to increased flow blockage and
distortion[63].

Furthermore, the challenges encountered in obtaining LWC values are evident.
Previous studies in the literature have reported LWC values ranging from
TP 0 ©8U"Ya in various icing wind tunnels. It is believed that these values can be
achieved using standard spray bars. Consequently, in order to complgnoeheps

outlined in Appendix C, LWC values within the ranget@h 0 ©81"QYa  were

chosen. The accuracy of these selected values will be assessed through subsequent

calculations.

3.7.5 MVD Size

When the model size is reduced, the droplet size decreases, and freestream velocity
needs to be increased accordingly. Depending on the test equipment, there are limits
on the minimum droplet size and maximum velocity that can be achieved steadily,
and ifthe droplet size is too small, the droplets may not even impinge the surface.
Supplying a minimursize MVD is a problem. However, this problem could be
solved at a certain level by a spray system and nozzle calibration. Obtaining practical
minimum MVD sizeis essential to get precise and validated icing conditions in an
icing wind tunnel. If the required MVD size fails to be produced, ksape
geometries and higbpeed velocities in the test section must be supplied. However,
these two conditions haveetin own physical constraintss stated in priosections

In addition to the above, the scaling size determines almost all the values of the wind

tunnel, together with all the icing physiearameters.

Figure 38 illustrates the relationship between the MVD value and the scaling ratio.

The decline in MVD values as the scaling ratio decreases indicates the limitations of
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the scaling ratio in comparing the smallest droplet size that the spray bar can
generate. The red line iRigure 38 represents the minimum droplet diameter
achievable, and upon analysis, it can be determined that the limitation for this issue
is approximately B 6 70 o . In the reference case, the scaling ratio also
increases for larger particle diameters. Consequently, an average scaling ¥atio of
0 76 1 can be considereds an acceptable limitation when considering the

Langmuir D droplet size distribution.
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Figure38: DropletSize Distributionvs. Scaling Ratio

In addition,Figure39 shows that the scaling calculatsoinade in this graph has very

little effect on MVD and LWC valueswith different chord lengthWhen the
reference dimensiongith different reference lengstbut with same scaling raspit

is seen that thinesrepresents the similitude parametavsrlappecdexactlyfor each

MVD value. If the same comment is to be made for another graph, it can be easily
stated that the scaling valuedHigure41 are independent of the characteristic length
but depend on the scaling ratio and the test section air velocity. The most challenging
condition of the spraying nozzle envelopepresent irthe samegraph visualized

with green dotted linenamely the highest velocity (100 m/s), has been taken into
considerationFor lower airspeed valuethe uppermart of the nozzle LWC lines

stretches to higher values.
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Scaling Ratio by Chord Change
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Figure39: MVD and LWC Valuesfor Different Length

The limitations of the wind tunnel are determined by the physical characteristics of
the icing formations shown inFigure41. In addition, it is shown where it stands
according to the cumuliform and stratiform envelopes defined by 14 CFR Parts 25
Appendix C. Here, 7 reference cases have been identified and scaling calsulation
wereperformed for different scaling ratios. Scaling calculations of these cases were
made and shown on the graph according to MVD and IpAi@meters. The closed
curveswith green dashed dots show two different spray nozzles of the NASA IRT.
As can be clearly seen from the grafur,thelow MVD and high LWC values, the
spray bar capabilitiesannot serve for scaling application for this issue second
scaling calculatiormould be performedn order tofit the scaling condition inside of
thewind tunnelspray barspecificatios by matchingd w & T for both conditios.

This second scaling approach visualizedrigure40. In order to fulfil the required
specification for scaling application, a new spray bar design will be conducted. This
will be analyzed and calculated in more detail under the wind tunnel design section
and spray bar design subsection. It has been medttbaethe MVD value among

the commercially available spray bars can go dowtOtmicron levels. When this
value is taken into account, it is seen that the scaling limitatiestablisheéround
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1/3 or 1/4 for different MVD value at reference conditiondAppendix C has
determined the range of MVD values for stratiform and cumuliform conditions to be
between 1540 and 180 microns respectively. Taking these factors into
consideration, the MVDower and upper limit$or the proposed icing wind tunnel
are determined to HEO microns as the lowest value for spray bar calibration, and 50

microns considering the App C conditions.
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3.7.6 Turbulence Concerns

In the test chamber of wirtdnnels, the measured turbulence values of the flow are
found to be higher compared to conventional wind tunnels and flight conditions.
Although turbulence levels in natural ice accretion clouds have not been measured,
they are assumed to be lower than those in wind tunnelgnipviend tunnels, the
equipment present, such as spray bars laeat exchangercontribute to the
formation of turbulence more clearly, antesh screenare not used to reduce
turbulence levels in all tunnels due to the potentoal iEe accumulation. For
examplemesh screenare not used in the IRT. Higher turbulence levels tend to aid

in the mixing of particles and should therefore assist in cloud homogeneity, but likely
do not fully mimic nature. For speeds below 134 m/s, turbulence intensity in the IRT
has been measuredtiyeen 0.5% and 0.9% by several researchers without the
operation of spray baf$4], compared to values below 0.1% in flights under-non
icing conditions[65]. An increase in turbulence can affect both aerodynamics (by
increasing skin friction and advancing the boundary layer transition location) and ice
accretion (by increasing local convective heat transfer rates). Therefore, heat transfer
in wind tunnels habeen shown to have higher heat transfer rates compared to flight
conditions. The turbulence levels g windtunnels and the resulting heat transfer
values seem to impose a natural limit on their ability to fully sim{&&k Although

the use of mesh screens is not obsearat commornn icing wind tunnels, due to

the reasons mentioned above, it is anticipated that a lower number of mesh screens
with low mesh number valuesill be used to achieve a higher level of similarity,

compared to the number used in hgjandard wind tunnels

3.7.7 Uncertainty for Scaling

When scaling, some similarity coefficients cannot be exactly matched, but the
freezing rate and accumulation factor should be matched within £10R6ln the
calculations performed in this study, these parameters are precisely matched.

Although the effect of ice formation on velocity change is not as sensitive as the
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freezing rate and accumulation factor, the Weber number using the length L should
be consistent within £15962]. Again, in our calculations, the Weber number was
precisely matched for both cases. Within our dissertation, almost all parameters are
preciselyequalized However—andcvalues, which are thermal parameters, could
not be always matched. It is possible to match these values precisely, but in the case
of scaled, this requires the static pressure conditions to be reduced significantly. This
requires a tunnel with altitudensulation capability, which boosts the costs of
developing and implementing suchumnel.As it can be seen ihable11, change

in parameterss zero for most parameters exceptand — Changes inthese
parameters ar@finitesimal for ice accretion predictionlhe calculations for icing,

in which all parameters are matched, are showrable12, with a pressure variation

of up to 20 kPa.

3.7.8 Wind Tunnel Parameters

Taking into account all the aboveentioned limitations, almost all the parameters
necessary to determine the requirement characteristics of the wind tunnel have been
determined. The few parameters that could not be determined are based on the values
of the existing tunneldn the following table most of the technical parametees

determinedandintroduced.
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Table30: ProposedVind TunnelSpecification

Name

Value / Type

Unit

Company/Institute
Facility Name
Test Section
Total Temperature
Flow rate

Test Section Type
Max A/F Chord

W attest section
Compressibility
Humidity

MVD

LwcC

Exposure Time
Mach

Reynolds Number
Pressure

Testing gas

Type

Honeycomb
Mesh Screen
Turbulence
intensity

Cloud Generation

Cooling System

Driver Unit

Motor Control

Middle East Technical Universit

Icing wind tunnel (IWT)

Closed with transparent gla:

o8t Bdp T
Ambient

0.833 Q0 Qi i
100 a7i

Subsonic

100% YO

101 50 * &
0.17 3 "
(TBDin Chapter4) i Qwé ¢ Q

1000 x 1000 & Q& Q& Q0o !
-30 0 Qo i O QI
360000 a TQ

0.32 6 ¢ Q0 a Qi i

Air & Liquid Nitrogen

Closed Circuit (Gottingen Type

1 (TBDin Chapter4) 0 6 ¢ 0 Q0

n Qd Qo Qi

0 Qi OO

(

2 (TBDin Chapter 4) 0 6 @®& 0 Q0 «

<1% (without model anc 6 ¢ Q0 a Qi i

instrumentation)

Spray bar

Heat exchanger with A/C unit and/&4

gas.And liquid nitrogen injection

(Technical Specification derived i "Q

Chapter 4)

Variable Frequency Systel
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CHAPTER 4

ICING WIND TUNNEL DESIGN

In this study, the wind tunnel is considered as a closed circuit type due to the reason
thatclosedcircuit type wind tunnel allows for a controlled establishment of different
climatic test conditions. Due to closed volume, climatic conditions can be easily
controlled when no bleeding zone exists. However, protection of internal climate
should bemandatory due to the effects of engine heating and air friction, and this
protection will be ensured by strong insulation around the outer wall of the wind
tunnel. Besides the abovementioned concerns, the air temperature inside the wind
tunnel should be gulated tightly to simulate icing conditions. Because of this
reason, the cooling exchanger and refrigerant control system will be equipped with
close loop feedback temperature control, and this control system is capable of

keeping the temperature threghbletween 1 celsius degree.
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Figure42: Generic Climatic CWT Toliew [66]
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Icing tunnels are constructed using principles derived from conventionalosib

wind tunnel designs. In addition to possessing the tyfeealires of subsonic wind
tunnels, these tunnels are equipped with tmacial supplementary components.
Firstly, a cooling system (&) and heat exchanger are incorporated to regulate the
air temperature below freezing. Secondly, a spray bar system is implemented to
introduce water into the air stream, with precise control over drop size and water
flow, thereby simulating an icing cloud@he test conditions created within icing wind
tunnels are primarily intended to replicate the environments outlined@R Parts

25 and 29, Appendix C
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Figure43: Generic Icing Wind Tunnel Top Viejt9]

A simple comparison dfigure42, anenvironmental conditioning wind tunneind
Figure43, an icing wind tunnel, clearly shows the differences between them. An
educated viewer can also recognize the design conditions required by icing

conditions

This chapter commences by providing an overview of the constituent elements of the
icing wind tunnel. Subsequently, it delves into these elements' comprehensive design
and pressure loss calculations. Finally, it culminates with a comparative analysis
between the computational fluid dynamics (CFD) analysis and the design
calculations.
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4.1  Design Criteria

Wind tunnel design requires a lot of engineering discipline and organization. A
general wind tunnel design starts with the design of the test cha@rmes the test
chamber is determined, thé&ind tunnel design requires a lot of engineering
discipline and organization. A general wind tunnel design starts with the design of
the test chamber. Once the test chamber is determined, the design progresses in two
main branches. The first branch invadvihe design of the contraction section and
diffuser, which aranechanically connected to the test flow. After the contraction
section, the design of flow conditioning devices, such as honeycomb screens located
in the settling chamber, is carried out. Subsequently, a corner diffuser is designed,
which is then connectetb the motor. During this stage, flow conditioning or
conditioning device designs within the relevant components are also developed. If
any component is found to be problematic or faulty during this process, the design is
revised starting from the testarnber and continued accordingly. In the final stage,

the pressure losses and other technical specifications of all the designed components
are determined, along with the flow rate, to finalize the design of the motor fan
section and its technical featurdhis design process is fully interconnected and
iterative. During the design phase of each segment, controls and other physical
phenomena need to be checked to ensure that they are met. For these reasons, the
entire wind tunnel and each of its componéntubjected to an iterative calculation.

