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ABSTRACT

COMPUTATIONAL FLUID DYNAMICS SIMULATIONS OF SHIP AIRWAKE
WITH A HOVERING HELICOPTER ROTOR

Orbay, Ezgi
M.S., Department of Aerospace Engineering
Supervisor : Assoc. Prof. Dr. Oguz Uzol
Co-Supervisor : Assist. Prof. Dr. Nilay Sezer Uzol

September 2016, 92| pages

In this thesis, Computational Fluid Dynamic simulations of ship airwake for a sim-
ple ship geometry are performed for the horizontal and inclined deck configurations
and also with and without the helicopter rotor over the deck. An actuator disk model
is used for the CFD simulations of a rotor model hovering over the flight deck. All
of the computations are performed by using a commercial finite volume CFD flow
solver. The unstructured tetrahedral grids are generated in the computational domain
including ship geometry and rotor disk. The flow around the Simple Frigate Shape 2
(SFS2) ship geometry is computed by solving RANS and hybrid RANS/LES equa-
tions. The steady-state and unsteady computations with different turbulence models
are performed. A good validation is obtained with the hybrid RANS/LES turbulence
model. After the validation study for the simulation results with the standard (hori-
zontal) model, ship motion due to sea waves is discussed and only an instant of the
roll motion is considered as an inclined flight deck problem and investigated. There-
fore, a 10 degree rotation about x-axis is given to ship geometry, which illustrates roll
motion of ship in rough sea conditions. Comparisons of the results with horizontal
(un-inclined) and inclined deck cases are done. Also, a rotor disk with zonal bound-
ary conditions is used with both horizontal and inclined ship models to investigate
downwash effect of rotor on ship airwake. Full-scale, four-bladed S-76 helicopter ro-
tor is selected as the rotor model. Rotor only case is first solved and validated with the



available wind tunnel data. Then, steady-state simulations for ship with rotor cases
are performed. In this part of the study, the effect of ship airwake on rotor perfor-
mance was not considered, only the effect of hovering rotor wake (downwash) on the
ship airwake was taken into account. Flow around the inclined ship deck is observed
as different from the horizontal deck. When a rotor is also included over the deck, the
flow features such as vortical structures and vertical velocity magnitudes are changed
showing that the interactions is more complicated to accurately model and solve.

Keywords: Ship Airwake, Computational Fluid Dynamics (CFD), Helicopter Rotor,
Actuator Disk Model
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GEMI iZ BOLGESINDE ASKIDA DURAN HELIKOPTER ROTOR
HESAPLAMALI AKISKANLAR DINAMIGI SIMULASYONLARI

Orbay, Ezgi
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi : Dog¢. Dr. Oguz Uzol
Ortak Tez Yoneticisi : Yrd. Doc. Dr. Nilay Sezer Uzol

Eyliil 2016 ,[92]sayfa

Bu tezde, basit bir gemi geometrisi etrafindaki hava iz bolgesinin Hesaplamali Akis-
kanlar Dinamigi simiilasyonlari, yatay ve egik gemi giivertesi i¢in ve ayrica gemi
giivertesi iizerinde rotorlu ve rotorsuz olarak yapildi. Bir aktiiator disk modeli, ugus
giivertesi iizerinde askida duran bir rotor modelinin HAD simiilasyonlar i¢in kulla-
nildi. Biitiin hesaplamalar ticari bir sonlu hacim HAD akis c¢oziicti kullanilarak ya-
pildi. Gemi geometrisini ve rotor diskini iceren hesaplama alaninda yapisal olmayan
icgen ylizeyli ¢coziim ag1 olusturuldu. Basit Firkateyn Sekli 2 (SFS2) gemi geometrisi
etrafindaki akis RANS ve hibrit RANS/LES denklemleri ¢coziilerek hesaplandi. Daimi
ve zamana bagli hesaplamalar farkl: tiirbiilans modelleri kullanilarak yapildi. Hibrit
RANS/LES tiirbiilans modeli ile iyi bir dogrulama elde edildi. Standart (yatay) mo-
del ile elde edilen simiilasyon sonuglari i¢in yapilan dogrulama ¢alismasindan sonra,
deniz dalgalarinin olusturdugu gemi hareketi tartisildi ve sadece yuvarlanma hare-
ketinin bir anlik durumu egik ugus giivertesi problemi olarak gbz oniine alind1 ve
incelendi. Bu yiizden, gemi geometrisine, geminin sert deniz kosullarindaki yuvar-
lanma hareketini yansitan x-ekseni etrafinda 10 derecelik bir doniig uygulandi. Yatay
(egik olmayan) ve egik giiverte durumlari icin elde edilen sonuclarin kargsilastirilmasi
yapildi. Ayrica, bolgesel sinir kosulu ile rotor diski, hem yatay hem de egik gemi
modelleri ile, rotorun gemi iz bolgesi hava akimina olan asagi hava akisi etkisini
arastirmak i¢in kullanildi. Tam 6l¢ekli, dort palali S-76 helikopter rotoru, rotor mo-
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deli olarak secildi. Ilk olarak, sadece rotor durumu ¢oziildii ve mevcut riizgar tiineli
verileri ile dogrulandi. Daha sonra, rotorlu gemi vakalar1 i¢in daimi durum simiilas-
yonlar1 gergeklestirildi. Calismanin bu kisminda, gemi iz bolgesi hava akiminin rotor
ucus performansina etkisi dikkate alinmay1p, sadece askida kalan rotorun iz bolgesi-
nin (agag1 hava akisinin) gemi iz bolgesi hava akimi iizerindeki etkisi incelendi. Egik
gemi giivertesi etrafindaki akis, yatay gemi giivertesininkinden farkli olarak gozlem-
lendi. Giiverte iizerine rotor eklendiginde, girdap yapilar1 ve dikey hiz biiyiikliigii gibi
akis ozellikleri degisti. Bu da, etkilesimlerin dogru bir sekilde modellemek ve ¢c6zmek
icin daha da karmagik hale geldigini gostermektedir.

Anahtar Kelimeler: Gemi 1z Bolgesi Hava Akimi, Hesaplamali Akigskanlar Dinamigi
(HAD), Helikopter Rotoru, Aktiiatér Disk Modeli
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CHAPTER 1

INTRODUCTION

The helicopter ship operations such as launch and recovery are one of the most chal-
lenging operations for the pilots. The pilot should overcome bad weather conditions,
airwake of the ship due to superstructures, visibility problems and moving flight deck
during hovering over or landing on the flight deck. The most dangerous problem oc-
curs because of ship airwake, which is a highly turbulent, three dimensional, vortical
flow with large regions of separation behind the superstructure of the ship and over
the flight deck. In order to make helicopter-shipboard operations safe, The Safe Heli-
copter Operating Limits (SHOLSs) should be determined for each helicopter-ship com-
bination. SHOLSs are generally expressed by wind-over-the deck (WOD) envelopes,
which show allowable wind conditions in terms of azimuth angle and speed for a
given helicopter ship combination. In Figure [I.I) an example of WOD envelope is

given.

Figure 1.1: WOD Envelope [32]]

These envelopes can be obtained by either experimentally or computationally. In the
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experiments, full scale tests or model scale wind tunnel tests are performed. It is
hard to obtain WOD envelopes by full scale tests because they are expensive, time
consuming and unsafe. Moreover, results can vary according to the pilot’s evaluation.
Also, model scale wind tunnel tests are costly and time consuming, and they can
remain weak to create the complexity of real flow field. On the other hand, numerical
methods are safer, cheaper and easier to control. By using suitable models, the results

can simulate the real situation.

When simulating the complexity of the airwake, some technical challenges may oc-
cur. Modeling of the ship is difficult due to its complex geometry including towers,
antennae, radar dishes, exhaust stacks. Also, moving flight deck which is due to sea
waves can alter the characteristics of flowfield. Therefore, modeling sea waves and
ship motion is important. Moreover, interaction between ship and helicopter’s rotor
and fuselage must be taken into account, which makes the flow more complex. In
addition to these, the results can be affected by application of atmospheric boundary

layer and atmospheric turbulence.

In this thesis, the flow over Simple Frigate Shape 2 (SFS2) is simulated by using
Computational Fluid Dynamics (CFD). In order to investigate the effect of the in-
clined flight deck due to ship 2 motion, 10 degree roll is given to SFS2. An illustra-
tion of inclined flight deck of a ship with a hovering helicopter on it is presented in
Figure [[.2] Also, by using helicopter rotor disk model, the effect of the rotor on the
ship airwake is studied. All of the computations are performed by using a commercial

flow solver code of CFD++ software.

Figure 1.2: Helicopter hovering on inclined flight deck of a ship due to sea waves [8]



In the literature, the ship airwake studies mainly focus on understanding the physics
of the flowfield, obtaining more accurate simulation, investigating DI and interac-
tion between ship airwake and rotor, with effects of Atmospheric Boundary Layer
and ship motion. The studies concerning ship airwake are presented in table form in
Table [L1] before 2005. The studies conducted after 2005 are listed in Table A
summarized table comprising Simple Frigate shape and similar frigates used in ship
airwake studies are given in Figure[I.3] In this table, both experimental and compu-
tational studies concerning only ship airwake and DI between airwake and helicopter
rotor are presented. The detailed summary of the studies, performed before 2005 on
ship airwake and dynamic interface, is given by Sezer-Uzol et al [56]. Review on
the previous studies both experimental and computational, performed after 2005 on
ship airwake and dynamic interface, are summarized in the next sections 1.1 and 1.2.

Also, a short review of the literature on ship motion is presented in the section 1.3.

