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PERFORMANCE GAIN DURING PUMPING THE MAIN SAIL

SUMMARY

On this project, it is tried to understand the nature of the flow around the sail on
special condition. The writer has done a similar project previously. On this study, it
is aimed to understand why sailors are pumping the mainsail on downwind sailing
and how much is the performance gain with the help of this motion. Since, pumping
the main sail is a hard thing to do and there are lots of constraints to do that.
According to sailing rules there has to be a wave coming from the back of the boat
and sail can be pumped three times in a row at most. These were most exciting and
motivating part of this topic.

Firstly, an extensive literature search is done about the flapping foils. Because no
study has been found on this topic, the most familiar ones has been ivestigated.
Flapping foil studies are very wide and the nature of the flapping movement is totally
known. There are different types of studies done on this topic; some of them are
trying to understand the movement of fish tale, some of them are trying to understand
the movement of bird wings and some of them are trying to developing a flying
vehicle or marine vehicle using flapping foils instead of conventional systems. After
these papers were read the air flow behaviours around the flapping foils were
understood.

Secondly, a study which includes validation data has been found. The validation data
is needed to set up a CFD (Computational Fluid Dynamics) model on CFX. So, it
could also work on the main study by extending this model which has been approved
against the validation data.

After determining a study as a guide which has both experimental and numerical
results on the same study, a model on CFX has been generated. The data was about a
pitching foil (NACA 0012) with low angle (2 degrees). The model has been created
and the results are compared to the validation data. The results were showing the
thrust coefficients on different reduced frequencies. The results were reasonable, so it
has been decided to continue with this model.

Following, the tested model modified for the main study. The forces on the main sail
were calculated on different conditions like below;

- Non-pitching
- Pitching with three different angles 5,10 and 15 respectively
- Pitching frequencies varied as f=1 Hz and f=0.5 Hz for each angle

As a result, it is seen that there is a performance gain which can not be ignored when
the thrust values non-pitching and pitching main sail are compared. On the
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performance gain, first important parameter is the pitching angle and second
parameter is the frequency. Priority of these parameters are same what sailors say
according to their experiences in practical sailing. They state that pumping should be
done as big as it can be done and then as much as much it can be done.

In conclusion, it is obvious that pumping main sail brings more performance to the
sailors. Although it is very hard and requires strength and condition it has to be done
on every possibility. Since, pumping will cause to big differences between the
competitors especially on one design races.
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ANA YELKENE POMPA YAPMANIN PERFORMANSA ETKISi

OZET

Yelkenler, yelkenli yatlarin en temel sevk sistemleridir. Bu yilizden c¢alisma
prensiplerinin (yelken etrafindaki akisin) bilinmesi ¢cok 6nemlidir. Bunun teknenin
dizayn siirecinde bilinmesi zaman ve para tasarrufu saglayacaktir. Ayrica
yelkenlerden daha fazla performans alinacaktir.

Yazar tarafindan yapilan ilk caligmada yat aerodinamiginin temeli sayilacak bir
calisma yapilmis ve direk ile yelken etrafindaki akis, hesaplamali akiglanlar dinamigi
yontemi ile incelenmistir. Bu ¢alismada ise daha spesifiki bir konu secilmis ve 6zel
sartlar altindaki bir yelkenin etrafindaki akim incelenmistir. Yelkencilerin riizgar alti
seyrindeyken neden ana yelkeni pompaladiklart ve bu hareketle ne kadar performans
kazandiklar1 sorularina cevap aranmistir. Pratikte siirekli uygulanan ve verimliligi
gozlenen bir hareketin teorik olarak acgiklanmasi amaglanmistir. Ana yelken
pompalamak zor bir is olup, bircok kisitlamaya sahiptir. Bu kisitlardan biri olan
yelken yaris kurallarina gore eger teknenin arkasindan gelen bir dalga varsa her dalga
icin en fazla 3 defa pompa yapilabilir. Kisitlarin olmasi ve hareket i¢in ozel
durumlarin aranmasi bu konuyu ilgi ¢ekici ve motive edici hale getirmektedir.

Literatiir taramas1 sonucunda bu konuda hi¢ ¢alisma yapilmamis oldugu goriilmiistiir.
Bu nedenle benzer bir hareketin incelendigi calismalar aranmistir. Diger yandan
pratikte siklikla rastlanan bir uygulamanin teorik incelemesinin yapilmamis olmasi
sasirticidir.  Yelkenin pompa yapmasi bir foilin kanat c¢irpma (flapping) ile
Ozdeslestirilebilecegi ic¢in literatiir taramasi bu alanda yogunlastirilmistir. Kanat
cirpma hareketi yapan foiller hakkinda bir ¢cok makale bulmak miimkiindiir. Bu
konudaki caligmalar iki ayr1 ana baglikta toplanmiglardir:

- Biyolojik hareketleri (kuslarin, boceklerin kanat ¢irpmasi, baliklarin kuyruk
hareketleri vb.) inceleyenler

- Biyolojik hareketlerden esinlenerek mekanik itme/manevra sistemleri
gelistirmeye calisanlar.

Ayrica arastirma sonucunda goriilmiistiir ki bir kanat ¢irpma hareketi ii¢ farkh
hareketin genel adidir:

- Bas-kis vurma (pitching)
- Kaldirma (heaving)
- Bas-ki¢c vurma ve kaldirma (pitching ve heaving)

Bu arastirma sonucunda yelkenin pompa hareketinin sadece bas-ki¢ vurma hareketi
yapan bir foil ile Ortiistiigii gOriilmiistir. Bas-kic vurma hareketinin dogasi
Ogrenilmis, harekette akimi etkileyen parametreler belirlenmis ve akimin karekteri
saptanmigtir. Iki hareket arasindaki tek fark yelkenin pompa hareketinin, bas-kig
vurma hareketi yapan bir foilin yaptig1 hareketin yarisi olmasidir. Bas-kic vurma
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hareketi yapan bir foil baglangi¢ noktasindan sonra 6nce — (negatif) yone gider, sonra
geri donerek baslangic noktasindan gecer ve + (pozitif) yone dogru ilerler.
Sonrasinda ise geri donerek tekrar baslangi¢ noktasina gelir. Boylelikle tam bir bas-
ki¢ vurma hareketi tamamlanmus olur. Isaret kabuliine gore foil nce + (pozitif) sonra
— (negatif) yone de gidebilir. Yelken ise baslangic noktasindan — (negatif) yone
hareketlendikten sonra baslangi¢c noktasina dondiigiinde + (pozitif) yone ilerlemez.
Buradan sonra tekrar — (negatif) yone gider ve boylelikle birinci pompa hareketi
sonlanmus; ikinci pompa hareketi baslamis olur.