In the final stage, the calculations of the drive unit are performed to check whether
the required conditions are met, and if so, the process is finalized. A simplified

flowchart of a wind tunnel can be seerFigure44.
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In designing wind tunnels, a crucial consideration is whether to opt for a closed or
open circuit configuration. Open circuit wind tunnels are commonly preferred due to
their costeffectiveness and uséiendly nature, resulting in widespread usage.
However, the specific conditions of the present study necessitate a departure from
this norm. Given that the air within the icing tunnel experiences requires excessive

cooling compared to the surrounding environment, adopting a clogedit wind
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tunnel becomes almost imperative to mitigate heat losses.
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4.2  Wind Tunnel Components

The various components of the icing wind tunnel are briefly outlined in this section.
Figure45displays the components on a generic eeesgional diagram of the wind
tunnel to provide a visual representation and facilitate comprehension. Elaborate

calculations and dimensioning will be addressed in the subsequent chapter.

honeycomb

=3
=)

Test Section Diffuser

g2
g3

Drive System

Figure45: Generic Close Loop Wind Tunnel

421 Test Section

The test chamber holds significant importance within the wind tunnel as it serves as
the primary location for alheasurements. The cressctional area and length of the

test chamber directly influence the cost and power requirements of the wind tunnel.
Consequently, the size of the test chamber should be determined based on key
characteristics of the wind tunnel,cbuas the operating speed and desired flow
quality. The dimensions of the test chamber and the operating speed dictate the
maximum size of the models that can be accommodated and the maximum Reynolds
number that can be achieved. Consequently, the shapievarfid tunnels is designed

in accordance with the sizing requirements of the test section. When designing the
test section, consideration should be given to the interface of the model and the ease
of access for instrumentation. It is preferable to hdaewalls with rounded or
chamfered edges to facilitate access and usage. Additionally, the test section should
incorporate transparent windows or walls to allow for visual observation of the

model Figure46 shows a subsonic test section with a transparent flat wall
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Figure46: Test Sectionvith Transparent Wakind Model

422 Flow Conditioners

Most of the settling section in the wind tunnel comprises honey¢bmbre47) and
screeng(Figure 49). The purpose of the honeycomb is to align the flow in the
direction of the wind tunnel axis, while the screens serve to homogenize the pressure
along this axis. Flow conditioning equipment helps to reduce-Ergke turbulent
deviations and promote the foation of smallesscale eddies, thereby decreasing the
growth of the boundary layer. The combined use of screens and honeycomb

effectively reduces turbulence intensity within the wind tunnel.

Cell Pitch

Figure47. Generic Honeycomb
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Figure48: Honeycomb Typef57]

Although turbulence intensity is a significant technical feature for wind tunnels, there
are wind tunnels where mesh screens are not used because they cause blockage in
icing tunnels due to ice accumulation and other factors. Furthermore, they gequire

lot of maintenance and cleaning for this reason. For example, no screens are used in
the NASA icing wind tunnel (IRT]63]. Although not used in a few tunnels, the
CIRA icing wind tunnel features a honeycomb and an optional screen mesh behind
it for tests requiring higiguality flow[19]. In addition to these examples, the BRAIT

icing wind tunnel incorporates a flow conditioning system consisting of 5 screens
and one honeycomb. There is one coarse mesh screen upstream of the honeycomb,
and there are four fine mesh scre@t§. Therefore, in this study, the design will be

made with the presence of a screen mesh. However, it can be removed if requested.
In this study, the need for this use will lbationalized and concluded in the

calculations of the relevant section in the following sections.

Figure49: MeshScreen
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423 Contraction

An inlet contraction cone is a specialized component employed in fluid systems to
decrease the crosgctional area of a pipe or duct at the inlet of a device or system.
This cone is typically designed with a smaller cresstional area at the outlet end
and a larger crossectional area at the inlet end. Its purpose is to enhanceltiogty

of the fluid while maintaining a high level of desired flow quality as it enters the
device or system. In the present study, the contraction cone is responsible for
directing the flow from the settling chamber to the test chamber. Contractios rati
typically range from 4 to 10, with the most commonly used ratios falling between 6
and 9 to achieve optimal flow quality.

The shape and size of the inlet contraction cone can be designed to achieve specific
flow characteristics, such as increasing the velocity of the fluid or reducing the
pressure drop across the inlet. The contraction's size and shape control the test
section's final turbulence intensity levels. A tradf# determines the length of the
contraction. The contraction cone should be small enough to reduce boundary layer
growth and long enough to prevent massive pressure drop. The cone can be made
from various madrials, including metal, plastic, or composite materials, depending

on the specific application and the system's requirenj@dits

Figure50: Generic Contraction Shape
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424 Diffuser

Thepurpose of the diffuser is to decelerate the {sgbed flow from the test section,
resulting in the recovery of static pressure and a decrease in the load on the drive
unit. The level of energy loss is directly proportional to the extent of pressure
recoery, making it desirable to reduce the flow velocity over the shortest distance
possible without causing flow separation. Various factors such as geometry, size,
and wake development influence the diffuser inlet flow. To prevent flow separation,
the cosssectional area of the diffuser should gradually increase along its axis. This
gradual increment ensures high efficiency and helps reduce construction costs by
minimizing the overall size of the tunnel shell. The diffuser's performance is crucial
for the tunnel's success, and extensive experimental work has led to the conclusion
that the expansion half angle of the diffuser should not exceed 3.5 dé@edhis

consideration will be incorporated into the design process of this thesis.

425 Corners

In the context of airflow management in wind tunnels, corners play a crucial role in
deflecting the airflow. Without any additional features, a corner would cause the flow
to rotate, resulting in an uneven flow at the outlet. In order to mitigate thesassu
minimize losses, guiding vanes are commonly employed to maintain a relatively
straight flow throughout the circuit. These corners are typically of constant area, and
their dimensions are designed to match the connected components of the wind
tunnel. Therefore, corners are designed in pairs and conjunction with neighboring
components. In the specific case of this clesiecuit wind tunnel, the flow needs to

be deflected by 90° four times while minimizing turbulence at the corners. In order
to achieveenhanced flow at the corners, the corners are equipped with corner vanes.
These vanes come in various shapes, ranging from bent plates to highly cambered
airfoils. The most practical and cesffective shape is a quarter of a circle, which a
short, straighpart can extend at the end to reduce vortices at the edges. The losses
in the corner vanes can be minimized by selecting an efficientseasiosnal shape

and an appropriate chetd-gap ratio. Furthermore, vanes utilizing cambered airfoils
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and relatively blunt leading edges are less susceptible to variations in the

approaching air flow angle compared to vanes with sharp leading edges.

Separated ——
flow

(a) (b)

Figure51: Corner with (a) and without (lorner Vane$70].

4.2.6 Drive System

The drive unit consists of the motor, propeller, motor drive (VFD) and other
electrical equipment that enables them to operate. It accelerates and pressurizes the
airflow in the wind tunnel. The constafdw wind tunnel conditions require the fan

to compeasate for the pressure drop across the elements of the tunnel. Calculating
the fan power that exactly reproduces the pressure lost across the elements of the
wind tunnel is a challenging and iterative task throughout the wind design process.
An axial fan 8 the most common equipment used to direct flow in wind tunnels.
Axial fans or propellers will produce swirls in their induced flow unless a utilization

of guide and straightening vanes is present to overcome these vortices in the settling
chamber.

4.2.7 Air Conditioning Units

Heat exchangers are the mtstuse component in closgrcuit wind tunnels due to
the heating induced by surface friction. Nevertheless, in this work, the heat
exchanger will be used to climate the air volume contained by the wind tunnel ducts.

For the iing wind tunnel requirements, the temperature should be equal to or lower
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than aboui 30°C . Hence, refrigerant gas (R407C, R410 etc.)vdlusedn the air
conditioneq71].

Figure52: Air Heat Exchanger
4.2.8 Spraying Units

As previously discussed in this research, the spray bar is a crucial component of icing
wind tunnels that distinguishes them from other types of tunnels. Its primary function
is to generate cloud formations that induce icing formation in the actual air
environment within the icing wind tunnel. In a broader context, the spray bar
involves injecting atomized or pulverized droplets into the airflow of the wind tunnel
to achieve controlled LWC and MVD for controlled application. The droplets
produced by the sprdyar must possess consistent size and continuity, essential for
accurately replicating reaborld icing conditions. Otherwise, the data obtained from

such studies will not accurately reflect reality.

