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CFD Investigation of Wind-powered Ships under Extreme Condition
Simulations on the NACA-0015 Foil under Deep Stall Condition
HENG ZHU
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
This thesis is dedicated to study the loading condition of the rigid wingsails on a
ship with wind-assisted propulsion using CFD methods. OpenFOAM is used for the
CFD simulations. 2D simulation cases are performed for both low angles of attack
and 90 degrees angle of attack conditions. Simulations on a uniform 3D foil with 90
degrees angle of attack conditions are also performed.

Unsteady RANS and DES simulations are carried out to predict the loading condi-
tion on a NACA-0015 foil. Under the conditions of low angles of attack, the k − ω
SST model and the k − ω SST DDES model are used in the simulation. For 90
degrees angle of attack simulation cases, the k − ω SST model and the k − ω SST
IDDES model are used. The simulation results are compared with experimental
data. These simulation cases provide the loading condition on foils and characters
of the flow field. The possible causes of error, especially the overestimation of the
force coefficients for 90 degrees angle of attack, are discussed.

For the cases of 90 degrees angle of attack, the influence of mesh factors on the sim-
ulation results is analyzed, which includes the refinement of profile mesh, structured
and unstructured downstream fields, and the ratio between the chord length and
the longitudinal length.

A rough prediction of the interaction between two foils is presented as well. Experi-
ences on performing deep stall simulation, and suggestions on wind propulsion from
an engineering perspective are also provided.

Keywords: NACA-0015, IDDES, flow separation, deep stall, high Reynolds number.
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1
Introduction

This chapter introduces the research background of this project, the literature re-
view, and how the research is conducted. In the introduction of the research back-
ground, the development of wing sails and the advantages and disadvantages of rigid
wings are briefly described. In the literature review, wind tunnel tests and CFD sim-
ulations of airfoil under extreme conditions, i.e. high angle of attack conditions, are
mainly presented.

1.1 Background
In recent decades, the consumption of fossil energy resources has caused significant
climate change. In the field of naval architecture, stakeholders are trying to find a
new alternative energy plan. Wind-powered ships could be a feasible way to reduce
fossil fuel emissions from shipping.

In an ongoing research project, involving Wallenius Marine in cooperation with
SSPA, KTH, and Chalmers, a wind-powered car carrier concept is being developed.
In this concept, the sails are planned to be very large rigid wings. Under normal
operation, the flow over the wings will be attached. In some extreme situations,
however, the wings may have a large angle of attack so that the flow is partly or
completely de-attached, i.e. stalled. A situation like that can potentially lead to
large unsteady forces that may be harmful to the ship in terms of structural integrity
and risk of capsizing.

1.1.1 History of wind propulsion
The history of sailing can be traced back to 6000 BC and onwards in Eastern Eu-
rope [1]. In the Near East, excavations provide evidence of existing sailing during
6000~4300 BC [2]. The earliest recorded sail in history is a sailboat made in ancient
Egypt around 4000 BC [3]. The first ocean-going sailing yacht was produced by Aus-
tronesian in present southern China, which led to the expansion across the South
Pacific between 3000 and 1500 BC [4]. With the development of sailing technology,
seaborne trade was boosted by the Greeks and Phoenicians by around 1200 BC [5].
In the Mediterranean, single-yarded lateen sails arose by around the 100 BC [6]. In
the early period, sailing boats could only sail downwind. When BC met AD, the
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1. Introduction

people from the Malay Archipelago already made large ships and were able to sail
against the wind [7].

During the 15th~19th centuries, fore-and-aft sails were invented and developed in
Europe, which improved the upwind sailing ability of European vessels [8]. However,
sailing depends on the variable weather. As a result, wind power as the primary
source of propulsion for ocean-going ships significantly declined after the invention
of steamships during the Industrial Revolution [9].

1.1.2 Development of modern wind-powered ships

By the 1920s, few sails were applied on ocean-going ships. However, the develop-
ment of sails has never stopped [9]. In 1979, oil prices suddenly increased significantly,
which is known as the "1979 oil crisis". This event led to the exploration of devel-
opments in potential alternative propulsion systems [10]. Sail technology, an ancient
means of propulsion, boomed again during that period [11].

