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Corrélation entre I'aérodynamique et le transfert de chaleur pour les ailes lisses et

rugueuses

Sepehr SAMADANI

RESUME

Le probléme du givrage sur les avions est connu comme étant 1'un des problémes les plus
critiques pour la communauté aéronautique, car il est directement li¢ a la sécurité des vols. En
raison du colt €élevé des essais en vol, de nombreuses expériences et des modeles numériques
ont été utilisés pour modéliser les conditions de givrage et l'influence sur les conditions de vol.
Ainsi, une estimation précise, une estimation précise du transfert de chaleur est nécessaire pour
la conception préliminaire des systémes d'antigivrage et de dégivrage. Par conséquent,
l'objectif de cette thése est de proposer une corrélation pour les profils lisses avant le givrage
(systemes d'antigivrage) et les profils rugueux aprés l'accrétion de glace (systémes de
dégivrage) afin de prédire le transfert de chaleur, le nombre de Nusselt et le coefficient
aérodynamique. La CFD est utilisée comme une méthode haute-fidélité pour prédire le
transfert de chaleur sur les ailes lisses et rugueuses, avant et apres les conditions de givrage.
Pour avoir une meilleure compréhension de la CFD et du givrage des avions, la revue de la
littérature de cette thése est consacrée a une discussion des études sur le givrage et la nécessité
de continuer la recherche sur ce sujet, malgré les nombreuses réalisations. La modélisation
numérique du givrage est ¢galement abordée dans cette section. Le modele de turbulence
Spalart-Allmaras (SA-SMOOTH) pour les profils lisses et le modele de turbulence Spalart-
Allmaras avec modification de la rugosité¢ (SA-ROUGH) pour les profils rugueux sont choisis
pour construire la base de données. Avant de construire la base de données sur 1'aérodynamique
et le transfert de chaleur, les résultats de la CFD sont validés et vérifiés par rapport aux résultats
expérimentaux et numériques antérieurs. De plus, pour assurer la fiabilité des résultats, la
qualité des maillages est évaluée avec la méthode GCI. La base de données est construite pour
les profils NACA 0009, NACA0012, et NACAO0015 avec Reynolds = 0.625 x 10°,1.25 X
10°,2.5 x 10%,et 5 x 10° et 0 < AOA < 13 pour les profils lisses et 0 < AOA < 9 pour les
profils rugueux. Le nombre de Nusselt et le coefficient de trainée sont ensuite tracés en
fonction du coefficient de portance pour en déduire la corrélation. Trois corrélations de
coefficient de trainée pour Cy et Cypnin pour les profils lisses et Cypming pour les profils rugueux
sont proposees avec les trois corrélations de nombre de Nusselt comprenant Nu,,,, pour les
corrélations générales et Nu,, . €t Nu,,ar pour les valeurs initiales des profils lisses et
rugueux. Pour vérifier la corrélation de transfert de chaleur proposée, elle est comparée a un
travail précédent pour la surface lisse.

Mots clés: transfert de chaleur, antigivrage, dégivrage, turbulence, mécanique des fluides
numérique






Aerodynamic and Heat Transfer Correlation for the Smooth and Rough Airfoils
Sepehr SAMADANI

ABSTRACT

The problem of icing in aircrafts is known as one of the most critical issues for the aviation
community as this matter is directly connected to the flight safety. Due to the high cost of flight
tests, many experiments and numerical models have been used to model the icing condition
and the influence of the flight. In particular, an accurate estimation of the heat transfer is needed
for preliminary design of the anti-icing and de-icing systems. Therefore, the goal of this thesis
is to propose a correlation for smooth airfoils before icing (anti-icing systems) and rough
airfoils after the ice accretion (de-icing systems) to predict the heat transfer Nusselt number
and aerodynamics coefficient. The CFD is used as a high-fidelity method to predict the heat
transfer on the smooth and rough airfoils, before and after icing conditions. To have a better
understanding of CFD and aircraft icing, the literature review of this thesis is dedicated to a
discussion about the history of icing studies and the necessity of continuous icing research, in
spite of the numerous achievements. Also, the numerical modelling for icing is discussed in
this section. The Spalart-Allmaras turbulence model (SA-SMOOTH) for the smooth airfoils
and the Spalart-Allmaras turbulence model with the roughness modification (SA-ROUGH) for
the rough airfoils are chosen to build the database. Before building the aerodynamics and heat
transfer database, the CFD results are validated and verified against prior experimental and
numerical results. Also, to ensure the reliability of the results, the quality of the meshes are
evaluated with the GCI method. The database is built for the NACA 0009, NACA0012, and
NACAO0015 airfoils with Reynolds = 0.625 x 10°,1.25 x 10°,2.5 x 10%,and 5 x 10° and
0 < AOA <13 for the smooth and 0 < AOA <9 for the rough airfoils. The Nusselt
number and the drag coefficient are then plotted as a function of the lift coefficient to derive
the correlation. Three drag coefficient correlations for the C; and Cg,yy;p for the smooth and
Camingr for the rough airfoils are proposed with three Nusselt number correlations including
Nug,, for the general correlations and Ny, g, and Ny, qxg for the smooth and rough airfoils
initial values. To verify the proposed heat transfer correlation, the new proposed correlation is
compared with a previous work for the smooth surface.

Keywords: heat transfer, anti-icing, de-icing, turbulence, Computational Fluid Dynamics
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INTRODUCTION

The introduction chapter of this thesis firstly deliberates about the necessity of the in-flight
icing studies and the role of ice accretion in the airplane design and safety. A brief history
about the ice accretion modelling and the CFD contributions in this regard follows. Finally,

the thesis objectives and the method to reach the objectives is presented.

As today, we know that in-flight ice accretions are a result of the low-temperature droplets
collection on the surface of an aircraft at the low-altitude clouds. This phenomenon leads to
the performance decay and the increase of the fuel consumption at the early stages of the ice
accumulation. In the cases when aircraft de-icing systems can not completely eliminate the ice,
the ice adhesion may result in the malfunctioning of the control surfaces which is considered
as a threat to the flight safety. Therefore, because of the necessity of maintaining the safety at
the highest level possible, researchers have investigated to model the process of ice accretions
more accurately to improve the aircraft de-icing systems. One of the key points of modelling
the ice adhesion on the aircraft is the heat transfer prediction. Research works has focused on

improving the heat transfer coefficient predictions during the past decades.

Airplane design and the CFD

From the time that an airplane first materializes as a new thought in the mind of one or more
persons to the time that the finished product rolls out of the manufacturer's door, the complete
design process has gone through three distinct phases that are carried out in sequence. These
phases are, in chronological order, conceptual design, preliminary design, and detailed design

(Anderson, 1999).

The conceptual design is the phase when the primary concepts of an aircraft (Ex. aspects of
the shape of an aircraft) is determined, and the details are flexible. In the preliminary design,
the control systems and the structure of the aircraft will be designed and the Computational

Fluid Dynamics (CFD) calculations and the wind tunnel test will be held. The third part of the



design is mainly the “nuts and bolts” design. In this part, aerodynamic, propulsion, structures,
performance, and flight control analyses will be finished. In other words, the final precise
design is detailed. During the last decades, the operation of aircrafts in all weather conditions,

impelled the engineers to improve the flight safety.

Since around the year 1990, CFD has become a commonly used tool in the aircraft industry.
Consequently, the CFD calculation as a numerical solution for the aircraft icing has improved
and many models have been introduced and validated. These studies have clearly resulted in
flying in almost every weather condition and have increased the airplane’s safety. But with
accidents like the ATR-72 crash that happened in 1994, the necessity of developing improved
ice modelling has been identified (NTSB, 1994). Heat transfer plays a key role in aircraft ice
accretion. Consequently, various heat transfer models have been introduced and the numerical
methods have improved to solve the heat transfer equations on the wing of an aircraft as a 3-D

modelling or an airfoil as a 2-D modelling.

Ice accretion modelling

As the function of aircraft is expanding, aircraft has also been widely applied in various
domains such as aerobatic flight, exploration, rescue, private flight, etc., in addition to the
primary commercial and military functions. So, it is required that aircraft fly normally in all
kinds of weather conditions to accomplish the anticipated assignment (Cao, Wu, Su, & Xu,
2015). For decades, engineers struggled to improve the safety of airplanes. In-flight icing is a

threat to both safety and performance of an aircraft.

The icing problems and the threats of this phenomenon has been noticed by various
organizations such as the National Aeronautics and Space Administration (NASA), National
Transportation Safety Board (NTSB), the Commercial Aviation Safety Team (CAST), the
Federal Aviation Administration (FAA), and the National Transportation Safety Board
(NTSB). They have made numerous safety operation recommendations. As an example, the

NTSB report for the ATR72 accident lists the safety sensitivity revision for the icing systems



and pilot alertness (NTSB, 1994). Moreover, after icing related incidents and accidents, aircraft
icing has ranked icing among its “MOST WANTED” Aviation Transportation Safety
Improvements (Ratvasky, Barnhart, & Lee, 2010). In-flight icing happens when an aircraft
passes through the clouds at the subfreezing temperature that contains cold water droplets. The
water droplets impinge on the wing surface and fuselage to create glaze and rime ice (Zhang,
Habashi, & Khurram, 2016). Hence, the recommendations and resources, namely the
experimental data such as wind tunnel experimental results that were shared by these
organizations, have paved the way for the researchers to validate the numerical results with
these experimental resources. NASA’s Glenn research tunnel is an example of Icing Research
Tunnel (IRT), a closed refrigerated loop wind tunnel simulates the icing condition using the

spray nozzles.

The aircraft ice protection systems have improved significantly. Nevertheless, according to
(Green, 20006) that profiled more than 1000 aviation icing accidents and incidents in the United
States between 1978 and 2002, loss of control, stall and hard landings are the severe

consequences due to the ice accumulation that leads to the icing incidents and accidents.

There are two types of ice protection for an airplane, de-icing and anti-icing. De-icing is the
process of removing frozen contaminants, snow, ice, and/or slush from a surface. Anti-icing is
the process of preventing ice formation on the surface of airplanes (Thomas, Cassoni, &
MacArthur, 1996). One form of ground anti-icing is spraying chemicals on the surface of an
aircraft to continuously delay the reformation, or adhesion, of ice for a certain period. De-icing
is also defined as the process of ice generation and elimination. Basically, this process allows
a thin layer of ice to form on the surface before the removal, the process of ice formation and

elimination is then repeated in flight (FAA, 2019).

For addressing the ice accretion issue, at the present, there are three approaches to assess the
effect of icing accumulation on the aircraft surface. Based on (Cao et al., 2015), flight test,
wind tunnel experiment, and numerical simulation approaches are considered to obtain the

aerodynamic data for in-flight icing, as indicated in Figure 0.1. For the flight test, some



attitudes of the flight are adjusted to acquire the flight data. Based on the origin of the ice, two
flight test categories exist: “natural icing condition” and “artificially simulated ice shapes”.
The flight test approach is more reliable than the other two approaches but at arelatively higher
cost. Putting the test elements (aircraft, wing, or airfoil) in the wind tunnel is the next approach.
Since it is expensive and hard to set up an icing tunnel, the usual approach is to predict the ice
shape with the icing tunnel and assess the simulated ice shape aerodynamic coefficients in the
wind tunnels. Because of the limits and the cost of the first two approaches, the CFD has
become more popular in the last decades and it has been increasingly applied in the fluid

analysis (Zhang & Romzek, 2008).