Spraying units are designed to generate water droplets with defined diameters
(MVD). LWC must have covered the overall envelope prescribed by FAR 25 and
FAR 29 Attachment C for both continuous and intermittent operations introduced in
Figure4 andFigure5 [72]. Furthermore, within the scope of this study, a specific
spray bar and its associated components should cover at least the Appendix C
conditions, and the spray bar will be specified and calculated in this manner.
Moreover, calibration and fineining will be of utmost importance at this stage, as
they will significantly contribute to adjusting the LWC, MVD, and spray range and

simulating icing conditions in order to fulfil the given requirements. Given its critical

107



role in the icing wind tunnel's performance, reliability, and accuracy, this component

will be subject to meticulous examination and detailed optimization.

Figure53: SprayingUnitsin Test Sectior73]

4.3 Icing Wind Tunnel Design Calculations

In order to have an iterative design procedure and selection for wind tunnel design
calculations, an Hnouse computer code ideveloped. This code calculates
conceptual design sizing and pressure losses, and general design parameters are

determined.

4.3.1 Power Analysis

In this part otthe calculationstheworst case scenario should be considered in order
to calculatehe requirecpower ofthe engineln thiswork,ai r t emper atur e of
, requiredmaximum speedYand a crossectional are@® of the tunnel test

section, the required jet power can be calculated to the followirguationg69]:

> P .
U —_

4

C

2 z (94)
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Power factor_is introduced in order to calculatiee wind tunned sequired power

level. This factor includeshe powerof the fan and jet. For conventional wind
tunnelsthe valueof this factor can be taken as lHmwever, pressure losses and ice
accretion are more severe in the icing wind tunnel than in conventional wind tunnels,
so the power factor can be altered to, i8lding a fan power od & 1667kW.

An axial fan with an efficiency 8 67 % was selected for
electrical power input is thereford500 kW. Although these values have been
calculated, when we look at the engine power of similar tunnels in the world and
make a comparisoiit, canbe seenthat this value is overestimated. For this reason,
technical data of existing similar tunnels are presented in the table B&logn
comparing the technical data in the table, it is evident that the power value has been
overestimated. An average power coefficient was catledlbased on the technical
data obtained from existing tunnels, and the driver unit power of the wind tunnel was
calculated according to this power coefficient. Based on these calculahens,
maximum value ofthe power coefficientwas taken as a reference pqirand

calculation were don&he powerequirement 0822 kilowatts has been determined.

Table31: Power Coefficient of existed tunngls]

Test Section Test Section  Test Section Pow Power
Height Width Velocity MVD er Coeft
meters meters m/s A kKW  unitless
Nasa
IRT 1.83 2.74 167.2 15-275 3730 0.220
CIRA 2.25 2.35 1320 5-300 4000 0.450
Cox 0.71 1.17 98.3 149 0.260
METU
IRT 1.00 1.00 100.0 8-100 322 0450

*Average of existed tunnel presentethia table

109



Among industrial motor manufacturer catalogues, it is easy to find motors with 315
kW tri-phase motors with various RPM configurations. Also, It should be noted that
these power values of the motors are the continuous power level, and utilization with
surge conditions for a short duration can be applicable. Therefore, a 315 kW motor
can be used for the requirement of 322 kW. In other ways, it can be divided into four
quantities of 75 kW power motors with 2x2 configuration to simplify the
implementation oftte engines and fans with mechanical complexity. However, this
configuration selection will be discussed in detail in the subsequent section. Using a
VFD device, the fan drive motor can be controlled, allowing variable tunnel speeds
from 5 to 100 m/s

According to wind tunnel design parameters, test section airspeed should be at least
100 m/s. Therefore, power units comprising fans and engines should satisfy the flow
rate needed to reach this speed.

~ .

0 Y 25 (99)

a a .
O pmgzpa pmHE oemnd IR O (99

After this calculation, the power unit should satisfy the 360,000 cubic meters per
hour without any pressure loss. However, with pressure daksilations, this
parameter stays the same, but power needs to overcome the flow rate should be
increased. There is commercial software for selecting motor, fan and other
parameters belonging to engine units. The following figures are calculationssfor thi

work.

Figure54: Power Plant
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4.4  DesignCalculations

The pressure drop calculations are a vital aspect of wind tunnel design because they
help ensure that the tunnel can maintain the desired flow conditions for the tests to
be conducted. Pressure drop refers to the pressure drop that occurs as air flows
through the tunnel and its various components, like the contraction cone, test section,
and diffuser. There are several factors that can affect the pressure loss in a wind

tunnel, including:

Flow velocity: The flow velocity of the air within the tunnel can significantly affect
the pressure loss. At higher velocities, the pressure loss tends to increase due to the

increased kinetic energy of the air.

Hydraulic diameter and shape of the tunnel: The hydraulic diameter and shape of the
tunnel can also affect the pressure loss, as smaller and more complex shapes can

create additional resistance to the flow of air.

Surface roughness: The surface roughness of the walls and other components of the
tunnel can also affect the pressure loss, as rough surfaces can create additional

resistance to the flow of air.

Flow separation: Flow separation, which occurs when the air detaches from the walls

or other surfaces of the tunnel, can also increase the pressure loss.

Engineers typically use CFD simulations or other analyses to calculate the pressure
loss in a wind tunnel to predict the flow and pressure conditions. These calculations
help to ensure that the tunnel can maintain the desired flow conditions for the tests
being performed and can also be used to identify and resolve any issues or challenges
that may arise.

Overall, pressure loss calculations are an essential aspect of wind tunnel design, as
they help to ensure that the tunnel can maintain the desired flow conditions for the
tests being performed.
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Pressure loss for all components can be calculated by multiplying dynamic pressure
with pressure loss coefficient. The pressure loss coefficient is constant and can be
calculated for different types of channels.

3 0zZNRQ

(100

3 OzEz"z(b
C

Whereu is the pressure loss coefficient apgés dynamic pressure of related part of
the wind tunnel. In the work of Idelchik, all of the pressure loss works and
formulatiors are representef¥4]. In the subsequent section, we will compute the
various components of the icing wind tunnel individually, as outlined in the

corresponding components section.

44.1 Test Section

In the process of designing a wind tunnel, the test section holds significant
importance as it greatly influences other design factors. The Reynolds number and
maximum flow velocity within the test chamber serve as crucial parameters that
impact the overdldesign process. Consequently, the technical requirements of the
test section play a vital role in determining the inputs for the entire design process.
The dimensions of the test section and the air velocity within it dictate the size of the

models thatan be accommodated and the Reynolds number that can be achieved.

“m,

Figure55: Test Section
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The geometry of the test section is typically determined based on the intended
application. In industrial settings, a square cissgion is commonly employed. To
ensure unobstructed flow, the cresstional area of the test specimen should not
exceed 10% of the test section's area. Additionally, the high air velocity within the
test section leads to a decrease in static pressaraddress this, a small opening,
constituting approximately 1.0% of the test section's length, should be incorporated

on thesurface of the test section.

As established in the preceding chapter, the desired velocity within the wind tunnel's
test chamber is 100 m/s, while the dimensions of the square test chamber have been
determined to be 1 meter by 1 meter. Given that the minimum temperature to be
achievedwithin the test chamber 80 degrees Celsius, all subsequent calculations
will be conducted with these specified dimensions and tempesature

The hydraulic diameter will be determined in the initial phase of the test chamber
analysis This parameter is computed using Equatl®i, where the variabl®
represents the inlet area. Barlow et al. have suggesteénigét of the test section
should range from 0.5 to 3 timéke hydraulic diameterAfter evaluating the
available tunnels, it was determined that using a value of 2 times the length is

appropriatg75].

O ¢z or (102)

Measuring pressure loss in the test section is an important aspect of wind tunnel
testing, as it can provide insight into the flow characteristics of the test section and
the model being tested. It can also help to identify any issues or problems with the
wind tunnel that may need to be addressed, such as blockages or roughness on the

walls of the test section.

The expression gives the pressure loss coefficient formulation:

O

2t o) (102
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Where,

1 0, test chamber length
T _h friction factor
1

O  h pressure loss coefficient

pT p&z1 | €Q p# 1 (103
0 _z 010 (109
All calculated parameters for the wind tunnel test chamber are givEabie 32.

These values will be used in the calculation of the next component.

Table32 Test Section Sizing Parameters

Input Value Unit
&) 1.00 a
O 1.00 a
4 ) 1.00 a
2 (o) 1.00 &
5 o) 1.00 é
.*Dé O 1.00 &
0 2.00 a
| 0 i 0OQ
i 0 i 6O
&) 100 a7
" "Y 243.15(-3000) U 6
qé) 0 100 & fi
p ‘ 1.56451E05 O z{ ¥4
Lé ’ 1.078605 & Ti
< O 1.000 q &€ Q0 (
2> " 1.452 Q'Th
g 'YQ 9.28E+06 0 £ "Q0 {
< 0 101,325 0 O
0 94065 0 &
0 0.30D 0 & "QO q
o ) 0.00841
é S8 0 0.01683
31 122173 0 O
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4.4.2 Settling Chamber

In order to decrease the turbulence level inside the test section of the wind tunnel, a
settling chamber which comprises honeycomb and meshes is needed. It is a basic
constantsection channel without instruments inside the settling chamber. The
settling chamber inlet pairs with the last corner before the test section and is
connected to the spray bar part to match their mechanical interfaces. Flow quality
and turbulence intengitevels should be lower than 0.1% for professional aerospace
applications. These conditions can be satisfied by installing two or more screens and
a proper honeycomb inside the settling chamber. Therefore, a combination of
honeycombscreeiiscreen was setted. The screens have a mesh size of 5 and 10.
Moreover, the honeycomb size is 10.40 mm. This part discussed in detail the

turbulence reduction factor part.

Figure56: Settling Chamber

4.42.1 Honeycomb Calculations

Honeycomb structures have been found to effectively reduce lateral turbulence when
fluid flows through long and narrow pipes. However, using a honeycomb also

introduces axial turbulence, which limits the thickness of the honeycomb. It is
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recommended that the length of the honeycomb should be at least six times greater

than its diameter to mitigate this isJué].

The honeycomb in the settling chamber aligns flow through the wind tunnel axis,
reducing flow deviation in other directions. In order to select honeycomb size in the
wind tunnel design procedure, hydraulic cell diamefér), length (0), and
porosity T are the importanpparameters. Porositf the honeycomb can be easily
calculated by geometric approdad®], [77].
0

0

(109
Two importantfactors relyonthe followingequation for selecting honeycomb sizes
[75].