Amaclanan caligmanin yapilabilmesi i¢in ¢6ziim yontemi olarak hesaplamali
akiskanlar dinamigi yontemi belirlenmistir. Ancak bilindigi gibi bu yOntemin
kullanilabilmesi icin kurulacak modelin daha 6nce yapilmis ve sonuglari ispatlanmig
bir calisma ile karsilastirilmasi gerekmektedir. Bunun nedeni kurulan yeni modelin
verimliliginin ve dogrulugunun saptanmasidir. Literatiir taramasi sirasinda bu konuda
yapilmis ve Kkarsilastirma yapilabilecek verileri bulunan calismalar siizgecten
gecirildikten sonra deneysel ve matematiksel hesap sonuglarina sahip bir
karsilastirma calismasi secilmistir. Secilen ¢alismada kanat ¢irpma hareketi yapan bir
foilin farklh frekans degerlerinde sadece bas-ki¢ vurma hareketi ve sadece kaldirma
hareketi yaparken olusturdugu itme kuvveti katsayisinin degerleri mevcuttur. Yalin
bir bas-kis vurma hareketine ihtiya¢ duydugumuz i¢in bu calisma karsilastirma
calismas1 olarak belirlenmistir. Literatiiriin genelinde bas-ki¢ vurma hareketi ile
kaldirma hareketini beraber yapan foiller iizerine ¢alisilmistir.

Kargilagtirma c¢alismasindaki foil ve ortam aym sekilde amaclanan calismanin da
yapilacagi hesaplamali akiskanlar dinamigi programinda modellenmistir. Bu
calismada piyasada bulunan yazilimlardan biri olan CFX programi kullanilmuastir.
Modelleme sirasinda karsilasilan ilk problem (kullanilan program 3 boyutlu ¢alisma
yapmak amaciyla tasarlandigi i¢in) 3 boyut etkisini yok ederek modelin 2 boyut
etkileri altinda calismasini saglamak olmustur. Bu problem modellenen ortama
kiicik bir kalinlik verilerek asilmistir. Sonrasinda ise bir baska problemle
karsilagilmistir. Karsilagtirma ¢alismasinda, NACA 0012 profiline sahip bir kanat
onder kenar ucundan kanat uzunlugunun %251 kadar iceride bir noktayr merkez
kabul ederek bu nokta etrafinda 2 derecelik bir bas-ki¢ vurma hareketi yapmaktadir.
Bu hareket yeni kurulan modelde birebir ayni olarak tanimlanamamuistir. Bag-kic
vurma hareketi karsilastirma ¢alismasi ile birebir ayn1 olacak sekilde tanimlanmamis
olsa da bu farkliligin etkilerinin amaclanan ana ¢alismada problem olmayacagina
karar verilmis ve bunun gerekgeleri belirlenmistir. Ayrica farkliliktan kaynaklanan
etkiler g6z oniinde bulunduruldugunda sonuclarin karsilastirma makalesindeki veriler
ile ortiistiigli goriilmiistiir. Bunun sonucunda kurulan modelin dogru ve verimli bir
sekilde calistig1 kabul edilmis ve ana ¢alismanin modellenmesine gecilmistir.

Secilen yelken formu karsilastirma caligmasinda kullanilan modele entegre
edildikten sonra ortam konusunda gerekli degisiklikler (yelkenin ortam icerisindeki
pozisyonu, ortamin biiyiikiigii, akimin giris agisi/hiz1 vb.) yapilmistir. Sonrasinda ise
farkli frekanslar ve farkli agilar iceren bir matris i¢in biitiin hesaplamalar yapilmustir.
Yelkenin hareketini belirleyen ve hesaplama matrisinde yer bulan farkli degerler su
sekildedir:

- Acq1 5 derece, frekans 0,5 Hz
- Acq1 5 derece, frekans 1 Hz
- Ac1 10 derece, frekans 0,5 Hz
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- Acq1 10 derece, frekans 1 Hz
- Acq1 15 derece, frekans 0,5 Hz
- Acq1 15 derece, frekans 1 Hz

Frekans disinda aginin da bir parametre olarak kullanilmasinin nedeni pratikte bunun
da etkisinin oldugunun bilinmesidir. Ayrica boylelikle hangi parametrenin etkisinin
daha cok oldugu goriilmiistiir. Performans kazancinin hi¢ pompa yapmayan bir
yelkene kars1 goriilebilmesi icin hesaplama hareketsiz bir yelken icin de
gerceklestirilmistir.

Hesaplamalar sirasinda karsilasilan bir problem nedeniyle birebir gercek hayattan
uzaklasilmistir. Ancak buna ragmen pompa hareketi sonucunda performans
kazancinin olup olmadigi net olarak belirlenebilmistir. Yelkenin hareketi
tanimlanirken gercek hayatta oldugu gibi anlik pompa hareketleri tanimlanamamastir.
Bu nedenle pompa yapmayan ve farkli hareket 6zellerinde siirekli pompa yapan
yelkenler modellenmistir.

Sonugta, pompa yapan ve yapmayan yelkenlerin iirettigi gotiiriicii kuvvet katsayisi
kiyaslandiginda ciddi bir performans kazanci goze carpmaktadir. Hesaba katilan ve
cesitlendirilen her iki parametrenin de (a¢1 ve frekans) artisinin performans
kazancina neden oldugu goriilmiistiir. Degistirilen parametrelerin hangisinin etkisinin
daha yiiksek oldugu da ayr1 bir 6nem tasimaktadir. Bu nedenle her farkli hareket
tanimindaki parametreler buna gore degistirilmistir. Yukarida da goriilebilecegi gibi
tanimlanan hareketin birinde a¢1 5 derece ve frekans 1 Hz iken digerinde a¢1 10
derece ve frekans 0,5 Hz’tir. Boylelikle her iki harekette de ayni siire sonucunda
yelken ayn1 yolu yapmistir ve ayni enerji harcanmistir. Ama iki hareketin sonucuna
bakildiginda performans kazanclari farklidir. Bu da iki parametrenin sonuca etkisinin
farkli oldugunu gostermektedir. Her iki parametrenin performans kazancina etkisi
kiyaslandiginda ise etki sirasi su sekildedir:

1) Ag1
2) Frekans

Performans kazancini belirleyen en ©Onemli etken pompa yapan yelkenin bir
sallmminin ne kadar uzun siirdiigiidiir. Yani burada acimin biiyiikliigii birinci
etkendir. Sonrasinda ise salinim hizi (frekans) Onem tasir. Yelken yapanlarin
deneyimlerine gore parametrelerin Onceligi sonuglarmiz ile aynidir. Yelkenciler
pompalamanin Oncelikle yapilabildigi kadar uzun (biiyiik agili) ve sonrasinda ise
yapilabildigi kadar hizli (yiiksek frekansta) yapilmasi gerektigini soylemektedirler.
Teorik olarak hesaplanan sonuglarin pratik hayatla ortiismesi yapilan kabullerin ve
hesaplarin dogrulugunu da ispatlamaktadir.