Numerical
modelling

Wind tunnel

Experimental
Ice accretion data
modelling Icing Research
Tunnel (IRT)

Natural icing
condition

Flight test

Artificially
simulated ice
shape

Figure 0.1 Ice accretion modelling



Thesis objectives

To address the challenges of the ice accretion problem, an investigation of the heat transfer
and aerodynamics coefficients for the smooth and rough airfoil surface is planned and
executed. The main objective of this dissertation research is to study the effects of the surface
roughness, namely on the lift and drag correlation and the Nusselt correlation on three airfoils,
the NACA 0009, NACA 0012 and NACA 0015. The true benefit of this research might be the
new correlation proposed for the Nusselt number based on the lift coefficient for the rough and
smooth airfoil. The prediction of the heat transfer is a key element for the appropriate design

of anti-icing or de-icing devices.

According to the study of (Bragg, Broeren, & Blumenthal, 2005), roughness is formed at the
early stages of the ice accretion. The roughness formation due to the ice accretion then leads
to the lift coefficient decrease and changes the heat transfer coefficients at the surface. As we
could see in the work of Gulick (Gulick, 1938) a reduction of 25% in the maximum lift is
observed in the experiments that he performed. Therefore, the knowledge of the change of the
heat coefficient and aerodynamic characteristics due to the rough airfoil would help us to model
the ice accretion. It is hoped that the suggested correlation for the heat transfer and
aerodynamics coefficients could be applied to model the heat transfer over smooth and rough
airfoils. The prediction of the heat transfer is a key element for the appropriate design of anti-

icing or de-icing devices

In order to achieve the main objective, the following sub-objectives and methods are carried
out:

e Select a mesh density and verify the meshes including errors using the GCI method.

e Build a database for heat transfer over smooth and rough airfoils (NACA0009,
NACAO0012, and NACA 0015) in a variety of angles of attack and Reynolds numbers
using 2D CFD simulations and validate the results.

e Suggest a correlation for the average Nusselt number and the drag coefficient as a

function of the lift coefficient using a curve fitting method.



Thesis plan

This thesis is mainly focused on developing a correlation between the aerodynamic coefficients
and the heat transfer coefficient for both smooth and rough surfaces of the airfoil. The flow
around the airfoils is modelled with CFD and the Reynolds Averaged Navier-Stokes Equation
(RANS). For modelling the roughness on the wall, due to the numerous rough models and heat
transfer models, this thesis should be considered as a contribution to the “best practice” of
rough and smooth airfoil comparison. The entire thesis is composed of three chapters and is

organized as follows:

In chapter 1, the different ice shapes, the impact of each type of ice on the flight, and a brief
history of aircraft icing are discussed. Afterwards, the numerical modelling in aircraft icing
with the computer’s development is discussed following the evolution of the RANS equations
from the original model to the Spalart-Allmaras turbulence model and the rough Spalart-
Allmaras turbulence model. The thermal models to account for the roughness effects are then
argued. Subsequently, the last section of the literature review chapter discusses the previous
works about the derivation of the correlations for the aerodynamic coefficients and heat

transfer coefficients.

Chapter 2 outlines the implemented models to solve the problem. At first, the widely used
RANS equations are introduced. Then, the turbulence model is selected as the Spalart-
Allmaras with the extension of this model to account for the roughness effects. Later, the 2PP
heat transfer model is discussed which is a thermal model that accounts for the roughness. In
the second part of the chapter, the Grid Convergence Index (GCI) method used for the mesh

sensibility study is presented and the boundary conditions of the problem are mentioned.

The validation and verification of the results and the derivation of the correlation for the
Nusselt number and the drag coefficient as a function of the lift coefficient are done in chapter

3. First the mesh configuration for the three mesh densities is described and the appropriate



meshes are selected with the GCI method. Then, the results for the aerodynamic and heat
transfer coefficients are verified against the previous works and validated with experiments.
Afterwards, the correlation for the drag coefficient the average Nusselt number based on the
lift coefficient and are estimated with the quadratic regressions curve fitting method
(MATLAB, 2019). The analysis and the comparison of the heat transfer correlation with the

numerical work of (Samad, 2021) follows.






CHAPTER 1

LITERATURE REVIEW

The introduction chapter of this thesis briefly deliberated the role of CFD in the aircraft design
and the ice accretion modelling. The main problematic of this research is to propose an
aerodynamics and heat transfer correlation since an estimation of the airfoil’s heat transfer
characteristics is crucial for the design of the ice prevention systems in aircrafts. In this regard,
the review of the past works on numerical icing simulation, aerodynamics, and heat transfer

correlations from the beginning until the state-of-the-art research are discussed in this chapter.

To have a better understanding of in-flight icing, the necessity of the aircraft icing research is
first discussed from several viewpoints, as the safety and aerodynamic performance
degradation created by ice accretion. Afterwards, the history of the numerical simulation of
aircraft icing is reviewed and the icing models for the ice accretion are discussed. Finally, the
heat transfer study on the wings and airfoils are performed and the prior works about the

derivation of the heat transfer and aerodynamics correlations are reviewed.

Aircraft icing occurs on the surfaces of some components of an aircraft encountering an icing
meteorological condition. Over 50% of commercial airplane accidents are weather-related
(Klehr, 1984). Due to the progress in flight simulations and pilot training in severe conditions
such as the icing conditions, accidents have decreased compared to the past. Still, major ice
accumulation may cause flight accidents (Cao et al., 2015). As an example, CAE Inc, a
Canadian manufacturer and developer of aircraft simulator software, is using supercomputers

to model the various mereological conditions (Link, Kruk, McKay, Jennings, & Craig, 2002).

A study which analyzed iced aircraft accidents between 1990 and 2000 shows that 12 % (388
cases) of the adverse weather conditions accidents happened under icing conditions. (Buck,
2008) categorizes the clouds into the wet and dry categories. The dry clouds have relatively

little moisture and low potential for aircraft icing. However, wet clouds contain the freezing
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droplets resulting in ice accretion on aircrafts. Moreover, Montreal and New York are
categorized into the high-risk regions for flight icing conditions because of the presence of

clouds having a high water droplet density.

Deformation of control surfaces of an aircraft would degrade the aerodynamic effectiveness,
resulting in the reduction of the lift and increase of the drag. It is forbidden to fly an aircraft
that has frost, ice, or snow attached to its critical surfaces in Canada (Transport-Canada, 2019).
The ice accretion is a result of the impinging liquid drops on the aircraft surface. It can occur
even when the Outside Air Temperature (OAT) is above 0°C (Transport-Canada, 2019). For
in-flight icing, studies show that ice shape depends mostly on the local convective coefficient

that is a function of surface roughness (Liu & Hu, 2018).

(Bragg et al., 2005) categorized four different in-flight icing categories based on the ice
geometry. An ice shape may be divided into more than one category at the same time in this
grouping method. The first ice shape category is ice roughness. i) Ice roughness geometry is
smaller than the other types of ice because it happens at the early stages of ice accretion.
Therefore, the effect of this type of ice on the aerodynamic characteristics is smaller than the
other types. Figure 1.1 shows the ice roughness accumulated on a wing from the study that was
conducted in Glenn’s IRT on the swept-wing ice accretion characterization (Broeren et al.,
2013). The characterization of the ice roughness was studied by (Anderson, 1999). Based on
the study of Anderson, the glaze ice and rime ice conditions on the leading edge of an airfoil
are divided into three areas: the smooth zone, the rough zone, and the feather region. According
to his work, the characteristic of the roughness elements in each zone depends on the
accumulation parameters and the associated freezing fractions. ii) The horn ice shape could be
identified by its angle with the chord line and the height. The characteristic of this ice shape is
the separation bubble that appears downstream of the horn ice that causes a detachment of the
flow and then reattaches further downstream on the airfoil based on the size of the horn ice.
iii) Streamwise ice shape has the minimum aerodynamic effect after roughness ice accretion.
The ice accretion follows the contour of the airfoil. iv) The spanwise-ridge ice has a more

pronounced 3D shape when compared to the horn shape, the streamwise, and the 2D ice
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roughness geometry. This type of ice usually occurs when the ice protection system fails to
totally evaporate the supercooled large droplets (SLD)’s that impinge on the leading edge of
the wing and runback icing happens. This ice shape usually formed due to the malfunctioning
of the de-icing system. The droplets run back from the leading edge and freeze downstream on
the wing of the airplane and cause this type of ice formation. This type of ice accretion is a

bigger threat to flight safety due to the disastrous aerodynamic effect (Cao et al., 2015).

Figure 1.1 The initial roughness formed on NACA 0012 at NASA’s Glenn IRT
Taken from Broeren et al. (2013, p. 6)

As mentioned, anti-icing systems prevent the formation of ice before facing icing conditions
and de-icing systems remove the ice shapes after accretion on aircrafts. The heating pads and
the inflating systems are the de-icing systems that are used in aircraft. The heating pad de-icing

is the process of ice removal with the electrical resistance heating elements. While the inflating
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de-icing systems remove the ice by inflating rubber membranes that are filled with the
pressurized air over the surface of the wing. When activated, inflating devices increase the drag

force due to the shape change of the wing.

Ice accretion studies began in 1920 (Bragg et al., 2005). At the beginning of the in-flight ice
studies, it was found that this phenomenon has more drawbacks than just the excess weight to
the aircraft. The formation of ice upon airplanes in flight on the propeller VE-7 aircraft was
studied by (Carroll & McAvoy, 1929). They found out that the reduction of the aerodynamic
efficiency due to the ice accretion on the aircraft is more critical than the additional weight. In
1938, a NACA 0012 airfoil was tested in the Langley Memorial Aeronautical Laboratory that
showed the maximum lift coefficient reduced from 1.32 to 0.80 (25%) and the drag coefficient
increased by 90% for the tested condition (Gulick, 1938). Later in 1944, the first icing research
tunnel was built at the Lewis Flight Propulsion Laboratory by NACA, and the tunnel with the
spray nozzles was conducted in 1950 (Bragg et al., 2005). A series of experiments were
conducted by (Gray, 1958) with the NACA 65A004 airfoil in the IRT starting in 1953. In these
experiments, ice accumulates in a controlled condition enabling the development of a

correlation to evaluate the change in drag due to icing formation.