Sailing with rigid wingsails, which is known as the wing sail concept, is one form of
wind-assisted propulsion. In the 1980s, a number of ships were equipped with rigid
sails by Japan Marine Machinery Development Association (JAMDA) [12]. Rather
than being the primary source of propulsion, these sails were fitted to ships in order
to reduce fuel consumption [9]. JAMDA sails reduced the fuel consumption of up to
30% or more [12]. During that period, another type of rigid sail known as the Walker
WingSail, which was estimated to save 15%~20% fuels, was also developed [9]. In
2000, a product carrier with rigid wingsails, which was estimated to save up to 15%
of fuel, was designed for the Danish Ministry of Environment and Energy [13].

Other forms of wind-assisted propulsion include kite sails and Flettner rotors. In
the 1980s, researchers commissioned by the U.S. government explored the economic
feasibility of using wind-assisted propulsion to reduce fuel consumption on the U.S.
Merchant Marine [14]. During that time, wind-assisted propulsion facilities as kite
sails [15] and Flettner rotors were arisen [16]. In 2007, a series of full-scale tests
showed that kites together with conventional engines could save 35% of fuel [17]. If
the ships were slowing down by 20%, up to 40% of the fuel consumption could be
saved [10].

Although these sails have shown significant energy saving, the research on wind-
assisted propulsion sometimes slow down because of the periodic low oil prices [9].
In order to reduce fuel consumption, since the financial crisis in 2008, the cruise
speed of many ships has been reduced, so the effect of wind-assisted propulsion on
fuel-saving is more obvious [10].

In the meantime, wind propulsion is much more environment-friendly compared
with fossil fuels or bio fuels. The worldwide merchant fleet produces more than 3%
of the total global carbon emissions [18]. Thus, the application of sail technology is
considered to increase in the next few years [10].

2



1. Introduction

1.1.3 Advantages and disadvantages of rigid wingsails
According to subsection 1.1.2, compared with the traditional propulsion approaches,
wind-assisted propulsion saves fuel and does less damage to the environment. Never-
theless, wind-assisted propulsion depends on the weather to a certain extent, which
makes it not as flexible as traditional propulsion approaches.

Ships with rigid wingsails can not only make use of the wind energy under downwind
conditions but also under upwind conditions, which can not be achieved by kite sails.
Compared with the Flettner rotors, rigid wingsails hardly need extra power to rotate
the wind-assisted facilities. However, as compared in subsection 1.1.2, kite sails can
save more fuels, especially when reducing the speed.

In comparison to rigid wingsails, traditional flexible fabric sails have some draw-
backs. They are prone to wearing and tearing, must be furled when not in use,
and the ropes are easy to get into jam [19]. To overcome these problems, most ships
nowadays use rigid wingsails with symmetrical airfoils. NACA-00xx series are usu-
ally chosen for the profiles. Asymmetrical airfoils are not common since the wind
is from both sides of the vessel, even though it’s known that they present better
values for the lift force coefficient (CL), and for the ratio between lift and drag force
coefficients (CL/CD) [20].

The main advantages of rigid wingsails over the traditional sails are the fact that
the rigid wingsails maintain their shape in light winds while traditional sails would
collapse, and are more robust to control since there is no rope which could become
entangled [21]. Rigid wingsails are considered to be more efficient. This is because
modern airfoils provide an increased lift-drag ratio (CL/CD) over a conventional
fabric sail, which increases the thrust and reduces the overturning moment [20]. This
character is more remarkable when navigating downwind. At this point of sailing,
soft sails produce thrust entirely by drag, while for rigid wingsails, thrust is obtained
from both lift and drag [22]. Other advantages include that rigid wingsails have fewer
structures and are easy to design and operate [20].

Though rigid wingsails have quantities of advantages compared with traditional flex-
ible fabric sail, the larger aerodynamic forces acting on the wingsails can compromise
the stability of the hull during navigation, especially in unsteady wind conditions [23].
Rigid wingsails will confronted by the vortex induced oscillation problem. Besides,
rigid wingsails are more expensive to manufacture.

1.2 Literature survey

1.2.1 Design and optimization of wind-propulsion ships
Wind-propulsion ship design is a kind of systems engineering. The design parame-
ters are coupled, which means that the relationship between them is one of mutual
influence, condition, and transformation, presenting great complexity and consider-
able changeability. For example, if the area of the sail increases, the thrust force but

3



1. Introduction

also the side force will increase, as well as the yaw moment and the heeling moment,
therefore also the resistance increases. The designer needs to judge and weigh since
both the thrust and the resistance increase [10].