U 10
¢ 5 v (106

Porosity of the honeycomb should be greater that 0.8 yakle

- (107)
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Figure57: HoneycomlSchematics
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Figure57, the honeycomb cell sidedpey can becalculatedwith following formula.

2 (108
cOEp
theoutercell side [ghoney can berevisedwith following equation.
v
a a ¢ (109
0 QYETT

The metal sheqiarts of thehoneycoml{z) can becomputedwith the followingequation.
o ga o (110
I n order to calcul at e h ohefellpwingformdascanar ea s |

be used.

o a (111

0 (112

The porosityof the honeycomis calculatedn the order of height and width lige

following formula.

B
& - (113
Q

Ratio can be calculated hiye followingformula.

& Q , (114
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Area of honeycomb in manner of cross section can be calculated as following

equation.

o c b d : ¢ (115

Solidity of honeycomb can be calculated@ows.

8

” = (116

(0]

Solidity and porositrombinedogether is 1.

T . P (117

Honeycomb hydraulic diametean be calculated by starting the computing cell area.

Q . o Q Q p oQ
(o - e — —_—— 11
q C ? q Mo ¢ C Wo 19

Hydraulic diameter of the honeycomb can be calculatetnppsingsame size of

cylinder geometric calculatio®6].

“ ’O

o)
= 119
C v (

(120

The contraction ratio was selected as 9 to obtain-gigtlity flow inside the test
section. According to this parameter, the settling chamber dimensions were
calculated as 3000 mm to 3000 mm rectangular. However, manufacturer standards
of the honeycomb arlimited, with a maximum length of 3000 mm and a maximum
height of 1500 mm. Therefore, the honeycomb will be placed as two half pieces side
by side. Another parameter for the honeycomb is foil thickness. Honeycomb can be
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manufactured with various materials such as stainless steel, aluminum, and ABS
plastics. In this thesis, aluminum is selected as the core material of honeycomb. In
most case foil thickness of aluminum honeycomb foil thickness is 0.06 mm. Due to
hostile cowlitions inside the tunnel, aluminum should be coated with the passivation
method.

3000-8
(1000)

(1000)

3000-9

(1000)

Figure58: Honeycombrechnical Drawing

The empirical relations developed by Prandtl in 1933 continue to be employed for

determining the pressure loss coefficient of the honeyda@8ib

5

0 z — gz — —_ 127
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Based on the findings of previous experimental studies, Barlow et al. propose that a
honeycomb cell diameter equal to the size of the settling chamber divided by 150 is

optimal. Furthermore, they recommend a cell depth ranging from 8 to 12 times the
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cell diameter for optimal performance. These considerations will be incorporated
into the design process at this stggf.

Table33: Honeycomb Main Parameters

Description Symbol Value Unit
Honeycomb Height 0 3000 & &
Honeycomb Height w 3000 & &
Cell Diameter Q 10.40 4 a
Sheet Metal Thickness i 0.06 & a
Roughness 1 1500 °* «a
Length 0 120.00 & &
Cell Hydraulic Diameter &) 1092 a4 &
0

Length toHydraulic diameter ratic 0} 10.99
Honeycomb Cell Side a 6.00 & a
External Cell Size a 6.07 & a
Divisions o 18.08

Area of parallelogram 0 036 ada
Area of trapeze 0 036 ad
Divisionsheightwise 3 166
Divisions widthwise € 570

Area of Sheet 0 136751 a &
Honeycomb Solidity ” 1.52%6
Honeycomb Porosity I 98.48%

Area of Cell 0 93.67 aa
ReynoldsNumber YQ 7755.89
Friction Factor _ 0.0153
Pressure Loss Coefficient 0 0.2213
Pressure Loss 30 1958 0 &

As indicated inTable 33, all of the essential empirical methodologies discussed
earlier have been satisfied. Drawing from practical knowledge, it is evident that this

honeycomb structure will effectively function in tregulating flow

The honeycomb will be located at the entrance of the settling chamber. Although
screens can be placed in front of the honeycomb to reduce swirl angles in wind tunnel
experiments in ambient tunnels, using as few screens as possible for the icing tunnel
is preferable. Therefore, the airflow will first pass through the honeycomb and enter

the settling chamber. Sufficient space will be left behind for the screens to ensure
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pressure recovery. It is generally recommended to leave a gap of 0.2 times the size
of the settling chamber between the mesh screen combinations and the honeycomb.

Hence, a gap of 600 mm will be ensured

4422 MeshScreenCalculations

In order to mitigate the turbulence of the incoming flow, tension screens are
employed within the settling chamber. These screens disrupt thestaaigeturbulent
eddies, breaking them down into smabeale eddies that dissipate. In other words,
screens mainly reduce velocity fluctuations. It is recommended that the spacing
betwesn the screens be approximately equivalent to the length scale of the larger
energetic eddi€g§9]. Moreover, screens have a minimal impact on lateral turbulence
but are highly effective in reducing longitudinal turbulence. However, in the
contraction chamber, the attenuation of lateral turbulence is not as significant as
longitudinal turbulence. As maohed earlier, a single screen can significantly
reduce the level of longitudinal turbulence. In addition to that, combining more than
two screens in an intermittent position in the settling chamber would be more
advantageou&6]. However, by using a series of two or three screens, the turbulence
level in both directions can be attenuated to as low as 0[88PdPrevious studies

have demonstrated that incorporating multiple screens with varying porosities within
the settling duct, with the coarsest screen positioned closest to the incoming flow and
the finest screen positioned closest to the test section, leagdutced turbulence
levels within the test section. Following the screens, itis essential to include a settling
chamber to allow for the dissipation of the snsalhle fluctuations generated by the

wires before they are intensified by contractié@], [77].
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Figure59: Mesh
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The utilization of a mesh screen is widely recognized as advantageous for enhancing
the flow quality within a wind tunnel. However, it is essential to note that this
assumption does not hold true in the context of icing tunnels. The unique conditions
in icing tunnels, characterized by high LWC and low temperatures, inevitably lead
to ice accumulation on mesh screens. Consequently, the use of mesh screens is not
favored in many icing wind tunnels. This preference is primarily attributed to the
inability of mesh screens to effectively reduce the already elevated turbulence levels
to levels representative of actual ambient conditions. This limitation arises due to the
presence of intrusive equipment and instruments, such as the spray bar and heat
exchanger, witin the icing wind tunnel. However, despite these drawbacks, the use
of this component and its implementation in a way that does not have a negative
impact or can be removed if requested is planned in this study. For these reasons,
using mesh screen combirons with high range values and low blocking values is
planned.

Effective mesh porosity sizhould be betweed.581 0.8[77].

™y T T (123

the screen wire can be calculated with followaggiation.

EQ £ dQ €& £0Q (129

Where
Q , is the wire diameter,
¢ ,Iis the generic wire number in theesh
G is the settling chamber cresection side.

The last term in in the equation takes into account the areas where the wires cross.

122



o
"

.
7

5
7

Figure60: Mesh Schematic

Honeycomb screen porosity in following equation.

T a ¢ Q € Q e Q £ 0Q
5 R P 3 &
Simplifying equation,
T £ Q
P —a

Porosity can be written as in following equation.
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In their comprehensive investigation, Groth et al. determined that a distance of 20
times ofthe mesh length is adequate for restoring the flow through the mesh screen
[81]. This distance was duly considered during the placement of the mesh screens in

the present study.

In the subsequent equations, the calculation of the pressure loss coefficient is
presented. The terms included in the equation are defined as follows:
represents the smoothness coefficient, typically ranging from 1.0 to 2.1. However,
Idelchik et al. have suggestadalue of 1.0 for new metallic wires, 1.3 for metallic
wires with a circular crossection, and 2.1 for silk fibers. In most cases, a value of
1.3 is considered suitabfé4].

o o z0 oz, (130

0 T YL — p8t p8lp QEVYQ T m (13)

For theYQ higher that 4000 s taken as 1.

As mentioned earlier, the pressure drop calculations conducted stutihe were

found to be close to existing experimental studies but have yet to be an exact match.
Therefore, a new approach for these calculations is proposed in this study. In this
approach, experimental data corresponding to the Reynolds values ofitreedes
icing wind tunnel's relevant region were obtained, representeBigare 61.
Regression analysis was performed on this data to formulate an equation that could
be used for cunwtting calculations. As a result, more accurate pressure drop values

could be calculated within the relevant range of Reynolds numbers.
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Figure6l: Experimental Values of Damped Screen Reysblahction[81]

When the curve fitting calculation is performed on the graph showigine61, the

equation shown iequationl32and the coefficients listed below it are obtained.
QYQ | —=YQTIl  YQ
 pYET YW
— pPYIOWOW (132

- T WT QTP
I mMr¢mgyYPmngwp

In the context of this calculation, the followifigrmula is utilized to calculate the
pressure loss coefficief@1]. By employing the Reynolds number function and the
solidity function, which are calculated, the pressure loss calculation can be
performed.

0 — (133
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As observed inTable 34, the second approach vyields results much closer to the
experimental data. Therefore, calculations will proceed using the second approach

due to these reasons.

Table34: Screen Pressure Loss Comparison for Different Approaches

Pressure Loss (Pa)

No Reynolds Numb Experimenta[81] 15'Approach 2" Approach

1 841.04 10.20 12.51 10.33
2 336.42 9.90 11.3 9.95
3 168.21 7.35 10.46 8.05
4 168.21 14.85 19.49 16.27
5 80.74 11.85 13.8 11.97
6 63.92 24.60 23.95 24.01
7 13.46 43.50 21.3% 40.91

Firstly, this study proposes the use afaanbination of @&aoneycomb structure and

two mesh screens. The selection of mesh screens was determined through a series of
experiments aimed at reducing ramiformities. Initially, a low mesh value with a

lower pressure drop coefficient €€.5) and higher porosity was used to decrease
nortuniformities. Subsequently, a higher mesh value with a tighter weave was
employed to minimize variations in the upstream flow. Therefore, commercial

screens were chosen for this purpose.