Kisacasi, ana yelkende pompa yapmak yelken performansini arttirmaktadir. Ana
yelkeni pompalamak zor olup, ¢ok gii¢ gerektirmesine ragmen, uygulanabilecek her
durumda yapilmalidir. Pompa yapmak fiziksel yeterliligin saglanabildigi her tip
teknede performans kazancina neden olurken ozellikle tek tip tekneler yarislarinda
rakipler arasinda biiyiik farklar olugsmasina neden olmaktadir.
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1. INTRODUCTION

The sails are main propulsion system of the yachts. That’s why it is really important
to know the characteristic of the flow around sails and the forces produced by the
sails. If this information is known in the design stage, lots of financial resources and
time could be saved. And also a better performance from the yacht could be
achieved. There are three currently different techniques to analyze the flow around
the sails; full scale measurements, wind tunnel experiments and CFD (Computational
Fluid Dynamics) calculations. Full scale measurements are not so easy to conduct
and also not so efficient because of uncontrolled environment such as the wind
direction and speed changes. Wind tunnel experiments have problems while results
data transferring to full scale and also it takes more time than CFD on the preparation
of the model. In order to use CFD analysis method, characteristics of the sails like
chord length, camber ratio and wind velocity, angle of incidence have to be known.
Actually, the whole situation with all parameters has to be known to get reliable
results. The parameters about the sails are scaled down from the real yachts or
theoretically chosen. It means different profiles of sails and mast shapes (elliptical,
circular, etc.) could be chosen in order to see the effects. Wind specifications are
decided by the researchers according to sailing area of the yachts and sailing
conditions of the yachts like downwind or upwind. However, deformations of the
sails; form changes when the wind push the sails and changes with the wind; wind
has never constant speed or angle variation of which cannot be considered on the
CFD analyzes.

After investigating the air flow around the sail on my previous project | have decided
to enlarge it on a special topic; pumping the main sail for performance gain. CFD has
been used to analyze the wind flow around the sails while pumping on this project.
As a starting point for CFD calculations wind tunnel results are needed. However,
after getting the first results with CFD which are succesfull compared to experiment



results, it is easier to vary the analysis and get results for different conditions of
problem.

Pumping the main sail during downwind sailing is a routine technique for the sailors
but has not been investigated sufficiently up to now. There isn’t any research about
the performance gain with this technique. Pumping the mainsail is similar to pitching
motion of an airfoil/hydrofoil. Although the frequency, amplitude and conditions are
different, it has similar physical properties to the wing flapping of a bird or tail

flapping of a fish in the nature.

In order to model sail pumping, it was needed to establish a validation database.
Observations of the movement of the animals in nature or making some experiments
can be considered to establish a validation database. However, it will take too much
time and resources. That’s why it is decided to choose a previous research as a

validation case for preparing the model of the problem.

At the start of this study the target was modelling a mainsail movement during
pumping on downwind. Therefore, the literature research is done to find studies
having similar movements. There are different types of flapping wing movements on
literature; pitching, heaving, combined pitching and heaving. Pumping the mainsail
Is similar to pitching motion of a foil. A study has been found in literature and
chosen as validation study which has force coefficients while pitching on different

reduced frequencies.

In conclusion, a model has been developed to calculate the validation data. After
seeing that the results of validation study and the model are matching, the model has
been designed for the main problem. According to the results of this study, mainsail
pumping has an important positive effect on the performance of the boat on
downwind sailing. Although the results are reliable, it would be helpful that

experiments are done to be sure about the validity of the results.



2. THEORETICAL BACKGROUND

2.1 Forces Acting on a Yachts

A sailing yacht operates at the boundary where air and water intersect; the sails, rig
and the above water part of the hull are placed in air and the underwater part of the
hull is immersed in water. A yacht sailing at a constant speed in calm water
experiences two forces due to the existence of the two fluids; the aerodynamic force
is due to the airflow around the sails and the hydrodynamic force is due to motion in
water. In calm water at constant speed, these forces balance, they are equal in

magnitude and opposite in direction [1].
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Figure 2.1 : Forces produced by sails [2].

The sails experience the apparent wind, which is the vectorial sum of the true wind

and the yacht’s speed. Figure 2.1 shows that the total acrodynamic force is consisted



of the lift which is perpendicular in direction to the apparent wind and the drag which
acts at the same direction as apparent wind [2]. This axis system is named as wind
axes. For convenience, by the appropriate translation these forces can also be
expressed as driving force, which is acting on the sailed course and heeling force

which is perpendicular to driving force and on the leeward side [3].

There are two main components of the hydrodynamic force acting on the hull which
are the resistance on the opposite direction of driving force and the side force on the
opposite direction of heeling force. These forces, as seen on Figure 2.1 act along the

space axis [1].

In order for the hull to produce side force, it has to have an angle of attack to the
flow which is named the leeway angle. While the hull is producing side force, the
angle between the heading of the yacht (in line with the body axis) and the centre

line of the yacht is equal to the leeway angle.

2.2 Aerodynamics of Sails

2.2.1 Flow around sails

The working principle of the sails on the upwind condition is very similar to the
aircraft wings. The aim is here producing the required lift and creating minimum

drag in order to make the lift/drag ratio maximum.

2.2.1.1 Bernoulli’s equation

Sails operate immersed in air; due to the oncoming air flow, pressure acts along the
sails on both sides. In order to understand better the physics of the flow around wing
sections, Bernoulli’s equation is a useful tool. Bernoulli states that the total pressure
around a streamline is constant under the assumptions that the fluid is inviscid and

incompressible [4].
P + % pV? + pgh = constant (2.1)

When the approaching flow encounters a wing, a stagnation point occurs near the
leading edge that divides the flow into two parts. If the flow is in line with the wing,
the pressure distributions along the windward and leeward sides of the wing are the

same. When there is an angle of attack, the flow in the windward and leeward sides



become asymmetric. The flow on the leeward side of the wing has to move along a
longer way due to the angle of attack present. This results in speeding up of the flow
on the leeward side. Due to Bernoulli’s principle, this accelerated air results in lower
pressure than the slower windward side. This small pressure difference becomes
measurable when integrated along the whole wing area and it is the main source of
lift production. A convenient way to express the pressure difference is the usage of
the Pressure Coefficient, Cp [4].

Cp=1-(g/v)* (2.2)

Although the working principles of a wing and a sail similar, we cannot explain the
nature of produced lift on a sail on this way. Since the sail has no thickness, we
cannot say that the air has to move a longer way on the leeward side. Therefore we

have to look to circulation theory of lift.

2.2.1.2. Circulation theory of lift

The popular explanation for the creation of lift on the sails is the circulation theory.
This theory was first suggested by Lancaster and then developed by Kutta,
Joukowski and Prandtl[2].

If the flow past a highly cambered asymmetrical aerofoil at zero angle of attack is
considered, the flow will be divided into two fluid particles; moving towards upper
and lower surfaces of the foil section. The point that the flow separate into two is

called the stagnation point S1 on Figure 2.2-A.

The two flow parts travel along at equal speeds and since the upper surface is longer
than the lower one the particle moving along the lower surface arrives to the trailing
edge before the other. Naturally, its tendency is to go around the sharp turn at the
trailing edge in order to be combined with the other one as seen on Figure 2.2-B. At
the initial stage of the flow, when the two mentioned parts of the flow meet
somewhere on the upper surface near the trailing edge a second stagnation point
forms, named S2. As the flow develops, due to viscosity of the fluid and strong
inertia forces, this state of flow might not be maintained for long. The flow breaks

away from the trailing edge forming the starting vortex seen in Figure 2.2-C [2].

