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Abstract

Ram Air Turbines (RATS) are employed to supply power for auxiliary and backup systems
of an aircraft in case of a major power shortage. These turbines are commonly Horizontal
Axis Wind Turbines (HAWTS). In this study, we investigate the performance of a RAT under
cruise altitude operating conditions. CFD-RANS computations coupled with Blade Element
Method (BEM) are conducted to examine the impact of adding Gurney flaps (GF) to the rotor
blades in terms of power and drag (thrust) performance. Three different GF height
configurations of 1% chord (1%c), 3%c, and 5%c are applied to the blades of a small RAT.
The rotor diameter is 1.016 meters, comprising of two blades with a constant chord length of
0.127 meters and a NACA 8318 airfoil, featuring twist angle along the blade span. The effects
of the Gurney flaps are explored over a Reynolds number range of 200k to 500k based on
the chord length, corresponding to the Reynolds number of the relative wind speed around
the blade at sections of 25%, 50%, 75% and 100% of the blade. Lift coefficient (C) and drag
coefficient (Cp) results were imported to Qblade to perform a BEM turbine analysis. The
results demonstrate a noticeable increase in the maximum coefficient of power around tip
speed ratio (TSR) of 3. Also, a comparison was made between a clean blade and a blade with
GF mounted only at the root of the blade. The blade with GF representing 1% of the chord,
mounted at the root of the blade yields improved Cp/Ct for a wider range of 3< TSR <6.6.
However, a GF with height of 5%c exhibits the highest Cp/Cr ratio, both at low TSR (ranging
from 1 to 1.8) and high TSR (from 4 to 7.6). Data validation was conducted for the NACA
8318 airfoil using experimental results from Yoshida (2000). Additionally, data validation
was also performed by comparing the findings with CFD data from Shen (2016) for E387
airfoil performed on the low-speed wind tunnel of Queen Mary University of London. These

validations aim to support and validate the results obtained within this thesis.
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Chapter 1

1. Introduction

The Ram Air Turbine (RAT) is a small rotor that falls within the category of
Horizontal Axis Wind Turbine (HAWT). This rotor is stored in a compartment on the
fuselage or wing of a commercial aircraft under normal flight conditions. However, in the
event of significant engine power failure, the RAT is deployed to primarily provide
emergency power to essential electrical systems to ensure a safe landing, hence as the
tendency of more electrical aircraft increase, the importance of RAT in emergency situations

rises.

There is a constant need in aviation to reduce the climate impact and carbon
emissions. In the sustainable aviation (SA) report (2020), established that UK aviation is
aiming to achieve net zero emissions by 2050. This goal involves working towards carbon
removal initiatives. The UK aviation have the initiative to reduce by 2050, 26.4 million Tons
of carbon dioxide (MtCO>) by implementing sustainable aviation fuels and 10.6 MtCO: by
introducing more efficient electrical aircrafts. Therefore, aircraft are increasingly relying on
electric power to manage their flight control systems, usually used during landing, elevating
the importance of availability of electrical power in cases of forced landings due to engine

failure.

The Ram Air Turbine (RAT) is one of the potential mechanisms that are applicable
to generate renewable energy on an aircraft, as it extracts power from the air stream.
However, there is a constant need to improve the efficiency and power output of RATS
enabling them to extract more power from the air, specially at low speeds where it can only
generate around 400 W (Saad et al., 2017).

In the pursuit of improving the performance and efficiency of RATS, aerodynamic
enhancements play a crucial role in increasing the power generation of the turbine. In this
study, an aerodynamic enhancement device called Gurney Flap (GF) will be implemented to
study the effect on the efficiency of the RAT.



Gurney Flaps, introduced by Dan Gurney in the 1960s to improve the performance of
racing cars, are small tabs typically added to the trailing edge of an airfoil. The height of the
GF is a percentage of the airfoil chord (c), which is described as a straight line that goes from
the front edge of the airfoil (leading edge) to the back edge (trailing edge). For wind turbines,
the GF height varies between 1 to 5 percent of the chord length (%c). In this study, the GF
will be added to a NACA 8318 airfoil.

An airfoil is the transverse shape of a blade or a wing. This shape is designed to
generate lift, creating a pressure difference between the upper and lower surface of the airfoil
when the air flows around it. Airfoils come in a variety of shapes depending on their purpose.
The National Advisory Committee for Aeronautics (NACA) has a series of characterized
airfoils classified in different families. The NACA 8318 airfoil belongs to the NACA 4-digit
family and refers to a specific airfoil shape where 8318 indicates geometric features of the

airfoil.

The power coefficient (Cp) of the RAT is a parameter that determines the efficiency
of the turbine, it describes the relation of the actual power extracted from the air and the
maximum theoretical power. When designing the turbine, one of the primary goals is to
increase this parameter. However, there is a limit to the amount of power that a turbine can
extract from the airstream, if the turbine were to capture a 100% of the power from the
airstream, the consequence would entail a cessation of the airstream, thereby, the blades
would slow down, making this 100% turbine’s efficiency unfeasible. BETZ theory explains
the existence of a theoretical maximum power that a turbine can capture from the air, which
is approximately 16/27 of the energy present in the air (X. Zhang et al., 2018). This maximum
power is commonly referred to as the BETZ limit.

The calculation of the efficiency of a turbine can be done with different methods.
Blade Element Momentum (BEM) method is the one that is going to be used in this work to
calculate the power output of the turbine. This method consists of dividing the turbine blade
into smaller sections, referred to as elements, to analyze the forces acting upon each
individual section. By calculating the forces, such as lift and drag, acting on these elements,
the method then consolidates these calculated forces across all sections to determine the

combined force generated by the entire blade. Ultimately, this approach allows for the
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estimation of the total power generated by the turbine based on the collective forces exerted
by its individual blade elements. This method requires low computational power, provides
reasonably accurate results and is much less time-consuming than Computational Fluid
Dynamics (CFD). However, BEM method doesn’t account for complex unsteady

phenomena, which can interfere in the accuracy of the results in more complex cases.

CFD is a numerical method that employs Navier-stokes equations to predict the
behavior of a fluid around an object under specified physical conditions. Performing
numerical methods is more cost-effective than performing experimental tests, it is a valuable
alternative to conserve resources while providing insights of the aerodynamics of a given
geometry. This study adopts a two-step approach: firstly, utilizing CFD to derive the
aerodynamic forces acting on individual airfoils. Subsequently, the obtained aerodynamic
force coefficients are transferred to QBlade, a software employing the BEM method. This
sequential process facilitates the computation of overall turbine efficiency while obtaining
the benefits on the accuracy of the CFD for individual airfoil elements, it also leverages the
time efficiency advantage of the BEM method.

1.1 History of RATSs usage

RATs were first employed as an additional power source exclusively for military
aircraft (Fig. 1.1) in 1943 (Saad et al., 2017). The ME 163B Komet became the first aircraft
to have a RAT installed. It was during the 1960s that RATs began to be utilized as emergency
power generators, and it wasn't until the 1980s that RATS started being used in commercial
aircraft (Saad et al., 2017). The Boeing 757 and 767 are examples of commercial aircraft that
employ RATS, which are deployed at a minimum speed of 80 knots (41.16 m/s). This speed
represents the minimum operational requirement for RATs in Boeing 757 (see Figure 1.2)
and 767 models (Saad et al., 2017).



Figure 1.1. RAT for military application on a USAF F-105 (Bolognesi et al., 2009).

Over the past few decades, there have been multiple instances showcasing the
utilization of RATs (Ram Air Turbines) in emergency situations. For instance, in 1983, an
Air Canada Boeing 767 effectively deployed its RAT at an altitude of 41,000 ft (12,500 m)
(Saad et al., 2017). Similarly, in 2001, an Airbus A330 encountered a failure at 39,000 ft
(11,887 m), but the RAT helped to achieve a successful landing (Saad et al., 2017). Another
notable incident took place in 2016 when Air Canada utilized the RAT on their Embraer ERJ-
190-100 aircraft at an altitude of 36,000 ft (10,972 m) (Transportation Safety Board of
Canada., 2017). These examples highlight the importance of RATS in emergency scenarios.



Figure 1.2. RAT in commercial application on BOEING 757 (Bolognesi et al., 2009)

1.2 Motivation

Currently, most commercial aircraft have RATSs installed as backup power generators,
these are deployed during mayor power loss on flights as an emergency power generation
mechanism to ensure the aircraft land safely. Although small HAWTSs are a reliable
mechanism to extract energy from the airstream, the amount of energy that can be obtained
is constrained by BETZ limit that states that a wind turbine can capture a maximum of 16/27
of the energy available in the air and convert it into electrical energy (White, 2011), in
addition to this, RATs reduce their efficiency at low speeds, achieving an output power
around 400W at low-speed applications. It is sought a better turbine efficiency under low-
speed operational conditions given that in case of engine failure when RAT is deployed, the

aircraft will experience a decrease in the flight speed.

1.3 Objectives

The aim of this project is to enhance the aerodynamic performance of the RAT while
the aircraft operates at low cruise speeds (60 m/s), corresponding to a Reynolds of 217,564,
expecting to see an increase in the Cp/Cr ratio while maintaining a high Cp. This will be
achieved by following the specific objectives shown in section 1.3.1.
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1.3.1 Specific objectives

1 Conduct two dimensional computations of the airfoil NACA 8318, with clean airfoil and
with Gurney flaps at three heights 1, 3 and 5%c.

2 Pursue full turbine calculations using BEM method in Qblade software, using C. and Cp
data obtained from 2D computations at each section of the turbines blade.

3 Determine the effect of Gurney Flap in the output Power Coefficient (Cp) and the Cp/Ct
ratio of the RAT.

1.4 Thesis outline

This study consists of the study of the aerodynamic effects of Gurney Flaps (GF)
implemented on small commercial Ram Air Turbine (RAT) in the output Power Coefficient

(Cp). This thesis is divided into five chapters.

The first chapter consists of the introduction to the RAT concept and its importance
in aviation industry. Within this chapter the motivation and objectives of this work are
mentioned. The second chapter contains a review of relevant work made in the past regarding
RAT and HAWT enhancement, the operational conditions at which these rotors were study
and the computational fluid dynamics (CFD) techniques implemented in the study of RATS.
Chapter three details the theory of the computational methods used in this study to analyze
the RAT, these methods being the Reynolds-Averaged Navier stokes (RANS) solvers and
the blade element momentum (BEM) method. Chapter four contains an insight into the
aerodynamics of the NACA 8318 airfoil, with and without GF at heights of 1%, 3% and 5%c,
by performing two-dimensional CFD, as well as the analysis of the whole turbine using Blade
Element Momentum (BEM) method, where a comparison of the coefficient of power (Cp) to
coefficient of thrust (C+) ratios for the four blade configurations (clean and with GF at three
different heights) were made. Finally in chapter five, a discussion of the results and future

work recommendations are provided.