1.1 Numerical simulation of aircraft icing

The numerical simulation goal is to model the pattern of the ice accumulation to be able to
retrieve the aerodynamic characteristics of the airfoil or wing. The aerodynamic effects of in-
flight icing are the reduction of the stall angle and the increase of the drag. With the
development of the CFD, the numerical simulation of ice accretion began in the 1980s (Cao et
al., 2015). They generalized the procedure of the numerical simulation approach for ice shape
prediction into three steps: 1) calculation of the pressure, temperature, and velocity around the
wing or the airfoil in the flowfield; 2) resolution of the governing equations to compute the
droplet impingement characteristics in order to determine the motion of supercooled droplets
in the flowfield; and 3) resolution of the ice accretion models according to mass and energy

conservation laws, to simulate the ice accretion, and to obtain the ice shapes.
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According to (Bragg et al., 2005) the first key moment in the aircraft icing numerical
simulation history is 1979. At this time, the numerical icing study began under the influence
of the NASA aircraft-icing program. The second key point is the ATR-72 accident in 1994 that

changed the focus of aerodynamic study from scientific exercise to aircraft safety.

With the development of computers and the ability for solving aeronautical problems, the CFD
became widely used (Cao et al., 2015). Particularly, by solving numerically the Navier-Stokes
equations, using the time-average method called the Reynolds Average Navier Stokes model
which is used with turbulence models to solve the Reynolds stress (Blazek, 2015). Due to the
limitations and the expenses of the flight tests and wind/ice tunnel tests, the numerical
simulations became more important in comparison to the other certification conditions
(Beaugendre, Morency, Habashi, & Benquet, 2003). Hence, researchers were attracted to
deploy numerical simulations for solving the Navier-Stokes equations in the case of aircraft

icing.

Besides the RANS model, Direct Numerical Simulation (DNS) and Large Eddy Simulation
(LES) are two turbulence modeling approaches that can produce detailed structures of
turbulence. DNS is the most detailed approach that uses the numerical discretization to solve
the Navier-Stokes equations without any approximation and simplification. Because of the cost
of numerical calculations, DNS is only applicable for low Reynolds number flows. In LES
approach the large-scale turbulence motions are directly solved while the small motions are
modelled. Although the DNS and LES simulations are more detailed and accurate that RANS,
they are relatively computationally expensive and most of the industrial needs are satisfied

with the RANS turbulence modelling (Blazek, 2015).

Through the evolution of the CFD, we could see numerical simulations have evolved from
application at the high-speed cruise conditions to the full flight envelope. Moreover, CFD
could be applied to model the structures, propulsion system components, flight controls, and

aerodynamics together, which have closer connections (Tinoco et al., 2005).
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While the first generation of the in-flight icing calculation had limitations for the three-
dimensional geometries, this problem was solved after due to the development of computers
and evolution of the CFD 3D modelling (Bragg et al., 2005). Commonly used ice accretion
codes model the water droplet impingement on the surface of the airfoil using either the
Eulerian or Lagrangian droplet equation formulations. The Finite Element Navier—Stokes
Analysis Package for Ice (FENSAP-ICE) is an in-flight three-dimensional icing model based
on the RANS equations in order to solve the flow, the impingement, the ice accretion, the heat
loads, and the performance degradation (Beaugendre et al., 2003). Another icing code,
LEWICE, uses the physical condition of the flow and the geometry and meteorological
parameters of Liquid Water Content (LWC) to predict the shape of the ice accretion.

1.2 Roughness effects with RANS model

A rich literature review that includes the history of the roughness study is done by (Morency
& Beaugendre, 2020). As discussed, the in-flight ice accretion models are using convective
coefficients to predict the ice accretion. In 2018 (Liu & Hu, 2018) conducted an experiment
with the NACAOO012 airfoil at lowa State University IRT in the controlled temperature and
velocity under unsteady conditions. Using the Infrared (IR) thermal imaging system, they
captured the temperature over the ice accreting airfoil. They found out that the ice shape

depends on the convective heat transfer coefficient.

The heat transfer coefficient depends on several factors in addition to the temperature
difference between the wing surface and the outside air. First, the boundary layer can be
laminar, transitional, turbulent, or separated. It strongly depends on the Reynolds number,
angle of attack, and the surface roughness. The heat transfer rates are related to the local skin

friction coefficient, and the surface geometry (Lynch & Khodadoust, 2001).

(Dipprey & Sabersky, 1963) conducted a series of experiments in a rough tube to introduce a

heat transfer model over the rough surfaces at various temperatures and Reynolds numbers.
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Based on their results, they presented the Stanton number, depending on the Prandtl number
and Reynolds number. (Healzer, Moffat, & Kays, 1974) showed that the Stanton number and
the skin friction coefficient are independent of the velocity. (Kays, 2012) used the roughness
Reynold’s number from the shear velocity and implemented the Stanton number which was
also suggested by (Dipprey & Sabersky, 1963) to calculate the shifted temperature at the wall

and the heat transfer above the wall.

Three approaches are considered to calculate the heat transfer over the rough surfaces and are
named “highest fidelity”, “discrete element approach”, and “equivalent sand grain” (Aupoix,
2015). The “highest fidelity” approach consists of calculating the flow around the rough
elements using a LES and DNS approach but due to the calculation cost, it is only used in
research. The discrete element approach modifies the averaged flow equations to account for
the roughness. The third approach, the “equivalent sand grain” was firstly introduced by
(Nikuradse, 1950). He conducted a series of experiments with two rough and smooth pipes and
presented the resistance factor by measuring the dependence of the flow to the roughness.

Moreover, he found that the resistance factor is independent of the roughness at low Reynolds

numbers.

Although the early studies by (Anderson & Shin, 1997) show that icing roughness depends on
two dimensionless parameters that are the freezing fraction and the accumulation parameter,
the sand grain roughness is the single parameter used in the common practice of the ice
roughness studies (Han & Palacios, 2017). For the CFD icing calculations, the sand grain
roughness adds to the distance of the wall and changes the boundary condition. Therefore, the

convective heat transfer increase and change the resulting ice shape (Beaugendre et al., 2003).

For the RANS turbulence model, (Aupoix & Spalart, 2003) proposed an extension to the
Spalart-Allmaras turbulence model with the non-zero viscosity at the wall which was
developed by Boeing. In this model, the flow is averaged over the roughness elements of the

surface with the equivalent sand grain roughness instead of discretizing the flow around each
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element. This model is sufficient to predict the shear stress at the wall, but additional

corrections are needed to model the heat transfer.

1.3 Thermal model

The extension of the Spalart-Allmaras turbulence model that takes into accounts roughness by
(Aupoix & Spalart, 2003) could predict the shear stress at the wall but additional model was
needed to model the heat transfer at the rough wall (Morency & Beaugendre, 2020). The three
and two parameter models have been proposed for the heat transfer at the surface of a rough

airfoil.

The first heat transfer model based on increasing the turbulent Prandtl number at the wall was
proposed by (Suga, Craft, & Iacovides, 2006) to take roughness into account and validated for
a range of Reynolds numbers and roughness element sizes. As in the energy equation, the
turbulent Prandtl number decreases on the rough surfaces because the fluid is trapped at the
bottom of the roughness elements. The suggested model increases locally the Prandtl number

to compensate for this decrease by considering an additional parameter, the roughness height.

The three parameter models based on the equivalent sand grain roughness, the roughness
height, and the surface correction coefficient is proposed by (Aupoix, 2015) and validated and
calibrated with the experimental and the numerical data. The new model improves the thermal
boundary layer based on implementing the local turbulent Prandtl number to the rough wall

calculations.

The other heat transfer model based on the work of (Suga et al., 2006) is proposed by (Morency
& Beaugendre, 2020). This model was developed based on the temperature shift at the wall
and relies on the roughness height and the equivalent sand grain roughness to model the heat
transfer at the wall. The temperature shift at the wall is modelled by increasing the Prandtl

number in a way that heat transfer is reduced and calibrated.
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In the recent study, (Villeneuve, Samad, Volat, Béland, & Lapalme, 2022) conducted an
experiment to measure the heat transfer on a Bell APT70 drone rotor in the icing condition.
For the measurement tool, they used the Liquid Water Content (LWC) to measure the liquid
content in the air. To assess the effect of the ice accumulation on the UAV, the coefficient of

torque and thrust are measured as a function of time before and after the ice accretion on the

airfoil.
1.4 Aerodynamics and heat transfer correlation
1.4.1 Aerodynamic correlation

The correlations between the lift coefficient and the drag coefficient have come a long way
since the beginning of the aeronautic studies. Various literatures mentioned the correlation
between these two coefficients. From CFD results, (Gudmundsson, 2013) proposed a
correlation between the lift coefficient and the drag coefficient for 3-D wings and 2-D airfoils
based on the curve fitting method for the lift-drag coefficient curve. (Hoerner, 1965) also
proposed a lift-drag correlation for the smooth airfoils in which the increase of the drag

coefficient is a function of the square of the lift coefficient.

For the rough airfoils, (Gray, 1958) measured the effect of ice accretion on the drag coefficient
for the NACA 65A004 airfoil. Based on the ice impingement experimental results, his data
was gathered for different angles of attack and different ice shapes and allowed derivating the
drag correlation based on the ice parameters and the angle of attack . (Bragg, 1981) conducted
a parametric study on different ice shapes such as the ice roughness and horn ice. His studies

were used later by others to predict ice shapes and aerodynamic effects of ice accretions.

(Battisti, Zanne, Castelli, Bianchini, & Brighenti, 2020) and (Bianchini et al., 2016) studied
turbine blades and analyzed the aerodynamics coefficients for various range of angles of attack.
(Bianchini et al., 2016) gathered the CFD data for the NACA 0018 airfoil for the wide range
of -180 up to the +180 angles of attack. Then, post-stall correlations for the drag coefficient
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were used to verify the CFD results. Later, (Battisti et al., 2020) studied on the drag coefficient
correlation for the range of 0 < AOA < 90 for the symmetric and asymmetric airfoils. They
introduced an extension to the past drag correlations based on the airfoil shape effects and

derived a drag coefficient correlation as a function of the angle of attack for the airfoils.

Another study on the Unmanned Aerial Vehicle (UAV) is conducted by (G6tten, Havermann,
Braun, Marino, & Bil, 2020). They introduced drag coefficient correlation as a function of the
friction drag coefficient and pressure drag coefficient. The friction drag coefficient is defined
as a function of the skin friction coefficient and the shape of the airfoil which is defined with
the Form Factor (FF) term. The pressure drag coefficient is a function of the relative thickness,
Reynolds number, and camber derived from the results of the numerical study. Finally, results

were validated against the experimental measurements.

1.4.2 Heat transfer coefficient

Heat transfer with imposed heat or temperature at the wall as a tool for calculating heat transfer
coefficients over bodies such as a flat plate, cylinder, and airfoil has been used by many. With

a constant temperature or heat flux, the heat transfer could be calculated.