SFS (Mora, 2014)

(Forrest, J.S., Owen, I.,
SFS2 2010), (Lee, R., 2007),
(Zan et al. 2003)

USNA YP676 (Snyder, 2012)

Merlin AW-101 & SRF (Forrest, J. S., Kaaria, C.
(The shortened research H., Wang, Y., Padfiel, G. D.
frigate ) ,and Owen, |., 2012)

(Muijden, J. Van, Boelens,
e = SFSN 0. ., Vorst, J. Van Der,
= i Gooden, J. H. M, 2013)

Figure 1.3: Summary of the literature investigating airwake of only SFS and similar

frigate shapes



Ship

References

Experimental

(Ship Only)

(Polsky, S. A, and Bruner, C. W. S.,2000), (Polsky, S. A.,2002),

LHA
(Daley, W. H., 1998)
DD-963 (Johns, M. K., 1988), (Johns, M. K. and Healey, J. V., 1989)
LPD-17 (Tai, T. C., 1995), (Guillot, M. J. and Walker, M. A., 2000)
GF (Zan, S.J. and Garry, E. A., 1994
CPF (Zan, S. J., Syms, G. F,, and Cheney, B. T., 1998), (Syms, G. G., 2004)
SFS (Cheney, B. T. and Zan, S. J., 1999), (Zan, S. J., 2001)

La Fayette frigate model

(Taghizad, A., Verbeke, C. and Desopper, A., 1998)

Others

(Maslov, L. A., Valuev, N. D., and Zharinov, A. V., 1998)

Experimental

(Ship and Helicopter)

LPH-USS TRIPOLI & XP-115

(Ball, J. C., 1983)

LPH-9 USS GUAM & H-46

(Ball, J. C. and White, W. R., 1984)

Others

(Williams, S. L. and Long, K. R., 1997)

CPF & a 4-bladed rotor model

(Zan, 2002)

CPF & arotorless Sea King fuselage

(Lee and Zan, 2004)

LHA & V-22 tiltrotor

(Silva et al., 2004)

Computational

(Ship only)

(Tai, T. C., 1995), ( Polsky, S. A., and Bruner, C. W. S., 2000), (Polsky, S. A., 2002),

LHA (Polsky, S. A., 2003), (Arunajatesan, S., Shipman, J. D., and Sinha, N., 2004),
(Sezer-Uzol et al., 2005)
CPF (Syms, G. F,, 2004)
LPD (Tai, T. C., 1995)
(Guuillott, M. J., and Walker, M. A., 2000),
LPD-17 (Camelli, F., Lohner, R. and Sandberg, W., and Ramamurti, R., 2004),
(Sezer-Uzol et.al.2005)
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LPD2
Computational

(Ship only)

(Muijden, J. Van, Boelens, O. J., Vorst, J.
Van Der, Gooden, J. H. M., 2013)
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1.1 Previous Studies on Ship Airwake

In order to investigate and understand turbulent, unsteady characteristics of ship air-
wake, many studies on various ship models were conducted computationally and ex-
perimentally. As mentioned above, this part gives only the recent studies on ship

airwake after 2005, since the studies before 2005 were presented previously.

The recent experimental studies include wind tunnel tests on SFS [41]], SFS2 [13]
49], and USNA YP676 [61] and LHA [50], and full scale tests on SFS [41] and
USNA YP676 [60]. These tests provide flow topology on the surface and velocity
data including mean velocities and turbulence intensities. Also, the interaction be-
tween the ship air wake and the helicopter was studied by Forrest [26] and Nacakli
[44] with model scales of Merlin AW-101 and SRF and a simplified 1/50 scale frigate

waterline model and traverse mounted powered rotor respectively.

The Computational Fluid Dynamic (CFD) analyses were performed on different ship
models with different numerical methods. Many researchers focused on only analysis
of air wake. In 2006, Sezer-Uzol et al. [56]] investigated the flow around a Landing
Helicopter Assault (LHA) ship and a Landing Platform Dock-17 (LPD-17) ship by
using CFD solver PUMAZ2 for inviscid flow with slip wall boundary conditions for
the ship and sea surface. LHA was also verified with experimental data in 2012 [38]]
by using three different grids including prismatic layer grid and it was shown that the
prismatic layers do not affect the results. In 2008, Syms studied both SFS and SFS2
geometries by using Lattice-Boltzman method [63]]. Various spatial discretization
schemes on SFS were discussed by He et al. in 2014 [18]]. Forrest et al. validated
their computational data of SFS2 with experimental results and compute the flow
over T23 ship by using hybrid turbulence model DES with SST £ — w [13]. They
stated that application of Atmospheric Boundary Layer on computations can increase
the accuracy. Another study on SFS2 was conducted by Quon et al. in order to
assess the ability of URANS and URANS/Vorticity Transport hybrid computational
methodology to capture airwake characteristics [49]. Three flow conditions on SFS2
was also investigated by Zhang et al. using unsteady flow solver Cobalt in order to use
the results in a work of helicopter-ship interaction [69]. Muijden et al. solved the flow

over SFSN (SFS with modified bow by National Aerospace Laboratory) and LPD2 by
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steady-state with RANS and unsteady with hybrid RANS/LES turbulence model, and
compared results with experimental data [43]]. Implicit large eddy simulation was
validated on two different Royal Navy ships; T23 and Wave Class AO by Thornber
et al by comparing results with both wind tunnel and full-scale tests [65]. In 2012,
Snyder et al. solved flow over USPN-76 using Monotone Integrated Large Eddy
Simulation for 6 different WOD angles [60].

In addition to the airwake computations, there have been several computational stud-
ies on ship airwake/helicopter rotor. Hodge et al used the time-accurate ship airwake
data obtained on SFS2, in order to observe unsteady aerodynamic load on helicopter
in 2009 [19]]. Moreover, ship motion effect on pilot workload was studied in the flight
simulator in this study. In 2014, the effect of the ship size was investigated by using
DES turbulence model and the obtained data was extracted to perform an offline flight

mechanics operating analysis of the SH60B rotor response [55].

1.2 Previous Studies on Dynamic Interface

The helicopter and ship interaction has been an important topic for researchers. This
is mainly due to investigating pilot’s response and workload during helicopter’s ship-
board operations, determining the safe WOD angles, generating safe flight trajectories
for helicopters and developing flight simulators for training pilots and engineering.
These studies were conducted on different classes of ships and helicopters such as
SFES2 [12, 48] with SH-60B [25,55]] and Lynx-like helicopter [11], LHA with UH-
60A [2]. Additionally, interactions of DDG-81 class ship with H-60 actuator disk
model [54], CPF ship with Shipborne Sea King Helicopter, and actuator disk model
[7], Type 23 Frigate and Wave class auxiliary oiler with SH-60B [14]], DDG-88 ship

model with SH-60B [9] helicopter/ship combinations were investigated.

The ship airwake obtained from coupled studies with rotor wake have very different
flow characteristics compared to the isolated ship simulations [51]]. In 2005, Lee et al.
studied DI between LHA and UH-60A by using PUMA?2 and GENHEL [35, 33} 34].
By using the same code and flight dynamics simulation model, Alpman and Long also

investigated interaction between LHA and UH60-B [2], and they compared fully
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coupled results with one way coupled and no-coupling cases in 2007. As a result,
it was stated that the airwake is influenced by the rotor wake and this effect gets
powerful as helicopter moves closer to ground and hangar structure. In 2009, the
study with the same helicopter/ship combination concluded in that trailing edge flaps
can be useful for shipboard gust alleviation by Montanye et al. [40]. Downwash
effect of H-60 rotor on DDG-81 class ship was investigated by Schau et al in 2014
[54] and it was stated that airwake energy increases with downwash in one order
of magnitude. The steady-state calculations with actuator disc model and CPF ship
model were observed to be sufficient to understand the importance of the coupling
effects by Crozon et al in 2014 [7]]. They also performed unsteady RANS simulations
using Sea King helicopter rotor blades. The SHOL diagrams for the FLIGHTLAB
model of SH-60B Seahawk helicopter over the deck of a Type 23 frigate and a Wave
class auxiliary oiler were determined by Forrest et al [14]. In this study, pilot’s
ratings and comments were also mentioned. SH-60B was also integrated on the study
of SFS2 ship airwake at 2 different WOD angles with the various helicopter locations
[25]]. Another ship-helicopter DI study of Type 23 frigate was conducted by using
Merlin helicopter simulator as a part of project SAIF [66]]. When determining SHOL
for a helicopter-ship combination, small-scale geometric features should be also taken
into account according to Forrest et al [11]. They found that relatively small-scale
geometric features can alter the characteristics of the flow field even though they may
not affect the pilot ratings. In 2007, Gaonkar developed a complete stochastic model
for ship airwake [15]]. In this paper, complete stochastic was referred to autospectral
densities of all velocity components and cross-spectral densities of any combination
of velocity components at two arbitrarily chosen points. Stochastic model for airwake
instead of the CFD was preferred over DDG-81 model ship by Sparbanie et al. in 2009
[62] and Rigsby et al in 2011 [352]. Geiger et al. studied on the development of a
flight control design to compensate the airwake load on S-92 class over a DDG-81
shipboard environment [16]]. In 2011, He et al. developed a simulation and control
tool for a helicopter-ship dynamic interface [17]. Horn et al. developed an on-
line algorithm to identify the airwake disturbance on rotors by using linear filters on
unsteady disturbance during real time simulations [20]. Schafer et al. also carried
out a work on the development of methodology of the identification of ship airwake

gust disturbance in order to use this data on DI simulations later [53]].



The effect of the hangar edge on the helicopter/ship DI was also investigated over
SFES2 [12]. While the modifications decreasing airwake turbulence does not neces-
sarily decrease the pilot workload, the relation between the modifications increasing

the effect of airwake turbulence and the pilot workload is more obvious.

1.3 Previous Studies on Ship Motion

Also, moving platform is another difficulty for helicopters’ shipboard operations. The
airwake around the ship’s superstructure is affected by moving flight deck due to
sea waves. This creates more dangerous environment for helicopters’ landing and

hovering.

The ships floating over sea are under the influence of 6 degree of freedom rigid body
motion. These are translational motions; heave, sway and surge, and rotational mo-
tions; pitch, roll and yaw. Heave, pitch and roll occur due to sea waves which is the
most important factor of the unintended ship motion. Sea waves can be classified as
regular and irregular waves. While the regular waves are harmonic, the irregular ones
are obtained by superposition of sinusoidal waves [24]. For example, Soneson and

Horn used the sum of sine waves to illustrate the motion of TMV-114 Fast Ferry [61].

In the literature, there are many studies [61) 4, 15, 29, 30, 36, 37, 46, 58, 164]] inves-
tigating the ship response to sea waves for different sea states. In 2011, a computer
program WISH which uses time-domain Rankine panel method and solves ship re-
sponse to linear and nonlinear sea waves was developed by Kim et al [30]. Like the
panel methods, the CFD also gives valid results for fully nonlinear analysis [29]. The
Volume of Fluid (VOF) method is used in order to model the sea waves in the CFD
analysis of ship motion [36]]. Lin and Kuang developed a fully nonlinear dynamic
numerical model for X craft catamaran with a fixed heading, which means the yaw,
surge and sway motions were not investigated [37]. Carrica et al. studied heave and
pitch motions by using dynamic overset grids and their computational results showed
excellent agreement with experimental data [6]. Tezdogan et al. again used overset
grids to model the computational domain which was constructed for calculation of the

ship response to sea waves by using URANS equations [64]. In 2005, Weymouth et
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al. compared steady-state and unsteady RANS simulations of heave and pitch motions
and investigated first and second harmonic amplitudes of motions [68]. Mousaviraad
conducted a comprehensive study including harmonic waves and windy conditions
effects on ship resistance, maneuvering, seakeeping and controllability [42]. In this
study, URANS turbulence model and single-phase level-set free surface model were
preferred. In 2013, Simonsen et al. conducted experimental and computational stud-
ies over KCS container to analyze the heave and pitch motions during regular waves

[S8].