K. Kijima (1975) developed Velocity Prediction Program (VPP) which is a computer
program and one of the common approaches in high-performance sailing ships to
solve the coupled equations of motion [24]. VPP is based on computational fluid
dynamics, experimental fluid dynamics, or analytical formulations. Models of how
the aerodynamic and the hydrodynamic forces and moments vary with the key design
parameters are used to solve the equations of motion of the ship [25].

J. He et al. (2015) proposed a stability criteria calculation method of sail-assisted
ships and introduced a calculation method for the stability parameter to investigate
the reasonableness of the sail models. [26].

1.2.2 Experiments and CFD simulations on deep stall foils
In this subsection, several research that are related to this thesis will be summarized.
Brief descriptions of research on a flat plate with high angles of attack, wind tunnel
tests, and CFD simulations on deep stall foils, improvements on the DES model out
of the purpose to predicting the flow field around a foil are presented. Since the
research object in this thesis is the NACA-0015 foil, some experiments and CFD
simulations on NACA-0015 are also included.

In fluid dynamics, a stall is a reduction in the lift coefficient generated by a foil as
the angle of attack increases [27]. Unsteady turbulent flow with separation under
a high angle of attack condition is challenging for computational fluid dynamics
(CFD). Conventional Reynolds-averaged Navier–Stokes (RANS) approaches do not
fit this condition very well since they temporally average large-scale unsteady co-
herent structures [28].

The aerodynamic studies on wingsails are indeed not numerous especially for foils in
case of deep stall [23]. Since in the sense of flow field, a foil at a high angle of attack
is similar to a flat plate under the same condition, research on deep stall flat plate
are also meaningful. For flat plates, C. P. Jackson (1987) performed 2D simulations
on the laminar flow past flat plates aligned over a range of angles to the direction of
flow, and analyzed its periodic behavior [29]. C. W. Knisely (1990) did experiments
to determine Strouhal numbers for a series of rectangular cylinders with side ratios
(B/D) ranging from 0.04 to 1.0 and with angles of attack from 0° to 90° [30]. M.
R. Castelli et al. (2012) used the standard k − ε turbulence model to analyze the
flow field around a thin flat plate of infinite span inclined at 90° to a fluid stream
of infinite extent and underestimated the drag force coefficients [31].

Wind tunnel test is the main research method of experimental aerodynamics. Some
research executed wind tunnel tests to study deep stall foils. R. E. Sheldahl et
al. (1981) performed wind tunnel experiments at Sandia National Laboratories for
a series of NACA foils with angles of attack from 0° to 180°, and presented its
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force coefficients [32]. K. W. McAlister (1991) in NASA performed wind tunnel
experiments for NACA-0015 foils using a 3D wing model with round sides with
angles of attack from 4° to 12° and Reynolds number from 1× 106 to 1× 107, and
measured its force coefficients, velocity profile in boundary layers and downstream
development of the trailing vortex [33]. B. Franck (2008) also conducted wind tunnel
experiments for NACA-0015 with angles of attack from 0° to 12° and collected the
velocity profile in boundary layers [34].

Though CFD simulations are not as reliable as the wind tunnel tests, it’s much
cheaper and able to provide more information about the flow fields. In recent years,
with the development of computer performance, many CFD simulations have been
carried out for deep stall foils. In the mean time, the improvement of the Detached
Eddy Simulation model is also in progress. J. A. Ekaterinaris et al. (1998) dis-
cussed the impact of the transition from laminar to turbulent flow on the dynamic
stall phenomenon and summarized currently available methods for its prediction
[35]. S. A. Morton et al. (2005) employed DES97 to simulate a full F/A-18E aircraft
experiencing massively separated flow, which had a good agreement with the exper-
iments [36]. A. K. Travin et al. (2006) proposed adjustments of DDES, simulated
the massively separated flows over airfoils, and observed that the DDES performs
similarly to the original DES97 [37]. N. Durrani et al. (2011) applied both DES97
and DDES for the A-airfoil under the condition of maximum lift force and observed
that for the flow with a relatively thick boundary layer and a bland separation at
the trailing edge, DES97 has better performance than DDES due to its relatively
lower turbulence dissipation levels [38]. F. Bertagnolio (2011) applied the k−ω SST
model to simulate NACA-0015 foil with angles of attack from 4° to 12°, presented
the velocity profile in boundary layers, and analyzed the turbulent stress [39]. Y.
Yang et al. (2016) applied the high order accuracy schemes to IDDES with different
mesh sizes to simulate a deep stall foil (60° angle of attack), compared with RANS
and DES results [40]. M. Sato et al. (2017) used the LES model to simulate NACA-
0015 foil at Reynolds Number of 1.6× 106, presented the loading condition, and the
velocity profile in boundary layers, and analyzed the transition phenomenon [41]. J.
S. Park (2017) used PyFR to simulate unsteady turbulent flow over a NACA-0021
aerofoil in a deep stall condition, using a wall-resolved implicit large-eddy simulation
(ILES) approach, and indicated that the ration between the chord length and the
span length had a deep influence on the simulations for a deep stall foil [42].