(Poinsatte, Van Fossen, & De Witt, 1990) conducted a series of experiments over the NACA
0012 airfoil with smooth and rough surfaces at the NASA Lewis Icing Research Tunnel and
published the result for the local Nusselt number and local Frossling number. The experimental
data are used to study the roughness effects on the NACAO0012 airfoil (Poinsatte, Van Fossen,
& De Witt, 1991). They found that the increase of the wall roughness has a direct relation with
the heat transfer. In other word, the disturbance of the laminar boundary layer triggers the
transition to the turbulent boundary layer in some cases. The roughness element was believed
to be the reason for the higher heat transfer for the cases of rough NACAO0012. Another study
of the performance degradation with ice accretions was conducted by (Henry, Guffond,

Garnier, & Bouveret, 2000). The heat transfer for the ice accretions was measured over the
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smooth and rough iced airfoil that was heated with a laser source. As the result of the study, it

was found that the heat transfer coefficient strongly depends on the surface condition.

For the convective heat transfer, correlations have been proposed for flat plates, cylinders, and
airfoils. (Bergman, Incropera, DeWitt, & Lavine, 2011) compiled a set of the Nusselt
correlation as a function of the Reynolds number and Prandtl number for simple geometries

such as a flat plate, cylinder, and sphere for the external flow conditions.

(Hilpert, 1933) was among the first to suggest a correlation for the Nusselt number for a
cylinder in a crossflow. Based on his work, the cylinder heat transfer depends on the Prandtl
number and Reynolds number. For iced airfoils, (Wang, Naterer, & Bibeau, 2008) derived
correlations for the average Nusselt number as a function of the Reynolds number, angle of
attack, and the Prandtl number based on the work of Hilbert. The correlation was based on the
experimental NACA 63-421 results with the inside heated and the outside cooled. Twenty-

five thermocouples measured the temperature along the airfoil on the inner and outer surface.

For the smooth surface (Samad, 2021) developed the BEMT-RHT and UVLM-RHT methods
for calculating the heat transfer over the rotor blades of helicopters and validated the results
with experiments. Afterwards, using CFD, he calculated the average and maximum Frossling
number over the airfoil for a range of Reynolds numbers and angles of attack. Based on the
CFD results and previous works, he proposed a correlation between the maximum Frossling
number and the angle of attack for 0 < AOA < 16 (pre-stall) and 1 X 10° < Re < 3 x 10°.
Also, a second correlation was also proposed between the average Frossling number and angle

of attack for the range of 0 < A0A < 30 and 1 X 10° < Re < 3 X 10°.

Based on the reviewed literature, correlations between the aerodynamic coefficients and the
heat transfer coefficients were proposed for different airfoils. However, correlations for airfoils
that links smooth and rough surfaces are lacking. Although the rough airfoil aerodynamics and

heat transfer correlation may seem a small step in this knowledge, it is beneficial for the



20

understanding of the roughness effect on the airfoil aerodynamic performance and heat

transfer.



CHAPTER 2

MATHEMATICAL MODEL AND NUMERICAL METHOD

In chapter 1, a brief history about the in-flight icing and the icing models was discussed,
together with in-flight icing numerical models. As mentioned, ice accretions will result in
aerodynamic performance degradations at least. In some cases, this phenomenon resulted in
an accident for the aircraft, such as the ATR-72 crash that happened in 1994. Therefore, various
models either Eulerian (FENSAP-ICE (Beaugendre et al., 2003) — ONERA (Montreuil et al.,
2009)) or Lagrangian (LEWICE (Wright, 2008) — ONERA (Guffond & Brunet, 1988))
approaches have been introduced to predict water impingement during in-flight icing more
accurately. Once the mass of impinging water known, the ice accretion strongly depends on
the convective heat transfer coefficient which is a function of the surface roughness (Liu &
Hu, 2018). In this thesis, the equivalent sand grain roughness and the roughness height are used

to evaluate the roughness effects on the flowfield.

The main goal of this chapter is to select a mathematical model for building the heat transfer
database for the smooth and rough airfoils. Specifically, this chapter has two main objectives.
The first is to present a mathematical model for the turbulent flow with the smooth surface and
extend the model for the rough airfoil. Then, the second objective is to select a method to study
the mesh effect on the solution when the mesh density increases. In this chapter, first the
viscous and thermal models and the numerical method for solving the CFD problems of the
thesis is discussed. Then using SU2 software (Palacios et al., 2013), the problems are solved

and the solutions are used in the next chapter.

For the smooth solution, the Spalart-Allmaras (SA) turbulence model (Spalart & Allmaras,
1992) is used with the RANS equation, while for the rough airfoil solution, an extension to the
SA model is activated to take into account the roughness height and the equivalent sand grain

roughness to model the heat transfer over the airfoil. The Prandtl correction model, called the
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2PP model is then selected as the turbulent heat transfer model (Morency & Beaugendre,

2020).

First, the GCI method is used to select a good-quality mesh to build the database. Second, the
calculation analysis studies the lift and drag coefficients, the Nusselt number and the averaged
form of the Nusselt number for the heat transfer coefficient. Then, previous works on the lift
and drag coefficient correlation and the heat transfer correlation are introduced. The suggested
format for the correlations is introduced based on the limitations and recommendations of the
previous works. In the last part of this chapter, the boundary conditions, the numerical methods
that are used to discretize the mathematical model together with the computational domain is

discussed.

2.1 Problem definition

As mentioned in chapter 1, when a plane passes through the low-altitude clouds containing
supeprcooled droplets, the ice forms on the surface on the airplane. Therefore, ice accretions
may happen on the critical surfaces of an aircraft such as the hydraulic and pneumatic control
surfaces, resulting in the malfunctioning of the flight controls. Figure 2.1 shows an airplane
facing icing conditions with the indicated lift force (L) and drag force (D). As mentioned, the
icing condition problems happen at low-altitudes, when the aircraft took off and is climbing at

hight angle of attack (AOA).

Although the actual problem of the aircraft icing considers a wing with a varying chord size
over the wingspan, to model the ice accretion and heat transfer, the wing is modelled with a
2D airfoil shape with a constant chord line (¢) and infinite span length. The NACA 0009,
NACA 0012, and NACA 0015 airfoils with both smooth and rough surfaces are considered for
the study in this thesis. Figure 2.2 shows a 2-D airfoil with an infinite span length and a constant

roughness distribution over the airfoil with an AOA between the chord and the velocity.
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Figure 2.1 Scheme of the actual problem

Angle of attack

Figure 2.2 Scheme of the rough airfoil and angle of attack (AOA) definition
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For the rough airfoil, it is expected that the highest lift coefficient decreases. The AOA at the
highest lift coefficient, called the stall angle, also decreases. As shown in Figure 2.2, the
problem is modelled with an infinite wing. In order to derive the correlation between the lift
coefficient and the heat transfer coefficient, a database will be created for the NACA 0009,
NACA 0012, and NACA 0015 airfoils with smooth and rough surfaces. Four Reynolds

numbers within the range of 0.625 X 10® < Re < 5 X 10° are considered for the test cases.

Also, the range of the angles of attack varies from 0 < AOA < 13 for the smooth airfoils. For
the rough airfoils, the stall angle study will be conducted in the next chapter to determine the

AOA range for the database.

As the first step in building the database, the three airfoils are solved with the RANS equations
and the Spalart-Allmaras turbulence model. For the rough airfoils the roughness is modelled
with the equivalent sand rain roughness and the Spalart-Allmaras turbulence model with the
roughness extension. The roughness height is also considered in order to model the heat

transfer on the rough airfoil.

2.2 Mathematical model

2.2.1 Reynolds Averaged Navier-Stokes (RANS)

As stated by (Kundu, Cohen, & Dowling, 2015), most of the macroscopic flows in engineering
problems are turbulent which leads to the non-linear behavior of fluids. Due to the essence of
turbulence, analytical solutions are limited to the fundamental and simple applications such as
the flow over a flat plate (Davidson, 2018). As mentioned in chapter 1, due to the high cost of
the wind tunnel experiments for a full-body aircraft, researchers have become more interested
in the wind tunnel experiments and the numerical simulations. Over the past decades, as an
emergence of the highly turbulent problems such as the turbojet and turbofan engines in aircraft
and the necessity of optimization with a numerical method, various numerical simulation
methods have been proposed to solve turbulent flows. The most common methodology in

turbulence modelling is the RANS approach which was proposed based on the knowledge of
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the turbulent flow properties. It gives an approximate time-averaged solution to the Navier-

Stokes equations.

Reynolds proposed to average the equations of motion by decomposition of the flow variables
into the mean and the fluctuating parts. According to Blazek (Blazek, 2015) the Favre
decomposition is suggested instead of Reynolds averaging as the density is not constant for the

compressible flow except for the pressure and density which results in:
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Therefore, Equation (2.1) is the Favre and Reynolds averaged Navier-Stokes where £ and H
are the total energy and enthalpy respectively and the physical definitions are (Blazek, 2015):
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velocity, and K is the Favre averaged turbulent kinetic energy. Also, the bar indicates the
Reynolds-averaged values, the double prime stands for the fluctuating parts, and the tilde is
used for the Favre-averaged terms. For the compressible flow, the momentum transfer is
defined based on the Boussinesq eddy viscosity hypothesis (Blazek, 2015). Therefore, the

Favre-averaged Reynolds tensor is defined as follows:
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where Uy S; ; represent the turbulent eddy viscosity and Favre-averaged strain rate. The total

enthalpy is calculated as follows:

And the ratio of specific heat:

H = c,T

R=c,—¢
V=C—p
CU

2.2.2 The Spalart-Allmaras turbulence model

(2.3)

(2.4)

(2.5)

The term 4y, 0of the RANS equation is predicted by various turbulence models. The k —

€ and k — w turbulence models were the first models that suggested to solve the eddy viscosity

by solving two equations. The k — € model was presented by (Launder & Spalding, 1983).

Later, the one-equation model by (Spalart & Allmaras, 1992) was developed to compute the

eddy viscosity with one equation. The so-called SA model is used in SU2 (Palacios et al., 2013)

software to solve the smooth airfoil CFD fully-turbulence testcases in this thesis. This model

defines the term v; as follows (Blazek, 2015):
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where d is the distance from the wall, $ = £35S + —— fvz , the magnitude of the mean rotation

2d2
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Based on the Sutherland law, the dynamic viscosity is calculated as:

—673/2
= 1.45 x 107°T 2.8)
T+ 110

where the temperature T is in degree Kelvin (k).

2.2.3 Extension to the Spalart-Allmaras model to account for the roughness

Aupoix and Spalart (Aupoix & Spalart, 2003) validated two extensions to the Spalart-Allmaras
turbulence model to account for the roughness. Instead of discretizing the roughness elements,
Boeing and ONERA models linked the actual roughness geometry to an idealized roughness
on the wall, the equivalent sand grain roughness. With the validation of the two models with
the MSU experiments, it was found that the friction coefficient could be predicted by these
models. The model that is used in this thesis is based on the Boeing extension which increases

the wall distance as indicated in Equation (2.9).

Aoy = d + 0.03h, (2.9)



28

where d is the distance to the wall and h; is the equivalent sand grain roughness. The latter Ay,
is selected such that the shear stress at the wall is equivalent to the one above the real roughness
geometries. Therefore the d,,.,, replace the Spalart-Allmaras original distance from the wall.