Table35 shows the mesh screen calculation for the case study. In this part, screens
available in the market are listedliable35, and mesh sizes selected for use in wind
tunnels are highlighted in grey. In this stage, attention has been given to ensuring
that the porosity values of the screens are as high as possible while minimizing
pressure loss. Additionally, screens that arfecéive for turbulence have been

selected.

The following table presents the mesh number, which is a measure of the fineness of

a mesh and indicates the frequency of the mesh used. Additionally, the mesh number
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represents the number of openings per inch in numerical terms. Therefore, as the

mesh number increases, the fineness of the mesh also increases.

Table35: CommerciallyAvailable Mesh Sizes

Mesh No. | Wire Dia | Porosity % | Pres. Loss Coefficient
4 1 71 0.4301
5 1 65 0.6129
6 1 58 0.8465
7 1 52 1.1488
8 0.65 63 0.6723
10 0.57 60 0.7993
12 0.47 61 0.7966
14 0.47 55 1.0669
16 0.37 59 0.8905
16 0.47 50 1.4140

The arrangement a$creens is of great importance for the wind tunnel. Their
placement in front of the test chamber and contraction cone is to achieve a high
quality and fast airflow in the test chamber. However, their relative positioning is
also crucial for this airflow cplity. Typically, screens are placed where there is a
sudden change in the geometry of the area or pressure change, but in our case, the
settling chamber has a straight wall. The positioning of the screens is essential to
ensure static pressure recovery andistance of 0.20 times each dimension of the
settling chamber is considered satisfactory. Therefore, there will be a spacing of 600

mm between each screen

4.4.2.3 Turbulence Reduction Factor

Turbulence reduction factor (TRF) is a measure of the effectiveness of a device or
system in reducing the turbulence of a fluid flow. It is often used in the study of fluid
dynamics Andit is defined as the ratio of the turbulence intensity of the flow after
the device or system is applied to the turbulence intensity of the flow before the

device or system is appli¢81].

The turbulence intensity measures the strength of the turbulent fluctuations in a fluid

flow. It is defined as the ratio of the root mean square (RMS) velocity of the
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fluctuations to the mean velocity of the flow. The turbulence intensity is typically

expressed as a percentage.

The TRF is often used to evaluate the performance of various devices or systems
designed to reduce turbulence in a fluid flow, such as flow straighteners, vortex
generators, and boundary layer control devices. It is also used to predict the effect of
thesedevices on the performance and stability of systems sensitive to turbulence,

such as aircraft, ships, and wind turbines.

Generally, a high TRF indicates that the device or system effectively reduces
turbulence. In contrast, a low TRF indicates that the device or system is less effective
at reducing turbulence. The TRF is an essential parameter in the design and
optimizationof systems that are sensitive to turbulence and is used to predict the

impact of turbulence on the performance and stability of these syg@&ns

Turbulence reduction is a phenomenon that is also provided by the pressure drop
made by the screens, but which significantly improves the flow quality in the wind
tunnel. It is also known as a damped screen. Looking at the work done by Groth et
al. on thissubject, they developed a method to determine how much the turbulence
intensity is reduced in the floy81]. Although this method underestimates the
reduction of turbulence intensity, it does not pose a problem for our studies.
Therefore, this method was calculated for screen meshes, and screen mesh types

were selected accordingly.

Following the formula proposed by Dryden & Schubauwehich is aa empirical
approach for the turbulence damping by screen combinafis 0 is the
respective pressure loss coefficieamd 0 is the number of the screens utilized in

the test section.

p L 8z) (139
The findings of the experiments conducted in this study indicate that walls with the
lowest pressure loss coefficient should be selected. If multiple walls are utilized,

choosing the walls with the least amount of loss is advisable. This recommendation

is based on the observation that removing mesh screens with higher mesh numbers
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had a negligible impact on the reduction of turbulence intensity, as demonstrated in

the study. For this reason, our selections are made in the light of this information.

As mentioned before, mesh screens have a prominent effect on decreasing the
velocity variation. The following equation represents the calculation of variation
velocity. 30 and 30 are the streamwise velocity variatiors upstream and

downstream, respectively.

30 p | |20 13
30 p | 0 (139

— (136

All calculationsregarding the mesh screen are conducted and turbulence reduction
andvelocity variation parameters come out as expe@&atlit should be noted that
inicing wind tunnels, the presence of instruments and equipnmé@rent to their
nature results in high turbulence levels. Despite this fact, this study calculates that
the addition of two screen meshes reduces the existing turbulence values by one
third. Although this calculationnderstimategheturbulence intensity, it isssential

to note that anoresignificantreduction in turbulence is expected with higher levels.
This finding significantly improves the performance of the designed wind tunnel for
icing conditions. Upon careful examination of the graphHsguire63 andFigure64,

it is evident that the decrease in fl@peed variatiorand turbulence intensity is

sufficient and appropriate.
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Figure64: Flow Variation

Table36: Mesh ScreeiMain Parameters

Mesh #1 Mesh #2 Unit
Mesh 0 5 10 -
Mesh Wire Diameter Q 1.0 0.57 a &
Mesh Division 0 3.2 255 -
Screen porosity T 0.65 0.60 -
Division ¢ 590 1189 -
Area of flow 0 5,808100 5,414138 aa
Area of Settling Chamber 0 9,000000 9,000000 aa
Screen Mesh Density ” 0.20 039 -
Reynolds YQ 12804 729.83 -
Local Loss Coefficient 0 06129 07993 -
Pressure Loss 31 87.71 11438 0 ®
Velocity at Settling Chamber 11.11 11.11 &k
Damping Factor 0.79 0.7 -
Turbulence Reduction Factor "Y'Y'C 1.27 1.341 -
30
Flow variation damping x-axis 30 0.4649  0.3299 -
30
Flow variation damping y-axis 30 0.83 0.76 -
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4.4.3 Contraction Cone

One of the most essentie@dmponents in the wind tunnel is the contraction cone,
which immensely affects flow speed and quality in the test section. Its primary role
is to direct the flow from the settling chamber into the test chamber while reducing
turbulence and flow inconsisteyin the test chamber. The flow's acceleration and
the unevenness reduction depend mainly on the contraction ratio. The contraction
ratio is the ratio between the area of the inlet and outlet cross seé&tligae 65

showstypical contraction conf83].

The component known as a contraction cone also referred to asanwiéadiffuser,

is distinguished by the serangle of its inlet and outlet. According to Mehda et al.
[77]if the semiangle is greater than 6 degrees, it can be classified as @angte
diffuser. Contraction cones can be used in conjunction with screens to minimize
turbulence and prevent separation. However, this may not be the preferred option in

cases invlving icing wind tunnels due to the accumulation of ice

4

Figure65: Contraction Cone

Although the contraction cone (N) ratio should be as ample as possible because of

the improvement in flow quality, this part and coefficient decide the total dimensions
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of the wind tunnel. Therefore, a compromise for this parameter should be found

depending on the expected applications.

For most applications, the contraction cone ratio should be 4 and 6, accepted as a
good ratio. However, turbulence intensity can be established around 2% with this
contraction cone ratio, and these values can be deducted up to 0.5%. However, most
applicatons suggest that the contraction cone ratio should be between 8 and 10.

Using nine as the contraction ratio is a good compromise for a wind tunnel design.

The contractiorshould havereasonable length and good fluid dynarb&havior

when the two hatingles of the contraction, /¢ andf ¢, assume values of the
order of 12°. As for the shape of the contour, accordirggtmnetrical calculatign
fifth-order polynomial curves argecommendedThe profile of a wind tunnel
contraction cone is typically described by a polynomial function, which is a
mathematical expression consisting of terms combined using addition, subtraction,
and multiplication The polynomial function used to describe the profile of a
contraction cone is typically a polynomial of the third or fifth degree, which means
that it includes terms with exponents of up to 3 dB35]

For example, the profile of a contraction cone might be described by a polynomial

of the form:

O W W W X Qw0 (137)

where x is the distance along the axis of the cone and y is the height of the cone at
that point. The coefficients a, b, and ¢ are constants that are chosen to describe the

specific shape of the cone.

Overall, the profile of a contraction cone is an essential factor in designing a wind
tunnel, as it determines the flow conditions that will be present in the test section.
Using a polynomial function to describe the profile of the cone allows engineers to
accurately predict and control these flow conditions, which is essential for reliable

and accurate testing.
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Figure66. Contraction Cone Half Profile
Contraction Cone Pressure Loss
Contraction cone pressure loss can be calculated as in the following equation.

P
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where o i s:

T p&G € "QY(@ T (140

In the equation above, Reynolds numisateterminedby the smallest section of the

hydraulic diameter.

Table37: Contraction Cone Design Parameters

Input Value Unit
R 3 @
0 3 @
8& & 01 GO 9 6& QO
2 o 1 G
o
B 0 1 a
= 0 9 d
& o 1 a
0 3 a
| 0322 1 OQ
i 0322 1 ®Q
R 11.111 & A
Y 243.15(-30) U 6
0 0 100 & T
qg, ‘ 1.56451E05 0 z { T
1% ’ 1.09E05 & Ti
£ 0 1.000 6 & Q0
C ~
5 . 1.433 QT
S YQ 9.57E+05 6 & "QO |
< 0 100000 0 &
0 93474 0 ®
0 0,312 0 ¢ QO
2 _ 0.01201 0 & QO {
S 0 0.00469 6 & QO
o 3 33580 0O
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4.4.4 Diffuser

The primary function of diffusers is to recover static pressure to increase the
performance of the wind tunnel and, of course, to closeitbeit. For this reason,

the half angle of the diffusers is limited to 3.5 degrees during the design step. The
main purpose of this limitation is to maintain the flow quality high and the pressure

drop minimal.

Figure67: Diffuser

The diffuser semangle opening should be less than 3.5 degrees to prevent adverse
flow effects. On the other hand, it is of great importance to reduce the dynamic
pressure at the entrance of corner number 1 as much as possible to minimize the

pressure los

Diffuser 2 is a transition channel where the dynamic pressure is still high. As a result,
the design procedure that prescribes a maximum value for theopening angle
must also be applied here. The other parts of the wind tunnel determine the length of

diffuser two.