In 2006, a control system was developed for unmanned aerial vehicle’s shipboard op-
erations using motion data of FFG Sidney and ANZAC frigate under the influence of
sea waves [27]. There were given 10 different sea states, from 0 to 9, describing calm
and phenomenal water. It was stated that frigates perform heave between +2.5 m and
-2.5 m, pitch between +4.8 degree and -4.8 degree and roll between +26.5 degree and
-26.5 degree for sea state 6 which corresponds to very rough wave conditions. Ueng
et al. simulated ship motions for three different classes; warship, craft and fishing
boat in 2008 [67]. Sea waves are also influenced by the ship rigid body; therefore
there is a coupling effect on ship motions. In the literature, studies investigating this

coupling effect also exist [30]].

1.4 Objective of Thesis

The ship airwake is a vital issue for helicopters’ shipboard operations. Complex
nature of flow over the flight deck due to superstructures of ship creates dangerous
environment for the pilots. Therefore, it is important to understand the aspects of
the flowfield, which is highly turbulent, unsteady and vortical with flow separation
over the sharp edges. In literature, there are several numerical studies investigating
ship airwake with several computational methods. With these motivation for this
complex problem, in my master thesis, I would like to concentrate on investigating
the ship airwake with several turbulence models for SFS2 geometry and perform CFD

simulations of two cases:

e Inclined flight deck effects
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e Rotor / Ship airwake interactions

In this thesis, the Chapter 1 presents a general information about ship airwake study
and literature review of ship airwake, Dynamic Interface and ship motion. In the
Chapter 2, computational fluid dynamics analysis details are given. The information
about steady-state and unsteady simulations with detailed information of computa-
tional domains are explained in this chapter. Also, governing equations and turbu-
lence models are discussed. In the Chapter 3, validation process of ship airwake with
several turbulence model and simulations results are given. Ship motion effect on
ship airwake is explained in the Chapter 4. Ship motion due to sea waves for different
sea states are discussed and steady-state and unsteady simulation results with inclined
flight deck are given. In the Chapter 5, rotor validation in hover condition and sim-
ulation results including rotor disk downwash effect on ship airwake are presented.

Finally, conclusion is made and future works are discussed in the Chapter 6.
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CHAPTER 2

COMPUTATIONAL FLUID DYNAMICS ANALYSIS

The ship airwake is investigated on SFS2 in four different cases: horizontal (un-
inclined) ship, inclined ship by 10 degree roll, horizontal (un-inclined) ship with rotor
and inclined ship by 10 degree roll with rotor. Computations are conducted with
freestream velocity of 30 knots (15.43 m/s) and WOD angle of 0 degree. SFS2 is an
extended version of Simple Frigate Shape (SFS) with a pointed bow. In several ship
airwake studies [13} 49|, this geometry is used as the ship model. The flight deck
is located behind the hangar structure. Although it is a relatively simple geometry to

compute, it gives realistic results.

The rotor of Sikorsky S-76 helicopter is used as a rotor model in this study, which is
a four-bladed, fully articulated rotor system. It is one of the most tested rotor systems
with SC1095 and SC1095 R8 airfoils [59} 110, 45, 3]]; therefore, there is a very large
database available in the literature [57, 31} 122, 23] 21} 1}, 28]].

The computations are conducted using CFD++, which is a commercial CFD soft-
ware. It provides users to generate steady-state and unsteady simulations for com-
pressible and incompressible, laminar and turbulent flows in a large range of speed
regimes including low speeds through subsonic, transonic, supersonic and hypersonic
speeds. There are several turbulent models (RANS, hybrid, LES) available. Also, it
allows very complex geometries to be solved by using any kind of cell types and all
grids such as structured, unstructured, hybrid and overset. In addition, application of

physics sources such as helicopter rotor is already included.

In this thesis, Implicit time integration method is used for steady-state simulations,
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while Explicit 4th order Runge-Kutta Method is used in unsteady computations with

CFL number of 0.8.

2.1 Governing Fluid Dynamics Equations

In this sections, the governing equations that are used in computations by CFD solver
are presented. In this thesis, compressible perfect gas Navier-Stokes equations are
solved with standard atmospheric conditions. Since viscous flow is considered for
computations with turbulence models, viscous terms exist in the Navier-Stokes equa-
tions. Also, turbulence model equations used in this study for closure of the governing

equations are presented in the following sections.

2.1.1 Navier Stokes Equations

Three dimensional, unsteady, compressible and viscous flow motions can be de-
scribed by Navier Stokes equations. Newton’s second law is applied to fluid motion
and the stress in the fluid is described as the sum of diffusing viscous term which is
proportional to the velocity gradient and pressure term. In three-dimensional Carte-

sian coordinates, the Navier-Stokes equations can be written as:

oQ 0 0 0 .

— 4+ — (1 +G))—(F + G —(F35+G53) =8 2.1

8t+8:c(1+ 1)8y(2+ 2)+82(5+ 3) (2.1)
On the other hand, Euler equations are for inviscid flows and therefore, viscous terms

are not included. They are expressed as in the Equation 2.2.

0Q 0 0 0 .
— 4+ —(F —(F —(F3) =S 2.2
In these equations, () is vector of the dependent variable, F'1, F'2 and F'3 are the invis-

cid flux vectors, GG1, G2 and (G3 are the viscous flux vectors and S is the source term.

The source term is usually be zero unless physics source terms such as helicopter
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rotor model is used. (), F’s and GG’s are defined as follows:
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where e is the total energy, p is the density, p is the pressure and u, v and w are the

velocity components in the Cartesian coordinate respectively.
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For a Newtonian fluid, the viscous stresses tensor components, 7;;, in the viscous flux

equations are the functions of velocity gradients:

Toa = 2pi5 — Tp® (28)
= ng—z S 2.9)
Tor = 2#2—15 - §u¢ (2.10)
Tay = Tyw = 2#(2—; + %) @.11)
o A 2#(% + Z—Z) (2.12)
Tye = Toy = 2#(2—1; + %) (2.13)

where 1 is the coefficient of viscosity and @ is the dilatation. Dilatation is the gradient

of velocity vector:

ou Ov Ow

q):%jL@_ij@

(2.14)

The heat flux, ¢;, in the viscous flux equation can be written from Fourier’s law of

conduction by neglecting body forces and volumetric heating:

oT
IR Nl 2.1
G k@x (2.15)
oT
Lo 2t 2.1
oT
= —k— 2.17
G- kaz (2.17)



where £ is the thermal conductivity. In computations, air is approached as an ideal

gas. The equation of state for a perfect gas is given as:

P = pRT (2.18)

The Navier-Stokes equations are very difficult to solve analytically since equations
are coupled. Therefore, various turbulence models have been suggested to close the
system. In this thesis, Realizable £ — ¢ turbulence model and Limited Numerical
Scale (Hybrid RANS/LES turbulence model) are used. When a turbulence model is
activated, extra transport equations are added to equations. Also, the viscosity in the

above equations will written as ;. + y; and the thermal conductivity as k + ;.

2.1.2 Realizable £ — ¢ Turbulence Model

Realizable k£ — € model is a modified version of standard £ — e turbulence model.
As in the standard model, two transport equations are solved. One is for turbu-
lent kinetic energy, k, and other one is for the dissipation of kinetic energy, €. In
CFD++’s Realizable k — e model, the Boussinesq relation is used on obtain Reynolds-
stresses(algebraically) from the modelled eddy viscosity (u;) and the available mean-

strain tensor:

2
pUU; = g@jpk‘ — piSij, (2.19)
where
ou; oU; 20Uy
i = - = 0ii |- 2.20
Su (3xj N Ox; 30z ]) (2:20)

The model consists of the following transport equations for &k and e:

d(pk) 0 3} we\ Ok
AP%) L @ ok = 2 L Pl I S 221
ot ag, Uk = 5 [(“+ e e

O j
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a<p€> 0 0 ot Oe 1
5 —(Ujpe) = o— =)= P — E)ITY, .22
ot * Oz (Ujpe) 0z; [(M * oc ) Ox; +(Cabr — Cape + E)T,, ( )

in which the rate of production of turbulence energy, P, = —pu;u;0U;/0x;, T; is a

realizable estimate of the turbulence timescale:

T, = émax{l,(_l}, C=+/Ri/2, (2.23)

and the turbulence Reynolds number, R; = pk*/(€). A new term, F, is added to the
dissipation-rate equation in order to improve the model response to adverse pressure-

gradient flows. This term is expressed as:

w Ok
E = App/eT,Umaz{k?, (ve)}}, ¥ = maaj{%%, 0}, 7= kje.  (224)
J J

The model constants are given by:

C, =009, Cq =144, Cp = 1.92,04 = 1.0, 0. = 1.3, Ap = 0.3.

The eddy viscosity, ji, is obtained from:
. 9 pk
pe = min{C. fupk”/e, Cbg} (2.25)

2/3, Schwatz
b= (2.26)

0.31, Bradshaw

where S' = /Sk;Ski/2 is the dimensional strain magnitude and f,, is a low-Reynolds
number function, designed to account for viscous and inviscid damping of turbulent

fluctuations close to solid surfaces:

1
1 — 6:L,p70.0084Rt ( 2 )2
= maz{l, | — 2.27
Ju 1 —expvVE: { R, } ( )
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This k — ¢ model can be integrated directly to walls for fine meshes or used with wall

functions application to coarse grids.

2.1.3 Limited Numerical Scale

Limited Numerical Scale is a hybrid turbulence model which blends automatically
statistical Reynolds-Averaged Navier-Stokes (RANS) closures with an anisotropic
form of Smagorinsky Large-Eddy Simulation (LES) methods in finer grids. As RANS
equations, Cubic k — € equations which is one of the two-equation turbulence model

are solved.