Chapter 2

2. Literature review

Ram Air Turbines (RAT) are classified as small Horizontal Axis Wind Turbines
(HAWT), mounted on the aircraft to extract energy from the airstream, and convert the
mechanical energy generated by the rotation of the rotor into electrical energy (Saad et al.,
2017). These turbines consist of two or three blades. The blades are attached to a hub located
at contact of the turbine, and it’s connected to the main axis of the drivetrain (Jiménez-
Ramirez et al., 2016) (Fig. 2.1). The drivetrain links mechanically the rotor to the generator
or pump, with the objective of transmitting the Thrust to the generator (Harrington & Baines,
2019) .

Generator fl %7/7}
or pump //{/é/,\//% /fl/%g

&L
/,

Figure 2.1. Transversal section of a Ram Air Turbine assembly and their components
(Harrington & bai, 2019)

The RAT (Figure 2.1) is automatically deployed in emergency situations when the
aircraft experiences total or mayor loss of power, engine failure, loss of hydraulic pressure
or gas shortage in the combustion chamber (Parés Prat, 2012). These turbines are mainly
employed to supply power to auxiliary and backup systems of an aircraft, like surface
controllers, avionics, pneumatic pumps, navigation, and communication equipment

(Valencia et al., 2020). It is common in commercial aircraft to use the RAT as a main
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emergency power supply method, due features as; unlimited power duration, low
manufacturing costs and the advantage that this turbine does not require fuel to function

(Altoma & Alhakeem, 2019).

A RAT’s good performance depends on the lift force that is generated in the blades.
In the design phase of these turbines, the objective is to minimize the turbulence caused by
the separation of the flow from the blade, therefore different methods are sought to enhance
the performance through blade shape and angle modifications (Jiménez-Ramirez et al.,
2016). The methods of studying the performance of the RAT blades, mainly consist of

performing theoretical, numerical, and experimental studies (X. Zhang et al., 2018).

v=(l-ay, |

b
Rotor plane

A

Figure 2.2. Cross section of a blade that illustrates velocities (relative wind speed W, wind

speed V, axial wind speed v, and tangential wind speed u) and angles (Pitch angle 6, Angle
of attack a, and relative wind angle o) at a specific distance (r) from the axis of the rotor
(Gundtoft, 2009).

The Cp is one of the most important parameters that indicates the efficiency of the
turbine. Is one of the main parameters investigated in this study. Further details on Cp are

shown in section 3.7.

Usually, the output power that a RAT can generate can vary in the range of 5-100 kw,
this amount, it’s the sufficient to allow a safe landing in the case of an emergency

(Renganathan et al., 2014). However, it has been found that when the aircraft is operating at
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low speeds, the amount of output power that the RAT generates is around 400 W (Saad et
al., 2017). Because of this, research of RATSs focuses on the aerodynamic optimization of the
turbine, however, the development and production of commercial RATs is carried out mainly
by companies (Xia et al., 2018), it is assumed much information is undisclosed, hence this

literature survey focuses on information in the public domain, like studies on HAWT.

The wind turbine extracts energy from the moving air and thus slows it down. In other
words, the wind turbine acts opposite than a propeller which accelerates the air as relatives
to the aircraft, i.e., puts energy into the air and the aircraft gains thrust. Hence, for the turbine
the aircraft will gain further drag due to the RAT. The thrust acting on the turbine is noted
by T and the coefficient of thrust of the turbine is defined by equation 2.1. Fig. 2.3 shows the

decomposition of thrust force along the rotor axis.

T

Cr =1 (2.1)

EPAVZ

Where p is the density, A is the swept area of the rotor blades and V is the wind speed.

$y SV
7 S
Rotor axis \ ) ¢ ) d7;, o
o N dT,
2 S
5

Rotor plane

Figure 2.3. Thrust force decomposed along the rotor axis (Gundtoft, 2009).

In terrestrial turbines, the drag acting on the turbine is mostly important due to
structural consideration of the blades and the pillar. For example, in the horizontal axis wind
turbine (HAWT) the blades bend due to the drag and hit the pillar for a forward-facing rotor
(i.e. the pillar is behind the rotor). This caused earlier terrestrial HAWT that had backwards
faced rotor (i.e. the pillar is upstream the rotor), to have a reduction in the turbine’s power

output due to the turbine wake in the pillar.



In case of the RAT, T or Cr get extra importance, it will increase the aircraft drag and
slow it down (unless the engine thrust increases to compensate). Furthermore, the power
gained from the turbine will always be smaller than the power needed from the engine to
keep the aircraft at the same speed. This is truly expressed in the limit of BETZ of Cp<16/27.
Hence the need to consider Cr is highly important for the RAT, this and the other parameters

are closely examined in this study.

2.1 Wind turbines

Wind energy is one of the most common ways of obtaining clean and sustainable
energy. Because of their characteristics of being practical and economic, its role has become
important in renewable energy. Wind turbines extract energy from the motion of wind
available (Sahin 2004). Wind energy has been used for at least 3000 years (Sahin, 2004) and
has the advantage that its main resource is wind, and it is a non-limited resource on earth. A
mayor disadvantage for wind turbines in the inability to store the energy for later use and that
the energy is not persistent in time because it depends on the speed of the wind available
(Manwell, 2002).

Wind turbines can be drag or lift based (or a combination of both). Drag based
turbines appeared earlier in human history than lift based turbines. Drag based turbines are
simpler and usually do not require minimum wind speed to start, i.e., they can be self-starting.
However, for a modern aerodynamically designed body as a blade profile, the aerodynamic
lift force can be much higher than the drag force turbine, and the power harnessed in lift-
based turbines is much higher than in drag-based turbines, hence, in this study we focus on
lift-based turbines. For simplicity we will just call them wind turbines while remembering

there are lift based turbines.

Wind turbines can be classified in two categories: Horizontal Axis Wind Turbine
(HAWT) (Lift based) and Vertical Axis Wind Turbine (VAWT) (drag based) (M. F. Ismail,
2014). The blades of HAWTSs rotate around an axis that is parallel to the airflow (Figure 2.4)

while in VAWTS (Figure 2.5), the blades rotate around an axis perpendicular to the airflow.
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Figure 2.4. Three-blade horizontal Axis Wind Turbine (M. F. Ismail, 2014).

Figure 2.5. Three-blade vertical Axis Wind Turbine (M. F. Ismail, 2014).

The advantage of VAWT is that it is not sensitive to the wind direction and usually
generates less noise than the HAWT (Yan, 2020). The disadvantage is a much-reduced Cp as
compared to the HAWT operating at the same wind conditions. The reason is that the angle
of attack on the blade changes and easily gets to high values, leading to stall and post stall
conditions. The AoA changes from positive to negative and hence the use of symmetries
profiles for VAWT. Also, one blade is positioned after another blade wakes, thus further
reduction of aerodynamic performance. The HAWT configuration is much more suitable for
the RAT as the wind direction is horizontal as long as the aircraft have yaw stability. As it
can develop much higher Cp than the VAWT, RATSs are on the HAWT family.
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In the research carried out by Ronit K. Singh and M. Rafiuddin Ahmed, made in 2013,
results of optimization of a small wind turbine operating at low speeds at the range of 3-6
m/s were presented. The improvement consisted in designing a blade to operate at low
speeds, this was achieved by using a special wing profile to operate in these conditions,
increasing the length of the blades by 8.26% and using a pith angle of 18° (Singh & Ahmed,
2013), which is the angle of rotation of the blades regarding the longitudinal axis (Abir et al.,
2017). Presented results show that the increase in the length of the blades improved the power
coefficient in the three different pitch angles studied and in was found that this coefficient
was higher in a 2-blade turbine tan a 3-blade turbine (Singh & Ahmed, 2013). The highest
power coefficient (Cp) achieved was 0.29 at a speed of 6 m/s at a mounted on a pole with
height of 8.22 m. On average this coefficient has a value of 0.25 in small turbines and in large
turbines is 0.45 (Singh & Ahmed, 2013).

2.2 RAT design and analysis

The airfoil can be described as the shape of a transversal area of an aerodynamic
object such as a wing (Figure 2.6). Airfoils work with Bernoulli’s principle, the pressure
difference generated in the upper and lower surface of the airfoil results in lift generation.
Airfoils are used on those surfaces designed to generate lift like aircraft wings and turbine
blades.

Airfoils are categorized in families according to common shapes or design
characteristics, one of the most well-known airfoil groups is the National Advisory
Committee for Aeronautics (NACA) family developed by the U.S. government aeronautical
agency (a.k.a. NASA). The airfoil families were systematically designed, subjected to

testing, and their aerodynamic properties were documented (Sobester & Forrester, 2014).
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Airfoil section

Figure 2.6. Airfoil section (John D. Anderson, 2012).

The key components of an airfoil are illustrated in Figure 2.7, The components that
will be often referred to in this study include the Leading Edge (L.E.), Trailing Edge (T.E.)
and the chord (c). The location of the camber line, nose radius (), the maximum thickness

(tmax), the maximum camber (Zmax) and its distance (Xc) are also shown in Figure 2.7.

f
l—— X) ——f Thickness envelope
t 2, 7 p
r, Mean camber line
\ tmax = S —L ra
L—a L.E. - ‘ - ———==TE —>x
T,;"r' ™ Chord line Trailing edge
re————— I(‘ —_—— ang|e
Chord ¢ >

Figure 2.7. Geometric variables of an airfoil (Martin, 1998).

Researchers focuses their attention on the following parameters when turbine
optimization is sought: (1) Energy production maximization, (2) energy cost reduction and
(3) blade turbine mass reduction (Sharma et al., 2021). In this study, we focus on the first
parameter, that can be translated to turbine’s Cp increase. The blade performance of the

turbine directly affects the RAT’s efficiency (X. Zhang et al., 2018). Thus, one of the main
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focuses in RAT optimization is the enhancement of the aerodynamic performance on the

blades, this can be achieved through out a series of modifications in blade’s profile.