The drive system is mechanically connected to diffusers 3 and 4. Therefore, the
disturbed fluid by the fan flow mostly affected this part of the wind tunnel. Half of

the semiangle criteria still apply in this part.

Diffuser 5 connects corners, and it will be minimal in manner of dimensions, due to
the low dynamic pressure. This is especially the case when the contraction cone ratio

is high, and the diffuser serangle can be larger than 3.5°.
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Diffuser Pressure Loss

Pressure loss coefficient is determined by the dynamic pressure in the smallest

section of the diffuser. side of the diffuser, is presented by:

0 U 0 (149
P . —Q 14
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Table38: Coefficientof Geometric functiorf78]

Parameter Circular Square
Al 0.1033 0.09623
Bl -0.02389 -0.004152
A2 0.1709 0.1222
B2 -0.117 0.0459
C2 0.0326 0.02203
D2 0.001078 0.003269
E2 -0.0009076 -0.0006145
F2 -0.00001331 -0.000028
G2 0.0001345 0.00002337
A3 -0.09661 -0.01322
B3 0.04672 0.05866
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Table39: Diffuser Section Design Parameters

Input Diffuser 1 Diffuser 2 Diffuser 3 Diffuser4  Unit

&) 1.0 1.6 1.85 2.25 G
0 1.0 1.6 1.85 2.25 a
&) 1.6 1.85 2.25 3.00 G
S 0 1.6 1.85 2.25 300 4
2] o) 1 2.56 3.4225 5.063 G
g 0 2.56 3.42  5.0625 8.994
) 0 9.0375 3.6 5 10.1 &
0 2.56 1.3369 1.48 1.78 G
| 0.0332 0.0347 0.0400 0.0371 i ®OQ
I 0.0332 0.0347 0.0400 0.0371 i ®OQ
&) 100 39.06 29.22 19.75 an
m Y 243.15 243.15 243.15 243.15 0
E 0 100 100 100 100 & Ti
- ‘ 1.56E05 1.56E05 1.56E05 1.56E05 ) T4
38 ' 1.09E05 1.09E05 1.09E05 1.09E05 & i
= 0 1.000 1.600 1.850 2.250 6 ¢ Q0 (
% " 1.433 1.433 1.433 1.433 QT
g YQ  6.39E+06 3.99E+06 3.46E+06 2.84E+06 6 & Q0 ¢
< 9 100000 100000 100000 100000 O &
0 92835 98906 99388 99720 0 ®
0 0,312 0,312 0,312 0,312 6 & "Q0 {
o - 0.0327 0.0151 0.0166  0.0232 6 £ Q0 ¢
5 g - 0.0210  0.0038 0.0075  0.0124 6 & Q0 (
&J S S 0.0538 0.0189 0.0241 0.0356 6 £ "Q0 (
3N 121630 15.160 9.557 9.950 0 &

4.4.5 Corners

There are four corners in closkmbp wind tunnels. These return channels are
responsible for half of the total pressure loss. For this reason, the design of corner
turns and the prevention of flow inhomogeneity duedntrifugal force are among

the essential design criteria.

The radius of the corner turns is another critical design variable and is proportional

to the width of the entrance. In addition, return vanes have been added to ensure the
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air's return properly during turns. The spacing and number of return vanes have been
calculated in terms of homogeneity and distribution of the returning air, and they

have been designed in appropriate amounts and dimensions.

Figure68: Corner

Pressure loss calculation for clodedp wind tunnels should be taken into account
that most of the pressure losses originated from the corners. Most losses come from
the first corner, which is responsible for 30% of the pressure loss.

One of the mostritical design parameters in corner design is corner radius. It is
parametrically connected with the geometry of the rest of the wind tunnel. A big
corner radius causes a pressure dubide a small corner radius causes spoiling

homogeneity of the flow
Corner Sections Pressure Loss

As mentioned in an earlier section, the corner and their vane design are discussed in
the early chapters of this thesis. Optimized design is an essential factor due to
minimizing the pressure drop and gaining homogeneity flow. Calculation of the

pressuredss in the corners has been expressed in the following equations. In this

approach, we assume an average number of yanespg z , Where"Yis the

diagonal dimension of the corner, ad s the chord of the vane. The pressure
loss coefficient was obtained fraifme Equatioril46.
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Table40: Corner Section Design Parameters
Corner  Corner  Corner  Corner
Input 1 2 3 4 Unit
® 1.6 1.85 3.00 3.00 a
O 1.6 1.85 3.00 3.00 a
) 1.6 1.85 3.00 3.00 a
O 1.6 1.85 3.00 3.00 a
= o 256  3.4225 9.00 9.00 4
@ 0 256  3.4225 9.00 9.00 «a
g 0 1 15 15 1.50 a
a YY®NO Q 0.25 0.25 0.20 0.20 6¢ Q0O
0l &@IC 0.4 0.46 0.60 0.60 0 ¢ Q0O
0 1 1 1 1 a
| 0 0 0 0O i ®wQ
X 0 0 0 0 1 ®Q
m W 39.06 29.22 11.11 11.11 &7
c "Y 243.15 243.15 243.15 243.15 0
o 0 100 100 100 100 & Ti
9 ‘ 1.56E05 1.56E05 1.56E05 1.56E05 ) {14
% ’ 1.09E05 1.09E05 1.09E05 1.09E05 & Ti
c O 1.600 1.850 2.999 3.000 é~é Q0
S ” 1.433 1.433 1.433 1.433 QTh
2 YO 3.99E+0 3.46E+0 3.05E+0 2.13E+0 o
6 6 6 6 0¢ Qo
0 100000 100000 100000 100000 O &
) - 0.028 0.028 0.026 0.026 ¢ ¢ Q0O
5) @ - 0.165 0.165 0.201 0.201 ¢ ¢ Q0
o 3 — 0.193 0.193 0.228 0.228 ¢ ¢ Q0O
o . »
31 363.457 203.982 33.094 33094 0O

4451 Corner Vanes Selection

Wind tunnel corner vanes are devices that are used to control the flow of air through
a wind tunnel. They are typically located at the corners of the test section, and their
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purpose is to guide the airflow around the corners of the test section and prevent flow

separation.

There are several different types of wind tunnel corner vanes, and the specific type
used will depend on the design of the wind tunnel and the specific requirements of
the testing program. Some common types of corner vanes include straight vanes,

curved vaes, and variable geometry vanes.

1 Straightvanes are simple devices consisting of a flat plate mounted at an
angle to the airflow. They are effective at guiding the airflow around the
corners of the test section, but they do not provide any control over the flow

1 Curved vanes are similar to straight vanes, but they are shaped to follow the
contour of the corners of the test section. This allows them to provide more
control over the flow, as they can guide the airflow around the corners more
smoothly.

{1 Variable geometry vanes are more complex devices that can be adjusted to
change the shape of the vane and control the flow of air. These vanes are
typically used in wind tunnels with more demanding flow conditions, and
they allow engineers to findune the flow around the corners of the test

section.

T L e
'!m"fﬁi!i';i‘iii!mmm

Figure69: Ice Accretionon Corner Vane$34].
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The selection of sizing and spacing for the corner vanes is critical to the design
process. It izrucial to consider the tragadf between the number of vanes and

the resulting pressure drop. While a higher number of vanes can lead to a more
significant pressure drop, a lower number does not guarantee uniform flow.
Additionally, when designing icingitinels, it is crucial to consider the number

of vanes and sizes, aiming for the smallest possible selection. This consideration
takes into account factors such as blockage and the potential for icing at the
corners Figure 69 illustrates the accumulation of icing at the corner valves,
which can disrupt the flow. The specific choices made for Corner 1 can be found
in Table41. Additionally, all of the design aspects and technical specifications
regarding corner vanes can be seehahle42.

Table41: Vane Selection fo€orner 1

T T -
? at=F 1l wmio =
Normal Vanes 9 0.226 2.5 0.144 5.63%
Optimum Vanes 6 0.323 1.75 0.096 3.75%
Min Vanes 4 0453 1.25 0.064 2.50%

In addition, the evaluation of angles regarding the air intake and exit from the trailing
edge of corner vanes is also essential. Therefore, it has been found to be ineffective
when entering with a-@egree angle of attack. However, Mehta et al. statedtthat i
would be more accurate to place with a leading edge angté okedgree$75]. This

leading edge angle of attack for the corner vanes is selected as 5 degrees, and CFD
analysis of the results represents the final section of this dissertation. Based on
experimental tests, it was recommended to use a gap/chord ratio of 0.25 in order to
achieve the lowest resistance coefficient (L/D max). However, slightly larger ratios
could be employed in the third and fourth corners without causing vane stalling as

long as the entry flow was adequately uniform.
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Table42: Corner Vane Calculations

Corner Corner Corner  Corner
Description Input #1 #2 #3 #4 Unit
00anOME ¢ 6 6 7 7
00O QENEQTHQ Y 2.263 2.616  4.241 4243 &
WO 1 Q &) 0.566 0.654 0.848 0.849 &
0O QENQ O 0.323 0.374 0530 0530 a
0 6 &M 0D 0 1.6 1.85  2.999 3 4
01 MQENQ0 W 0.628 0.726  0.942 0942 &
01 @A 0EQ 6 1.005 1344 2826 2.827 «a
YQnE &abde  'YQ 2,023,948 1,750,442 863,839 863,551
Y€ & QQQO T 1.75 1.75 1.6 1.6
OOA'@ 1 IQHh o T —— 0.571 0571 0.625 0.625
01 Qi (a&ii @
B¢ 0'0000 O 0.14 0.14 0.15 0.15
01 Qi {a@ii'@ ° 152.32 85.85 1293 1291 0 &
"OOQE Qi o 0.01 0.01 0.01 0.01

4.4.6 Cooling Section Selection

Cooling calculations are an essential aspect of wind tunnel design, as they help to
ensure that the tunnel can maintain the required temperature and humidity conditions
for the tests being performed. There areimber of factors that must be considered

when performing cooling calculations for a wind tunnel, including:

Heat load: The heat load is the amount of heat that must be removed from the wind
tunnel to maintain the desired temperature. The propulsion system's power
determines the heat load, the heat generated by the test model, and the heat transfer

through the tanel's walls.