In Cubic £ — € model, transport equations are given as in the Realizable k£ — ¢ model

[39]:

a(P) 9 4 pe ) Ok _
5 8 (U pk) = &Ej |:<M+Uk oz, + P, — pe, (2.28)

O(pe) . 0 0 De »
9z, \ViP) = 5 > Py = BE)T ", 2
5 +8xj(UJpe) 8:cj{(“+a€)ax]] (CaPy — Cape+ E)T', (229)

The difference between Realizable and Cubic(non-linear) £ — ¢ turbulence models is

the calculation of Reynolds stress tensor.

puy = ngsij — S5+ Cl%( Sk — gsklsklsij>
k k 1
+c 2“2 (szSk] + ijs,m) + cS‘L (Qijk — gglelksij)
]{2
s (s;ilej " s;;jlei) St (2.30)

2 9
+c5uz—(QlleS L ;legmj——s;mﬂmnanlsij)

k2 k
+c ,Ut S* Slekl + C7 S* lele
ou;, 0U;
St = . 4 2.31
*J (8$] + 83&1) ( )
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The time scale is defined as:

T, = Fnaa{1, 671y,
€

where ¢ = /R, /C., with R, = k?/(ve) and C, = /2.

The eddy viscosity in the transport equations is calculated as follows:

He = Ouf,upk2/€

The remaining model parameters are:

Cuszr = 37 Z‘/i 000 Cn6 = min{%, Cuszr}
=15l e = (100031453)0/ @ (10001i/i193)ou’
3 = (10061?{;)0/ Cy = —1002, c5 =0, cg = —202, Cc7 = —Cg
and
fu= %maw{l,f‘l}
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(2.35)
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(2.37)

(2.38)
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Expressions of F, ¥ and 7 terms are given as in the previous section in which Real-

izable k — e model is explained.

E = Ap pmaz[k?, (ve)i]\/ €T}V, (2.41)
ok Ot k

U, = — 1 ==L 2.42

i mal'{axj 8.1'j }’ € ( )

The model constants are given by:

A1 = 125, Oel = 144, Ceg = 1.92,0'k = 10,

ge =13, A, =0.0085, Ag. = 0.15, Cs = 0.05.

Blending process between RANS and LES models is conducted by adjusting the mod-

eled stress tensor according to a latency parameter.

Uy = @WM7 (2.43)

Here, uiujM is the Reynolds stress tensor obtained by RANS equations. Latency pa-
rameter is the ratio of minimum of characteristic length-scale/velocity-scale product
of turbulence models and characteristic length-scale/velocity-scale product of RANS

model.

o = min(LVLES, LVRANS)/LVRANS (244)

By introducing the product of characteristic length-scale/velocity-scale of selected

RANS and LES models, latency parameter expression becomes:

-1
a= min{Cs(LiA)a [55,95,/2, Cuk? e + (5} (Cuk2/€ + 5> (2.45)
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2.2 Unstructured Grid

The unstructured grids are used for full scale SFS2 geometry due to their capability of
resolving the complex structures and simplicity to generate. The grids are generated
by using Pointwise grid generation software [47]. A fairly uniform grid surface on the
ship is generated because the time step is determined according to the minimum cell
size by using explicit time scheme. However, smaller triangular cells are preferred on
the surface corresponding to flight deck in order to get finer grids in the region above
the deck. In the Figure[2.1] the computational domain can be seen. The detailed mesh

of the ship surface is given in the Figure

Figure 2.1: Computational Domain

The full scale SFS2 geometry used in the simulations has length of 140 m, and width
of approximately 14 m. The flight deck is 4.5 m above the sea level and the height of
the hangar structure is approximately 11 m [[13,/49]. The domain extends 2.5 times of
the ship length behind and in front the ship, while the side walls of the outer domain
lie between 7 times of the ship width from the centerline. The computational domain
has 1028 K tetrahedral grid cells. The bottom surface of the domain refers to the sea
surface. The upper surface is approximately 12 times the hangar height above the

bottom surface. In the Figure the mesh around the ship geometry is presented.
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Figure 2.3: Zoomed view of mesh on the centerline slice

Inclined flight deck is an important factor for the helicopter’s shipboard operations.
Therefore, the ship model is given a roll angle of 10 degree about the x axis. On
the ship surface and other five surfaces of the domain, the same grid size as previous
computations is given. The new computational domain can be seen in 3-D view in

Figure[2.4] The new computational domain contains approximately 778 K grid cells.
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The back view is given with comparison to the standard ship in Figure
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Figure 2.4: Mesh of the inclined SFS2 ship model

Figure 2.5: a) Standart (horizontal) SFS2 ship model b) Inclined SFS2 ship model

as the importance

b

ship airwake

In order to investigate the rotor downwash effect on

a rotor disk model is added

)

of the interactions is mentioned in the previous sections

ship) is

to the domain. The position of the disk in the first combination (horizontal

chosen as mid-deck at 11 m above the waterline. The location of the rotor disk is kept

unchanged for the other combination (inclined ship). While the domain with disk on

the plane ship has 1550 K number of grid cells, the combination of inclined ship and
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Figure 2.6: Horizontal SFS2 ship model with rotor disc

disk geometry contains 1500 K grid cells. The unstructured meshes are shown for

two combinations in Figure [2.6|and [2.7] respectively.

In all computations except horizontal flight deck case with Euler method, no slip
boundary condition is used for the ship’s surface. In Euler, the slip boundary condi-
tion is applied to ship surface, therefore wall function is not required to the walls. On
the other hand, Advanced two layer wall function in equilibrium mode is applied to
ship surface in all computations with slip wall boundary condition. Slip condition is
used for the sea surface which is bottom surface of the domain. The characteristic-
based farfield boundary condition is used on the outer domains, hereby any reflection

is avoided from side walls.

2.3 Parallel Computing

The computations are performed by using the Poyraz HPC Cluster at the Dept of
Aerospace Engineering/RUZGEM in METU. Poyraz HPC Cluster has eight nodes,
each with four AMD Opteron 6276 2.3 GHz central processing units (CPU) which
has sixteen cores and 32 MB RAM per CPU, 256 GB DDR3, 1333 MHz 8 GB dual
in-line memory module (DIMM) and it is using 10 gigabit ethernet (GBE) connection
with total 512 cores, 2 TB memory and 20 TB storage capacity. The operating system
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CHAPTER 3

SHIP AIRWAKE SIMULATIONS

3.1 Introduction

The CFD simulations are performed for four cases, the ships that are horizontal and
inclined and the ships with rotor model that are again horizontal and inclined. The
results are presented and discussed below. The ship airwake studies are independent
of Mach Number. In other words, flows with different speeds do not have different
characteristics in terms of nondimensional flow characterstics which was also stated
by Zhang et al. [69]]. Therefore, ship airwake studies are compared in terms of non-
dimensionalized velocities by free-stream speeds. Also, it is assumed that airwake
does not depend on Reynolds number. Because ship geometry consists of sharp edges
and steep bodies, the flow is full of separation. In addition, it is a grid independent
case. As mentioned in the next section, a grid study is conducted and it is observed

that none of them offers a better solution.

3.1.1 Grid Independence Study

Firstly, the ship airwake studies are performed to test the grid independence of the
computations. Grid cells are changed from a base cell size by multiplying and divid-
ing a factor 2. There are three different meshes as follows: Grid A (535K), Grid B
(1028K) and Grid C (3231K). In here, Grid B is the base grid. These grids are used
in steady-state computations with Realizable k£ — ¢ turbulence model. Computations
are performed with 15.43 m/s freestream velocity and 0 WOD angle. The results are

compared with respect to mean velocity distribution over the flight deck at hangar
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height. The velocity distribution is given in Figure The velocity magnitudes and
lateral distances are non-dimensionalized with free-stream velocity and ship beam re-
spectively. The figure also includes the experimental wind tunnel data. It can be seen
that difference between the results of study are very small. None of the grids offer a

better solution.

Time step for the unsteady simulations decreases as cell size gets smaller. In other
words, it varies linearly with grid spacing. For this case, more computational time is
required for Grid C. On the other hand, Grid A needs larger time step and the mean
velocity distribution over the flight deck are also satisfactory with respect to other
grids. However, such a larger time step may cause to lose unsteadiness of flow and

unsteady nature cannot be observed with the coarser grid due to its poor mesh quality.
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Figure 3.1: Comparison of velocity distribution over the flight deck for three different

grids

28



In comparisons, Grid B seems to give promising results with smaller time consump-
tion with respect to Grid C. Therefore, Grid B is selected for further computations. In
inclined ship case and simulations with rotor disk, this grid is used as base. However,
it is hard to conduct a grid independence study for unstructured grids, since even if
mesh is fine on the surface of ship, grid size is getting coarser as grid cells are away
from walls. Therefore, more systematic study is needed for preparation of validation
guideline for such problems. For example, finer grids for unsteady solutions can be
tried if computational cost is allowed and wake grid clustering can be tried separately

to capture more smaller scales in the flow.

3.2 Computations with Different Turbulence Models

In the literature, there are many different turbulence models used in the ship airwake
computations, as mentioned Chapter 1. In order to decide which model is appropriate
for SFS2 ship model, a model study is also conducted. In this study, RANS turbulence
models; Realizable k£ —e¢, Realizable £ —w and SST; Hybrid turbulence models such as
DESO97 (DES with one equation Spalart Allmaras) and LNS-Limited Numerical Scale
(Batten and Goldberg’s hybrid RANS/LES) models are taken into account. These
models are compared in terms of mean velocity distribution over the flight deck and
their computational cost for unsteady simulations. Mean velocity comparison is done
for steady-state simulations of 2500 iterations. As a result, Realizable £ — ¢ and LNS
showed good agreement with experimental data when considering flow topology over

the flight deck.

Also, the Figure shows that Realizable £ — € and LNS methods are cheaper than
DESY97. Despite the fact that computational cost of Realizable £ — w and SST mod-
els are less than the others, they are weak to obtain flowfield characteristics of ship

airwake.

As a result, Realizable £ — € and LNS turbulence models are selected for this study.
Their steady-state and unsteady results are compared with experimental data and they

are discussed in the next sections.
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Figure 3.2: Comparison of time consumptions of turbulence models for 1 time step

3.3 Results for Standard Ship and Validations

In this study, ship airwake over SFS2 is investigated by using Realizable k£ — ¢ which
is two-equation turbulence model and hybrid RANS/LES turbulence models and they

are compared.

3.3.1 Computational Results for Realizable © — ¢ Turbulence Model

In this part of the study, results obtained by Realizable k — ¢ turbulence model are
presented for both steady-state and unsteady simulations. The steady-state computa-
tions are performed over 2500 iterations at which momentum residuals are allowed

to decrease in 3 order. Unsteady simulations starts from the steady-state. In unsteady
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simulations, the turbulence equations are solved after 2500 iterations, which makes

computations laminar before 2500 iterations.