1.3 Thesis structure

1.3.1 Aim and motivation
From the engineering perspective, although wind-assisted propulsion cannot com-
pletely replace the engine, the energy saving is considerable, as subsection 1.1.2
presents. Since fossil fuels are limited and the international community pays more
and more attention to environmental impacts, wind-assisted propulsion will possibly
be applied widely in the future. Thus, it’s meaningful and constructive to research
into wind propulsion.
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For an ocean-going ship with wind-assisted propulsion systems, one of the challeng-
ing conditions it will confront is varying wind directions including headwind, beam
wind, and whirlwind. The main goal of this project is to study the most severe
conditions and describe the dynamic forces acting on the rigid wingsails, identifying
the most hazardous behavior for the ship.

Under these conditions, the angles of attack of the wingsails might be very large.
Thus the foil can be deep stalled. Since unsteady turbulent flow with separation,
which is a challenging regime for computational fluid dynamics, will happen under
the extreme conditions, this project will also explore methods for simulating deep
stall foils.

1.3.2 Methodology

This project begins with the collection of experimental and CFD simulation data
of the NACA-0015 foil. These data are used to compare with the CFD simulation
results in the following steps. Since before using CFD methods to give prediction
for a rigid wingsail, it’s important to make sure this simulation gives an accurate
estimation.

The simulations with 2D low angles of attack cases will be presented first, following
with 2D and 3D simulations on 90° cases. For the 3D simulations, some preliminary
cases are first made for finding defects in the simulation process. Then a final
case is carried out. In the last phase, mesh analysis, comparison between different
schemes and solvers are also carried out in order to make the simulation results more
reasonable and accurate. All the results are compared with the experimental data.

Typically, more than one foil are installed on a ship. Therefore, it’s important to
study the interaction between foils. A 2D simulation for two foils is made to give a
rough prediction on this problem.

The initial plan of this project included simulation for a realistic foil model and
stability calculation for the ship. However, some unexpected problems occurred. A
lot of time was spent on the 3D simulation for a uniform foil to make sure that with
the DES simulation approach, the complex flows under deep stall can be reasonably
predicted. Unfortunately, time was not enough for these works.

Figure 1.1 shows the process of this project. The process in dashed boxes were
included in the initial plan but not put into effect.
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Figure 1.1: Methodology of this project.

1.3.3 Specification of issues under investigation
As a result of this project, the following questions will be answered:

1. Whether the selected turbulence models give accurate results.

2. What are the main difficulties in CFD simulation on deep stall foils.

3. How much propulsive force can be generated by the foils under conditions that
were calculated.

4. What problems may possibly happen when several foils are operating together.

Some detailed CFD issues will also be deeply discussed in this project like a compar-
ison between RANS and DES simulation and mesh size analysis. A brief description
of the influence on hull stability from the rigid wingsails would be provided in this
project in the initial plan. However, when performing simulations on a uniform 3D
foil, the simulation always overestimates the force coefficients due to some unex-
pected reasons, which will be discussed in chapter 4. Thus, more time is devoted to
exploring the causes of this overestimation.
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2
Theory and methods

In this chapter, the methodology and the theory that it is based on will be presented.

In the general process, to compute the loading condition on sails, 3D models of
the sails are typically tested with EFD or CFD [43]. In the present project, the
task is to investigate these extreme conditions, i.e. conditions with 90° angle of
attack (AoA), using CFD. As the flow is largely separated, unsteady scale-resolving
simulations need to be performed. The conventional unsteady RANS models do
not fit this condition very well since they average large-scale unsteady coherent
structures [28]. For LES or DNS approaches, the effort in calculation is too large
and the requirement for computers is too high [44]. Thus, the DES-type model,
which combines RANS and LES is chosen as the turbulence model. Simulations will
be performed in OpenFOAM. The calculation mesh will be generated by Pointwise
software and the color plot of the CFD results will be provided by ParaView software.