Cooling capacity: The cooling capacity is the ability of the cooling system to remove
heat from the wind tunnel. The cooling capacity is determined by the size and

efficiency of the cooling system, as well as the ambient temperature and humidity.

Temperature and humidity control: The temperature and humidity within the wind

tunnel must be carefully controlled to ensure that the tests are conducted under the
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desired conditions. This may involve heating and cooling systems, as well as

humidifiers and dehumidifiers.

Airflow and ventilation: The airflow and ventilation within the wind tunnel must also
be carefully considered, as the airflow can affect the tunnel's temperature and

humidity.

In order to perform cooling calculations for a wind tunnel, the heat load and cooling
capacity, and then design the cooling system and airflow and ventilation to ensure
that the temperature and humidity within the tunnel can be maintained at the desired

levels should be determined.

4.46.1 Heat Load Calculation

Before performing thermal load calculations for the wind tunnel, data about the wind
tunnel and its external environment is required. The priority is to determine the
specifications of the wind tunnel. Based on previous designs, the volume of the wind
tunrel is approximately 270 cubic meters, and the surface area is around 730 square
meters. Since the specific environment in which it will be used is not yet determined,
approximate laboratory conditions will be assumed. Therefore, the external
temperature Wi be set at 20 degrees Celsius, and the pressure will be considered as
atmospheric pressure. Additionally, insulation will be utilized to minimize heat loss
from the walls of the wind tunnel. Furthermore, it is necessary to calculate the heat
generated byquipment such as the motor and spray bar located inside the wind

tunnel, which is injected into the air.

The phenomenon of heat loss in a wind tunnel can be simplified by the following

equation, which represents the balance of convective heat transfer.

(o]
C

Y& OTHADE i i0 v 0

(147)

In the equation above, eatérm mentioned is sequentially explained as follows

0 , heat transfer through the walls , heat injection due to mofor
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aerodynamic heating , the dropsolidificationheat the latent heal |, heat

transfer of the spray bar

4.4.6.1.1 Heat Through Walls

The calculation of the amount of heat passing through the walls is essentially a
conduction problem. In order to solve this conduction problem, it is necessary to
determine the materials and insulation systems to be used and their technical
specificationdor the calculation. In order to prevent the flow between the cold and
hot air, the wind tunnel design requires insulation. However, the inner wall will be
made of sheet metal for production capabilities. Insulation will be applied on top of

it to ensure bat preservation.

Additionally, there will be significant temperature changes inside the wind tunnel,
which will result in repeated thermal cycling. The presence of excessive moisture
and water inside also poses a rusting problem. Therefore, in order to prevent rusting,
either galvanized steel or stainless steel must be used. When comparing the thermal
conductivities of these two materials, stainless steel has a much lower thermal
conductivity and a longer service life. Hence, the decision has been made to use
stainless stéeRegardless of the quality and type of stainless steel, their thermal
conductivities araroundp & w & 0, while galvanized steel has a rangayaft

@ wo fa U [85], [86]. It is anticipated that the thickness of the sheet metal will be

around 5 mm due to the structural requirements.

The exterior of the produced sheet metals will be fitted with insulation material. In
the initial stage, elastomeric rubber insulation material will be utilizZduds
insulation material is preferred due to its resistance agaistr vapor diffusion,

low thermal conductivity coefficient (0.032 W/mK aPR0 degrees Celsius),
flexibility, and ease of application. As the maximum thickness available for these

materials from suppliers is 50 mm, a 50 mm application will be implemBitgd

Finally, the elastomeric rubber insulation material will be covered with cold room
panels to provide superior insulatidrhis material is commonly used in cold rooms

and warehouses and coated with a thin polyurethane sheet.
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The following equation calculates the conductive calculation of three specific
thickness materials that separate the cold air from the ambiemhaiiirst layer is

the sheet metal of the IWT which is 5 mm thick ahérmal conductivity is

p & W TQ@0. Then insulation layers are presemtjich are elastomeric rubber
andinsulation panelTheir thermal conductivity and thicknesses are 50, 100 mm and
0.032, 0.0230 TQ QU respectively.

p
- "0 Q Q (148
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8 38 8
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The amount of heat transferred into the tunnel through the surface area is calculated
using the following equation, taking into account the cumulative conductive
coefficient and the temperature difference. At this design point, the ambient

temperature issssumed to be 20 , and air inside the wind tunnel should-B&

O EZ 114 174 Z o 15
O 3 Y Y Y (150
T8t cp—@—-—‘b
0 - *8ag z ¢ 718 OB 2 dn
YT q QX (151)
P& XQm

In this study, thelesigned icing wind tunnel experiences a heat flux of 6.27 kilowatts

from the walls of the wind tunnel under the most challenging operating conditions.
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4.4.6.1.2 Heat Due to Spray Bar

The spray bar is an essential equipment within the wind tunnel due to its ability to
inject a large amount of liquid into the flow. However, this can negatively affect the
heat balance within the wind tunnel. There are two primary sources of heat loss that
need to be overcome by the cooling device associated with the spray bar. These are
referred to as sensible and latent heat. The first source involves water droplets that
are excessively cooled from the temperature at which they exit the nozzle,
approxima¢ | y 20 UC, to the temperature of th
resulting in heat transfer within the tunnel and is expressed as the shaaifi®v,

0 . The other heat flow, known &% or latent heat, occurs when the
excessively cooled water droplet solidifies onto a solid suifaceir case model
placed inthe test sectionwithin the wind tunnel due to droplet heterogenous
nucleation, releasing latent heat. Both sensible and latent heat are functions of the

liquid water contenfl5].

a Dwdw Do& Y20 (152
0 a zQp  z3°Y (153

0 G ZQ (154

W 9 P& 0 (155

® o 0 I (156)

In this calculation, the values determined for the most challenging conditions of the
icing wind tunnel are used, with a LWC of Y& , a mass flow rate ¥ mtdn 71,
and a test section areamfi . When these values are input into the calculation, the
amount of heat lost is being calculated below.
0 oﬁzpn%—zpd Z1PH PYRETQ U
a i (157
Zo @& UQ®
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According to the calculations performed for both heat sources, the selection of
cooling equipment plays a significant role. Therefore, it can be confidently stated
that the cooling capaciyepend®n the required LWC value in the icing tunnel.

4.4.6.1.3 Motor Heat

Electric motors are known for their high efficiency, making them one of the most
efficient types of motors. As a result, they generate minimal heat. The motor used in
this case is a thrgghase motor that meets the IE3 standards. The catalog values
indicake a 96% efficiency; however, in reality, this level of efficiency may not be
achieved due to maintenance deficiencies or challenging environmental conditions.
Additionally, the heat generated by airflow friction is converted entirely into heat,
consuming the axial fan's powdB8]. Furthermore, the heat generated by
aerodynamic effects can be considered energy transferred to the air. Therefore,
aerodynamic heating and the motor's heat load are included in the fan power

calculation.

0 0 0 zZ-— opWZT® UL ¢ QL (159

YE ODQAWDE | o ¢ ¢ pndAT @ & v

. 16
o X8 XQw (160

In addition to calculating the total heat loss atetermining the cooling power
requirement, it is also possible to determine the temperature increase within a wind
tunnel. The calculations were performed using the equations shown below, and the
temperature increase was determined as 2.61 Celsius degeepdrticular design
point. This temperature difference helps us to govern the heat exchanger

specification.
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Calculations have been made for each heat entering the wind tunnel. Based on the
design point selected as the most challenging conditions for the wind tunnel, a total
cooling capacity of 374 kW has been calculated. However, this calculation is based
on a sgle point. Thereforefigure 70 shows the required cooling capacity as the
velocity value increases inside the wind tunnel. In this calculation, an LWC value of
3°Ja has been assumed for all different velocities. Addition&ligure71 shows

the required cooling capacity according to the change in LWC. Although the change
in cooling capacity is not as significant as the change in motor speed, this graph
allows for the examination of the cooling amount required for an LWC value at a

velodty of 100 m/s in the test chamber.

Based on all these calculations, a cooling group calculaticsofmponentwill be

performed in the further stages of this study.

Required Cooling Power
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Figure70: Cooling System Power vbslass Flow Rate
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Figure71: Cooling System Power veWC

In the literature review of wind tunnels with cooling dakaple 43 compares the
cooling performance ating wind tunnelsaround the worldAs evident from this

table, the calculated values are in accordance with the existing tunnels, especially the
fan-to-cooler unit power ratio aligned with the existing tunnéis this stage, the
accuracy of the calculations is assumed to be proven.

Table43: Comparison of Icing Wind Tunnel Cooling Unjib]

Tunnel Name Test Section Mas g g7l
(m x m) Ty B B

CIRA 2.35x1.15 225 4000 6400 1.60

NRC AIWT  0.57x0.57 100 450 420 0.93

METU IWT 1.00x1.00 100 315 374 1.19
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REFRIGERANT

There are several factors to consider when choosing a refrigerant for auvuied

including refrigerantype cooling system compatibility.

The refrigerant should have the necessary thermodynamic properties to transfer heat
from the wind tunnel effectively. This may include a high coefficient of performance

(COP), a low saturation temperature, and a high latent heat of vaporization.

The refrigerant should be compatible with the materials and components of the

cooling system and should not cause corrosion or other damage.