In Figure [3.3] the steady-state simulation result is given. In this figure, flow topology
over flight deck can be observed. In Figure [3.5] the surface flow topology obtained
by experiments [41] is presented. As it is seen that steady-state RANS equations
are successful to obtain the main characteristics of flowfield. Location of the vortex
cores, which are called horseshoe vortex cores are similar to each other. In Figure[3.4]
flow on vertical slice through ship centerline is illustrated. In Figure and Figure
, results obtained by PIV method in the experiments are presented. Experiments
are conducted with freestream velocity of 20 m/s. It can be seen a some asymmetry
in flowfield despite the symmetric structure of SFS2. Also, magnitude of the vortex
cores are observed as different. On vertical slice, the location of recirculation zone is

similar while magnitude of vortices are different.

Steady-state Realizable k£ — e simulations provides us to understand general behaviour
of flow behind hangar over the flight deck. There are two vortex cores named as
horseshoe vortices on the flight deck surface and recirculation zone due to sharp edges
of hangar structure. After separation, flow reattaches again to surface at middle of
flight deck. This illustrations show downward flow at hangar height and mid-deck,

where the helicopter rotor is located while hovering.

After steady-state simulations, unsteady computations are performed by using Real-
izable k — e. Unsteady simulations are initialized laminar steady-state as applied to
unsteady hybrid RANS/LES simulations. Simulation results are time averaged. In
Figure 3.8]and in Figure [3.10] mean velocity vectors and streamlines can be observed
with contour plots over flight deck. The result is presented on a horizontal slice at half
hangar height. In Figure [3.11] streamlines of time averaged unsteady simulations on
the centerline slice is presented. It can be observed that unsteady RANS is very good
to reflect the main characteristics of airwake behind the hangar structure as in experi-
ments. The asymmetric nature of flow over the flight deck can be observed. Also, the

velocity magnitudes are in good agreements with respect to non-dimensional values.
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Figure 3.3: Flow topology over the flight deck for a horizontal slice 7.5 m above sea

level

Figure 3.5: Flow topology over the flight deck [41]]
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Figure 3.6: Flow velocity magnitude contour of experiments at half hangar height

[41]

Figure 3.7: Flow velocity magnitude contour of experiments on the centerline [41]]
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Figure 3.8: Velocity contour and velocity vector plots of unsteady Realizable k — ¢

on horizontal slice at half hangar height

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.9: Velocity contour and velocity vector plots of unsteady Realizable k — ¢

on vertical slice along ship centerline

34



VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.10: Streamlines over flight deck of unsteady Realizable £ — ¢ on horizontal

slice at half hangar height

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.11: Streamlines over flight deck of unsteady Realizable k — ¢ on vertical

slice along ship centerline
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After simulations of steady-state and unsteady RANS, hybrid RANS/LES turbulence
model by Batten and Goldberg is used as turbulence model. As in Realizable k& —
e case, simulations are performed both steady-state and unsteady. The results for
steady-state simulations of hybrid RANS/LES is given in Figure [3.12] and in Figure
[3.13] These figures show the streamtraces on horizontal slice at half hangar height
and vertical slice at centerline respectively. It is observed that hybrid RANS/LES
method is successful to obtain nature of flow behind the superstructures. Here, the
magnitude of vortex cores are not obtained correctly, while locations of cores and

recirculation zone are similar to experimental findings.

Besides of steady-state simulations, ship airwake analysis is investigated as unsteady
simulations with hybrid RANS/LES turbulence model. Unsteady calculations are
started from laminar steady-state simulation. The results are given in Figure [3.14]
and Figure [3.15]in terms of mean velocity magnitude contour plots and vectors. The
streamtraces over the flight deck behind the hangar are demonstrated in Figure [3.16|
and in Figure on horizontal slice and vertical slice respectively.
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VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.12: Streamlines over flight deck of steady-state hybrid RANS/LES on hori-
zontal slice at half hangar height

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.13: Streamlines over flight deck of steady-state hybrid RANS/LES on verti-

cal slice at centerline
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VelMag: 1 2 3 4 567 8 910111213141516

Figure 3.14: Velocity contour and velocity vector plots of unsteady hybrid RAN-
S/LES on horizontal slice at half hangar height

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.15: Velocity contour and velocity vector plots of unsteady hybrid RAN-

S/LES on vertical slice at centerline
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VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.16: Streamline plots of unsteady hybrid RANS/LES on horizontal slice at
half hangar height

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 3.17: Streamline plots of unsteady hybrid RANS/LES on vertical slice at cen-

terline
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The velocity distribution of time averaged unsteady LNS simulation is presented in
Figure [3.18] The velocity data is collected over the flight deck at hangar height and
middle of the deck (125,0,11). The computational results are in good agreement with
experimental findings presented by Zhang [69]. The results are averaged over a 25

second time range by neglecting the first 5-second period of 30-second simulation.
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Figure 3.18: Comparison of computational results and experimental data in terms of

velocity distribution over flight deck

As it can be seen from comparison between computational and experimental results,

unsteady hybrid simulation is satisfactory to obtain real topology of ship airwake.

Euler equations are also solved for this problem. With Runge-Kutta scheme, Euler so-
lutions behave like MILES (Monotone Integrated Large Eddy Simulations) solutions.

Slip condition is applied to ship surface for Euler simulations unlike previous RANS
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and hybrid RANS/LES computations. Like RANS and Hybrid RANS/LES com-
putations, Implicit scheme and Explicit 4th order Runge-Kutta scheme are used for
steady-state and unsteady computations respectively. Contour plots of time-averaged
unsteady Euler simulations can be found in Appendix[A.T] During computations, it

is observed that Euler solutions are successful to investigate airwake problem.

In order to demonstrate the unsteady nature of flow, instantaneous plots are presented.
From Figure [3.19 to Figure [3.25] instantaneous unsteady RANS/LES simulation re-
sults are given for every 5 seconds. Also, the mean velocity distribution over the
ship beam at half hangar height and mid-deck are presented with the comparison of
instantaneous velocity distribution at t=20 sec in Figure [3.26] As seen from the plot,
the velocity fluctuations over the mean values dominate the flow. These fluctuations
generate unsteady loading on the rotor blades, which is an unfavorable condition.
Moreover, the spanwise velocity distribution over the flight deck indicates the de-
crease in the freestream velocity. In such an environment, the thrust produced by the

helicopter rotor can be insufficient to compensate the necessary thrust for hovering.

VelMag: 1 2 3 4 56 7 8 910111213141516

—

(a) Horizontal slice 11m above sea level (b) Centerline slice
Figure 3.19: Instantaneous contour plots of velocity magnitude, at steady-state (Lam-

inar)
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VelMag: 1 2 3 4 567 8 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.20: Instantaneous contour plots of velocity magnitude, at t=5 sec (LNS)

VelMag: 1 2 3 4 5 6 7 8 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.21: Instantaneous contour plots of velocity magnitude, at t=10 sec (LNS)

VelMag: 1 2 3 4 567 8 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.22: Instantaneous contour plots of velocity magnitude, at t=15 sec (LNS)
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VelMag: 1 2 3 4 56 7 8 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.23: Instantaneous contour plots of velocity magnitude, at t=20 sec (LNS)

VelMag: 1 2 3 4 5 B 7 B 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.24: Instantaneous contour plots of velocity magnitude, at t=25 sec (LNS)

VelMag: 1 2 3 4 56 7 8 910111213141516

(a) Horizontal slice 11m above sea level (b) Centerline slice

Figure 3.25: Instantaneous contour plots of velocity magnitude, at t=30 sec (LNS)
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Figure 3.26: Comparison of time averaged and instantaneous velocity magnitude

across the fligth deck for horizontal ship

It is important to analyze time history of velocity vector in order to observe and un-
derline the unsteadiness of ship airwake. Therefore, comparison of computational
methods mentioned previously are presented in terms of time history data. For this
comparison, a point at hangar height and middle of the flight deck is selected. In
Figure [3.27 Figure [3.28 and Figure [3.29] time history plots are given for x, y and z
components of velocity vector. At the first glance, large fluctuations of velocity can
be observed around mean value. These unsteadiness creates unsteady extra loading to
helicopter rotor and changes in angle of attack of incoming flow to the rotor blades. In
comparison of computational methods, it is seen that velocity vector starts from same
value for Realizable & — ¢ and LNS simulations because both are initialized from the

same steady-state. Moreover, LNS performs similar results as Realizable £ — €. This
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situation can be caused by the fact that mesh is coarser for LES. Because of that, the
switch from RANS to LES in LNS turbulence model cannot be successed. Also, time
history data shows that dissipation rate is larger when Realizable k — ¢ turbulence
model is used and magnitude of fluctuations around mean value is diminishing. For
further computations, Realizable £ — € turbulence model can be weak to obtain un-
steadiness. On the other hand, LNS turbulence model is more successful to reflect
the unsteadiness of flow. In addition, Euler results are more different than LNS. If
LES is performed for this computational mesh, Euler solutions can be similar with
LES results. From figures, it can be said that more time records is necessary to obtain
periodical motions in time history data. This can be helpful to perform more accurate

airwake simulations.
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Figure 3.27: Comparison of time history data for x-component of velocity of Realiz-
able k£ — ¢, Hybrid Turbulence models and Euler method for location at hangar height
and mid-deck
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Figure 3.28: Comparison of time history data for y-component of velocity of Realiz-
able k£ — ¢, Hybrid Turbulence models and Euler method for location at hangar height
and mid-deck
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Figure 3.29: Comparison of time history data for z-component of velocity of Realiz-
able k& — ¢, Hybrid Turbulence models and Euler method for location at hangar height
and mid-deck

The power spectral analysis is conducted by using time history data of velocity vector.
Fast Fourier Transform is applied to time history data for the point (125,0,11). After
that, Hamming window filtering is applied. This process is done for longitudinal
and vertical component of velocity vector. In Figure [3.30] result for longitudinal
component (u) is given. A few peak can be observed around 0.5 Hz. Power is greater
at lower frequencies. For simulations with larger time integration, more peaks could
occur. In Figure PSD analysis of vertical component (w) of velocity vector can
be seen. As in previous case, peaks are observed at frequencies lower than 0.5 Hz.
Since w velocity directly affects the angle of attack coming to rotor blades, these

oscillations in power becomes important.
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Figure 3.30: PSD analysis of longitudinal component of velocity vector (u) for Euler

and LNS turbulence model
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Figure 3.31: PSD analysis of vertical component of velocity vector (w) for Euler and

LNS turbulence model

As conclusion, both Realizable £ — ¢ and hybrid RANS/LES turbulence models give
promising results when comparing to wind tunnel tests. By comparing contour plots,
non-dimensional velocity magnitudes show good agreements. Also, locations of the
horseshoe vortex structure are similar, but the comparison between RANS and hybrid
RANS/LES method shows that unsteady feature of ship airwake is reflected better
with hybrid methods. Therefore, hybrid RANS/LES turbulence model is selected in

computations of next cases to be analyzed.
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CHAPTER 4

SHIP AIRWAKE SIMULATIONS WITH INCLINED SHIP
DECK

4.1 Description of Ship Motion

Ship motion due to sea waves is another important issue for the helicopter shipboard
operations. These motions not only affect the landing deck position but also have
a great influence on flow over the flight deck. In this chapter, the effect of the ship
motion on the airwake is discussed. The ships are under the influence of 6 degree
of freedom rigid body motion in various ocean conditions. The ship motion can be
classified as translational motions; heave, sway and surge (motions in the x, y and z
directions respectively), and rotational motions; pitch, roll and yaw (rotations about
the axis X, y and z respectively). Heave, pitch and roll are the unintended periodical
motions caused by sea waves. In general, ship motion is approached as an simple
harmonic motion. In equation the relation of the simple harmonic motion is
given. In here, A, w and ¢ represent wave amplitude, frequency and inital phase
respectively. This equation provides enough information about motion due to sea

waves for studies not investigating detailed analysis of ship motion over the sea.

y = Asin(wt + ¢) 4.1)

The wave amplitudes and frequency of the waves change with sea states. Sea state

parameters are listed in Table d.1] [27].