This project can be divided into two stages: 2D simulations and 3D simulations.
In both of the two stages, the simulations will be performed using OpenFOAM.
During 2D simulations, both the RANS model (mainly k−ω SST model) and DES
(mainly SST-IDDES model) will be used. The results from the 2D simulations will
be compared with experimental data and results from available research, to ensure
the performance of accuracy. During the 3D simulations, the DES model will be used
to analyze the 3D rigid wingsails. The study case will simulate the real condition
which the ship will encounter. Therefore, the condition of simulation cases will be
more practical including the downwind and extreme conditions.

2.1 Loading condition of sails

The aim of this project is to analyze the loading condition of wingsails on a ship.
So, the theory and calculating methods about loading conditions on sails will be
presented in this section.

In order to compute the aerodynamic forces, the apparent wind experienced by the
ship must be computed as a vectorial sum of the true wind and wind due to the
ship speed (−V ). Figure 2.1 shows the wind velocity triangle. The apparent wind
speed (AWS) and direction (AWA) vary with the height because the true wind speed
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(TWS) is increasing with the height.

Figure 2.1: Wind velocity triangle.

TWS is computed from [10]

TWS = u∗
k

log( z
z0

), (2.1)

where u∗ is the shear velocity which is computed by solving equation 2.1 for a given
true wind speed at z = 10 m, while z0 is the water roughness height, which is
computed with [45]

z0 = 5 · 10−5 (TWS|10)2

g
, (2.2)

in which TWS|10 is the true wind speed at z = 10 m, g is the gravity acceleration.

At each horizontal section along the height, the apparent wind speed is computed
by

AWS =
√
V 2 + TWS2 + 2V · TWS cosTWA, (2.3)

AWA = arctan ( TWS sinTWA

V + TWS cosTWA
). (2.4)

The wingsail trim with the maximum thrust is not regarded as the best, because
the associated large side force will increase the hull resistance. Assuming that a ship
sails at constant cruising speed, the increase of the hull resistance must be balanced
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by the increase of propeller thrust. Therefore, the optimization goal of wingsail trim
must be the minimum propeller thrust at the chosen cruising speed [10].

In order to model the forces and moments generated by wingsails with different
trims and section shapes, firstly the force conditions are computed by the CFD
process, and then these are integrated into the span-wise direction based on the
chosen horizontal section. A correction needs to be made in order to take into
account the non-infinite aspect ration of the wingsails. When sailing at large TWA,
the drag generated by the wingsails contributes positively to the wingsails thrust,
so the stalled conditions also need to be considered [10].

2.2 Turbulence models
The k − ω SST model is used for the RANS simulations and RANS region in DES
simulations. DES model is applied to study the flow separation.

2.2.1 k − ω SST
The turbulence model, k−ω Shear Stress Transport (SST), is a two equation model
one for the turbulence kinetic energy, k, and another equation for turbulence specific
dissipation rate, ω [46][47].

The turbulence specific dissipation rate equation is given by equation 2.5, and the
turbulence kinetic energy by equation 2.6,

D
Dt(ρω) = ∇· (ρDω∇ω) + ργG

ν
− 2

3ργω(∇·u)− ρβω2− ρ(F1− 1)CDkω +Sω, (2.5)

D
Dt(ρk) = ∇ · (ρDk∇k) + ρG− 2

3ρk(∇ · u)− ρβ∗ωk + Sk. (2.6)

The turbulence viscosity is obtained using

νt = a1
k

max(a1ω, b1F33S) . (2.7)

Table 2.1 shows the default model coefficients in OpenFOAM [48].

Table 2.1: Default model coefficients in OpenFOAM.

αk1 αk2 αω1 αω2 β1 β2 γ1 γ2 β∗ a1 b1 c1
0.85 1.0 0.5 0.856 0.075 0.0828 5/9 0.44 0.09 0.31 1.0 10.0
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The k − ω SST model can overcome the deficiencies of the standard k − ω model
with respect to dependency on the freestream values of k and ω. The k − ω SST
model is also able to capture flow separation.

For isotropic turbulence, the turbulence kinetic energy can be estimated by

k = 3
2(I |uref |)2, (2.8)

where I is the intensity, and uref is a reference velocity. The turbulence specific
dissipation rate follows as

ω = k0.5

C0.5
µ L

, (2.9)

where Cµ is a constant equal to 0.09, and L a reference length scale.