Thus:

X = A+ d 2.10
Cr1 le ( )

where cg; = 0.5. And the turbulence viscosity at the wall is not zero with the roughness

model, the new 7 is calculated as (Aupoix & Spalart, 2003):

A

VW
0.03h,

oy = 2.12
(%)w_ ( )

The model introduced could predict the shear stress at the wall. But additional thermal model
is needed to predict the heat transfer above roughness. In this thesis, the thermal correction for
the fully rough surface based on the model introduced by (Dipprey & Sabersky, 1963) and
developed by (Morency & Beaugendre, 2020) is used to predict the heat transfer over the rough

wall.

224 Prandtl correction model

Upon the validation of the Spalart-Allmaras model with modification for roughness, it was
found that the heat transfer is overestimated over the surface with the constant equivalent sand
grain roughness model (Morency & Beaugendre, 2020). Therefore, the 2PP model was
introduced to take into the account another parameter, the roughness height to increase locally
the turbulent Prandtl number. Figure 2.3 shows a close view of roughness height h above a

wall. Below a certain height, in the melt down region, the flow is trapped, and recirculation
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occurs. In the flow between the roughness elements, the proposed model reduces the turbulent
heat transfer from the wall and increases the turbulent Prandtl, Pr; . The increase in Prandtl
number, APr; , should be a smooth function of y. It goes from its maximum value at the wall

to the free stream value Pr; above the roughness.

v

> Pr;

APty

Figure 2.3 Roughness above the wall
Taken from (Morency & Beaugendre, 2020)

The main assumption is that the individual roughness geometries do not need to be discretized.

The heat flux at the wall, q,,, is proportional to the temperature gradient in the normal direction.

aT
qw = keff(%)wall (2.13)

For turbulent flows, the effective thermal conductivity k. fis related to the laminar viscosity

u and the turbulent viscosity y;,,-(Morency & Beaugendre, 2020):
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Cplk
kK =-P— 2.14
Pr ( )

YR
= — 2.15
CP y — 1 ( )
kt — Cputur 2 ]6
Prteff (2.16)

In Equation (2.15) ¢, is the specific heat at constant temperature and depends on fluid
properties. The usual assumption for a turbulent flow is that the turbulent Prandtl number is
constant, Pr, = 0.9. For a smooth wall, the turbulent viscosity at the wall p,,,, = 0. For a
rough wall however, the turbulent viscosity is greater than 0 in the case of the extended Spalart-
Allmaras turbulence model. To reduce the computed wall heat flux, the turbulent Prandtl
number is increased near the rough wall by a value, which is a function of the rough wall

distance and the roughness element shape (Morency & Beaugendre, 2020):

Pr’l = pr+APr, (2.18)
y

APry = FG(3) (2.19)
_ y

G = exp (— E) (2.20)

where F and G are two functions. In the case of the 2PP model used for this test

case(Morency & Beaugendre, 2020),
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Re&prP
F= 0_136% (2.21)

Urg hs

- (2.22)

Reg =

where Reg is the roughness Reynolds number. It defines the roughness region of the flow,
which is a function of the shear velocity at the wall u,. The constant default values are C =
1.92, a = 0.45, and B = 0.8 (Morency & Beaugendre, 2020). In Equation (2.22) the shear
velocity is selected such that the value is calculated above the roughness elements and

computed based on Equation (2.23), with the corrected wall distance at the wall.

vV
Ut = (d + 0.03h,)

(2.23)

In Equation (2.23), ¥ is the kinematic viscosity of the fluid measured in the farfield. (Kays,

2012) suggested the following values for g :

g=1if Re,=>70

InRe; —In5
=— i 2.24
9=170 —Ins if 5<Re;<70 (2.24)
g=0 if Re,<5
23 Post-calculation analysis

2.3.1 GCI method

The method used to study the effect of the mesh density on the solution is called the Grid
Convergence Index (GCI). This method is commonly used to check the linear behavior of the

meshes with increasing mesh densities. (Roache, 1994) proposed the GCI method to resolve
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the quantification of uncertainty in the CFD studies using absolute values. The first step would

[IP9S2]

be to calculate the order of convergence “p” using a constant grid refinement ratio “r = 1.41”

assuming the parameter on the finest grid is f;:

=12
fa—h

p = In( )/ Inr (2.25)

where fi, f, and f; are the three parameter values from Coarse, Medium and Fine meshes. It
is used for the calculation of the Richardson Extrapolation to obtain the true value of the f
parameter. In Equation (2.26), the value of F;, = 1.25 . It is a safety factor for the evaluation

of the GCI for the three mesh densities (Beisbart & Saam, 2019).

F 1fs = fi 0226

GCI =
r? —1

2.3.2 Analyzed quantities

In this section, the quantities that are used to derive the correlations are introduced. These
quantities are divided into the aerodynamics coefficients and the convective heat transfer

coefficient which is the Nusselt number.

2.3.2.1 The lift coefficient and the drag coefficient

The lift coefficient and the drag coefficient are two coefficients that measure the acrodynamic
forces over the airfoil using shear forces and the pressure distribution. Equations (2.27) and
(2.28) are the definition of the lift and drag coefficient based on the lift and drag force over the

airfoil.



33

L
C, = _1—p " (2.27)
2 [ee] [ee]
D
D"lp - (2.28)
2 co oo

In the two equations above, L and D are the drag and lift forces. They are calculated using the
integration of the pressure and shear forces on the airfoil surface. c is the chord length. In the

SU2 software, p., and V,, , the density and the velocity at the farfield, are calculated as follows:

Ve = Ma \/YRT,, (2.29)

where Ma is the Mach number, T, is the farfield temperature and they are directly defined in
the configuration file. For air, the heat capacity ratio is y = 1.4 and the gas constant is R =

287.058 J/Kg K. The p,, is calculated using the following equation (Anderson, 2011):

_ Recp

o = 2.30
Poo = (2.30)
where Re, is the Reynolds number and defined as:
oo Voo €
Rszu 2.31)

Equation (2.31) indicates the Reynolds number, as a function of the density, chord length,

velocity, and the dynamic viscosity.
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2.3.2.2 Heat transfer and Nusselt number

The Nusselt number is the dimensionless number used for the convective heat transfer. For an
airfoil, with a chord length, ¢, a thermal conductivity, k, and an average heat transfer

coefficient hgyg, the average Nusselt number is defined as follow:

h c
Nug,, = a’]’(g (2.32)

The average heat transfer coefficient along the airfoil is:

hed
havg = 9 zsc s (2.33)

The local heat transfer coefficient, hy, is calculated using the local wall temperature T and the

recovery temperature Tippqr:

qw
hy = —4———— 2.34
s (Ts - Ttotal) ( )
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-1

Toorar = T (1 4 Maz) (2.35)

The local heat transfer coefficient is a function of the heat flux g,, which is calculated with the

Equation (2.13) for the rough surface and Equation (2.36) for the smooth surface.

aT
dw = k(%)wall (2.36)
For the verification of the results for the average Nusselt number the correlation of the average

Nusselt number with the average Frossling number is used as per Equation (2.37).

Nugyg

VRe

Frayg = (2.37)

2.3.2.3 Proposed form of the drag coefficient correlation for the airfoil

Correlations that describe the lift coefficient and the drag coefficient over airfoils and wings
exist in the literature. For instance, (Hoerner, 1965) studied the correlation between the drag
coefficient and the lift coefficient for a constant AOA at various high Reynolds numbers. He
proposed a correlation for the increase of the drag based on the lift coefficient with a constant

k:
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AC,

CDmin

= kC? (2.38)

(Gudmundsson, 2013) presented a three-dimensional wing and two-dimensional airfoil drag
correlation based on the lift coefficient. These correlations were derived using the curve fitting
method based on CFD results. The two-dimensional correlation of drag and lift coefficient is

given as follows:

CD = CDmin +m. (CL - CLminD)z (239)

In Equation (2.39), Cp_. is the minimum drag coefficient, C;_ .  is the lift coefficient where
the drag is minimized and m is a coefficient indicating the parasitic drag increase of the airfoil,
obtained from its drag polar. To obtain a good quality correlation, it is necessary to ensure that
the analysis consist of the results before the maximum lift coefficient (Cp,, 4, ). We could see
from the literature that the correlations between the drag coefficient and lift coefficient is a
quadratic equation. However, because of the limitation of the quadratic equation at the high
angles of attack, Gudmundsson suggested a quartic equation near the stall angle. Therefore, to
have a well-estimated result and increase the range of the validity, a new correlation is

suggested based on the lift coefficient as in Equation (2.40).

CD = CDmin + kchz + szf (240)

In the presented form, the hypothesis is that the lift coefficient is zero at the minimum drag for

a symmetric airfoil (Cppinp = 0).
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2.3.2.4 Proposed form of the average Nusselt number correlation on the airfoil

The Nusselt number is defined as the ratio of the convective heat transfer over the conductive
heat transfer. It depends on the convective heat transfer coefficient and the thermal
conductivity as defined in Equation (2.32) for an airfoil. (Wang et al., 2008) conducted a series
of experiments over the NACAO0012 airfoil at different AOA. The experimental setup included
25 thermocouples inside and outside of the airfoil. They measured the heat flux between the
heated internal and cooled external airfoil. With the temperature and the heat flux
measurements, they calculated the heat transfer on the surface of the airfoil. The correlations

of Wang based on the Nusselt number, the AOA and the Reynolds number are as follows:

- 1
Nu = 0.0943(0.75 + 0.017a )Re.>®*°Pr3 for Re, > 5 x 10° (2.41)

_ 1
Nu = 2.482(0.75 + 0.013a )Re.>**°Pr3 for Re, <5 x 10° (2.42)
For turbulent flows over the smooth NACA0012 airfoil, Samad (Samad, 2021) proposed, based

on the numerical results, a correlation using the average Frossling number, the Reynolds

number, the Prandtl number and the AOA as the format of Equation (2.43) for a zero angle of
attack and shown by Equation (2.44) for 0' < A0A < 16 .

1
Frapg(a = 0) = 0.020Re.***°Pr3 (2.43)

1
Frapg = 0.020 (1 + 1.131a — 8.634a? + 10a®)Re,***°Pr3 (2.44)

A new correlation in this thesis is sought between the average Nusselt number and the lift

coefficient. The proposed equation is suggested in a way that the average Nusselt number
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would be better predicted on an airfoil with a quartic variation of the lift coefficient in the form

of Equation (2.45).

As can be seen in the experimental measurements of the heat transfer near the stagnation point
of an airfoil in a flowfield, the increase of roughness results in increasing heat transfer
(Poinsatte et al., 1991). Therefore, it is expected that for rough surfaces, the Nu,,,, value is

higher in the rough case study compared to the smooth surface.

2.4 Numerical method

The Finite Volume Method (FVM) is used by SU2 for the element discretization using
unstructured meshes in the computational domain. An integrated numerical method of SU2
could be found in the work of (Molina et al., 2017). SU2 uses median-dual vertex-based
scheme to build the control volumes which is indicated in Figure 2.4. The figure shows the
discretization in the SU2 which uses an unstructured based method connecting the cell centered

of the domain to make the control volumes indicated by (2;.