As the starting vortex rotates, due to Newton’s third law of motion a counter rotation



develops around the aerofoil in the opposite direction. This induced counter rotation
appears as the circulation around the foil. Due to Newton’s third law, angular
momentum can not be created in a system without reaction. Quoting reference 1:
“All forces arise from the mutual interaction of particles and in every such

interaction the force exerted on the one particle by the second is equal and opposite

to the force exerted by the second on the first”.
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Figure 2.2: Flow around foil [2].

Kutta and Joukowski have stated that as the starting vortex initiates the flow, it
breaks away from the trailing edge and moves downstream in the wake. During this
state, the stagnation point moves well aft, near the trailing edge in which case there is

no difference between the velocities on the upper and lower surfaces while leaving



the foil surface. In other words there is no physical implication that the starting
vortex will be able to be maintained. The flow reaches a steady state after this point
with a constant amount of circulation and hence lift force. The strength of the vortex
that has been shed into the wake known as the trailing vortex is dependent on the
circulation around the foil. This leads to the fact that if the circulation around the foil
is known, the lift force might be calculated [1].

Glauert has stated that due to the presence of negative and positive pressures on the
faces of a foil, a spanwise flow will exist around the ends of the foil. The flow is
redirected outwards on the pressure side and inwards on the suction side which
induces a swirling motion at the trailing edge, dominantly on the tips of the foil. This
swirling motion subsequently develops into the vortex sheet named as the trailing

vortex which is shed into the wake [2].

Munk has introduced the concept of “field of induced velocities” to aerodynamics,
stating that the direction of the streamlines are altered ahead the foil and behind the
trailing edge by the tip vortices giving rise to upwash and downwash. This concept

will lead to definition of induced drag which will be discussed in section 2.2.3 [2].

The horse-shoe vortex system consists of the starting vortex, the trailing vortices and
the bound vortex which are all linked with each other due to Helmholtz Theorem
which states that “a vortex once generated can not terminate in the fluid; it must end

at a wall or form a closed loop” [5].

2.2.2 The boundary layer

The boundary layer around a body starts growing from zero thickness at the leading
edge of the body and as the flow proceeds downstream shear stresses develop at the
proximity of the surface due to large velocities in the mainstream and no-slip
condition at the surface. This shear stress slows down the fluid particles which are
close to the body. These relatively slow moving particles affect the latter ones and
slow them down. As the fluid particles move downstream, this action of slowing
down spreads further away from the body surface and the boundary layer of slowed
down fluids increases its thickness. The usual convention about the thickness of the
boundary layer is that it extends to the point where the velocity of that point is 99%
of the free stream velocity in the normal direction to the body [4].



Due to viscous effects present in the boundary layer, the forces acting on the body
will mainly depend on the way that the boundary layer develops. Near the leading
edge, the flow is likely to proceed in a smooth, ordered, streamlined fashion which is
named to be laminar flow. As the fluid particles proceed along the surface, the flow
develops into an irregular flow consisting of small scale eddies. In this region, the
velocities are variable in magnitude and direction. This type of flow is named
turbulent flow and it still follows the surface of the body. The change from laminar
to turbulent flow is called transition. The pressure distribution influences the point of
transition; a favourable pressure gradient (dropping pressure) delays the transition
whereas an adverse pressure gradient (increasing pressure) nearly leads to an
immediate transition. In case the magnitude of the adverse pressure gradient is
adequate enough, it might lead to a completely different case where the flow will not
be able to maintain contact with the body surface; leading to separated flow. Near the
leading edge, a high adverse pressure gradient is required to cause separation and a
favourable pressure gradient can result in a reattachment of the flow. In this case, a

leading edge separation bubble forms [3].
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Figure 2.3: Boundary layer around foil [6].

Figure 2.3 visualises the concept of laminar flow, transition, turbulent flow and
separation as well as shows how large eddies form downstream of the body and form

the wake region [6].

2.2.3 Drag components of sails

Figure 2.4 shows how to split the drag of the sails into components. This sketch does
not include the windage drag caused by the existence of the rigging, superstructure
and the non immersed portion of the hull. The profile drag includes friction drag and

pressure drag (viscous drag) which mainly depend on the Reynolds number and the



geometry of the sails (camber, thickness, etc...). The remaining part is the induced

drag which is generated by the formation of lift [2].
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Figure 2.4: Drag breakdown [2].

The induced drag depends on many factors; mainly the span wise distribution of lift,
aspect ratio, taper ratio and the amount of twist. They all depend on the trim of the
sails. In terms of lift distribution, an elliptical lift distribution leads to the least
amount of induced drag. In order to achieve an elliptical lift distribution the sail
shape does not necessarily has to be elliptic, since the loading depends on section
shape as well as angle of attack and chord wise geometry [2].

Coi= C%(m x ARg) (2.3)

The above equation is a representation of the induced drag; it varies with the square
of lift coefficient and the inverse of aspect ratio. In order to identify the induced drag
of sails, a useful way is to plot the drag coefficient versus the square of the lift
coefficient as seen on Figure 2.5 [2]. Apart from the region of separated flow, this
curve is linear and the slope of this plot is determines the aspect ratio which is
fundamentally based on the effective rig height. Therefore, it can be assured that the
most important parameter acting on the generation of induced drag is the effective rig
height.



2.3 Sailing Conditions

2.3.1 Upwind

The most important parameter in upwind sailing is the ratio of lift to drag. On this
sail condition the lift is not alone important because the lift has a huge effect on the
heeling force that is not wanted. The lift to drag ratio is the tangent of the drag angle
which is the angle between the lift and the total force. A large drag angle implies a

low lift/drag ratio.
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Figure 2.5: Cq4 against C*[3].

The use of the drag angle for the aerodynamic and hydrodynamic forces leads to the
derivation of the “Beta Theorem”. According to this theorem the angle between the
apparent wind and the course sailed is equal to the sum of the sail and hull drag
angles. Naturally, both in aerodynamics and hydrodynamics maximum lift/drag

ratios lead to a better upwind performance [7].

2.3.2 Downwind

The sail performances on the downwind can not be evaluated perfectly as upwind
although the nature of the downwind sail aerodynamics is known. Since, the sails
have sharp (high angle) leading and trailing edges. It causes to too much separation
which affects local pressure distribution and damage the boundary layer on leeward
of the sails or even not to be formed. Briefly, estimation of the downwind
performances of the sails is hard because places and sizes of the separations are not

known certainly.
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In downwind sailing, the aim is to produce the maximum drive force as upwind
sailing. However, there isn’t only one way to reach maximum drive force. Different

conditions and aims for downwind sailing are shown on Figure 2.6.

- On beam reaching; the sails are mainly lift producing and it is the main

contribution on the drive force. The aim is to maximize the lift.