Numerical simulation approach has the ability to simulate the physical behavior that
the turbine will have when interacting with the airflow, due the advancement of computer
technology and simulation methods (Yang & Liang, 2010). There are a variety of
optimization methods that can be applied to HAWT. Sharma et al. (2021) reviewed a variety
of methods used by researchers for airfoil optimization on wind turbine blades.
Parameterization, Genetic Algorithms, CFD and Adjoint methods among other approaches
are reviewed in the article (Sharma et al., 2021). In this study, the CFD as well as the BEM

method will be extensively used to analyze the performance of the RAT.

CFD method consists of solving Reynolds Average Navier Stokes (RANS) equations
to predict the behavior of fluids around an object. When performing a CFD analysis a few
parameters need to be taking into account like the domain size and shape of the geometry to
analyze, the grid generation and the turbulence model. A C-type grid is identified by its inlet
in shape of'a “C”, leading to a rectangular outlet. This grid type has been extensively adopted
in studies from Syawitri et al. (2022), Aksoy (2020) and Yan Y.(2020) because it offers good

accuracy and reduce computational cost in comparison to a rectangular grid.

The Blade Element Momentum Theory (BEM) consists of the assumption that, along
span wise direction, the blade can be studied as a set of independent elements (ElQatary &
Elhadidi, 2013). The same method has been applied to the RATs. Wang et al. (2015)
implemented BEM theory to design two airfoils which performance was studied at incoming
Mach number of 0.5 and 0.55. In this research, the different properties of the RAT blades
using CFD method were also analyzed. The experiment consisted of the study of the
aerodynamic performance of two types of blades under two different operating conditions.
The common features of these two airfoils are that they have a thin profile with a large camber
and both airfoils have a high lift coefficient when the angle of attack is small, allowing them

to operate in a wider range of conditions.

Wang et al. (2015) establish that when the RAT’s operating condition is known, the
tip-speed ratio of each blade section can be calculated, allowing the flow angle of each cross
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section to be determined. This paper reveals that rotors with low pitch angle generate a
greater initial Thrust due to the high lift experienced in different sections of the blade created
because blades have torsion. The Thrust decreases rapidly as the blade pitch angle increases
above 20° as stall starts to occur (J. Wang et al., 2015). Guo et al. suggest that low pitch angle

of the blades result in a larger power coefficient (X. Zhang et al., 2018).

Although BEM theory is commonly used for wind turbine performance calculation
(Yang & Liang, 2010), there are other applicable theories for RATs performance calculation.
In 2014, Renganathan et al. employed the Lift Line Theory method of Prandtl instead of the
BEM theory. LL theory has been used in the conceptual design of rotors for many years. In
this study, a blade was divided into six sections, which would be analyzed by employing the
OVERFLOW code based on LL theory equations. In the LL analysis, the aerodynamic
coefficients are in a function of local flow conditions such as the Reynolds and Mach number
and the angle of attack at the blade section. In order to obtain the aerodynamic coefficients
along the blade span, the aerodynamic properties are lineally interpolated in the six blade
sections during the CFD analysis. The data obtained in this paper shows that LL theory can
predict power output of the RAT in the range of M= 0-0.8 within 20% and estimate the
turbine pitch variations within 10% regarding to experimental data (Figure 2.8 and Figure
2.9).

0.8

=—LL Code
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Figure 2.8. Comparison of LL code prediction and experimental measure of RAT power at
M < 0.6 (Renganathan et al., 2014).
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Figure 2.9. Comparison of LL code prediction and experimental measure of RAT power, at
0.6<M < 0.8 (Renganathan et al., 2014).

On Renganathan et al. (2014) study, it was determined that high lift coefficients result
in a thin blade design which has low efficiency at high speeds, but high efficiency at low
speeds. Otherwise, low lift coefficients result in a wide blade design which generates a
considerable amount of drag at high speeds (Renganathan et al., 2014). As mentioned before,
the drag in the RAT turbine (CT) is ideally low, while maintaining a high Cp (Akagi, 2021).

2.3 Operating conditions study

Walter M. y Mavris D. N. (2016) focused on studied RAT’s blade properties under
different operating conditions. The optimization method employed is based on sequential
sampling that guides the optimization process with the objective of achieving a robust RAT
design whose performance was not much affected by the variation on the operating

conditions.

In research performed by Wang Jian (2016), the performance of a RAT at high and
low altitudes was studied by implementing the CFD method, to analyze the correlation
between these two operating conditions and provide reference data for further studies on
RAT designs. N.S Tachos et al. (2009) also implemented the CFD method to calculate the

aerodynamic performance of a RAT rotor comparison of the data obtained implementing the
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CFD method and the data obtained experimentally in a wind tunnel shows that CFD codes

can accurately predict the aerodynamic characteristics of the RAT’s rotor.

Turbulence models are a set of equations that make it possible for the CFD software
to predict the fluid behavior. The turbulence models used in this work are derived from the
Reynolds averaged Navier Stokes equations. The Spalart-Allmaras (S-A) model is one
equation turbulence models, and it is known for its simplicity and computational efficiency.
On the other hand, the k - @ and k- € models solve for two equations, the former is good
predicting the flow near the wall and the latter performs better on free-steam flows. Shear
Stress Transport (SST) — k model combines elements from both k — ® and k- € models,

making it suitable for a wide range of flows.

In Wang Jiang’s (2016) study, three turbulence models (model SST k — @, k- €y S-
A) were compared with test data in order to determine the optimal model to be used in the
investigation. Results obtained for the three models were similar to the test data, which
indicated the reliance and validation of them. However, results obtained when implemented
SST k — o model, are the closest to test data, therefore this last model was selected to carry

out the investigation.

In Wang Jiang’s (2016) paper, highlighted three similarity criteria about low and high
altitudes, these criteria were Reynolds number similarity, Mach number similarity and
dynamic pressure similarity. According to the results obtained, no matter which similarity
criteria were adopted, there was no evidence that the dimensional quantities (Thrust, power,
etc.) on the ground correspond to the dimensional quantities at a high altitude. But adopting
the Mach number similarity criteria, achieved that the dimensionless coefficients (Thrust
coefficient, power coefficient, etc.) on the ground correspond to the dimensionless

coefficients at high altitude.

From the selected literature it is sought to analyze the behavior of the RAT’s blades
under different operating conditions with the aim of obtaining an optimized design, since
they are a key element in the turbine design. In the listed bibliography, the researchers chose
to implement the turbulence model SST k — ®, where studies have shown this model was
useful to obtain the aerodynamic coefficients.
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2.4 Gurney flaps

The Gurney flap is a surface control device used to enhance the aerodynamic
properties of the flow around the airfoil. It was invented in 1960s by Dan Gurney with the
purpose of increasing the aerodynamic efficiency on a race car (J.J. Wang et al., 2007). This
flow control device is mounted in the trailing edge of the airfoil and typically has a height of
1 to 5% of the chord length of the airfoil (Li et al., 2002). GF has been widely used to enhance
the aerodynamic performance of wind turbines. In Yan et al.(2020a), it was observed that
besides increasing the Lift, the addition of a GF also delayed the stall in VAWT.
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Figure 2.10. Gurney Flap (Jang et al., 1998).

The Gurney Flap (Figure 2.10) creates an alteration of the flow around the airfoil
increasing the pressure in the upper surface of the airfoil and helps the delay of flow
separation.

Numerous experimental tests conducted in wind tunnels and through computational
simulations have explored the impact of Gurney flaps of varying lengths on airfoils. These
investigations have consistently revealed that this device can considerably enhance the
performance of an airfoil. Studies show that the GF height increase is related to the raise of
CL and Cp, in Wang et al. (2007) it was demonstrated that the Cp will rapidly raise when the
GF height exceeds 2%c.

The GF devices applied in VAWT as well as in HAWT help to improve the turbine
efficiency. In Syawitri et al. (2022) work, it was shown that the addition of GF ina VAWT
improved the Cp at low TSR range. Zhang et al. (2019), added a GF along the blade,
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extending from the root to the mid-span section. The GF height was 1% c¢ with a width of
0.15% c. This resulted in an increase in the Cp of the rotor by 21% at a TSR=6.35.

In 2002, Li et al. conducted wind tunnel test experiments on a NACA 0012 airfoil at
a Reynolds number of 2x10°. They observed an increase of C/Cp ratio by 10 times when C,_
was greater than 1.0 using a GF of 0.5%c. According to experimental results conducted on a
S903 airfoil (Maughmer & Bramesfeld, 2008), the GF of 2%c height, achieves a significant

29% increase in the maximum C_ compared to the clean airfoil.

CFD analysis was conducted on a NACA 0018 airfoil to examine the effects of
various GF heights. The results showed that using GF heights of %1c, %2c, %3c, %4c, and
%5c resulted in an increase of 16.5%, 28.7%, 39.5%, and 48.8% in Cy, respectively.
Furthermore, it was observed that the GF height of 2%c corresponded to the highest C/Cp
ratio within the AoA range of 5° to 12° (Yan, 2020).
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Chapter 3

3. Computational methodology

3.1 Introduction
Two types of computational methodology were used in this study. The computational
methods are the Reynolds-Averaged Navier stokes (RANS) solvers and the blade element

momentum (BEM) method.

The RANS equations represent a set of partial differential equations derived from the
fundamental conservation laws of mass, momentum, and energy. These equations provide an
Eulerian description of fluid flow, capturing the mean flow behavior by averaging over time.
By solving the RANS equations, it is possible to obtain information of the flow patterns,
pressure distribution, and forces acting on solid bodies immersed in the fluid. In this study,
the RANS equations are employed to study the aerodynamic behavior and performance of
the NACA 8318 airfoil, aiding in the design and optimization of a rotor of the RAT.

Through this research, the software ANSYS Fluent was used to calculate turbulent
flow characteristics. The RANS approach requires models of turbulence effect on the mean
flow, such as the eddy viscosity and turbulent stresses models. The turbulence models like
the Shear Stress Transport (SST) and the k-epsilon model, are commonly used for RANS
computations for external and internal flows. In this project we used the k-o and the SST

variant as described later.