» L J &
@ [ ] I o L
L :
0.
T———o L ®
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5
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Control volume
L ] ] & L
L : L
-
i
-~
&
node

Figure 2.4 SU2 2-D discretization



39

Therefore, the governing equations in the Partial Differential Equations (PDE’s) form are

integrated as per Equation (2.46) (Molina et al., 2017):

f _d-Q + (FCL] + FUL])ASL] Qle;| = j _d-Q +R; (U) =0 (2.46)
JeN ()

where F_; ; and E,; ; are the projected numerical approximation for the convective and viscous
fluxes and calculated at the middle of the edges. @ is the source term, AS;; is the area of the
face associated with the cells i and j edge, £2; is the control volume and V' (i) is the nodes
neighbor to the node i. The convective fluxes are computed using the SLAU2 scheme
(Kitamura & Shima, 2013) with the second order upwind reconstruction and Venkatakrishnan
limiter. For the turbulent variables for the SA and SA ROUGH models, the convective fluxes
are computed using the second-order scalar upwind method. The FGMRES linear solver is
used to solve the linearized system of equations. The Green-Gauss gradient scheme is used for

the viscous flux approximation in this problem.

24.1 Computational domain

The overall numerical domain is illustrated in the Figure 2.5. The airfoil with the chord length
of c=1m is placed at the center of the calculation domain. The leading edge is placed at x=0
and y=0. The boundary of the domain is set at 100c from the cord. The airfoil has the wall
boundary condition with a constant temperature and the circle is the farfield boundary

condition.
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Farfield

Velocity

—»
airfoil

Figure 2.5 Scheme of the numerical domain

2.5 Boundary condition

In this problem, the initial and Boundary Condition (BC) is defined based on (Blazek, 2015).
In SU2 software, the initial condition is defined at time t =0. The boundary condition is an
artificial boundary in which, the values for the physical quantities are defined. In this section,

the inlet, outlet, and farfield boundary conditions are discussed.

For the initial condition, the values for the Mach number, the static temperature, and the
Reynolds number are directly defined in the SU2 configuration file. Using Equation (2.29), the
value of the freestream velocity is calculated. The density is defined using the dynamic
viscosity, calculated with the Sutherland law, and Reynolds number. The total pressure is

defined as the initial BC and calculated as follows:
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4

-1 y-1
Piotar = Poo (1 + rV 5 Maz) (2.47)

The numerical calculations in the CFD must be conducted in a bounded domain. For this
reason, the farfield boundary condition is defined with the freestream values at the distance of
"100 X c" from the airfoil. In most of the heat transfer problems in CFD, an imposed
temperature or heat flux is considered over the wall boundaries of the domain. In this problem,
the airfoil wall boundary condition has an imposed constant temperature of 300 K and the

farfield temperature is set to 288.15 K.

2.6 Summary

In this chapter, first the RANS equations were introduced. The RANS model was presented
along with the Spalart-Allmaras turbulence model taking into account the roughness of the
surface. Then, the GCI method used to evaluate the result uncertainties with the increase of the
mesh density was given. For the rough surface model, the 2PP thermal model considers the
roughness height of the surface to model the heat transfer on the wall. Following the selection
of the mathematical models, the two suggested forms of correlations for the aerodynamic
coefficient and the heat transfer coefficient were derived based on the previous works. The last

part of this chapter presented the numerical method and the computational domain.






CHAPTER 3

NUMERICAL RESULTS AND ANALYSIS

Based on the methodology presented in chapter 2, the numerical results are shown in this
chapter. First, the mesh is selected using the GCI method to ensure the good quality of the
results. Then, the predicted heat transfer and aerodynamics coefficients are verified and
validated before being used to build the database. With the database, the aerodynamic and heat
transfer correlations are derived to estimate the drag coefficient and the average Nusselt

number as a function of the lift coefficient.

The analysis uses streamlines and Mach contours for the smooth and the rough surface of the
NACA 0012 airfoil so as to have a visual overview. Then, the CFD results of the NACA0009
airfoil are compared to previous works. Then, the NACAO0012 results are verified and validated
against experimental data for both smooth and rough surfaces. The aerodynamic coefficient
for the NACAOO15 is validated and verified for the smooth surface following the heat transfer
verification and validation for the NACAQ0012 with the smooth surface. Then, the database is
built with the results of the lift and drag coefficient and the average Nusselt number for the
NACA0009, NACAO0012, and NACAO0O015 airfoil for the four Reynold’s numbers (Re =
6.25 x 105,1.25 X 10°,2.5 X 10°%,and 5 x 10°) with the smooth and rough surfaces.
Finally, the correlations between the lift and drag coefficients and a novel Nug,, 4 correlation

based on the lift coefficient are presented and the results are analysed.

3.1 Verification and validation

3.1.1 Meshes used for the GCI

In order to determine the mesh density to use in the CFD calculations, the Grid Convergence

Method (GCI) (Roache, 1994) is applied for three mesh densities: coarse, medium, and fine.
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The GCI is a method to evaluate the mesh dependence and estimate the numerical
discretization error. The mesh properties used for this calculation are presented in Table 3-1
for the NACAO0009 airfoil. The coarse, medium and fine densities of the mesh are generated
with the GMSH software and the size of the elements are decreased by a factor of 1.41 in all

of the directions between each mesh.

Table 3.1 Mesh properties for the coarse, medium and fine density mesh for the NACA0009

airfoil
Mesh
) Number of
element size Number of
Mesh size Vertices y plus
(airfoil x . Elements
(points)
farfield)
Coarse 401 x 130 121631 207965 0.48
Medium 566 x 181 208471 367663 0.35
Fine 788 x 253 366526 662542 0.25

The coarse mesh is used for visualizing and showing the overall computational domain, the
mesh around the airfoil, and the trailing and leading edge in Figures (3.1), (3.2), and (3.3). The
mesh density is increased downstream in the wake region compared to the front part of the

calculation domain.



Figure 3.1 Overall mesh view within the computational domain

o
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Figure 3.2 The overall view of the mesh around the airfoil
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Figure 3.3 Mesh elements distribution over the leading edge and the trailing edge

The coarse mesh for the NACA 0009 testcase has 121631 points (nodes) and 207965
calculation elements. The mesh elements contain two types of elements: triangular elements

distant from the airfoil and quadrilateral elements close to the airfoil which are shown in Figure

3.3.

3.1.2 GCI calculation

To select the mesh, the lift coefficient, the drag coefficient, and the Nusselt number results for
the three mesh densities are calculated. Table 3-2 shows the fine mesh GCI results for the lift,
the drag and the average Nusselt for the three NACA0009, NACAO0012 and NACAO0015

airfoils for the rough and smooth surfaces with the coarse, medium, and fine mesh densities
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assuming the theoretical order of the method to be p = 2 in Equation (2.26). From the total of
54 testcases, in 8 occurrences, the GCI has a value over 1% and in four occurrences have a
value over 2%. For the lift coefficient and the average Nusselt, the average GCI for the rough
surfaces is higher than for the smooth surface but for the drag coefficient, the smooth surfaces

have the higher average GCI value in comparison to the rough surface.

Table 3.2 GCI value for the three mesh densities for the NACA0009, NACA0012, and
NACAO0015 smooth and rough airfoils

r— G Lift Drag Nusselt
coefficient coefficient number
GCI % GCI % GCI %
0 0.05 0.57 0.14
NACA0012 10 0.13 1.31 0.18
15 0.4 1.99 0.07
0 0.02 0.79 0.14
NACA0015 Smooth 10 0.04 0.3 0.17
15 0.22 0.46 0.16
0 0.02 0.43 0.12
NACA0009 10 0.21 232 0.05
13 0.36 3.06 0.14
0 0.01 0.2 0.2
NACA0012 5 0.22 0.13 0.4
8 0.03 0.12 0.53
0 0.33 0.14 1.62
NACA0015 Rough 5 0.41 0 243
8 0.13 0.41 2.47
0 0.12 0.14 0.72
NACA0009 5 0.009 0.16 0.94
8 0.3 0.11 1.022
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Regarding the GCI results, the fine mesh density is selected in the following to derive the heat
transfer and aerodynamics correlations. An overall look at the GCI results shows that 14% of

the results have the GCI value over 1 %. .

3.1.3 Angle of attack and the maximum lift coefficient

Because of the RANS model limitations, this study focuses on the aerodynamic and heat
transfer coefficient up to the stall angle. Therefore, in this section, the AOA at the highest lift
coefficient is studied for the NACA0009, NACA0012, and NACAO0015 with the smooth and
rough surfaces at the lowest testcases Reynolds number. The results are used next to derive the
correlation between the drag and lift coefficient and the Nusselt and the lift coefficient. The

AOA of the maximum lift coefficient at the Reynolds= 625000 is presented in Table 3-3.

Table 3.3 Maximum AOA based on the lift coefficient for the three airfoils with the fine mesh

density
NACA 0012 NACA 0015 NACA 0009
Smooth 15’ 16 13
AOA at CLmax o 3 o
Rough 11 11 9

From Table 3-3, the stall angle is AOA = 13 for the smooth surface and AOA = 9 for the
rough surface. The reason for choosing the lowest value between the results, is to have a single
and valid AOA that would be applicable to derive the correlation. The AOA ranges are selected
such that the testcases do not experience stall even with the lowest Reynolds number of the

testcases (Re = 625000).
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3.14 Mach and pressure iso contours:

In this section, the study of the pressure and Mach number distributions around the airfoil is
conducted for the NACA 0012 with the Re, = 2.5 X 10° and the velocity of Ma = 0.2 in the
freestream. Figure 3.4 shows the pressure distribution with the streamlines contour for the
smooth and rough surfaces with the AOA = 10". The main noticeable difference is at the
trailing edge where vortices are formed and separation is seen for the rough surface. The

pressure distribution does not show a noticeable difference between the two results.

Pressure
4.6e+04 48000 50000 52000 54000 5.6e+04
|

Pressure
4.6e+04 48000 5000/00) Y.000) %(0/00) 5.6e+04

Figure 3.4 The pressure distributions and flow streamline for the smooth and rough NACA
0012 at the AOA = 10
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Figure 3.5 shows the Mach iso contour for this testcase. In this figure, the overall Mach number
is higher for the smooth surface than the rough surface. Also, the same observation can be
made with Figure 3.4 that the separation is visible at the trailing edge of the airfoil,

characterized by a zone of low Mach number outside of the boundary layer area.

Figure 3.5 The Mach number iso contour for the smooth and rough NACA 0012 at the
AOA =10
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3.1.5 Aerodynamic and heat transfer verification and validation

In this section, the results for the smooth and rough surfaces for the three airfoils are verified
and validated. The Spalart-Allmaras turbulence model with and without the activated
roughness on the airfoil are utilized in the simulation. To facilitate the identification of the
model used in each section, the following nomenclature is used. In general RANS-SA is used
for both rough and smooth surfaces CFD results. SA-SMOOTH is used for the RANS Spalart-
Allmaras model and roughness is not activated. SA-ROUGH is used when the roughness is
activated. The grid for both smooth and rough simulations are the same in the farfield boundary

conditions.