Here, the significant sea height is described as the average value of the vertical dis-
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Table 4.1: Sea State Parameters

World Meteorological Organisation Design Wave | Design wind

Sea state —
o Significant Wave | Slope Speed (kn)
Description .
Height (m)

0 Calm (glassy) 0 - -
1 Calm (ripples) 0-0.1 - -
2 Smooth (wavelets) | 0.1-0.5 - -
3 Slight 0.5-1.25 1:20 15
4 Moderate 1.25-2.5 1:16 20
5 Rough 2.5-4.0 1:12 25
6 Very Rough 4.0-6.0 1:10 30
7 High 6.0-9.0 - -
8 Very High 9.0-14.0 - -
9 Phenomenal Over 14 - -

tance between trough and crest, and it is used to define the sea states from calm to
rough. For this thesis, the Sea State 6 is chosen. The relative wave amplitude and
frequency according to the sea state 6 and 0 degree wave direction are presented in
Table These data are provided by Khantsis [27] for the Oliver Hazard Perry
Class FFG frigate and the ANZAC Class frigate which are in similar size with SFS2.
The graphs of heave, roll and pitch motions for SFS2 are given in Figure Figure
4.2 and Figure [4.3|respectively. As seen from the graphs, roll motion has a great in-
fluence on the ship’s flight deck location, therefore roll motion (rotation about x axis)
is taken into account for the thesis.

Table 4.2: Wave amplitudes and ship frequencies

Amplitude [m, deg] | Frequency [Hz]
Heave | 2.532 0.076
Roll 26.59 0.114
Pitch | 4.791 0.086

In rough sea, SFS2 performs roll motion between 26 degree to -26 degree as seen from
Figure 4.2]For this study, the effect of the ship motion is approached as an inclined
flight deck problem for a roll motion (rotation about x axis). Therefore, 10 degree
inclination is given to ship model. The steady-state and unsteady simulations are
performed with the same conditions as previous computational case by using hybrid

RANS/LES turbulence model. Grid details are given in Chapter [2]
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Figure 4.1: Heave motion of SFS2
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Figure 4.2: Roll motion of SFS2
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Figure 4.3: Pitch motion of SFS2
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4.2 Results for Steady-State Computations and Comparison

In this section, the steady-state simulation results of horizontal and inclined flight
deck cases. simulations are performed for 2500 iterations by using hybrid RANS/LES
turbulence model. The results are plotted for horizontal slice 7.5 meter above sea
level, vertical slice on centerline of the ship and x-axis slice on mid-deck behind the
hangar. In Figure 4.4 [4.6]and [4.8|show velocity vectors on z-slice, y-slice and x-slice
respectively. Streamtraces on the same locations are presented in Figure and
4.9
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Figure 4.4: Velocity contour and vector plots on the horizontal slice at z=7.5 m above

the waterline with steady-state hybrid RANS/LES for inclined ship

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 4.5: Streamlines on the horizontal slice at z=7.5 m above the waterline with

steady-state hybrid RANS/LES for inclined ship
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Figure 4.6: Velocity contour and vector plot on vertical slice along centerline with

steady-state hybrid RANS/LES for inclined ship

VelMag: 1 2 3 4 567 8 910111213141516

Figure 4.7: Streamlines on vertical slice along centerline with steady-state hybrid

RANS/LES for inclined ship
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Figure 4.8: Velocity contour and vector plot on x-axis slice at mid-deck with steady-

state hybrid RANS/LES for inclined ship

VelMag: 1 2 3 4 56 7 8 910111213141516

S/LES for inclined ship
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4.3 Results for Unsteady Computations and Comparison

The unsteady computations are conducted for 20 seconds in real time. In Figure
4.10] the mean flow topology over the inclined flight deck at centerline and z=7.5 m
above the waterline is given. It can be said that velocity magnitude decreases due to
inclination. This causes rotor to produce lower thrust than it needs to hover over the
flight deck. Comparison between the horizontal ship case and inclined case shows
that the symmetrical feature of the vortical structures disappears. In Figure 4.T1] the
comparison between the inclined ship and horizontal ship is presented in terms of
velocity distribution over the ship beam, at 7.5 meter above the sea surface and at the

mid of the flight deck.

VelMag: 1 2 3 4 5 6 7 8 910111213141516

T —

— R e

Figure 4.10: Streamlines on the horizontal slice at z=7.5 m above the waterline (top)

and at vertical slice along centerline (bottom) with unsteady hybrid RANS/LES for

inclined ship
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Figure 4.11: Comparison of the time averaged velocity magnitude across the flight

deck for horizontal and inclined ship
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CHAPTER 5

ROTOR APPLICATION INTO SHIP AIRWAKE
SIMULATIONS

5.1 Introduction

In order to see the downwash effect of the helicopter rotor on ship airwake, a rotor disk
is added in both previous cases. The rotor of Sikorsky S-76 helicopter is selected since
there are many studies investigating hover condition of this rotor in the literature.
Main features of S-76 rotor are given in Table[S.1] The blade consists of two different
airfoils SC1095 and SC 1095 R8. The twist distribution is illustrated in figure [5.1]

Table 5.1: Characteristics of S-76 main rotor

Radius 6.7056 m
Nominal chord 0.3937 m
Nominal twist - 10 degree
Blade reference area | 10.56029 m?
Solidity 0.0748
Number of blades 4

Airfoils SC1095-SC1095R8
Flapping hinge offset | 3.7 % radius
Lock number 11.6

100 % RPM 293

100 % Tip Speed 205.74 m/s
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Figure 5.1: Twist distribution of S-76 main rotor blade [22]
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5.1.1 Helicopter Rotor Model

Helicopter rotor model in CFD++ can be used for simulations of flows across either
helicopter rotors or propellers. Solver modifies pressure and momentums as the flow
pass through the rotor disk area. Blade properties and rotor operating conditions are
required in order to determine the momentum and pressure changes. This module
can be applied as zonal boundary condition or as a source term. This rotor model is
based on Blade Element Method. Incremental lift and drag forces calculated by BEM
are transformed and integrated over zonal boundary. during computations, mass flux
across boundaries which rotor model is applied equals to zero. In order to compute
thrust and torque, the momentum fluxes across the given boundaries which is out-
putted as forces should be calculated. They are computed as given in Equation [5.1]
In all flux equations, 7y, 7 are defined as volume fraction of continuous phase and the

viscous stress tensor respectively.

MOfluac = {nf(MOan + Movis) + MOedp} (51)
MO, = (pid)ii - WA + pi A (5.2)
MOy, =7 hA (5.3)

CFD++ computes forces and moments with respect to local coordinate system. Forces
and moments are calculated by using incremental force vectors and position vector

according to origin.

F=3"F (5.4)

where

f=fu+ f,)+ fk (5.5)
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M, = ZTO x f (5.6)

If moments is desired to be calculated relative to an arbitrary reference point, the

following equation can be used.

M=3"Fxf=> %+ F-P)x =M+ (P—P)xF (57

Non-dimensional forces are calculated by dividing forces by air density, square of
freestream velocity and reference area of rotor disk. On the other hand, moment
coefficients are found by dividing moments air density, square of freestream velocity,

reference area of rotor disk and reference length of moment. Relations are given in

Equation [5.8]and

Force(x;
Cfmi - ref Tef(Z )ref (58)
Cape = Moment(x;) (5.9

pre f(Ure f>2 A;?f L;‘jf

X,y,z components of force and moment will give drag, lift and yaw according to flow
direction and angle of attack. To illustrate, lift coeficient for two dimensional frame

in xy plane is calculated as folllows:

Crp = Cy,cosa — Cy, sina (5.10)

5.1.2 Validation in Hover Condition

Firstly, a validation process is performed before implementing the rotor model in ship
cases. For this reason, a new computational domain containing 2400 K grid cells is
generated. In Figure [5.2]and Figure[5.3] the domain can be seen. The outer domain is
3R away from the center of rotor disk, where R is the radius of rotor. The upper face

1s SR above the disk, while the lower face is 3R below it.
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Figure 5.2: Cylindrical computational domain

Figure 5.3: Computaional mesh around the rotor disk on centerline

Computations are performed in steady-state for 2000 iterations. Airfoil data is ob-
tained by Qblade software which is based on poteantial flow theory and they are
given in Appendix[A.2] They are also validated with experimental data by Flemming
[10]. In validation case, 3 different collective pitch angle are taken into account;
4.2, 6.7 and 8.1 degrees. CFD computations are performed in steady-state with a
freestream velocity 1.0 m/s. In CFD++, such a small freestream velocity, compu-
tations approaches to hover conditions. The results are compared in terms of rotor
thrust coefficient and rotor torque coefficient. In Figure [5.4] results of computations
are presented with the experimental data. Experimental data is taken from study of
Shinoda [57]. As it can be seen from the figure, good agreement with is obtained

by computations. In Figure [5.5] the downwash effect of the rotor is demonstrated
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for hover flight with 4.2 collective pitch angle. The streamlines are plotted over a
horizontal slice passing through the center of the rotor disk. Zoomed view is given in
Figure [5.6] The velocity magnitude distribution over top disk is illustrated in figure

and velocity vector representing the flow velocity on the top disk of rotor is given
in Figure[5.§]

0.0004  crD

[ | Experimental

0.00035

0.0003

0.00025

Torque Coefficient

0.0002

0.00015

0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
Thrust Coefficient

Figure 5.4: Results of CFD analysis in compared to experimental data [S7] in terms

of thrust coefficient vs torque coefficient
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Figure 5.5: Downwash effect of helicopter rotor with 4.2 collective pitch angle

VelMag: 1 2 3 4 5 6 7 8 9 1011121314 1516 ‘

Figure 5.6: Zoomed view of downwash effect of helicopter rotor with 4.2 collective

pitch angle
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Figure 5.7: Velocity distribution over rotor top disk
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Figure 5.8: Velocity vectors on rotor top disk
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5.2 Ship Airwake Studies for Horizontal Flight Deck with Rotor Disk

The ship airwake computations with a rotor disk model are computed as steady-state
at first. In order to obtain a general idea of downwash effect of downwash effect of
rotor on airwake, steady-state simulations are sufficient. For this case, 8.1 degree
collective pitch is selected which provides necessary thrust to maintain in hover po-
sition. Simulations are performed 2500 iterations with hybrid RANS/LES turbulence
model as in previous cases. As mentioned Section 5.1.1, 2500 iterations are enough
for rotor model to converge. Grid details and other computational details are stated in
Chapter[2] The results are presented in terms of velocity magnitude contour plots and
streamlines of the flow. In Figure Figure[5.10]and Figure the plots are given
for horizontal slice at half hangar height, vertical slice across the centerline of ship
and vertical slice behind hangar at mid-deck respectively. It can be seen from figures,
new small vortical structures are observed, while the magnitude of vortex cores in

original case decreases.