In addition to the RANS equations, the Blade Element Momentum (BEM) method is
a numerical technique to study the aerodynamics performance of rotors as of RAT. In this
study the software Qblade, which implements the BEM method, was used to obtain the
power, and thrust coefficient of the RAT’s rotor. The BEM method consists of dividing a
rotor blade into multiple sections, referred to as blade elements. Each element is treated as a
discrete lifting surface, and the flow around it is approximated using 2D aerodynamic model
and empirical data. The BEM method is much faster than a 3D CFD for the RAT rotor and

thus was heavily used in this study.
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Throughout this chapter, we will introduce the RANS equations, turbulence models,
and the BEM method in the context of fluid flow analysis. The RANS method is to be used
to study 2D aerodynamics and the BEM method is to be used to study the RAT’s rotor where

the aerodynamic performance of the blade is taken from 2D CFD.

3.2 Governing equations

The Navier stokes equations are derived from basic physics laws: Conservation of
mass, the momentum and energy (White, 2011). There are two different approaches to look
at the fluid flow, Eulerian and Lagrangian. We use the commonly employed fluid flow

Eulerian approach where the flow is assumed as continuous of unsteady control volume.

Equation (3.1) represents the Conservation of mass, also known as continuity relation,

for an infinitesimal control volume in rectangular coordinates (White, 2011):

ap (3.1)

0 0 ]
E+E(PU)+£(P0)+£(PW) =0

Where p refers to the fluid density and t is time. The velocity component is denoted
by u, v and w in the directions of x, y and z respectively. Using tensor notation, the continuity
equation can be written as shown in equation (3.2) (Andersson et al., 2011).

dp Odpuy;
ot axi

_o (3.2)

For incompressible flows regardless of if the flow is steady or not, the variation of
density with time will be equal to zero % = 0, leading to equation (3.3). One should note

a apu;
_p+L

= 0. However, in the case of the
at Ox;

that for stratified flows in the ocean % =0i.e,

RAT, as long as M<0.3, we can assume that p is constant and the flow is incompressible.
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The momentum equation, often known as the Navier Stokes equation, is presented in
eq. (3.4), where, for incompressible flows we can also assume that density is constant

therefore the momentum for incompressible flows is expressed in eg. (3.5).

apui apuiuj 6p aTl'j (34)
ot | ox, | ox ox  PY
dpu; Opuu; op 01y (3.5)
+ =——+
ot ax] Oxi ax]

For the Newtonian fluid, the stress tensor z;; is proportional to the deformation speed and the

viscous coefficient. For incompressible flow (M<0.3) the stress tensor is expressed as
equation (3.6) (Andersson et al., 2011).

oy dm %Y

T =1 (Gt o) (3.6)
Where the dynamic viscosity p is assumed to be constant. For ideal gas it depends on

the temperature, and we assume the temperature does not much change for M<0.3. If

compressible flow is computed, the energy equation is to be considered as well.

3.3 Turbulence models

When analyzing a fluid with CFD, the focus is placed on the time-averaged properties
of the flow like mean velocity (i;) and mean pressure (p). Reynolds Averaged Navier-Stokes
(RANS) equations are widely employed in CFD to simulate and analyze turbulence flows.
These equations focus on the mean properties of the flow, are time-average and are classified

according to the number of extra transport equations that are added (Versteeg, 1995).

The RANS equations solve for p and u;, where the bar denotes time averaged.

Following this, the velocity equation can be expressed as:

u; = ﬁi + ui' (37)
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Where the prime denotes the fluctuating component. Hence the time-averaged

convection term in equation (3.5) is:

wu, = ;i +u' (3.8)

Where the fluctuating term (u',u’, ) is known as the Reynolds stress (R;;) that

needs to be modeled. Hence the RANS equation for incompressible flow is:

dp, pwy, _ 9p @ — (3.9)
=——+—2us; — v’
o T ox, axi+axj( Sy —u'at))
i iss, = 1(2m, %
Where the strain tensor is S;; = - (ax,- + axi) :

3.3.1 Model k- ®
The k — o model, developed by David Wilcox, is good at predicting turbulence near
the wall at low Reynolds number. This two-equation model solves for the turbulent
Kinetic energy (x) and its dissipation rate (w) (Dewan, 1967). The transport equations

for k and w are expressed in equation (3.10) and (3.11), respectively.

ok 0k _ 0 (v *K)ak 0T _ ., 210
at " Yox  ox |V " ° Frke (3.10)

6w+_6w_ d ( K)aw N w 0y, 5 311
ot ”Jaxj_axj vro | %% T B, po (3.11)

Where a, 8, B*, 0 and ¢* are constants:

5 3 .9 1
a=5 B=x F=0 °3 773

the turbulent eddy viscosity (vr) is:
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Vp=— (3.12)

U
V== 3.13
’ (3.13)

3.3.2 Model SST k-

The Shear Stress Transport (SST) k — w model, introduced by Menter, is an improved
version of k — . This model incorporates the benefits of accurately predicting near-wall flow
behavior from the k — ® model with the capability to provide precises results for far field
flows from the k — & model (L. Wang et al., 2016).

The transport equations for k y w are (Dewan, 1967):

AN PSRV il I 3.14
ot T Uax, x|V T OV g | T P Bk (3.14)

10k dw  (3.15)
w aX] an

dw _Jdw  yP , 0
y + 1 0%, pvi — Bw* + 0%, [(V + 0, Vt)

Jw
a_xj + 2(1 - Fl)O-wz

Where the eddy viscosity is defined as,

a K

(3.16)

Vr = max (a,w, SF,)

Where a, and F, are defined in Dewan (1967).

3.4 Blade Element Momentum

The Blade Element Momentum (BEM) method is a widely applied technique,
primarily used for wind turbine analysis. It combines the momentum and blame element
theory and consists in subdividing the turbine blades into numerous elements and analyzing
each of these elements separately. This approach simplifies the analysis by assuming no
interaction between elements, treating each part of the blade as individual airfoils. The
advantage of BEM method is that it requires minimal computational resources and delivers
accurate results, however it lacks the capability to visualize the flow around the turbine. The
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BEM method uses local flow conditions of the turbine and calculates the local aerodynamic

forces to provide more realistic results of the rotating turbine.

Several steps need to be followed to calculate the aerodynamic forces and to obtain

and optimal rotor design:

1. Discretization: The turbine is subdivided into several annular elements along the
turbine radius.

2. Initialization of a and ’: The axial and tangential interference factor (a and a’) are
initialized in zero as a first guess.

3. Angle of attack: The angle of attack can be calculated with equation (3.17) where @

is the pitch angle, which is given from the blade design.

a=¢@—0 (3.17)

The flow angle (¢) can be calculated as shown in equation (3.18).

1-a) VvV (3.18)
1+ad)rw

tang =

Where I is the wind speed, r is the radial distance of the element from the hub and w

is the angular speed in the rotor.

4. Aerodynamic coefficients: The variations of the lift and drag coefficients (C. and

Cp) with the angle of attack are known from 2D CFD, experimental data or theory.

5. Interference factors: The interference factors a and a’ are calculated using
equations (3.19) and (3.20) (Gundtoft, 2009).

1 (3.19)
A=
4F sin? ¢ 1
aC,
, 1 (3.20)
a = -
4F singpcos ¢ 1
oC,

Where C, and C,, are given by equations (3.21) and (3.22).

Cy = Cysing — Cpcos @ (3.21)
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Cy =CLcos @+ Cpsing (3.22)

6. Check convergence: Values of a and * need to be no more than 1% different from
the initial guess or last guess, if they are, then the values should be re calculated again
as this is a linear iteration approach.

7. Calculate local forces on the blade. Lift and drag forces on the blade element are
calculated, for further details see Hansen (2008) and (Gundtoft, 2009).

3.5 Computational Fluid Dynamics

Previously in the beginning of the chapter, the RANS equations were examined, now
we look at the solution using Computational Fluid Dynamics (CFD). Decades of research
have improved CFD approach to provide reliable prediction for complex flows (Ryu et al.,
1994).

CFD provides an insight into fluid behavior around an object and allows flow
visualization. It enables the evaluation of products before building physical prototypes
resulting in cost savings (Andersson et al., 2011). Nowadays, CFD analysis primarily serves
two key purposes: first, it aids in comprehending flow behavior and, second, it provides

estimations of forces and moments (Cosner et al., 1994).

The precision of simulations varies depending on the type of flow under
consideration. Single-phase laminar flows can generally be simulated with good accuracy in
most situations, whereas simulations of single-phase turbulent flows, while reliable, tend to
exhibit lower levels of accuracy. Modern CFD codes have the capability to model a broad
spectrum of systems.

To perform a CFD analysis several steps need to be followed. Below the main steps

described by Anderson et al. (2011) are shown.

1. Geometry modeling. A 2D or 3D model needs to be created using Computer Aid
Design (CAD) software. One should note that the domain where the geometry to
analyze is immersed also needs to be modeled.

2. Grid generation. This is one of the crucial steps to obtain accurate results. A

proper grid size and structure need to be selected.
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3. Defining models. CFD software contains a variety of models for different types
of flows, in this study turbulence models were employed to analyze turbulence
flow.

4. Set properties. The properties of the fluid such as density, temperature and
viscosity are defined in this phase.

5. Set boundaries and inlet conditions. In this phase, the information about the
fluid interaction with the surface is provided by setting inlet, outlet, and wall
conditions.

6. Solve. In this step the solver type, the convergence criteria, and the iteration
method are defined. These parameters will affect the accuracy of the solution. The
numerical discretization is important. For the diffusion (viscous) term, a central
scheme is always chosen. For the convective term, it is advised to use up wind
schemes for numerical stability, preferably at least second order. The formulation
is commonly based on the finite volume approach.

7. Post processing. In the postprocessing phase, the results are analyzed to obtain
information about the flow and evaluate the quality of the solution. It provides

information about the flow, flow pattern, temperatures, and velocities.

3.6 Ram power

The maximum theoretical ram power (Py,) which is the type of power extracted by
the RAT from the wind stream, expressed in Watts, is proportional to the cube of air speed
(V) in m/s, the swept area (A) of the turbine in m? and density of the air p in kg/m® as
described in equation (3.23) (Xia et al., 2018).

P, = 0.5pAV3 (3.23)
However, one should note that the power that is actually extracted by the turbine is

written as P = CpPyp,, Where Cp is the power coefficient. The BEM method will be employed

to compute Cp in this study.