/ a /" driving force /
Wind
Wind L} side force

Figure 2.6: Lift and drag forces on downwind [8].

- On broad reaching; both lift and mainly drag forces contribute to the total
drive force. The aim is to maximizing lift and drag together.

- On running; the driving force caused mainly by drag [8].

2.4 Flapping Wing Aerodynamics

There are several studies done about flapping wings. Some of them are to understand
movement of a fish or flying a bird/insect. And the rest are about creating new

vehicles using the same method of a fish tale or a bird/insect wing[9].

We can subclassify flapping wing in two different ways: one is the continuity of the
movement and the other one is the type of movement. The continuity of the
movement differs as starting/manoeuvring(transient) and propulsion(periodic) [9].
And the types of the movement are heaving, pitching or heaving and pitching, which

can be seen on Figure 2.7.

The propulsive force strongly depends on the details of the kinematics of the foil[9].

The kinematic values of a flapping wing are geometry of the wing, amplitude of

11



heaving/pitching, frequency of heaving/pitching and phase shift between the heaving

and pitching motions.

Flapping foils produces thrust by creating vortices [11]. Flapping wings produce drag
vortices on the low amplitudes like Von Karman street. However, on the high
amplitudes (bigger than 5) the vortices have reverse direction which leads to more
thrust [11].

(A)

Figure 2.7: Different flapping foil movements [10].

Same effect is also seen while growing of frequency but the transitions are not as
clear as amplitude increasing. That’s why there is no value called as critical

frequency [11].

12



According to Guglielmini and Blondeaux [9] the positive points of the propulsive

flapping fins compared to a conventional thrust system,

1- Combining the function of propulsor, control device and stabilizer thus

providing a high manoeuvrability

2- Possessing a sufficiently high efficiency.

3

Having relatively low aerodynamic drag in the “switched-off” position.

4- Being a relatively low-frequency system and having less mechanical

problems

5- Operating efficiently in different regimes of motion.
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Figure 2.8: Vortices behind the cylinder and flapping foil [11].
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3. NUMERICAL MODELLING

Although numerical flow modelling was known for a long time, it could not be used
inclusively because the existing computers were not capable [12]. After the
technology improvements, the computers start to be powerful and numerical

modelling became a possible problem solving system.

Flapping foils have been studied both by numerical modelling or experiments. Both
numerical modelling and experiments results found in the literature have been used

for validation in this study.

3.1.CFD

CFD is utilised to generate flow simulations through computers in order to solve
problems related to fluids by using numerical methods and algorithms. Especially on
the complex problems, CFD is utilised to solve the set of partial differential
equations. CFD is some kind of FEM (Finite Element Method). The domain must be
split into large number of small cells, which are called mesh or grid. And all

governing equations are solved for each cell in an iterative way.

3.1.1. History of CFD

All of the CFD problems based on Navier-Stokes equations. CFD is used first to
solve the linear potential equations. 1930’s it is started analyzing the flow around a
wing in 2-D. Until start using computers it is not used for 3-D analysis. By
developing computer technology and turbulence model codes CFD became today’s
technology [12].

3.1.2. Usage of CFD

CFD is used on the fields below:

e Aero dynamical design of air and land vehicles
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Hydro dynamical design of ships

Interior and exterior designs of buildings
Calculations acting on offshore marine structures
Biomedical engineering (blood flow in veins)
Modelling the underwater explosions for Navy

Estimation of meteorological events

With increasing popularity of CFD, lots of software companies involved to CFD
market. Some of those programs are PHOENICS, FLUENT, FLOW3D, STAR

CCM+ and CFX, from which the last one is used on this project. The most important

differences of CFX from other CFD program all over the world are;

combining an advanced solver with powerful pre- and post-processing

capabilities
an advanced coupled solver which is both reliable and robust

an intuitive and interactive setup process, using menus and advanced

graphics.

3.1.3. Why CFD?

Advantages of CFD usage:

Decreasing the expenditure on the design process

Creating the models and simulations which cannot be analysed

experimentally

Providing detailed information about the analyzed problem

On the other hand, there are also some unfavourable points for CFD. CFD can not be

used directly in order to analyze the problems involving turbulent flow. Since, it is

not easy to model the whole nature of the problem. There are several turbulent

models in order to reach to reality. However, experience is required in order to

choose one or as usual the results should be compared with traditional methods for

the validation of methodology. There are some universities and companies using
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their own turbulence codes. They have written these codes after lots of experiments
and analysis.

CFD results should be compared with towing tank or cavitation tunnel results for
hydrodynamic problems; with wind tunnel results for aerodynamic results. After
comparing some experiments it is possible to choose the turbulence model. After
validation of the turbulence model the experiments can be left and the rest of your
analysis can be done by CFD. Then the best part of CFD will start, time and money

can be saved.
The advantages of CFD which make it popular are mentioned on the reference 9:

e CFD allows numerical simulation of fluid flows, results for which are
available for study even after the analysis is over. This is a big advantage
over, say, wind tunnel testing where analysts have a shorter duration to

perform flow measurements.

o CFD allows observation of flow properties without disturbing the flow itself,

which is not always possible with conventional measuring instruments.

e CFD allows observation of flow properties at locations which may not be
accessible by (or harmful for) measuring instruments. For example, inside a

combustion chamber, or between turbine blades.

e CFD can be used as a qualitative tool for discarding (or narrowing down the
choices between), various designs. Designers and analysts can study
prototypes numerically, and then test by experimentation only those which

show promise.

The biggest problem of CFD is that it is not efficiently usable on the personal
computers. Some super computers are needed especially if a 3-D model with
intensive meshes and complex turbulence models is employed. And also extensive
real time is needed for the calculations. Therefore CFD is not so common on the
industry and mostly used by researchers.
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3.1.4. Analysis process on CFD

3.1.4.1. Preprocessing

The CFD model can be developed bu using the following steps;
e Defining the model; the geometry and control domain,

e Meshing the model; the volume will be divided into small cells, uniform or

non-uniform,
e Defining the physical model; equations of motion, radiation, etc. ,
e Defining the boundary conditions, specifications(like velocity, pressure, etc.)
of initial conditions of fluid.
3.1.4.2. Processor

As mentioned above, using FEM predict the unknown flow parameters and solve the
equations on the turbulence model with this data. It continues iteratively until the
errors become under the limit which is defined by the user.

3.1.4.3. Post-processor

Finally a post-processor is used for the analysis and visualization of the resulting

solution because evaluating the graphics is easier.
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4. CALCULATION WITH CFD

4.1. Validation Database

4.1.1 Preparation of model

As mentioned above, this project is performed by a CFD program called CFX. The
data of the model is taken from [10] and the results of this project are also compared
with its results. Since NACA 0012 foil were used on the reference 10, the model on
this project has been prepared using the same geometry. On the reference 10, the
airfoil has been studied for both pitching and heaving combined pitching motion. We
have considered just pitching motion for our comparison as sail pumping is

concerned with pitching motion only.

Figure 4.1: Schematic of the pitching and heaving airfoil [13].