At first, the CFD SA-SMOOTH results of the lift coefficient for the NACA0009, the NACA
0012, and the NACAOO015 airfoils are compared. Then CFD SA-ROUGH result for the same

airfoil is verified with previous work. For the heat transfer coefficient, the Frg,, for the

NACAO0012 smooth airfoil is compared and the Nu,,,, is validated against experiments.

3.1.5.1 Smooth NACA 0009

The aerodynamic CFD results of the smooth NACAO0009 airfoil is compared against Xfoil
prediction in this section. Xfoil is a program, developed by Drela and Giles in 1987 which uses
a low-fidelity method to predict the aerodynamic coefficient for the range of Reynolds

numbers, Mach numbers, and —15 < AOA < 15 due to the stall angle (Drela, 1989).

For the comparison, the testcase has the following conditions: Re, = 1 X 10® and 0 <
AOA<16. To perform this analysis, the fine mesh density (788 x
253 (elements number on the airfoil X elements number in the farfield) is used.
Figure 3.6 shows the comparison of the NACA0009 airfoil SA-SMOOTH and the Xfoil CFD
results. As shown, SA-SMOOTH could predict the lift coefficient at the low and high angles

of attack near the stall angle. For the two numerical results, the stall happens at AOA = 14 with
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a discrepancy of 2.2% on the highest lift coefficient prediction. However, the maximum error

occurs at AOA = 8 with a 9.8% of discrepancy between the two results.
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Figure 3.6 Verification for the NACA0009 smooth airfoil

3.1.5.2 Smooth and rough NACA0012

In this section, the RANS-SA estimation for the lift coefficient is evaluated and compared to
the numerical results of (Tagawa, Morency, & Beaugendre, 2021), OVERFLOW (Jespersen,
Pulliam, & Childs, 2016) and the experimental results of (Ladson, 1988). Both smooth and
rough surfaces are compared in this section but the rough airfoil is just compared with the work

of (Tagawa et al., 2021).

The wvalidation and verification are conducted using a fine mesh density of 794 X

253(elements number on the airfoil X elements numberin the farfield). First, the
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result of SA-SMOOTH is compared with the results of OVERFLOW CFD and the Ladson
experiments. The physical boundary condition is Ma = 0.15, Re, = 6 X 10° . However, for
the validation, Ladson performed a variety of experiments for a range of Reynolds and Mach

numbers. Therefore, the selected testcase for the validation of our CFD result is Ma = 0.2,

Re = 6 x 10° .

Figure 3.7 presents the lift coefficient variation at —1 < AOA < 19  for the CFD SA-
SMOOTH results with the Ladson experiments and OVERFLOW CFD results. For this
testcase that is conducted withRe, = 6 X 10°, the AOA range is higher than the values
showed in Table 3-2. As shown in the figure, the SA-SMOQOTH result slightly overestimates
the lift coefficient but the SA-SMOOTH predicts an AOA = 17.9 for the maximum lift
coefficient while (Ladson, 1988) predicted AOA = 17.3 for the stall angle. The OVERFLOW
results are well-predicted by SA-SMOOTH with a maximum discrepancy of below 1%.

Figure 3.8 presents the variation of the lift coefficient with the increase of the angle of attack
for the rough NACAO0012 airfoil. For the rough surface, (Tagawa, 2021) utilized the RANS-
SA model using the one parameter equivalent sand grain roughness method for different
equivalent sand grain roughness heights and Reynolds numbers for the NACA 0012 airfoil.
The test case of Ma = 0.15, hy = 25 X 10™* is selected for the verification. The verification
of SA-ROUGH CFD result shows a maximum discrepancy of 1.6% at the highest lift

coefficient with Tagawa’s results.
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Figure 3.7 Lift coefficient verification and validation for the smooth NACA0012
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Figure 3.8 Lift coefficient verification for the rough NACA0012
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3.1.5.3 Smooth NACAO0015

In this section, the CFD results of the SA-SMOOTH is compared and validated. The analysis
is conducted using the fine density mesh of 788 X
253 (elements number on the airfoil X elements number in the farfield). The
physical condition of the SA-SMOOTH testcase is Ma = 0.15 and Re, = 1.25 x 10°.
Results are compared with (Joslin, Horta, & Chen, 1999) which used the one equation Spalart-
Allmaras turbulence model with Ma = 0.15 and Re, = 1.2 X 10° for the testcase. Also, the
CFD result is validated with the experiments of (Bove, 2008) and retrieved from the work of

(Gilling & Serensen, 2008) with the physical condition of Re, = 1.6 X 10°.

Figure 3.9 shows the variation of the lift coefficient with the angle of attack for the NACA0015
smooth airfoil. The stall angle for the two numerical results is about 16 and the maximum
discrepancy between the two numerical results is 2.7% at AOA = 10. For the validation,
between the experimental results and the two numerical results, the error is almost 13% at the
stall angle. The reason for the error between the two numerical solutions and the experiment
is related to the condition of the experimental test case as the Mach number is not mentioned

and only the Reynolds number is available.
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Figure 3.9 Lift coefficient validation and verification of the smooth NACAO0015
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3.1.5.4 Average Nusselt number

In this section, the results of the average Nusselt number for the NACAO0012 airfoil are
compared against the numerical work of (Samad, 2021) and the work of (Poinsatte et al., 1990)
for the smooth airfoil. Results for the CFD comparison are for a Re, = 2.5 X 10° and A0A =
0 to AOA = 16 as per the work of (Samad, 2021). The average Nusselt number is selected for
the comparison based on the relation between the average Nusselt number and the average

Frossling number which is mentioned in Equation (2.37).

For the validation, the experimental results are extracted from the work of (Poinsatte et al.,
1990). He conducted a series of experiments to measure the heat transfer at the leading edge
of the NACAO012 for both smooth and rough surfaces. Therefore, the CFD results for the

Nusselt number are compared at the stagnation point against his experiments.

Figure 3.10 presents the results of the Frossling number at Re = 2.5 x 10® and AOA = 0 to
AOA = 16 . From the figure, the maximum error between the two results is 1.9% at the
AOA = 12" . Although the results of the heat transfer are slightly underestimated before the
AOA =10, it is overestimated after this point. Figure 3.11 presents the results of NASA
experiments conducted by (Poinsatte et al., 1991) at the stagnation point for the NACA0012
smooth airfoil at AOA = 0 compared to the CFD calculation. The error is below 1% until a

Re = 2.5 x 10° and results are well estimated. Although a maximum error of 5.4% occurs at

Re = 3.5 x 10°.
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3.1.6 Reynolds number effect on the heat transfer

In this section, the effect of the Reynolds number variation on the Nusselt number at two angles
of attack, AOA = 0 and AOA = 10 is investigated for the NACA 0015, NACA 0012, and
NACA 0009 airfoils.

Figure 3.12 and 3.13 show the variation of the local Nusselt number versus x/c on both sides
of the NACA 0009, NACA 0012, and NACAO0O015 airfoils with the smooth surface. The first,
second, and third sub-figures correspond to the NACA 0015, NACA 0012, and NACA 0009
airfoils respectively. Figure 3.12 shows the result at AOA = 0 while Figure 3.13 shows the
result of AOA = 10" . From the results, all airfoils experience a maximum heat transfer close
to the leading edge of the airfoil excepted the testcase with the Re = 5 X 10° for NACA 0015
airfoil. From the comparison of the two examined angles of attack, with the AOA increase, the

local Nusselt number increases significantly close to the leading edge of the airfoil.

Using the thermal conductivity, k, and an average heat transfer coefficient hg,, over the
airfoil, the Nusselt number is calculate for the three airfoils. As seen in Figure 3.12 and 3.13,
with the increase of the Reynolds numbers, all the cases experience an increase of the local
Nusselt number. Although the difference between the various Reynolds numbers is more

significant for the AOA = 0" compared to the AOA = 10" for the three airfoils.
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Results of this section will be used in the next steps to extract the correlation between the lift

coefficient and drag coefficient. Figure 3.14 presents the C,; variation as a function of the (;

for the three smooth airfoils at 0° < AOA < 13". This study is conducted for Reynolds
numbers of 0.625 x 10°,1.2 x 10%,2.5 x 10° and 5 x 10°. Based on the figure, the drag

coefficient followed an increasing trend based on the lift coefficient increase and based on the

increase of the Reynolds number. The maximum drag coefficient is 0.0373 when the lift

coefficient is 1.23 with AOA = 13" with a 12% difference to the next highest drag coefficient.
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Figure 3.14 Lift coefficient as a function of the drag coefficient for the NACA0009,

NACAO0012 and NACAO0015 smooth airfoils
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3.2.2 The average Nusselt number as a function of the lift coefficient

The goal of this thesis is to present a correlation between the average Nusselt number

(Nugyg) and the lift coefficient for the smooth and rough surface. Therefore, in this section the
results for the Nug,,4 for the smooth surface NACA0009, NACA0012, and NACAO0015 airfoils
are studied. Figure 3.15 presents the Nu,,,4 based on the angle of attack. From the figure, the
following conclusions are reached. 1- The increase of the average Nusselt number for the
smooth surface for all Reynolds numbers. 2- A gradual decrease of the Nu,,,4 with the increase
of the angle of attack for all testcases except the NACA0012 and NACA0009 for 0° < AOA <
4 .
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Figure 3.15 Average Nusselt number as a function of the angle of attack for the NACA0009,
NACAO0012 and NACAOO015 smooth airfoils
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3.2.3 Aerodynamic correlation

To determine the drag and lift coefficients correlation, the form of Equation (2.40) is used.
Figure 3.16 shows the drag coefficient for the three smooth airfoils as a function of the squared
lift coefficient. This figure is used to build the correlation in this section. As can be seen at low
lift coefficient value, the drag coefficient evolves almost linearly with C7, except for the
NACA 0009 at low Reynold’s numbers. For high lift coefficients, mostly above 1, the relation

between the drag and C7, is not linear anymore.

0.04 ' ' ' ' ' ' NACA 0009 Re 0.625X106 —+—
NACA 0009 Re 1.25X106 —<—
/ NACA 0009 Re 2.5x106
0.035 / i NACA 0009 Re 5x106
NACA 0012 Re 1.25x106
NACA 0012 Re 0.625x106 —o—
NACA 0012 Re 2.5x106 —s—
- NACA 0012 Re 5x106 —a—
NACA 0015 Re 1.25%106 —s—
NACA 0015 Re 0.625%106 ——
NACA 0015 Re 2.5x106
NACA 0015 Re 5x106

0.03

0.025

Ca
o
=
=}

0.015

Figure 3.16 Drag coefficient based on the second order lift coefficient for NACA0009,
NACAO0012 and NACAOO015 smooth airfoils

The aerodynamics correlations are derived for different angles of attack, first for the smooth
surface and then for the rough surfaces. Figure 3.17 shows the minimum drag coefficient for
the smooth surface NACA 0012 and Re, < 5 X 10°. As shown in Figure 3.17, the minimum

drag coefficient decreases with the Reynold’s number increase.
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Figure 3.17 Minimum drag coefficient for the NACA 0012 smooth surface Re < 5 X 10°

Based on the curve fitting method (MATLAB, 2019), Equation (3.1) is used to estimate the
Camin at zero angle of attack for Re, = 0.625 x 10°%,1.2 X 10%,2.5 x 10° and 5 x 10°. The
equation is simplified as an exponential function of Reynolds number to predict the minimum
drag coefficient at zero angle of attack for the three airfoils. The coefficients in Equation 3.1

are shown for each airfoil in Table 3-4 and the range of the validity is Re < 5 X 10°.