3.7 Power coefficient
The Cp is a dimensionless number that represents the relation between the actual power and

the maximum theoretical power extracted from the wind. Its value depends on the turbine
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geometry, and operational speed, hence the Cp is unique depending on the turbine type.
Accounting for aerodynamic losses and wake effects, the Cp has a maximum value of 16/27,

this value is known as the BETZ limit. The CE can be written as:

__2r 3.24
P 7 05pav3 (3:24)

3.8 Aerodynamic coefficients

The dimensionless aerodynamics coefficients are used to characterize the turbine
blades and are helpful to simplify the study of its aerodynamics. In this section we will
differentiate between 2D and 3D bodies, where C," and Cp," are the Lift and Drag coefficient
for a 2D body and C;, and Cp, of a 3D body.

3.8.1 Lift coefficient
The lift coefficient represents the relation of the lift force applied on a body with the
fluid properties and the body geometry, this force is given by equation (3.25) (John D.

Anderson, 2012).
(3.25)

C—L

)

Where q, = % pV? represents the dynamic pressure [Pa], S is the reference area [m?]

and L is the lift force [N].
For a 2D body the C,' is described as:

L (3.26)

Where C is the airfoil chord length (Distance between the leading and trailing edge)

in meters.
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3.8.2 Drag coefficient

The drag force (D) represents the resistance of an object when it moves throughout a
fluid and is generated due the friction between the fluid and the object. Its dimensionless
coefficient, expressed as Cp, for a 3D body is expressed in equation (3.27), while the Cp,’ for

a two-dimensional body is shown in equation (3.28).

. _D
P q.S (3.27)
A 3.28
D — qaC ( " )

3.9 Turbine blades
A RAT turbine belongs to the HAWT category, these turbines are sensitive to changes
made to the airfoil of the blades and their design. In this section, the most relevant parameters

to be considered in the design of RAT blades are discussed.

3.9.1 Tip speed ratio

One of the features of a turbine blade is the tip speed ratio (TSR), this parameter
relates how fast the tip of the turbine’s blades move compared to the wind speed. The TSR
can be written as equation (3.29) where w represents the turbine rotational speed in radians

per second and R the radius of the blade in meters.

TSR = “’7R (3.29)

The TSR is inversely proportional to the wind speed, hence a low tip speed ratio
indicates that the turbine is operating at a high speed and vice versa. In an ideal horizontal
axis wind turbine with wake rotation, a large tip speed ratio is preferred, because it results

with a larger power coefficient theoretically.

When selecting the appropriate tip speed ratio, several factors come into play. These

factors encompass the turbine's efficiency, Thrust, mechanical load, aerodynamics, and noise
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characteristics(Schubel & Crossley, 2012). One should also consider the effect on the

turbines coefficient of thrust written as:

(3.30)

3.9.2 Shape and quantity of the blade

A turbine blade consists of 3 regions, the root, mid span, and the tip. Figure 3,1 shows
the typical shape of the turbine blade, and it also shows the location of the chord length. This
typical shape is derived through optimization procedures based on the BEM approach
(Hansen, 2008).

ord length (Cge)

' - Radius (r)

»

2--— Root ——i—- Mid span oiet— TID ....:

Figure 3.1. Typical shape of a turbine blade and the classification of its regions (Schubel &
Crossley, 2012).

When designing a rotor, it is considered that a lower number of blades would decrease
the weight and manufacturing costs, one should note the rotor design should also consider
operational conditions at which the turbine will be functioning. In this study we are working
with a two-bladed rotor employed for commercial aircraft with a constant chord length along
the blade.
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3.10 Summary

This chapter introduced the key concepts of the Reynolds-Averaged Navier-Stokes
(RANS) equations, turbulence models, and the Blade Element Momentum (BEM) method
for analyzing rotor blades aerodynamics. The RANS equations help us to compute turbulent
time-averaged flow patterns and forces acting on an object that is in interaction with a fluid.
Turbulence models are required to close the RANS momentum equations. The BEM provides
a fast method to compute the power and thrust of a rotor once its geometry is known and the
2D aerodynamic coefficients of the blade’s profiles. These concepts form the computational

methodology in this project.
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Chapter 4

4. Analysis and experimentation for problem solving.

4.1 Introduction

In this chapter, 2D Computational Fluid Dynamics (CFD) is used to study the effects
of adding Gurney flaps at three different height configurations of 1%, 3%, and 5% of the
chord length (c), in the NACA 8318 airfoil within a Reynolds number range spanning from
200k to 500k at blade sections of 25%, 50%, 75% and 100%. The chapter commences with
an exposition of the two-dimensional CFD methodology employed for the analysis and
provides an overview of the aerodynamic performance of the four airfoil configurations
(clean and the three configurations with GF) studied as well as the pressure distribution along

the chord line.

Results validations are presented at section 4.2.8, which contains the comparison of
CFD results for the NACA 8318 airfoil at a Reynolds number of 500k, against experimental
data collected by Yoshida (2000) using a rectangular wing with dimensions of 0.35m chord
and 2m span. In Section 4.3, a 2D CFD analysis is conducted on the E387 airfoil, with results
being validated against experimental data acquired by Shen (2016) from low-speed wind

tunnel tests at a Reynolds number of 100k.

Section 4.4 is dedicated to the application of Blade Element Momentum (BEM)
method to the entire turbine in Qblade software. Results obtained from 2D CFD at blade
sections of 25%, 50%, 75% and 100% were used to provide accurate aerodynamic
coefficients at each section of the turbine’s blade designed in Qblade. This section presents
a comparison of the coefficient of power (Cp) to coefficient of thrust (C+) ratios for the three
blades equipped with Gurney Flaps, compared with the original blade. In addition, section
4.4.1 demonstrates an analysis of these blades with GF mounted on either at the tip or at the
root of the blade, examining the Cp/Cr data with Gurney Flaps in this region and contrasting

it with the corresponding result for the unmodified blade.
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Finally, section 4.5 summarizes the key findings and insights from the preceding
sections, providing a cohesive overview of the impact of Gurney Flaps on the turbine

performance.

4.2 NACA 8318 Computational

In this section, a 2D analysis was conducted on the NACA 8318 airfoil for sections
at 25%, 50%, 75%, and 100% of the blade, exploring a range of Angles of Attack (AoA)
from 0 to 12 degrees. The analysis goes beyond considering just the operational speed of the
aircraft; it accounts for the diverse speeds encountered by different sections of the turbine
blade as shown in Table 4.5. As the turbine rotates, the blade tips experience higher speeds,
potentially inducing compressible effects. For simplicity, this study disregarded
compressibility effects, as the flow predominantly operated within the low to moderate Mach
number range. To accurately simulate these conditions, the CFD analysis incorporates the
varied speeds experienced by each individual blade element. Subsequently, in section 4.4,
we imported the acquired data into QBlade software to determine the overall turbine
efficiency. Utilizing a 2D computational analysis offered advantages such as reduced
computational resource requirements and enhanced time efficiency. Additionally, it allowed
for a detailed examination of airflow behavior around individual blade sections. Overall, the
2D computational analysis provided valuable insights into the aerodynamic forces of the

blade sections while working within limitations of computational resources.

4.2.1 Initial turbine specifications

The initial RAT geometry corresponds to a RAT configuration of a commercial
aircraft. The turbine's dimensions were derived from the specifications outlined in the work
of M. Bolafos (2020). The turbine's nose has a diameter of 0.180 m and a height of 0.250 m.
Considering the blades and nose of the rotor, the turbine has a total diameter of 1.016 m. The
turbine consists of two blades with a constant chord length (0.127 m), which have a variable
pitch angle along the blade, being 8° at the tip and 44° at the root of the blade. In figure 4.1
the distribution of the pitch angle along the turbine radius is plotted.
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Figure 4.1. Pitch angle variation along the blade span in m.

4.2.2 lIsolated airfoil

A 2D computational analysis was conducted on four blade configurations, using the
NACA®8318 as the base airfoil. The coordinates for the NACA 8318 profile were generated
using the NACA 4-digit airfoil generator on the Airfoil Tools website, specifying a maximum
camber of 8% of the chord located at 30% of the chord length, along with a thickness of 18%
of the chord. The first configuration represents the original airfoil, while the remaining three
configurations incorporate gurney flaps with heights of 1%, 3%, and 5% of the airfoil's chord
length, as detailed in Table 4.1. These gurney flaps were positioned at a 90-degree angle at
the trailing edge of the airfoil, with a chord length of 0.127 m (See figure 4.2). This follows
the study of Yan (2020) for the symmetric NACA 0018 about the advantage of mounting GF
at the airfoils T.E.
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Figure 4.2. Airfoil with GF dimensions expressed in mm, at height configurations
of (a) 1%c, (b) 3%c and (c) 5%:c.

Table 4.1. Gurney flap dimensions.

GF configuration Height [mm]
1%c 1.27
3%cC 3.81
5%cC 6.35
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4.2.3 Operating conditions

The chosen cruising altitude was selected in consideration of historical instances of
RAT application during emergency scenarios mentioned in section 1.2, where RATS were
effectively deployed at altitudes around 10,000 meters. While commercial aircraft like the
Boeing 757 and 767 have employed RATSs at a minimum speed of 80 knots (approximately
41.16 m/s) (Saad et al., 2017), opting for 60 m/s allows us to avoid using the minimum
operational condition while still maintaining a suitable margin above the required limit. The
Reynolds number, which is calculated using the chord length and the velocity of the fluid in
free flow, is 217,564. This value is shown in Table 4.2, additionally, the information about
the atmospheric properties for the conditions studied can be found in Table 4.3. One should

note that the ambient Mach of 0.175 is within the incompressible flow regimen (M<0.3).

Table 4.2. Turbine operating conditions.

Flight height [m] 10,000
Rotor angular speed [RPM] 3300
Air speed [ms] 60
Air speed [M] 0.175
Reynolds no. 217,564

Table 4.3. Air properties at 10,000 m (Cengel, 2006).

Altitude [m] 10000
Temperature [K] 223.25

Density [%] 0.414
Viscosity [%] 1.458¢”

Pressure [kPa] 26.5
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4.2.4 Computational 2D domain

The domain has a C-type shaped inlet, which helps in reducing computation time. It
is situated 13 chord lengths away from the airfoil's trailing edge, with the outlet positioned
15 chord lengths downstream, as illustrated in Figure 4.3. These dimensions were chosen to
ensure the accurate representation of the flow and proper flow development, resulting in
accurate CFD results, the selected shape and dimensions are consistent with the findings from
the literature review. The domain was created using design modeler CAD software in Ansys
Workbench. The size of the domain follows the study of who investigated GF installations
on the E387 airfoil.