In Figure[5.12] the z-component of velocity vector is presented for SFS2 without rotor
(a) and SFS2 with rotor (b). In comparison with horizontal ship case without rotor
disk and with rotor disk case, it can be seen that magnitude of vertical component
of velocity increases with an actuator disk at the hangar height. Downwash effect of

rotor makes the magnitude of w in the negative direction greater.

Helicopter rotor model in CFD++ creates steady-state flow to rotor disk. However,
ship airwake problem is unsteady in nature. Therefore, unsteady two-way coupled

simulations are necessary in order to obtain more accurate analysis.
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Figure 5.9: Contour plots of velocity magnitude and streamlines over flight deck at

horizontal slice at mid-deck (z=7.5m) (Steady-state)

VelMag: 1 2 3 4 5 67 8 910111-213141518

Figure 5.10: Contour plots of velocity magnitude and streamlines over flight deck at

vertical slice at centerline (y=0m) (Steady-state)

VelMag: 1 2 3 4 56 7 8 9 1011121314 1516

Figure 5.11: Contour plots of velocity magnitude and streamlines over flight deck at

vertical slice at mid-deck (x=125m) (Steady-state
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(a) Contour plots of vertical component of velocity vector of SFS2 without

rotor (Steady-state)

(b) Contour plots of vertical component of velocity vector of SFS2 with rotor

(Steady-state)

Figure 5.12: Comparison of SFS2 with and without rotor disk cases

71



5.3 Ship Airwake Studies for Inclined Flight Deck with Rotor

The inclined ship is also modeled with a rotor disk in order to investigate the roll
motion of the flight deck with the helicopter rotor. Again, the computational details
are the same as horizontal ship with rotor case. The results are presented in terms of
velocity magnitude contour plots and streamlines of the flow. In Figure [5.13] Figure
[5.14]and Figure[5.135] the plots are given for horizontal slice over the flight deck at 7.5
m above sea level, vertical slice across the centerline of ship and vertical slice behind
hangar at mid-deck respectively. If the case of horizontal ship and rotor combination
are compared with this case, the inclined flight deck creates more asymmetric flow.

As a result, unsteady nature of ship airwake increases.

The comparison of magnitudes of vertical component of velocity vector for inclined
SFS2 case is given in Figure[5.16] The results for horizontal ship model case are valid
for this case too. For inclined ship with rotor case, it can be seen that larger positive

vertical velocity exists in hub region of rotor and front of the disk.

72



VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 5.13: Contour plots of velocity magnitude and streamlines over inclined flight

deck at horizontal slice at mid-deck (z=7.5m) (Steady-state)

VelMag: 1 2 3 4 5 B 7 B 910111213141516

Figure 5.14: Contour plots of velocity magnitude and streamlines over inclined flight

deck at vertical slice at centerline (y=0m) (Steady-state)

VelMag: 1 2 3 4 56 7 8 910111213141516

Figure 5.15: Contour plots of velocity magnitude and streamlines over inclined flight

deck at vertical slice at mid-deck (x=125m) (Steady-state)
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(a) Contour plots of vertical component of velocity vector of inclined SFS2

without rotor (Steady-state)

(b) Contour plots of vertical component of velocity vector of inclined SFS2

with rotor (Steady-state)

Figure 5.16: Comparison of inclined SFS2 with and without rotor disk cases
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Concluding Remarks

The ship airwake is an important issue for pilots during helicopter shipboard opera-
tions. The flow around the superstructure of ship is unsteady, separated, vortical and
turbulent. Due to ship airwake over the flight deck, it is hard to operate shipbased
helicopters. Therefore, it is important to perform good analysis in order to obtain safe

helicopter operating limits.

In this study, the ship airwake is investigated with several different turbulence models
for steady-state and unsteady simulations. The results are compared with the exper-
imental data obtained from previous ship airwake studies in the literature. The CFD
simulations are performed for two cases: with a horizontal ship and an inclined ship
with 10 degree rolled-up position (representing the ship motion due to sea waves) In
horizontal ship case, unsteady Realizable k — ¢ simulations are performed for 24 sec-
onds, while 30-second in real-time simulations are performed with LNS turbulence
model. Unsteady hybrid RANS/LES simulations give reasonable results in terms of
main flow features, velocity distribution over the flight deck and peak frequencies.
Additionally, Euler equations are solved to compute ship airwake. It is stated that Eu-
ler is also successful for this problem. Time history data of velocity vector obtained
by different computational methods is compared. It is observed that while Euler re-
sults are different from LNS, Realizable k£ — ¢ simulation results follow in wake of
LNS results. Transition from steady-state to unsteady is longer in Euler than LNS

and Realizable £ — e. The unsteady feature of the ship airwake can also be seen from
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the plots comparing the mean and instantaneous spanwise velocity distributions over

the flight deck.

In addition, ship airwake is affected by ship motion due to the sea waves. Therefore,
the simulations including an inclined flight deck illustrating the roll motion of the
ship due to sea waves are performed by using hybrid RANS/LES turbulence model
for 20 seconds in real time. Ship motions are discussed and definitions of motions
and sea states are explained. Steady-state simulation results are sufficient to compare
horizontal and inclined flight decks. It is seen that one of two vortex cores disappears

and it is stated that this causes to asymmetric loading to helicopter rotor.

Moreover, downwash effect of helicopter rotor is another important issue in ship air-
wake problems. Therefore, S-76 rotor operating over the flight deck for these two
cases are considered to investigate the ship airwake affected by helicopter rotor down-
wash. Steady-state simulations are sufficient to understand a general opinion about
one-way interaction between rotor and airwake. As a result of ship with actuator disk
simulations, numbers of small vortical structures are generated and structure of ship
airwake flow gets more complicated. However, airwake problem is unsteady in na-

ture, therefore unsteady two-way coupled simulations are necessary to be performed.

In summary, the following conclusions can be made:

e The flowfield is unsteady for both horizontal and inclined ship decks.

e The flowfield features and the vortical structures are different for these two

cascs.

e Rotor is also changing the flow features completely.

e Rotor is actually not hovering but should trimmed in forward flight under the

given wind and airwake conditions.

e Unsteady hybrid RANS/LES simulations are promising for this problem.

e Unsteady nature of the flowfield and complex interactions still make the simu-

lation of this ship/rotor problem challenging.
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6.2 Future Works

In the light of this thesis, some further studies listed below can be performed.

o First of all, longer time records can be obtained in order to use in flight simula-

tor which are necessary for pilot’s training.

e Moreover, in the light of this thesis, the CFD simulations can be conducted in
two-way coupled for ship airwake/helicopter interactions by inputting the in-
duced velocities due to ship airwake into the rotor model. Coupled simulations
are needed for more accurate modeling of the problem. This can be done by
including ship airwake velocities as an inflow in the BEM code for the rotor

and allowing for the trim of the rotor time-dependently.

e Dynamic Interface simulations can also be performed as a future work of this
thesis. DI simulations are important for developing more accurate simulators

for pilot training.

e In addition, the periodic motions can be applied to the ship model to simulate

the realistic unsteady ship motion by using overset grid.

e Instead of the rotor disk model, the real rotor blades can be used with overset

grids for the ship airwake/rotor interaction simulation.

e Also, Atmospheric Turbulence and Atmospheric Boundary Layer can be in-
cluded into computations, because they are exist in nature and influence the

flow characteristics.
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APPENDIX A

APPENDIX NAME

A.1 Euler Simulation Results

Unsteady Euler simulation results which are mentioned in Chapter 3 are presented
in Figure [A.T] and Figure [A.2] In the first figure, velocity contour plots are given
for a vertical slice along ship centerline. Flow topology for a horizontal slice at half
hangar height can be observed in the second figure. Unsteady computations were

time-averaged over 20-second time recording.