The study chosen for validation had a Reynolds number of 1.2x10%, pitching angle 2
degrees, distance of origin of pitching motion from the leading edge 0.25 of chord
length. The coordinates for the NACA 0012 were taken from the data supplied by
Abbott [14].
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Because the thrust coefficient (dimensionless value) is going to be compared and
there is no value defined on the validation data chord length is chosen as 1 m.

The NACA 0012 profile is drawn on Rhinoceros and exported to CFX. Then the
domain is drawn with the CFX interface which is a rectangle 4x8 m decided by the
experience. The wing was in the middle vertically and leading edge was in 2m
distance of inlet part of the domain horizontally. While using CFX all the models
have to have a thickness. It means, they have to be modelled 3-D. The sketch is
extruded the model with a thickness of 0.05m in order to consider the model still 2-
D. The validation studies are 2-D numerical models which is clear with their mesh

cell numbers.

4.1.2. Meshing the model

After importing the model to the mesh interface of CFX, the mesh specifications are
defined and the model is meshed. It can be seen on Figure 4.2. There is an inflation
(term on CFX using for intensive meshing on boundary layer) with the height of
0.1m in total and consisting of 10 cells. This can be seen on Figure 4.3. And the

model has 26.410 cells which is enough for this kind of problem.

Figure 4.2: Mesh view of whole domain.
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4.1.3. Defining the properties of flow and domain

This problem has to behave Two Dimensional. Because there is a movement the
problem has to be solved transient instead of steady. Domain fluid chosen as air

among the default domains of CFX.

The surface facing the leading edge is defined as inlet having constant speed 10 m/s
parallel to the chord. The sides of the control domain and the surface on the back are
defined as opening. Last, the top and bottom surfaces are defined as wall in order to

keep 2-D conditions on the model.

Figure 4.3: Inflation of the mesh on boundary layer.

With the properties of the model and flow the Reynolds Number is around 9 x 10°.
This means the flow is turbulent which is different than the validation data. The
reason is to do that is going to be explained on the solution process and results

comparison.
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4.1.4. Defining the movement of the foil

This was the hardest part of the modelling. There are several solutions on CFX to

move the objects such as deforming the meshes or modifying the coordinate system.

All possible systems have been tried to create the movement and pitch the foil.
Finally, the rigid body system is used in the current study. A rigid body is defined on
the foil and let to move.

A fatal error occured during the calculations which affect the origin point of pitching.
It was impossible to choose 0.25c as the centre of the movement because the mesh
were collapsing. The centre of the movement had to be placed out of the foil to 0.01c
which means almost to the centre of leading edge. The effect of this unavoidable

change is going to be discussed on results later.

4.1.5. Choosing the turbulence model and wall treatment

There are different turbulence models; some of them are the same on the all
programs and some of them differs from program to program and some of them just
used in-house which are written by the universities or commercial companies
working on CFD analysis. Commonly used turbulence models on CFD are

summarised and their suitability for our problem will be assessed.

4.1.5.1 General terminology of wall treatment

The most important parameter about the wall treatment process is the wall distance
unit, named Y+. It is equal to the distance from the wall multiplied by the ratios of
frictional velocity and free stream velocity. Y+ is the main control that the user has
over wall treatment. Different turbulence models demand different Y+ values for the
first cell attached to a wall since different turbulence models are valid down to
different regions of the boundary layer owing to the different assumptions associated
with them [1].

4.1.5.2 Laminar model

Laminar flow is governed by the unsteady Navier-Stokes equations. Because there is
no turbulence model can be used just for laminar flows where Reynolds number is
low (<1000) [15].
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4.1.5.3 The zero equation model

The Zero Equation model implemented in CFX is simple to implement and use, can
produce approximate results very quickly, and provides a good initial guess for
simulations using more advanced turbulence models. The model can not be used to

obtain final results [15].

4.1.5.4 K-Epsilon model

It has been the most widely used turbulence model for engineering applications. It is
a two equation high Reynolds number model which is robust, economical and it has
reasonable accuracy for a wide range of flows. It has weaknesses such as flows
involving streamline curvature, swirl, rotation, separation and low Reynolds number.
Even it is highly popular in the industry, it should be handled with precaution and its

suitability for the particular problem has to be assessed carefully [16].

4.1.5.5 RNG K-Epsilon model

RNG K-Epsilon model is an alternative to K-Epsilon model. It is based on
renormalization group analysis of the Navier-Stokes equations. The transport
equations for turbulence generation and dissipation are same with the K-Epsilon

model but the model constants differ [15]

4.1.5.6 Wall treatment for K-Epsilon models

All the K-Epsilon models are valid in the turbulent core region and through the log
layer. Therefore, special wall treatment is necessary since the equations cannot be
integrated down to the wall. For high Reynolds number flows and flows without
complex near wall phenomenon such as strong body forces, severe pressure
gradients, rapidly changing fluid properties; standard wall functions might be used
where the boundary layer shouldn’t be resolved down to the wall. For adverse
pressure gradients and separation effects, non equilibrium wall functions are more
suitable. If there is still an uncertainty that using wall functions is not appropriate, the
boundary layer might totally be resolved and the option of enhanced wall treatment
might be used. These results in an excessive computational effort since the number
of cells required to resolve the boundary layer are too high compared to using wall
functions [16].
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4.1.5.7 K-Omega model

Another two-equation model. Most widely accepted in the aerospace and
turbomachinery fields. Accurate and robust for large range of boundary layer flows

with pressure gradients, as well as for low Reynolds number flows [17].

This model is a popular alternative for all the K-Omega models. It has a weakness of
strong sensitivity to inlet turbulence specifications. Also, the mesh needs to be
resolved down to the wall. Therefore, coarse meshes cannot be used with this model.

It can take into account transition effects optionally [16].

4.1.5.8 SST model

This model was developed to be used for flows that cannot be accurately predicted
with the available K-Epsilon and K-Omega models. introduced a modification to the
linear constitutive equation and dubbed the model containing this modification the
SST K-Omega model. The SST model has seen fairly wide application in the
aerospace industry, where viscous flows are typically well resolved and turbulence
models are generally applied throughout the boundary layer [18].

4.1.5.9 Wall treatment for K-Omega models

The only option of wall treatment for K-Omega models is the enhanced wall
treatment. Therefore, the boundary layer should be resolved down to the wall [16].

4.1.5.10 Reynolds stresses model

This model is commonly used where the turbulent transport or non-equilibrium
effects are important. It naturally includes the effects of streamline curvature, sudden
changes in the strain rate, secondary flows or buoyancy compared to turbulence
models using eddy-viscosity approximation [15]. Therefore six equations are solved
in a three dimensional flow problem. This ends up roughly in a 50% more CPU time
and 20% additional memory requirement. Also, the strong coupling between
Reynolds stresses and the mean flow results in excessive number of iterations for
obtaining convergence. However, it has superior performance in flows involving

streamline curvature, swirl and rotation [16].
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4.1.5.11 Wall treatment for Reynolds stresses model

The wall treatment for Reynolds stresses model is analogous to K-Omega models

where a decision has to be made about the way of resolving the boundary layer [16].