26¢

ry
4
.
r

13c 15¢

Figure 4.3. Dimensions of the C-type 2D computational domain based on the chord length
(c) of the airfoil. The dimensions are indicated from the point where the trailing edge of the
airfoil is expected to be, extending outward to the exterior.

4.2.5 Mesh generation
When performing a CFD numerical simulation, one of the most important steps is the
creation of the mesh. The quality of the mesh plays a crucial role in ensuring that simulation

results align closely with real-world conditions. Y+ of 1 was used due to the results of
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preview mesh sensitivity tests performed for E387 and NACA 8318 at 300 k. The height of

the first cell using a Y+ of 1 is actually 1.5 e m.

Table 4.4. Height of first grid cell variation at different sections of the blade.

Blade section Reynolds no. ﬁrl;lte;?m g;tlh(em)
25% 217,530 1.2e”
50% 355,197 7.8e®
75% 507,518 5.6e°
100% 664,490 4.3e®

A C-type structured mesh was selected for the 2D domain. This mesh was refined at
the boundaries of the airfoil, subdividing the airfoil section into 300 parts, as it represents the
regions of interest. The vertical extent from the airfoil to the wall has been subdivided into
150 sections, while the horizontal distance from the trailing edge to the downstream area has
likewise been partitioned into 150 segments. The bias function was used to refine the mesh
and control the height of the initial grid cell. The bias factor varies according to the desired
height of the first grid cell according to the Reynolds number of each simulation. The height
of the first cell for each Reynolds number at different sections of the blade are shown in Table
4.4,

An overview of the mesh configuration for NACA 8318 clean airfoil is illustrated in
Figure 4.4 and a detail section of the mesh generated for NACA 8318 airfoil with GF at 1%c

is illustrated in Figure 4.5.
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Figure 4.5. Detail of structured mesh for NACA 8318 with GF at 1¢% airfoil.
39



4.2.6 Boundary conditions
For the 2D RANS simulation, an inlet velocity of 60 m/s, and the outlet pressure of

26.5 kPa was used according to the operational conditions shown in table 4.2. The area in

the reference values was set as 0.127 m? and the depth as 1 m.

In the simulation, air properties corresponding to an altitude of 10 km, as detailed in

Table 4.3, were employed. The value of the density used in this analysis for this condition is

0.414 X2 the temperature is 250 K and the viscosity of the fluid has a value of

m3’
1.458e~° ﬁ. The turbulent model chosen for this analysis is the k — @ Shear Stress

Transport (SST) model.

For turbine data, the effects of the GF were explored at each section of the blade at a
range of a chord base Reynolds number of 200k to 700k accounting for the blade’s relative
wind speed (W). The resultant speed that the blade’s section experiences can be estimated
using the BEM method:

W?2=W1-a)?+ (wr(1+a))? (4.1)

Where V' is the wind speed, a and a’ are the axial and tangential interference factor
and w is the angular speed in the rotor. The values of a and a’ are unknown, they are
dependent of the tip speed ratio (TSR). Thus, for simplicity the values of the interference
factors are a = 1/3 and a’=0. The blade tangential speed at each section of the blade is

shown in table 4.5.

Table 4.5. Velocity of the flow around the blade at blades section of 25, 50, 75 and 100%.

Blade section Reynolds no. Speed (m/s) Speed (M)
25% 217,530 60 0.170
50% 355,198 97.950 0.280
75% 507,519 139.960 0.400

100% 664,492 183.250 0.530
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4.2.7 Results

In this section, the results obtained from the 2D RANS CFD simulations are
presented. Figure 4.6 illustrates the relationship between Lift Coefficient (C.) and angle of
attack (AoA), and Figure 4.7 shows the Drag Coefficient (Cp) variation with AoA, for four
distinct airfoil configurations at a Reynolds number of 217,530, corresponding to the 25%
section of the blade. The term "clean™ represents the airfoil configuration without a Gurney
flap (GF) data, whereas the data labeled as "GF 1%, GF 3%, and GF 5%" corresponds to
airfoils featuring Gurney of heights of 1%, 3%, and 5% of the airfoil chord length,

respectively.

It is observed in Figure 4.6, that an increase in the Gurney flap length leads to an
earlier stall, which refers to the point where a sudden reduction of the lift occurs due a
separation of the flow from the airfoil, at a lower angle of attack. Furthermore, the maximum
lift coefficients (CL) show notable variations with the use of Gurney flaps. An increment of
15.61%, 32.3%, and 43.6% in the maximum C_ values is noted, for airfoil configurations

with Gurney flaps at heights of 1%, 2%, and 3% of the chord length, respectively.

The drag coefficient (Cp) variation with the angle of attack is illustrated in Figure 4.7.
The GF configuration at 1% c length exhibits a Cp behavior similar to the clean airfoil at low
Ao0A. For GF configurations of 3%c and 5%c, Cp increases by 46% and 84% respectively at
A0A=0.

The lift to drag Ratio, which can be referred to as aerodynamic efficiency, presented
in Figure 4.8, exhibits a remarkable increment at low AoA for airfoils with GF. The height
of the GF is related to the reduction of the range of AoA where the C/Cp ratio shows
improvement. This improvement is observed within AoA ranges of 0 to 9 for GF 1%c, 0 to
5 for GF 3%c and 0 to 3 degrees for GF 5%c. Furthermore, the airfoil configuration that

demonstrated a consistent improvement in the C./Cp ratio is the GF at 1%c.
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Figure 4.6. NACA 8318 C. vs AoA variation with GF configuration at Re=217,530.
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Figure 4.8. NACA 8318 C_ to Cp ratio variation with AoA for airfoil configurations at
Re=217,530.

The C. and Cp variation with the Reynolds number for clean airfoil, and airfoils with
GF at 1%c and 3%c are shown below. Where the 25%, 50%, 75% and 100% correspond to
the section of the blade that were analyzed, the Reynolds and Mach number that corresponds
to each section of the blade is shown in Table 4.5. From Figure 4.9, it can be noticed that the
increase in the C is more noticeable at higher AoA, while at low AoA, the C. variation
remains low. At low Ao0A, the airflow around the blade is more likely to remain smooth
without the formation of vortices. Laminar flow is less affected by variations in the Reynolds

number compared to turbulent flows.
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Figure 4.9. C variation with the Reynolds number for NACA 8318 clean airfoil.

The CL and Cp variations for NACA 8318 with GF at 1%c (Figure 4.10 and 4.11) and
GF at 3%c (4.12 and 4.13) show a higher increase trend in the C for airfoil with GF at 5%c
even at low AoA while the Cp tendency seems to remain constant with these two airfoil

configurations.
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Figure 4.11. Cp variation with the Reynolds number for NACA 8318 with GF at 1%c.
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Figure 4.13. Cp variation with the Reynolds number for NACA 8318 with GF at 5%c.
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The Pressure Coefficient (Cp) along the airfoil illustrated in Figure 4.14, shows an
increase in Cp in the airfoil configurations featuring Gurney flaps (GF). Furthermore, it
becomes evident that as the height of the GF increases, the pressure difference, and
consequently, the generated lift, also increases. The pressure distribution on airfoils equipped
with GF generally follows the trend of the Cp on a clean airfoil. However, an augmentation
in the pressure occurs at the trailing edge where the GF is installed, resulting in a reduction

of the adverse pressure gradient.
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Figure 4.14. Pressure coefficient distribution on the airfoil at AoA=9 at 217,530 Re along
the chord (m).

Figure 4.15 illustrates the streamlines around the clean airfoil, showing significant
flow separation near the trailing edge (T.E.) of the airfoil at AoA=9°. This separation wake
becomes longer as the height of the GF increases. This is a possible explanation for the

increase in Cp with the height of the GF observed in Figure 4.7.
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Figure 4.15. Flow around the T.E. at AoA=9 degrees for (a) Clean airfoil, (b) GF 1%c, (c)
GF 3%c, (d) GF 5%c.
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A closer look at the T.E. in Figure 4.16, shows that while for the clean airfoil the
separation zone is composed of a single large vortex at the upper surface (Figure 4.16 (a)),
the separation zone for 5%c GF is composed of two vortices, where the lower one counter
acts the upper one (Figure 4.16 (b)). This can explain the lift increase due to the GF addition.
In summary, is the upper vortex the one that reduces lift as the separation zone increases and

the lower one counter acts the effect.
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Figure 4.16. Vortex formation visualization in the T.E. of (a) Clean airfoil and (b) airfoil
with GF at 5%c length.
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4.2.8 Data validation of NACA 8318

The data for NACA 8318 was validated against experimental data obtained by
Yoshida (2000) on a rectangular wing of 0.350 m chord and 2 m span and an aspect ratio of
5.7, the velocity inlet was set up at 20 m/s in X direction, the air properties were set as

atmospheric properties.

To determine the ideal mesh cell size, a mesh sensitivity study was conducted, having
the first grid point above the wall at y+=0.8, 1, and 1.5. Table 4.6 displays the outcomes of
the mesh sensitivity analysis for NACA 8318 at a Reynolds number of 500k. Discrepancies
of 0.04% in C. and 0.12% in Cp were noted among the three mesh configurations.
Consequently, it becomes apparent that the distinctions in data across these three meshes are

negligible, leading to the selection of the mesh with a y+ value of 1.

Table 4.6. Mesh sensitivity study results for NACA 8318 airfoil at 500k Re at AoA=0 Deg.

Height of the first grid
Y+ cell (m) CL Co
0.800 1.24e 6.779 | 2.057 e
1 1.55e® 6.781 e | 2.056 e
1.500 2.3e” 6.784 el | 2.053 e

Figure 4.17 presents C as function of AoA for the NACA 8318 profile at a Reynolds
number of 500k where literature-based experiment data is available. The data contains
experimental results obtained by Yoshida (2000), CFD analysis employing the k — ® and
Transition SST turbulence models, as well as data obtained using BEM software Qblade.

Both turbulence models exhibit good agreement with experimental data, k — o model
displays the most accurate C. predictions at lower AoA and near the stall angle, whereas the
Transition model underestimated C. at low AoA but provided more accurate results within
the AOA range from 6 to 14. Both models predicted an earlier stall angle in comparison to
experimental data. Moreover, despite utilizing fewer computational resources, Qblade

software exhibited impressive C prediction capability using Xfoil module (i.e. panel method
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with boundary layer correction to account for viscous effects). However, it overestimated C

and indicated an earlier stall angle than the experimental data and CFD turbulent models.
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Figure 4.17. Comparison of Cl vs AoA for NACA 8318 at 500k Re at M=0.058.