VelMag: 1 2 3 4 56 67 8 910111-213141518

Figure A.1: Velocity contour and velocity vector plots of unsteady Euler simulations

on vertical slice along ship centerline
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VelMag: 1 2 3 4 567 8 9 1011121314 1516

Figure A.2: Velocity contour and velocity vector plots of unsteady Euler simulations

on horizontal slice at half hangar height

The separations behind superstructure of ship and recirculation zone can be observed
from these figure. As in experiments, there exist two vortex cores behind hangar.
Also, location of the recirculation zone and reattachment of the separated flow to

surface of the flight deck are similar with experimental data.
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A.2 Airfoil Characteristics of SC1095 and SC1095RS8

In this section, aerodynamic characterics of airfoils used in S-76 rotor blades are
explained. Blade planform is given in Figure [A.3] [22]. Two different airfoils are
generally used in S-76 rotor, SC1095 and SC1095R8. SC1095R8 is a modified ver-
sion of SC1095. In Table[A.T]and Table[A.2] airfoil coordinates are given for SC1095
and SC1095R8 respectively.

| | | | | '3 I
! 15. 6478 in. Chord 15.50 in. Chord N
‘\AI—T T _ 13a. 75 cm) (39.37 cm) |
R -
SC1013R8 SC10XXRS8 Airfoil SC1095R8 Airfoil SC1095 Airfoil
Airfoil Transition

Figure A.3: Planform of the main rotor blade of S-76

In order to perform sectional control, rotor blade is divided into 8 sections; the first 6
sections were calculated according to SC1095R8 airfoil and the last 2 sections were
calculated according to SC1095 airfoil. Pitch angle is calculated according to twist
distribution given in Figure [5.1]in Chapter 5 and collective pitch at hover condition.
In all computation in Chapter 5, tip Mach number is selected as 0.60, and therefore,
sectional speed is calculated by using given tip Mach number and distance of section
from rotor hub center. Non-dimensional lift and drag forces were calculated by using
Qblade software. In Figure[A.4] Figure[A.5] Figure[A.6| Figure[A.7] Figure[A.§| Fig-
ure[A.9] Figure[A.T0]and Figure[A.TT] plot of lift and drag coefficients are presented

for airfoils corresponding the given sections.
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Upper Surface Lower Surface

x/c ylc x/c ylc

0.00 0.00 0.00 0.00
0.0008200 | 0.0039660 | 0.0015000 | -0.0045890
0.0039700 | 0.0091750 | 0.0052400 | -0.0090190
0.0096600 | 0.0152640 | 0.0111900 | -0.0136550
0.0183300 | 0.0219940 | 0.0194300 | -0.0183320
0.0299900 | 0.0287360 | 0.0300900 | -0.0228170
0.0445700 | 0.0349250 | 0.0432100 | -0.0268230
0.0619900 | 0.0401600 | 0.0587600 | -0.0301220
0.0821700 | 0.0442810 | 0.0766900 | -0.0326180
0.1049900 | 0.0473760 | 0.0969400 | -0.0343760
0.1302500 | 0.0500600 | 0.1194500 | -0.0356080
0.1577500 | 0.0521800 | 0.1441000 | -0.0366080
0.1872900 | 0.0539200 | 0.1707700 | -0.0376320
0.2186600 | 0.0550200 | 0.1992900 | -0.0387180
0.2349500 | 0.0553800 | 0.2294600 | -0.0393250
0.2516300 | 0.0555220 | 0.2450900 | -0.0393920
0.2686500 | 0.0555560 | 0.2610600 | -0.0394470
0.2859800 | 0.0554370 | 0.2773300 | -0.0394000
0.3036100 | 0.0551880 | 0.2938700 | -0.0392680
0.3215000 | 0.0548320 | 0.3106500 | -0.0390670
0.3396100 | 0.0543890 | 0.3276500 | -0.0388090
0.3579300 | 0.0538760 | 0.3448300 | -0.0385060
0.3764200 | 0.0533060 | 0.3621700 | -0.0381680
0.3950500 | 0.0526880 | 0.3796500 | -0.0376020
0.4138000 | 0.0520280 | 0.3972300 | -0.0374130
0.4326200 | 0.0513280 | 0.4149200 | -0.0370030
0.4515000 | 0.0505070 | 0.4327000 | -0.0365730
0.4704200 | 0.0498000 | 0.4505900 | -0.0361190
0.4893400 | 0.0489610 | 0.4686100 | -0.0356380
0.5082500 | 0.0480630 | 0.4868000 | -0.0351230
0.5271400 | 0.0470950 | 0.5051900 | -0.0345660
0.5459900 | 0.0460470 | 0.5237900 | -0.0339580
0.5648100 | 0.0449100 | 0.5426200 | -0.0332880
0.5835900 | 0.0436730 | 0.5616700 | -0.0325470
0.6023200 | 0.0423260 | 0.5809300 | -0.0317250
0.6209800 | 0.0408720 | 0.6003700 | -0.0308130
0.6395600 | 0.0393000 | 0.6199700 | -0.0295040
0.6580200 | 0.0376160 | 0.6396800 | -0.0286940
0.6763400 | 0.0358230 | 0.6594700 | -0.0274620
0.6944700 | 0.0339350 | 0.6792800 | -0.0261730
0.7123900 | 0.0319640 | 0.6990600 | -0.0247730
0.7300500 | 0.0299320 | 0.7187600 | -0.0232990
0.7474200 | 0.0278610 | 0.7383100 | -0.0217690
0.7644600 | 0.0257780 | 0.7576700 | -0.0202070
0.7811300 | 0.0237120 | 0.7767600 | -0.0186460
0.7974000 | 0.0216950 | 0.7955200 | -0.0171180
0.8132300 | 0.0197570 | 0.8135600 | -0.0156630
0.8286000 | 0.0178200 | 0.8317200 | -0.0143170
0.8578000 | 0.0144010 | 0.8490200 | -0.0131170
0.8847800 | 0.0107400 | 0.8656600 | -0.0120980
0.9093200 | 0.0076470 | 0.8815800 | -0.0107710
0.9312300 | 0.0048860 | 0.9109300 | -0.0083240
0.9503600 | 0.0024750 | 0.9365300 | -0.0061900
0.9665400 | 0.0004360 | 0.9579900 | -0.0044010
0.9734900 | -0.0002830 | 0.9750400 | -0.0031170
0.9696000 | -0.0010618 | 0.9875600 | -0.0023390
1.0000000 | -0.0017000 | 1.0000000 | -0.0017000

Table A.1: Airfoil coordinates of SC1095
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Upper Surface Lower Surface

x/c ylc x/c y/c

0.00 0.00 0.00 0.00
0.0008200 | 0.0050470 | 0.0015000 | -0.0075230
0.0039700 | 0.0128660 | 0.0052400 | -0.0121080
0.0096600 | 0.0217500 | 0.0111900 | -0.0153640
0.0183300 | 0.0307540 | 0.0194300 | -0.0177590
0.0299900 | 0.0392540 | 0.0300900 | -0.0194550
0.0445700 | 0.0473600 | 0.0432100 | -0.0207000
0.0619900 | 0.0528920 | 0.0587600 | -0.0219420
0.0821700 | 0.0573750 | 0.0766900 | -0.0227870
0.1049900 | 0.0609810 | 0.0969400 | -0.0234150
0.1302500 | 0.0637490 | 0.1194500 | -0.0239318
0.1577500 | 0.0657359 | 0.1441000 | -0.0244140
0.1872900 | 0.0670059 | 0.1707700 | -0.0249160
0.2186600 | 0.0676209 | 0.1992900 | -0.0254340
0.2349500 | 0.0677040 | 0.2294600 | -0.0259670
0.2516300 | 0.0676469 | 0.2450900 | -0.0262250
0.2686500 | 0.0674599 | 0.2610600 | -0.0264680
0.2859800 | 0.0671479 | 0.2773300 | -0.0266880
0.3036100 | 0.0667199 | 0.2938700 | -0.0268800
0.3215000 | 0.0661829 | 0.3106500 | -0.0270340
0.3396100 | 0.0655450 | 0.3276500 | -0.0271460
0.3579300 | 0.0648119 | 0.3448300 | -0.0272100
0.3764200 | 0.0639910 | 0.3621700 | -0.0272230
0.3950500 | 0.0630890 | 0.3796500 | -0.0271820
0.4138000 | 0.0621130 | 0.3972300 | -0.0270890
0.4326200 | 0.0610690 | 0.4149200 | -0.0269440
0.4515000 | 0.0599640 | 0.4327000 | -0.0267530
0.4704200 | 0.0588020 | 0.4505900 | -0.0265230
0.4893400 | 0.0575910 | 0.4686100 | -0.0262600
0.5082500 | 0.0563290 | 0.4868000 | -0.0259770
0.5271400 | 0.0549620 | 0.5051900 | -0.0256880
0.5459900 | 0.0535140 | 0.5237900 | -0.0253340
0.5648100 | 0.0519880 | 0.5426200 | -0.0248840
0.5835900 | 0.0503880 | 0.5616700 | -0.0243450
0.6023200 | 0.0487180 | 0.5809300 | -0.0237210
0.6209800 | 0.0469820 | 0.6003700 | -0.0230200
0.6395600 | 0.0451860 | 0.6199700 | -0.0222470
0.6580200 | 0.0433350 | 0.6396800 | -0.0214110
0.6763400 | 0.0414360 | 0.6594700 | -0.0205200
0.6944700 | 0.0394980 | 0.6792800 | -0.0195800
0.7123900 | 0.0375270 | 0.6990600 | -0.0186010
0.7300500 | 0.0355320 | 0.7187600 | -0.0175880
0.7474200 | 0.0335200 | 0.7383100 | -0.0165520
0.7644600 | 0.0315020 | 0.7576700 | -0.0154500
0.7811300 | 0.0294860 | 0.7767600 | -0.0144300
0.7974000 | 0.0278000 | 0.7955200 | -0.0133590
0.8132300 | 0.0254940 | 0.8135600 | -0.0122900
0.8286000 | 0.0235340 | 0.8317200 | -0.0112290
0.8578000 | 0.0197310 | 0.8490200 | -0.0101830
0.8847800 | 0.0161300 | 0.8656600 | -0.0091580
0.9093200 | 0.0127890 | 0.8815800 | -0.0081690
0.9312300 | 0.0097580 | 0.9109300 | -0.0062670
0.9503600 | 0.0070800 | 0.9365300 | -0.0045560
0.9665400 | 0.0047890 | 0.9579900 | -0.0030710
0.9734900 | 0.0038000 | 0.9750400 | -0.0018530
0.9696000 | 0.0014970 | 0.9875600 | -0.0009340
1.0000000 | 0.0000010 | 1.0000000 | -0.0000020

Table A.2: Airfoil coordinates of SC1095 R8
89




; 2
2
| 15
15 / [ L
1 X N
,
= | | / o
— o5/ [ 505 / A
/ |HER 8 S N
0 L / 0 I
0.5 A\ A \ i
-0. { 0.5 [~
i N LAk
-1 F 4E
15t l150 IO ‘ -50 ‘ 0 ‘ ‘50 150 -‘150 1 "JO‘ ‘ 0‘ = 50 ‘ ‘1(‘)0 ‘ ‘1%0‘
Alpha (deg) Alpha (deg)
(a) Cl vs angle of attack (b) Cd vs angle of attack

Figure A.4: Cl and Cd variation with angle of attack of SC1095 R8 at section 1
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Figure A.5: Cl and Cd variation with angle of attack of SC1095 R8 at section 2
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Figure A.6: Cl and Cd variation with angle of attack of SC1095 R8 at section 3
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Figure A.7: Cl and Cd variation with angle of attack of SC1095 R8 at section 4
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Figure A.8: Cl and Cd variation with angle of attack of SC1095 RS at section 5
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Figure A.9: Cl and Cd variation with angle of attack of SC1095 R8 at section 6
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Figure A.10: Cl and Cd variation with angle of attack of SC1095 at section 7
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Figure A.11: CI and Cd variation with angle of attack of SC1095 at section 8
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