4.1.5.12 General guidelines for turbulence modelling and wall treatment

It is a known fact that there is no universally valid turbulence model that gives

accurate results for all diverse types of flows. As a result of this, the effect of using
different turbulence and the sensitivity of the results on this variation should be
assessed. If wall functions are being used, the grid should be arranged so that the Y+
values are in the appropriate range specified by the software vendor. Also, it is
recommended to avoid triangular or tetrahedral elements on boundary layer grid
[19].

4.1.6 Solution process and results

K-Epsilon model is chosen as turbulence model according to the experiences from
previous studies. And also it is thought that the specialities below of this model will

be useful for this solution:
- having curvature correction algorithm
- having robust wall function algorithm

- enabling a relatively coarse boundary layer resolution

On this problem, there is an airfoil which is pitching with the same frequency
constantly. The shape of the domain can be seen on Figure 4.2. The flow is coming
to the airfoil with constant speed and airfoil produces forces with pitching motion.
CFX can supply the tangential and normal forces produced by the foil on every
global axises of the domain. As it is seen on Figure 4.2, X axis is in line with chord
of the foil (from leading edge to trailing edge). Y axis is vertical to X axis as usual
and the positive part of Y axis is on right side of the foil while foil is facing to the
flow. So, the forces produced on X axis are showing the drag or thrust of the foil.
They are defining the movement of the foil; forward or backward or no movement.
If the force value on X is positive it means drag and vice versa is thrust. The

produced forces on Y axis are showing the lift produced by the foil which are not a
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topic of this study. Moreover, because the foil and motion are symmetric there will
not be a net force on Y axis in total.

Then, the calculations are made for different reduced frequencies. The term reduced
frequencies was not explained on reference 10. The reference 13 has been observed

to get the equation of reduced frequency.

k=2x]J[xfxc/(2xV) (4.1)

The reduced frequency is an important notion because the validation database is
given by different reduced frequencies. In order to get same reduced frequency
values with validation database, the current study is calculated for frequencies 15, 20,
25, 35, 47.5 and 62.5 respectively.

After first solution trial, it has seen that the domain size is proper and the Y+ values
are good. Expected values of Y+ are between 30 and 300. We have the values
between 22 and 412. The values out of the expected range are in a very small area.

Besides, wall functions of CFX can use the large values of Y+.

The results of current calculations which can be seen on Table A.1 shows that force
produced by flapping foil is changing from drag to thrust with the increase of
frequency. This is same with what it is also mentioned on the literature background.
Tangential forces on X axis are the frictional part of the drag. It stays same despite of
frequency inrease because it depends on the geometry and the geometry does not
change. Normal forces on X axis are induced drag and they turn from drag to thrust
with the increase of frequency. The flapping foil starts to go further on the reduced

frequency values bigger than app. 11.

On the Figure 4.5, the results of current study are compared with the validation
database which can be seen on Figure A.7. The pressure contribution can be
observed on the appendix. Also, the streamlines are added to the appendix in order to

show that the model is working on 2-D conditions.

It is seen that the results of current calculations are slightly higher than the results of
the Navier-Stokes on the validation data although they are on the same level. Thrust
coefficient grows with flapping frequency [10].
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Experimental results are increasing much more faster than both of our calculations
and Navier-Stokes validation results. The reason of this discrepancy is the strong

leading edge dynamic stall vortices [10].

There is an important difference between calculation processes of the validation data
and current study; the origin point of picthing. The pitching point on the validation
data is inside of the foil by 0.25c. However, it is out of the foil by 0.01c on current
study. In order to see the effects of change on the origin point of pitching, the origin
of the pitching has been changed from 0.01c to 0.05c and noticed that the result
values of thrust coefficient is going slightly bigger (5%). So, it can be said that the
difference caused by the change of the origin of the movement. The reason of this
increase is that current study is doing pitching and heaving together compared to the
validation data. Because no study is found including helpful data in order to compare
picthing foil with pitching and heaving foil, the positive effect of heaving motion can

not be known exactly.

Ly

Y.
0 0.250 0.500 (m) X
]

|
0.126 0.375

Figure 4.4: Y+ values.

Cr=T/(05xpxV?xS) (4.2)

On the other hand, as it is mentioned above, this study is done with high Reynolds

number. Since, the main study of this thesis is the pitching(pumping) of a mainsail.
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Figure 4.5: Comparison of validation database and current study [10].

We have to know how our model is reacting on the high Reynolds number. Besides,
it is mentioned on the theoretical background that flapping foils producing thrust

with the help of vortices created by them.

The results of the calculations made with CFX could be considered as reliable
conclusions and reasonable enough in order same model to be used for the main

study.

4.2. Mainsail Pumping

4.2.1. Defining the problem

The idea of this study is calculating the performance gain while mainsail is being
pumped. The sailors are doing that on very large angle broad reach or running. The
aim to do that is increasing the boat speed and staying longer time on the waves
coming from back and surf with it. Practically, it is seen that there is a performance

gain which can not be ignored.

4.2.2 Preparation of model

As we continue on 2-D we are not going to consider the effect of the waves on the
boat. First thing in order to prepare this model is having a sail profile. Actually, even
a plate can be used as a sail profile for this study which is clear after checking the

literature about the downwind sails. However, because this study is one step further
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work to understand sail aerodynamics a sail profile that has been used by author
previously [20].

In order to measure necessary forces for our study easily we have imagined that the
boat is staying parallel to the domain. Because there has to be an angle on the inlet
flow, the boat is not on the centre. The first sketch of the domain was like on Figure
4.6.

While creating the model, 0.01m thickness is given to the sail because it is needed by
CFX to mesh the model. The model of the sail is drawn on Rhinoceros and exported
to CFX. The chord length is taken as 1 m. Then the domain is drawn with the CFX
interface like on the sketch above. After several trials the domain is obtained to final
specifications. Whole domain area is extended step by step to catch the vortices and

the wake. The final view of the domain can be seen on Figure 4.7.

Figure 4.6: Sketch of domain.

As explained above on the modelling of validation study domain all models
calculated by CFX have to have a thickness. That’s why this domain has also a
thickness of 0.05m in order to consider the model still 2-D same like validation study

domain.
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Figure 4.7: Domain of main sail pumping.

4.2.3. Meshing the model

After importing the model to the mesh interface of CFX, the mesh specifications are
defined and the model is meshed which can be seen on Figure 4.8. There is an
inflation with the height of 0.5m in total and consisting of 30 cells which is shown on
Figure 4.9. And the model has 82.204 cells which is much more than validation
model. However, there is more and bigger vortices and a bigger domain. That’s why

it is needed.

4.2.4. Defining the properties of flow and domain

The flow and domain properties are same in general with the properties on validation

flow.