Camin = a(exp(b X Re.)) + c(exp(d X Re.)) (3.1)
Table 3.4 Coefficients in Equation 3.1 for the three smooth airfoils
NACA 0009 NACA 0012 NACA 0015
a 0.0035 0.004 0.0048
b —1.23x107° —1.29x10°° —1.51x10°°
c 0.0093 0.01 0.01
d —3.65%x 1078 —3.62 %1078 —3.79 x 1078
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To add the lift coefficient to the correlation, the Equation (3.2) is used to estimate the C,; for
the smooth surface of the NACA0009, NACA0012 and NACAOO015 with the fully turbulent

condition.

Cs = Camin + (0.00374)CZ + (0.0012)C¥ (3.2)

To include the roughness, Figure 3.18 shows the drag coefficient as a function of the second
order lift coefficient for the three rough airfoils. From the results, the overall trend is the
increase of the drag coefficient with the lift coefficient increase. For the Re, = 2.5 X 10° and
5 x 10%and for the three airfoils, the results are the same. It means in the rough testcases,
results are independent of the Reynolds number after Re, = 2.5 X 10°. Although the results
of the drag coefficient are independent of the Reynolds number for Re > 2.5 X 10, roughness
Reynolds number increases with the increase of Reynolds number which is showed in Figure
3.19 for the NACAO0012 airfoil with hy = 0.00294 m calculated with the maximum sheer
velocity on the airfoil using Equation (2.22). From the comparison between Figure 3.16 and

3.18, the overall drag increases with increasing the Reynolds number for the rough surface.
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Figure 3.18 Drag coefficient based on the second order lift coefficient for NACA0009,
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Based on the results of the Figure 3.18, to account for the roughness, two separate correlations
are needed, one for Re, < 2.5 %X 10° and one for Re, > 2.5 X 10°, which results are
independent of the Reynolds number. Figure 3.20 shows the result of the curve fitting using

MATLAB with the second order polynomial function of Reynold’s number.
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Figure 3.20 Minimum drag coefficient for the NACA 0012 rough surface

Using the curve fitting method, Equation (3.3) is suggested to estimate the Cg,;,;, at the zero
angle of attack for Re, = 0.625x 10°,1.2 X 10%,2.5 X 10% and 5 x 10® with the

coefficients shown in Table 3-5

Caminr = a(exp(b X Re.) + b(exp(c X Re,) (3.3)

Table 3.5 Coefficients in Equation 3.3 for the three rough airfoils

NACA 0009 NACA 0012 NACA 0015
a 0.023 0.025 0.027
b —-1.81x 10710 —4.08 x 10710 —6.54 x 10710
c —0.012 -0.014 -0.013
d —-1.98x107° —2.058 x 107 —1.97 x 107
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The correlation above would estimate the Cy;,ir Which accounts for the roughness with the
Equation 3.2 to correlate the lift coefficient to the drag coefficient for the fully rough surface

with ks = 0.00294 m

3.2.4 Heat transfer correlation

In this section, results for the smooth and rough Nusselt number are firstly presented based on
the second order lift coefficient. Then, the correlation is derived for the smooth and rough
surface similarly to the lift and drag correlations. Figure 3.21 shows the average Nusselt
number based on the squared lift coefficient for the three airfoils for 0.625 X 10° < Re, <
5 X 10°. As can be observed, the results vary almost linearly with the squared lift coefficient,

except close to the maximum lift coefficients.
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Figure 3.21 NACA 0009, NACA 0012 and NACA 0015 Nug,,4 variation based on the

second order of the lift coefficient for the smooth and rough surface and 0.625 X 10° <

Re, < 5 x 106.
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In order to suggest a correlation for the average Nusselt number, a method similar to the one
used by (Wang et al., 2008) is used for the maximum average Nusselt number given by
Equation (3.4) for the smooth and (3.5) for the rough surface. The maximum average Nusselt
number for the zero angle of attack is predicted based on the curve fitting tool method
(MATLAB, 2019). The correlation is valid for the fully turbulent flow with an imposed
constant temperature at the wall. As the heat transfer coefficient has a weak dependence on the

airfoil thickness, the Nusselt correlations are proposed independent of the airfoil thicknesses.
R 1
N, = 0.0195 Re 283°Pr3 (3.4)

- 1
Ntpaxg = 0.0233 Re>853Pr3 (3.5)

With a similar method, Equation 3.6 is suggested to include the lift coefficient into the
correlation. Due to the roughness effect on Nusselt number variations for the different
Reynolds numbers for rough airfoils, the coefficients for the lift coefficient are dependant on
the Reynolds number. The equation is valid for the fully turbulent flow between
0.625 % 10° < Re, < 5x 10%and 0" < AOA < 13" forthe smoothand 0° < AOA < 9" for
the rough surface. Figure 3.22 shows the results of the average Nusselt number correlation for
the smooth and rough NACA 0012 and Re, = 1.25 X 10°. As the results show, the maximum
discrepancy between the predicted correlation and CFD results for the smooth and rough

surfaces occurs at the highest angle of attack and the value is less than 1%.

Nu = Nty — (0.00021 X Re,) C2 — (0.00033 X Re,) C}t (3.6)
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Figure 3.22 Curve fitting attempt for the rough and smooth surfaces for the NACA 0009,
NACA 0012, and NACA 0015 for Re, = 1.25 x 10°

33 Analysis

Results of the average Nusselt correlations are discussed in this section with the numerical
work of (Samad, 2021). In his work, he suggested a correlation between the average Frossling
number as a function of the angle of attack and the Reynolds number for the smooth NACA
0012 airfoil. Based on the CFD results, the correlation for the 1 X 10° < Re,. < 3 X 10° and

0 < AOA < 30 is as follows:

Fr=0.021(1 + 1.131a — 8.634a? + 10a®)Re, 33> pr1/3 (3.7)

For the analysis of the heat transfer results, the Samad’s correlation is plotted and compared to

the correlation based on the lift coefficient presented in Equation 3.7 and with the Nu,, 4, for
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the smooth surface of Equation 3.6. Results for heat transfer correlations are for Re,. =

1 X 10° and are presented in Figure 3.23.
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Figure 3.23 Verification of the Nusselt number prediction based on the correlation

The average discrepancy between the SA-SMOOTH CFD and Samad’s results is 3.3%. The
predicted correlation indicated in Equation 3.6 has a better agreement at the low angles of
attack rather than high angles for the NACA 0012 airfoil. For the correlation and SA-
SMOOTH results, a gradual decrease in seen while for the Samad’s Nusselt correlation, the
trend is an increase up to the AOA = 5 followed by a decreasing trend for the highest angle

of attack test case.
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3.4 Summary

For the NACAO0009 airfoil, the smooth CFD results were compared to the Xfoil prediction
(Drela, 1989). The NACAO0012 airfoil results for the smooth surface were compared to the
OVERFLOW CFD results (Jespersen et al., 2016) and validated with Ladson experiments. The
rough NACAO0012 results were compared to the work of (Tagawa, 2021). The NACAO0015
airfoil results are compared and validated with the results of (Joslin et al., 1999) and (Gilling
& Serensen, 2008). The heat transfer validation were conducted with the NACAO0012 airfoil
against the work of (Samad, 2021) and (Poinsatte et al., 1990). The comparisons showed a

good concordance estimation with the CFD.

Following the validation, the effect of the Reynolds number on the heat transfer coefficient is
studied and the database is built for the lift coefficient, drag coefficient and the average Nusselt
number. Based on these results, two correlations are proposed. First the correlation between
the lift and drag coefficients for the smooth and rough surfaces. Then, the correlation between
the average Nusselt number and the lift coefficient for the smooth and rough surfaces. The

correlations are valid for the fully turbulent flow, 0.625 X 10° < Re, < 5% 10° and 0" <

AOA < 13" for the smooth and 0° < AOA < 9 for the rough surface. Finally, a correlation
for the average Nusselt number correlation is successfully compared with the work of (Samad,

2021) for the smooth NACA 0012 airfoil.

The results of the CFD calculation are compared and validated before being used to build the
database and the two correlations based on the aerodynamic and heat transfer coefficients. The
three mesh density properties were presented. The GCI method was used to select a high-
quality mesh to be used to build the database and to estimate the numerical error. Then, the

angle of attack for the maximum lift coefficient is calculated.






CONCLUSION

As today, the safety of aircrafts has increased significantly but aircraft icing is still one of the
most important aviation problems. The reason of this importance is not only the degradation
of aircraft aerodynamic performances but it is also the malfunctioning of the pneumatic and
hydraulic control surfaces of aircrafts because of the ice accretion. Therefore, many scientists
have tried to study the problem of icing, either by modelling ice or by conducting test flights

under icing conditions.

In this thesis, the CFD method is used to predict the aerodynamics and heat transfer of airfoils.
CFD as a high-fidelity method solves the Navier-Stokes equations numerically. The proposed
model uses the RANS Spalart-Allmaras equations for the smooth and the modified Spalart-
Allmaras equations that considers the roughness of the iced airfoils. The CFD results named
SA-SMOOTH and SA-ROUGH were validated with numerical and experimental results
available in the literature. CFD calculations were conducted with four different Reynolds
number, using three airfoils (NACA 0009, 0012 and 0015) with smooth and rough surfaces

and over different angles of attack.

Using the above CFD results, a database containing aerodynamic and heat transfer results has
been created, allowing to propose two correlations for the drag and lift coefficients. The
proposed equation is valid for the fully turbulent flow for 0.625 X 10° < Re, < 5 X 10° and
0" < AOA < 13" for the smooth and 0° < AOA < 9 for the rough surfaces. Moreover, two
Nusselt number correlations have been proposed (one for smooth surface and one for rough
surface). The proposed heat transfer correlations were successfully compared to results from

the literature with an average discrepancy of 3.3%.

In future work, it is suggested to study the influence of the turbulence model on the proposed
correlations. It is also suggested to pursue 3D de-icing CFD modeling using different ice

shapes to derive heat transfer correlations over iced rough surfaces.






APPENDIX I

Configuration used for Xfoil

The following configuration is set to extract the data from the Xfoil prediction:

Reynolds: 1000000
Ncrit =5
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NACA 0009 Xfoil —+—
| | |
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Figure-A 1.1 Xfoil prediction for the NACA 0009
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