4.3 E387 Computational

In this section a computational study of the E387 profile was pursued, comparing the
CFD results with experimental data made in the low-speed wind tunnel #2 in QMUL. The
experimental data was obtained from the work Shen et al. (2016). The work of Aksoy (2020)
was considered in the simulation set up, and data was compared for AoA=0 degrees. This
section further validates the computational methodology employed for conducting a 2D CFD
simulation. Leveraging an earlier validation process, it enables both verification (Aksoy,
2020) and validation (Shen et al., 2016) of the obtained results.
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4.3.1 Geometry
The airfoil E387 is a low Re airfoil used greatly in HAWT (Shen et al., 2016), the
chord the airfoil is of 0.2286 m and the span is 0.76m. For the 2D computational, the airfoil

was generated in design modeler in Ansys workbench.

4.3.2 Domain

The domain has the same shape and dimensions as the domain used for NACA 8318
CFD. The domain is a C-type shaped inlet, and it is situated 13 chords length away from the
trailing edge of the airfoil. The outlet is situated 15 chords away from the trailing edge.

4.3.3 Mesh

Table 4.7 illustrates the results of a Mesh sensitivity test using different sizes of Y
plus, where we observed slight variations in both C_ (lift coefficient) and Cp (drag
coefficient). As a result, again, a Y + value of 1 was adopted for subsequent simulations and
to calculate the height of the first grid cell. The mesh was generated employing a C-type
structured mesh, a Bias function was used to precisely control the initial grid height. In
Figures 4.18 and 4.19 the mesh used for this study is illustrated.

Table 4.7. Mesh sensitivity study results for E387 airfoil at an angle of attack of 0°.

Ve Height of the first grid Growth rate cL Co
cell (m)
0.8 3.4e-5 1.2 0.3434 | 0.0164
1 4.2e-5 1.2 0.3419 | 0.0165
1.5 6.3e-5 1.2 0.3414 | 0.0165
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Figure 4.18. Overview of structured mesh for E387 airfoil.

Figure 4.19. Detail of structured mesh for E387 airfolil.
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4.3.4 Boundary conditions

The boundary conditions for E387 simulation were taken from Aksoy (2020) to
compare results and verify the CFD simulation process. The inlet velocity was set only in X
direction with the value of 6.37 m/s, using a turbulence intensity of 0.61%. The outlet

pressure magnitude was set as 101321 Pa.

The airfoil’s wall was defined as a stationary surface with a no-slip condition. In the
reference values, the area was set as 0.2286 m? and the depth was set to 0.76 m. The coupled

solution method was employed, and the convergence criteria was adjusted to 10e.

4.3.5 Data validation of E387

The results obtained for the E387 airfoil were compared to experimental data
conducted in QMUL low-speed wind tunnel by Shen (2016) and CFD results obtained by
Aksoy (2020). Table 4.8 displays the data obtained from the CFD analysis performed for this
study and the data obtained from the references. It shows that we have managed to improve
the prediction of both CLand Cp,

Table 4.8. Data comparation of E873 CFD simulation and experimental test at an angle of

attack of 0°.
Experimental results
Results of performed | CFD results (Aksoy, (Shen, 2016), as
CFD 2020) compared to Aksoy
(2020)
CL 0.3419 0.3707 0.339
Co 0.0165 0.0150 0.0202

Figure 4.20 shows the CFD results with the Transition SST and k — @ SST model for
E387 at a Re number of 100k, alongside the experimental results obtained by Shen (2016).
Both the Transition and k —® SST models show good agreement, for a low Reynolds number
such as 100k, transition SST turbulence model is slightly more accurate than k — @ SST
model. Both transitions SST and k — @ models underestimate the C. in the AoA range of 8
to 12 degrees and overestimate at low AoA. The Cp variation with the AoA shown in figure

4.21, shows an overestimation of the Cp with both turbulence models.
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Figure 4.20. C. vs AoA for E387 at Re=100 k.
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Figure 4.21. Cp vs AoA for E387 at 100k.

Hence, in summary, it was demonstrated that the CFD results for the airfoil
aerodynamics in both C. and Cp are acceptable and agree reasonably well with reported
results in the literature. Therefore, the CFD results can be used to analyze the turbine
performance by leading them into the BEM calculation.
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4.4 Turbine performance analysis with BEM Method

Blade Element Momentum codes are commonly utilized to estimate the efficiency on
Horizontal Axis Wind Turbines (HAWTSs) and Vertical Axis Wind Turbines (VAWTS)
across a range of conditions. In comparison to CFD simulations, a BEM simulation is much
less time-consuming and much more cost efficient. The BEM method consists in dividing
the blade into a finite number of elements and analyzing the aerodynamic force on each
element. By summing these forces along the blade span, and considering the rotational
effects, the overall efficiency of the turbine can be calculated. However, the Blade Element
Momentum (BEM) method relies on simplifications and assumptions, which might affect the
accuracy of calculated forces in individual blade elements when compared to a more detailed
CFD analysis. To mitigate potential inaccuracies stemming from the BEM method's
simplifications, aerodynamic forces on the 2D blade elements were acquired using CFD,
enhancing the physical accuracy of the results. Following this, the aerodynamic force data
from each blade element was imported into QBlade, aligning with specific sections of the
blade (at 25%, 50%, 75%, and 100% locations). This process facilitated the determination of
the overall turbine efficiency. By combining the accuracy of CFD results with the time-
efficiency of the BEM method, we obtained a more comprehensive estimation of the turbine's

overall efficiency.

This section shows the process followed to obtain the turbines efficiency in Qblade.
In order to obtain this, a simple model of a turbine needs to be created, so in section 4.4.1 a
quick explanation of the method to create the turbine in Qblade is shown. And in section
4.4.2, the results obtained of the hole turbine are shown and analyzed. In section 4.4.2, the
power and thrust coefficients are represented as functions of the tip speed ratio (TSR), which
can be calculated using equation 3.29. The operational range of TSR for the Ram Air Turbine,
determined based on the minimum and maximum conditions outlined in the literature review

and summarized in Table 4.11, spans from 2.4 to 3.5.

4.4.1 Turbine design in Qblade
Selecting an airfoil is one of the first steps in BEM simulation. The airfoil NACA
8318 was selected as well as a circular profile for the root of the blades. To create the NACA

airfoil, it is necessary to introduce the four or five-digit NACA number as well as the number
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of panels in the NACA 4-digit generator option within Qblade. Alternatively, airfoil

coordinates can also be imported.

After performing CFD computational RANS in each section of the blade, the C and
Cp variation with AoA were exported to Qblade. Subsequently, this data was extrapolated to
larger range of A0A to use these polars at each section of the blade and obtaining the turbine
performance. The extension of C. and Cp variations with AoA to the post stall is needed to

follow the approximations as in (Ai K. et al., 2016).

Inside the HAWT blade design section in Qblade, a blade can be created using the
foils created previously. For the first section, a circular foil was used to create the root of the
blade and in the following sections, the airfoil NACA 8318 was used. The specifications of
the blade are shown in Table 4.9. In each blade section, 360° C. and Cp polars, specific to

the Reynolds number of that section, are chosen for further analysis.

Table 4.9 Blade design specifications.

Position (m) |Chord (m)| Twist (deg) Foil
0 0.050 60 Circular foil
0.125 0.127 38 NACA 8318
0.250 0.127 20 NACA 8318
0.375 0.127 12 NACA 8318
0.5 0.127 8 NACA 8318

4.4.2 Turbine performance

The BEM analysis section allows to perform an analysis for a range of wind speeds,
rotational speeds, and pitch angle. After creating the rotor blades geometry, the simulation
was performed at operational conditions shown in table 4.2. The Reynolds numbers used for
the BEM simulations at each section of the blade correspond to the Reynolds shown in table
4.5.
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Results of the BEM simulation are shown in Figures 4.22, 4.23 and 4.24, where the
Power coefficient (Cp), Thrust Coefficient (Ct) and the Power to Thrust Coefficient ratio

variation with the Tip to Speed Ratio (TSR) are illustrated.

Table 4.10 presents a comparison of Maximum Cp, Ct and Cp/Cr ratio. The increase
of height in the GF resulted in an earlier occurrence of maximum Cp and a delayed occurrence
of maximum Cr. However, Cp/Cr ratio remained consistent at the same TSR for clean airfoil
blade and blades with GF at 1% and 3%c.

The addition of the GF lead to an increase of the Cp in the turbine as seen in Figure
4.22. However, as the height of the GF increased, the Ct also augmented, resulting in a lower

Maximum Cp/Cr ratio for the turbines equipped with GF.

Nevertheless, Figure 4.24 highlights a significant increase of 22% and 26% in the Cp/
Cr ratio within the TSR range of 1 to 2.5 for GF heights of 3% and 5%c, respectively, while
the smaller GF of 1% have a maximum increase of 11% and 314% for TSR values ranging
from 1 to 1.8 and 5.8 to 6.8 respectively. However, the TSR range displaying an increase

falls outside the operational range of the Ram Air Turbine (RAT) under study.

Table 4.10. Comparison of maximum Cp, Ct and Cp/Cr ratio for four blade configurations
at different TSR.

Blade Max Cp/Ct
o TSR Max Cp TSR | MaxCr |TSR _
configuration ratio
Clean airfoil 3.2 0.371 3.8 0.547 2.6 0.725
GF 1%c 3.2 0.422 4 0.667 26 0.708
GF 3%c 3 0.461 5.4 0.812 2.6 0.691
GF 5%c 3 0.478 7.4 0.976 2.4 0.685

58



0.5

A 1 x
. | _eo—e %
% 0.4 4 ¥ i} o $
| |
:: ,‘l. " n .
©03- { - !
3] i A
= i m &
© /|
(@] 1 A
O 0.2 1 Y . &
) ) 5" A
2 ) 2 M
[®] . n ®
o 0.1 4 S A
v
n .Y
0.0 1 ok
T T T T T T T
2 3 4 5 6 7
TSR

Figure 4.22. Power Coefficient variation with TSR for airfoil without and with GF at

o
[0}
1

©
..,_J
L1

Thrust Coefficient (Cy)
o o o o
w £ [4)] [+}}

o
M
1

heights of 1%, 3% and 5%c.