The surfaces on sides are defined again as inlet and openings. Top and bottom have
been defined as wall since the aim is modelling a 2-D domain. Inlet has constant
speed 10 knots with an angle of 20 degrees to the centreline of the domain (can be
seen on the sketch above). Because it has thought that a boat having 1 m chord length
sail (like a optimist) will have enough power to surf if there are big enough waves
and the flow will stay on turbulence stage.
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Figure 4.8: Mesh of the main sail pumping domain.

4.2.5. Defining the movement of the foil

The motion model is same with the validation domain. Pumping origin (It is not
called as pitching because the pumping movement of the main sail is a half pitching
motion) of the main sail has to be chosen as 0.01c out of the leading edge instead of
centre of leading edge. The reason is the same mentioned above on the validation
model. The results will not be affected on this change because it is too small.

4.2.6 Solution process and results

K-Epsilon model is used as turbulence model after successful results on the

validation study.

On this part of the study, there is a sail section which is pumping (semi-pitching)
with the same frequency constantly. During one pumping process sail is turning from
the leading edge with the given angle and move towards to incoming flow. However,
on the way back it is not turning away according to starting line. It stops at the
starting line and turning again towards to incoming flow. CFX can supply the
tangential and normal forces produced by the foil on the global axises of the domain

as mentioned on previous calculation of this study. As it is seen on Figure 4.6 and
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Figure 4.9: Inflation around the main sail.

Figure 4.7, X axis is in line with the centerline of the boat (from stern to the bow). Y
axis is vertical to X axis as usual and the positive part of Y axis is on port side of the
boat. So, the forces produced on X axis are showing the driving force. The produced
forces on Y axis are showing the side force should not change because of practical

experiences.

After several solution trials, the Y+ values become good. Expected values of Y+ are
between 30 and 300. We have the values between app. 35 and 205. There are some

very small areas which Y+ values are between 30 and 20.

Then, the calculations are made for different pumping angles and different
frequencies for each angle. And the results are compared with the forces of non-
pumping main sail which can be seen on Table A.2. The pressure contribution,

velocity contours and Y+ can be seen on appendix.

Tangential force on X axis is the frictional part of drag force. The value of tangential
force on Y is almost zero because the flow is coming to the sail almost vertical.
Normal force on Y direction is showing the side force alone and it does not change
with the frequency which is expected. The driving force is coming from the normal
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force on X axis. The results show that driving force is increasing with bot angle of

pumping and frequency.

It is very clear that pumping the mainsail leads big performance gain to the boat. The
calculations are made for 3 angles; 5, 10 and 15. Practically, you can not definitely
know how many degrees you pump the main sail. Sailors say the target during the
pumping is doing it as long as you can (they are trying to say big angles) and as fast
as you can. First target is angle and second target is frequency. We have tried to keep
the matrix on the limits of human being and seeing the differences between them.

And we managed to get the same results with the practical sailor experiences.

The priority between the pumping parameteres can be explained as following. For
example, the way of the mainsail sweep and angular velocity is same if you pump the
main sail 1 time per second with 5 degrees or if you pump the main sail 1 time per 2
seconds with 10 degrees. However, you will get better performance with the high

angle pumping.

The calculations are made for 2 type of motion; non pumping and continuously
pumping. In reality, the sailors can make 3 pumps in a row with one wave. It is not
allowed to pump without waves or more than 3 pumps in a row according to
International sailing rules [21]. It is not managed to do the motion on that study same

on real life, but the results can show the idea behind pumping the mainsail.

Theoretically, while pumping the main sail the incidence angle between the sail and
wind increases and leads to get more force from the vortices. This is what is
mentioned on the literature review about reverse von Karman street vortices on high
angles of pitching. There is not a high angle of pitching exactly but it works like it

because incidence angle on the start is also high.

As a result, it is obvious that pumping main sail brings more performance to the
sailors. Although it is very hard and requires strength and condition, it causes to big
differences between the competitors especially on one design races.
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5. CONCLUSION

On this study, flow around a flapping foil is analyzed with CFX and compared to
wind tunnel and numerical results. Then the CFX model is used to analyze the flow

around the sail while it is pumped.

Most of the problems seen during the study were on the pre-process stage while
preparing the model. Defining the motions on the program was not easy. There are
several ways to do it and all of them are tried to get the similar movement of
validation database. At the end, it is managed to make the foil move similar to
validation data and calculations are started. It is called similar because the motion

was not exactly same. The origin point of the motion was slighlty different.

On the second part of study, there was again problem about defining the motion of
the sail. It is aimed to calculate the performance gain with three pumps which are
between steady conditions of sail. However, the calculations are made by

continuously pumped sails and non-pumped sails.

As a result, the origin of the pitching motion affect the results. As much as the origin
goes away from the foil the thrust coefficient increases. It is obvious that frequency
has a big effect on the thrust performance of flapping foil. Increasing the frequency

make same affect on thrust and increases the thrust coefficient.

It has been seen that pumping the main sail affect the performance positively. Two
parameters; angle and frequency are investigated on this study. The angle is more
important than the frequency. The sailors have been advised always do as big pumps

as they can do and then as fast as they can do.

5.1 Recommendation for future work

In order to calculate the exact performance gain through pumping the main sail the
study has to be done for instant pumps. The study can be enlarge also by the number
of pumps like 1,2 and 3. Moreover, the study can be done 3-D. So, 3-D effects of
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flow will be included. On the other hand, the model can be extended by adding also
the boat and waves. The model will be more familiar to reality.
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APPENDIX A

Table A.1: Thrust coefficients of flapping foil.

mean Normal

K Tangent X X Total X Ct

5 0.0248 0.004 0.0288 -0.010135991

6 0.0263 -0.004 0.0223 -0.007848354
8 0.0245 -0.0115 0.013 -0.004575274
11 0.0252 -0.031 -0.0058 0.002041276
15 0.0248 -0.075 -0.0502 0.017667596
20 0.0253 -0.1475 -0.1222 0.043007574
*Because of the coodinate system, while calculating thrust coefficient

(-) has to be added in front of the total Force X.

Figure A.1: Pressure contribution on flapping foil just after when the foil pitched 2°.
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Figure A.2: Pressure contribution on flapping foil when the foil pitched -2°.
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Figure A.3: Streamlines on flapping foil.
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Table A.2: Forces and performance gain on different pumping conditions.

Angle of Pumping Frequency Tangent X TangentY Normal X | Normal Y Total X Total Y Perfg;ri:ance

0 - -0.001 0 2.49 -0.44 2.489 -0.44 =

5 0.5 -0.001 0 2.6 -0.44 2.599 -0.44 4.42%
5 1 -0.001 0 2.63 -0.44 2.629 -0.44 5.62%
10 0.5 -0.001 0 2.68 -0.44 2.679 -0.44 7.63%
10 1 -0.001 0 2.74 -0.44 2.739 -0.44 10.04%
15 0.5 -0.001 0 2.8 -0.44 2.799 -0.44 12.45%
15 1 -0.001 0 2.85 -0.44 2.849 -0.44 14.46%

* performance gain percentage is the rate of the difference between the Total X force of the trial and Total X force

of non-pumping sail to the Total X force of non-pumping sail.
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