In general, selecting a cooling fluid for a wind tunnel depends on the specific
requirements and constraints of the application, including desired efficiency, cost,
and environmental impact. In this thesis, the selection of a cooling gas to be used in
thewind tunnel was made considering the technical requirements. One of the most
important requirements was the target temperature3@f , which played a
significant role in the selection of the cooling gas. As a result, the evaporation
temperatures of vanus cooling gases were examined, and options such as R410A,
R744, and R507A emerged as potential solutions. Among these gases, R744 was
chosen based on its casffectiveness and applicability. To elaborate further, R744

is essentially carbon dioxide itselfherefore, it does not pose risks such as
flammability and greenhouse gas emissiédwditionally, as shown in th€able44,

it is abundantly available and has a low cost. Furthermore, CO2 stands out for its low
critical point temperature (31.06 °C) and low evaporation temperabid® (C]89]

Table44: Common Coolant Gas Pricg9]

Gas Type | R134a| R404a| R407c| R410a| R507 R744(C|=)
Price 9.38 | 8.85 | 10.68| 9.58 | 19.53 0.52

COMPRESSOR

A compressor is a mechanical device that increases the pressure of a gas or vapor by

reducing its volume. Compressors are commonly used in cooling systems to
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compress refrigerant gases and circulate them through the syStamall, the
compressor is a critical component of a cooling system, as it is responsible for

compressing and circulating the refrigerant to transfer heat from the system.

DRYER

A dryer is a device that is used to remove moisture fyasor vapor. In a cooling
system, a dryer is used to remove moisture from the refrigerant gas, as moisture can

cause corrosion and other problems in the system.

In a cooling system, the dryer is typically located downstream of the compressor and
upstream of the expansion valve or expansion device. The dryer helps to ensure that
the refrigerant is dry and free of moisture, which can cause corrosion and other
problems in the system. By removing moisture from the refrigerant, the dryer helps

to improve the efficiency and reliability of the cooling system.

EXPANSION VALVE

An expansion valve is a device that is used to control the flow of refrigerant in a
cooling system. It is typically located downstream of the evaporator and upstream of
the compressor and is responsible for regulating the flow of refrigerant from the low

pressure side of the system to the highssure side.

HEAT EXCHANGER

In a cooling system in wind tunnels, the heat exchanger plays a critical role in
transferring heat from the refrigerant to the surrounding air or to a secondary fluid.
It helps dissipate the heat absorbed by the refrigerant, which allows the refrigerant
to cool the system. The efficiency of the heat exchanger can significantly affect the

overall efficiency of the cooling system.
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Figure72: Air Type Finned Heat Exchanger

Although all of the heat exchangers to be used in the wind tunnel are practical and
useful, it is necessary to use a heat exchanger system that is geometrically and
mechanically suitable for the wind tunnel so that the airflow and the airflow

momentum areot disturbed.

The cooling system component that is located within the wind tunnel and performs
the cooling function independently within the tunnel is the airflow heat exchanger.
From the perspective of heat transfer, it presents a forced convection problem that
involves the solution of numerous parameters. Therefore, in order to be used in the
wind tunnel, it was requested that the design calculations be provided to specialized
companies, along with compliance with production conditions. Within the scope of
this requestdimensions, temperature values, and environmental conditions were
provided as input. The calculated values are presented in the table below as a result

of this study.

Furthermore, the heat exchanger used for cooling purposes is an effective moisture
absorber. For this reason, the fins of the heat exchanger are designed with a
hydrophilic structure, allowing them to capture and accumulate moisture from the
surrounding ai Therefore, the placement of this component has been moved before
the settling chamber, specifically in diffuser 5, so that it can remove moisture from
the flow inside the tunnel and prevent or decrease the possibility of ice accumulation

on the honeycotmand mesh screens inside the settling chamber. Due to this reason,
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an exhaust outlet will be added to the heat exchanger design process in order to

discharge excess water retained from moisture

Table45: Heat Exchanger Technical Specifications

Specification Value Unit

LL 3000 aa
LH 3000 aa
TH 88 aa
Capacity 377 Qw
Heat 358 Qw
Latent Heat 1721  Qw
Heat Transfer Area 394 a

Heat Transfer Coefficien 110 wXdx z v

Log. Temp. Difference 8.35 v
Dry Bulb in -27.1 0
Dry Bulb out -29.7 0
Volumetric Flow Rate 326000 & TQ
Mass Flow Rate 472000 QIO
Pressure Loss 751 0 ®

CoolantGas R744

_ “ ‘, T =

(@)

—leH-—
—=iCl=—

LL I -
LR —TR— —TR—
LD MAX LL RR

Figure73: Heat Exchanger Technical Drawing
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4.4.7 Exposure Time Calculation

Given the initial assumptions and calculations made for the wind tunnel, it was
determined that the wind tunnel's speed would be maintained at a ceB8tant
However, the decision to replace the cooling group with a more powerful version to
accommodate lower temperature conditions was not taken into account in order to
avoid an increase in costs. Consequently, in order to achieve the desired lower
temperaturs, liquid nitrogen will be introduced into the flow prior to entering the
test chamber. Furthealculations were conducted to determine the capacity of the
tank and the duration for which the flow can be maintained at stable temperatures
below the requiree30 , taking into consideration exposure time.

The wind tunnel is effectively cooled Iytroducing pressurized liquid nitrogen into

the settling chamber through spray nozzles. By injecting liquid nitrogen at a pressure
of 5 bar, the wind tunnel can achieve temperatures as le0&€ when operating

at its maximum speed. In the absenceiwbgen nozzles, the wind tunnel flow can

be redirected through a cooler, resulting in temperatures ranging3hT at low
speeds t620 °C at high speeds. Exposure time calculation with the liquid nitrogen

injection can be calculated as follaws

Enclosed volume of wind tunnej v dt

Airflow rate: p Ttdt Fi

Constant temperature of the wind tunnett 0

Target air temperature at the test section: 10

Liquid nitrogen tank volume; v r 'Q0 QT i

Density of air at o 16 =1.453Q"TH

In the followingequation mass to be cooled is calculated.

Q a Q
a " zg  p8 VE-ZIp MHE- P TR (163
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The energy needed to cool the mass airflow at the test section can be determined

using thefollowing equation.

0 &z6 z37Y ﬁb?zﬁ boz i
P LT PIt T gy " P 1O

. (169

Qu

pT@W?

The flow rate of the liquid nitrogen can be determined using the following equation.

. Qu -
, 0 PT RV Q0
C T[ﬁ\Q

Total availabldiquid nitrogen storage available.

0Q o
& w z” ] W 2 VR i UQ'Q (166)

The rate at which liquid nitrogen is consumed can be determined using the following

equation.
d T rQ oo roor N nn 7 c T[&) JQ"Q 4 'Q Yoo s
P wn € 100 O(ED—~—.Q,,Q Ca Qwe ¢ (167)

X& S

In the context of liquid nitrogen tanks, the largest available tank on the market was
calculated to determine the exposure time required for a 10 Kelvin temperature
difference at30 degrees Celsius. The resulting exposure time was found to be 27.63
secong, which is considered to be relatively short for conducting icing experiments.
To address this limitation, it is suggested that multiple tanks be combined using a
manifold system in order to extend the time interval in a linear manner. Specifically,
in order to achieve a-finute experiment time, which is proposed in the wind tunnel
design phase, it is recommended to merge 12 liquid nitrogen tanks together.

However, it should be noted that the occurrencd@fdegrees Celsius temperatures
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is rare, making it a less common scenario for experimentation. Consequently, the
exposure time can be extended up to 9 minutes for smaller temperature differences

with one tank For exposure time for further temperature differences, please refer to

Figure74.
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Figure74: Time Exposure by Liquid Nitrogen Injection

4.4.8 Spray Bar

In an icing wind tunnel, a spray bar is a device that is used to dispepsayaof
liquid into the airflow. The spray bar is typically part of the icing simulation system,
and it is used to simulate the formation/accumulation of ice on the aircraft or

structure being tested.

The design of a spray bar will depend on the specific requirements of the testing
program and the type of liquid that is being sprayed. Some common design
considerations for a spray bar include the size and shape of the bar, the number of

nozzles, the spawy between the nozzles, and the spray pattern of the nozzles.

In general, the spray bar should be designed to deliver an even spray of liquid over
the surface of the aircraft or structure being tested. This may involve using multiple

nozzles with different spray patterns to ensure that the liquid is evenly disdribute
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The size and shape of the spray bar will depend on the test section's size and shape

and the tunnel's flow conditions.

In addition to these factors, the droplets' size and the nozzle's cone angle are also
important. In this study, the droplet sizes range from 10 to 50 midromsre 75

illustrates that these values fall within the range of cloud droplet sizes.

Mist Rai
Oil fog smoke Sea fog Clouds 15]31»12219 am
v v v v VYV
L e el el ] Drop size, pm
0.1 1.0 10 100 1000
Aerosols Sprayers Sprinklers

Figure75: Classification oDroplet Sizg91]

4481 Nozzle

In the design and determination of the spray bar, the selection of nozzles is of primary
importance because the selection of the nozzles is the most significant factor in
determining the MVD dimensions and cone angle.

Therefore, it is necessary first to determine the type of nozzle. In literature, air
assisted nozzles are widely used. NASA named these nozzles as standard-and Mod
1 nozzles; the only difference between them is that the standard nozzles cover the
high LWC,and Mod1 nozzles cover the low LWC zones. Furthermoreassisted
nozzles can be chosen for wind tunnels due to their ability to provide the required
MVD dimensions and their compatibility with the wind tunnel. This nozzle type is
suitable because ihjects droplets with flow, allowing for the formation of small
sizes. Additionally, the supply of pressurized air and water is heated in order to
modify particle sizes and prevent freezing within the wind tunnéligare76types

of air assisted nozzle are shown, bot h
same however, thdod-1 nozzle has a smaller inner diameter, this is the reason why

it can supply smaller LWC with the required MVD
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— WATER \
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T 8

WATER TUBE DIAMETER
INOZZLE TUBE L.D.
FS‘I‘ANDAF!D 0.025 in.

MOD-1  0.0155in.

Figure76: Icing Wind TunneNozzle[92]

However, for further work, different types of nozzle could be utilized. The air
blasting nozzle is a type of nozlet operates on the same working principle as air
assisted nozzles but with higher pressure and continuous air support in terms of air
supply. In this following, SMD refers to Sauter Mean Diameter, which is commonly
used as the ratio of the droplet volutodts surface area. However, SMD can also

be used as the droplet diameter when assuming all droplets are ideal .spheres
Also, & andd , GLRrepresent the mass flow rate of the liquid andaad ratio

of@ to & ,respectively

Figure77: SMD vs. GLRGraphof Rizki LefebvreEquation [93]
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