—a— Clean

—»—GF 1%
—4— GF 3%
—v— GF 5%

Figure 4.23. Thrust Coefficient variation with TSR for Turbine blades without and with GF

at heights of 1%, 3% and 5%c.

59




0.7 1
0.6
o 0.5 1
©
— 0.4 4
Q
o 4
5 0.3
21 —=— Clean
J —— GF 3%
0.0 - v— GF 5%
1 2 3 4 5 6 7
TSR
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without and with GF at heights of 1%, 3% and 5%c.

Figure 4.24 reveals that the Cp/Ct ratio experiences significant improvement at a
narrow range of TSR (1 to 1.5 approx.) for blades with GF. Nevertheless, the Ram Air
Turbine (RAT) under investigation operates within a TSR range of 2.4 to 3.5. Therefore, the
depicted increase in the TSR range illustrated in Figure 4.24 is not pertinent to the operational
conditions considered in this study. Furthermore, the application of the Gurney flap (GF) can
be limited to specific sections of the blade to enhance the efficiency in a wider range of TSR.
In Figure 4.25, a blade configuration is presented, showcasing the GF mounted exclusively
at either the root (25 to 50%) or the tip (50 to 100%) of the blade, in contrast to a constant

GF along the entire blade and a completely clean blade.

When the GF is mounted solely at the blade's root, it enhances the Cp/Cr ratio over a
broader TSR range, spanning from 2.6 to 6.6, with the maximum Cp/Cr+ ratio occurring at 2.6
TSR. On the other hand, when the GF is applied only at the tip of the blade, it enhances
turbine performance within a lower tip speed ratio range, specifically from 1 to 2.4, as

demonstrated in Figure 4.25.
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Since the most effective blade configuration with the Gurney flap was found to be at
the root of the blade, a comparison was made between a clean blade and blade with GF
mounted only at the root, as illustrated in Figure 4.26. Notably, a GF representing 1% of the
chord yields improved Cp/C+ for a wider range of TSR from 2.6 to 6.6. However, a GF with
height of 5%c exhibits the highest Cp/Cr ratio, both at low TSR (ranging from 1 to 2.4) and
high TSR (from 4 to 6.2). In accordance with the operational conditions outlined in Table
4.11, the optimal blade configuration for the Ram Air Turbine (RAT) involves a blade with
a Gurney Flap (GF) positioned at 1% chord length, exclusively mounted at the root of the
blade.

4.5 Summary

In this chapter an insight into the aerodynamics of the airfoil NACA 8318 was shown
to study the effect of the addition of a Gurney Flap in the airfoil by performing two-
dimensional CFD. It was shown that the lift coefficient as well as the drag coefficient of the
airfoil increase as the height of the Gurney flap does. For GF heights of 3% and 5%c the lift
to drag ratio (Figure 4.8) is higher than the clean airfoil from a range of 0<A0A<5 degrees
and 0<A0A<3 degrees respectively. For the GF height of 1%c, the C./Cp ratio showed an
increment for a wider range from an AoA of 0 to 9 degrees. At low AoA the GF 1%c, showed
similar drag coefficients to the original profile.

The turbine analysis using BEM method, presented in section 4.4, demonstrated
improved C,/Cr performance at low TSR values for RAT with GF along the entire length of
the blade, ranging from 1 to 2.2 for turbine with GF of 3%c and from 1 to 2.4 TSR for turbine
with GF of 5%c, however, at TSR value of 2.6, where the maximum Cp/Cr is achieved, the
original bladed turbine has shown a better performance (Figure 4.22). As the operational TSR
range for the studied turbine spans from 2.4 to 3.5, it becomes evident that the turbine's
performance, equipped with a Gurney Flap along the entire blade, does not align adequately

with these specified operational conditions.

Furthermore, the turbine with GFs mounted only at the blade’s root showed better
performance in the TSR operational range with a higher Cp to Ct ratio in a wider range of
TSR ranging from 1 to 1.8 and 4 to 7.6 for blade with GF 5%c, and 2.6 to 6.6 for GF 1%c as

shown in Figure 4.26. The maximum Cp occurred at the same TSR of 2.6 for all the blades
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configurations, but only blades with GF 1%c showed a slight enhance of 0.018% in the
mentioned TSR, after that point, the Cp/Cr ratio for all GF configurations resulted in an
increase, demonstrating that the turbine with GF mounted solely at the blade’s root, increase
the Cp to Cy ratio at high TSR.

Taking into consideration the maximum and minimum operational conditions of
commercial RATs as listed in Table 4.11, the operational TSR range falls between 2.4 to 3.5.
Considering this, the turbine configuration with a GF of 1%c located at the blade's root proves
to be the preferred choice, as it exhibits an improved Cp/Cr ratio within the TSR range of 2.6
to 6.6 as shown in figure 4.26 and shows a maximum Cp/Ct of 0.018% higher than the

original turbine.

Table 4.11. Minimum (Saad et al., 2017) and maximum operating condition for RAT.

Minimum condition Maximum condition
Flight height 6000 m 10,000 m
Angular speed 2800 RPM 3800 RPM
Flight speed 41.16 m/s 82.31 m/s
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Chapter 5

5. Conclusions and Future work

5.1. Discussion and conclusions
The following section presents the discussion of the results of the computational

analysis conducted in this study. It is important to note that the results obtained in this study
are specific to the analysis performed and may vary from other studies or experimental data.
The purpose of this analysis was to investigate and understand the behavior of the system
under the given conditions for this study. Therefore, any discrepancies or differences
observed should be interpreted within the context of this particular analysis. It is essential to
consider these results as a contribution to the overall understanding of the behavior of NACA
8318 airfoil under the conditions presented in this study rather than an absolute representation
of its behavior. Extensive CFD simulations were conducted using the same process as the

validation process described in Section 4.2.8.

The research presented in this study explores the effect of adding a Gurney Flap (GF)
at different heights of 1%, 3% and 5% of the chord length at the Trainling Edge (T.E.) of
NACA 8318 profile, by performing two-dimensional Reynolds Average Navier Stokes
(RANS) analysis in the software Ansys fluent, using the turbulence model k — » Shear Stress
Transport (SST). The results presented in chapter 4, provide evidence of the Lift coefficient
(CL) increment with the increase of the Gurney Flaps height, however, this also led to an
increase in the Drag coefficient (Cp). After the two-dimensional analysis, the aerodynamic
coefficients were exported to Qblade software to obtain the overall efficiency of the turbine

with the Blade Element Momentum method.

The Gurney Flap at height of 1% of the chord of the airfoil, showed a higher Lift to
Drag coefficient ratio in comparison to the other GF heights (3%c and 5%c). This means,
that a GF of 1% chord (1%c) effectively enhances lift without significantly raising drag to a
level that offsets the advantage gained from the increased lift. At a Reynolds number of
217,530, the NACA 8318 clean airfoil and with GF (at 1%, 3% and 5%c) showed an
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increment of the Lift to Drag ratio at ranges of 0<A0A<9 for GF 1%c, 0<A0A<5 for GF 3%c
and 0<Ao0A<3 for GF 5%c, being AoA the angle of attack of the airfoil.

In addition to that, the Blade Element Momentum (BEM) analysis showed an
increase in the power to thrust coefficient (Cp/ Ct) ratio was observed within the tip speed
ratio (TSR) range of 1 to 2.2 for GF heights of 3% and from 1 to 2.4 5%c, while the smaller
GF of 1% showed an increase of 11% and 314% within the ratio for TSR values ranging from
1 to 1.8 and 5.8 to 6.8, respectively, for turbines with GF mounted along the whole blade.
These findings indicate that incorporating a Gurney flap along the blade doesn't offer benefits
within the specific operational conditions considered, spanning a TSR (Tip Speed Ratio)

range from 2.4 to 3.5.

After analyzing the effect of the GF mounted along the blade, a BEM analysis of the
GF mounted only at the root of the blade was made, showing a higher Cp/C+ ratio for GF at
1%c at a wider range of TSR (from 2.6 to 6.6), however, a GF with height of 5%c exhibits
the highest Cp/C+ ratio with a maximum increment of 11.832% and 75.577%, both at low
TSR (ranging from 1 to 1.8) and high TSR (from 4 to 7.6) respectively.

Considering these findings, the most effective Gurney flap configuration for the Ram
Air Turbine operating within a tip speed ratio range of 2.4 to 3.5 is the one set at 1% chord
(1%c). This configuration demonstrates a 0.018% increase in the Maximum Power to Thrust
coefficient ratio. Notably, it exhibits an enhancement of 0.639% at a Tip Speed Ratio (TSR)
of 3.5, and remarkably achieves a maximum enhancement of 257.598% at a TSR of 6.6. It's
important to note that the increment at TSR 6.6 falls beyond the operational TSR conditions
studied. However, this highlights the Gurney Flap's superior performance at higher TSR
values. Higher TSR values correspond to lower air speeds, indicating that implementing a

Gurney Flap proves more beneficial in turbines operating at very low speeds.

5.2. Future work recommendations
In the pursuit of enhancing the performance and efficiency of Ram Air Turbines

(RATS), this study has explored the effects of the GF addition into the turbine design. The

utilization of GF, strategically positioned at the root of the turbine’s blade, has demonstrated
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its potential to improve aerodynamic efficiency. However, there is a variety of future work

recommendations that can be implemented in the future.

As shown in this study, the increase of the Drag coefficient (Cp) as well as the Lift
coefficient (CL) was more noticeable in Gurney Flaps (GF) of 5%c height. The introduction
of slits in the GF along the blade emerges as a promising strategy. It is important to recognize
that a comprehensive analysis of slitted GF effects cannot be adequately addressed through
2D computational studies alone. Consequently, the recommendation stands for the pursuit of

3D computational studies to thoroughly investigate the impact of a slitted GF along the blade.

While RANS simulations have been shown to yield accurate results in comparison to
experimental data, it is worth noting that the RANS model may exhibit inaccuracies,
particularly in predicting the Cp. Therefore, conducting experimental tests on blades
equipped with GF would be highly advantageous and is recommended for a more

comprehensive validation of aerodynamic performance.

Finally, as highlighted in the earlier section 5.1, the Gurney Flap exhibits superior
performance at lower speeds. Consequently, this suggests that a turbine operating under low-
speed conditions, such as a terrestrial wind turbine, will benefit more from the incorporation

of a Gurney Flap compared to a Ram Air Turbine operating at higher speeds.
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