2.2.2 DES

Detached Eddy Simulation (DES) relates to a hybrid RANS-LES approach to tur-
bulence modeling, aiming to alleviate the costly near-wall meshing requirements
imposed by LES.

The aim is to treat the boundary layer with RANS and capture the outer detached
eddies with LES. Since the flow in the boundary layer will be strongly influenced
by the unsteady LES in the outer region, the flow in the boundary layer will also
be unsteady. Hence the boundary layer is treated with unsteady RANS (URANS).
The DES was originally developed for wings at very high angles of attack [49].

For the k − ω SST DES model, the length scale, d̃, is given by

d̃ = min(CDES∆,
√
k

β ∗ ω
). (2.10)

For the k−ω SST Delayed Detached Eddy Simulation (DDES) model and k−ω SST
Improved Delayed Detached Eddy Simulation (IDDES) model, the model equations
are the same as used by the DES variant of the model, with a different approximation
for d̃ [50].

The DDES length scale is calculated by
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lDDES = lRANS − fd max(0, lRANS − lLES),

lLES = CDEShmax,

lRANS =
√
k

Cµω
,

CDES = CDES1 · F1 + CDES2 · (1− F1).

(2.11)

where hmax is the maximum edge length of the cell, and the empirical delay function
fd involved in the DDES approach reads as equation 2.13 and 2.14. The value hmax
can also be replaced by other calculation methods which will be described and
compared in section 4.1.2 and 4.1.2. The constant CDES1 and CDES2 can be found
in table 2.2.

F1 and F2 denote the SST blending functions [47], which read as

F1 = tanh (arg4
1),

arg4
1 = min(max(

√
k

Cµωdw
,
500ν
d2
wω

), 4ρσω2k

CDkωd2
w

),

CDkω = max(2σω2
∇k · ∇ω

ω
),

F2 = tanh (arg2
2),

arg2
2 = max(2

√
k

Cµ
,
500ν
d2
wω

).

(2.12)

So the DES model coefficient CDES in k − ω SST DDES model is 0.82 [51],

fd = 1− tanh [(Cd1rd)Cd2 ], (2.13)

rd = νt + ν

κ2d2
w

√
0.5 · (S2 + Ω2)

, (2.14)
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where S is the magnitude of the strain rate tensor and Ω is the magnitude of vorticity
tensor. The model constants read as table 2.2.

Table 2.2: DDES model constants.

Cµ κ a1 CDES1 CDES2 Cd1 Cd2
0.09 0.41 0.31 0.78 0.61 20 3

The IDDES length scale is calculated as

lIDDES = f̃d · (1 + fe) · lRANS + (1− f̃d) · lLES. (2.15)

The LES length-scale ∆ is defined as

∆ = min[Cwmax(dw, hmax), hmax]. (2.16)

The empirical blending function f̃d in equation 2.15 is computed with the use of

f̃d = max[(1− fdt), fb],

fdt = 1− tanh [(Cdt1rdt)Cdt2 ],

rd = νt

κ2d2
w

√
0.5 · (S2 + Ω2)

,

fb = min[2 exp−9α2, 1.0],

α = 0.25− dw/hmax.

(2.17)

In the simplified version of the IDDES model, the elevating function fe is set to be
zero.

In RANS all turbulent scales are modeled, while in LES, only small, isotropic tur-
bulent scales are modeled, so it will be more accurate. However, LES is very much
more expensive than RANS in the boundary layer [44]. If all the domain is using the
LES model, the mesh at the boundary layer need to be refined, then the simulation
case will be more time-consuming. Thus, the pure LES model is not applied in this
project.
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2.3 Algorithms

In this project, OpenFOAM is used for CFD simulations. SIMPLE and PIMPLE
algorithms are separately used for steady and unsteady states.

2.3.1 OpenFOAM

OpenFOAM is a free, open-source CFD software package. It has a large user base
across most areas of engineering and science, from both commercial and academic
organizations. OpenFOAM is one of the first important scientific computing software
packages written in C++, and has an extensive range of features to solve problems
from complex fluid flows involving chemical reactions, turbulence and heat transfer,
to solid dynamics and electromagnetics [48].

The advantages of OpenFOAM compared with other CFD softwares include user-
friendly partial differential equation description syntax, ability to process unstruc-
tured polyhedral meshes, fully documented source code, and no license cost.

2.3.2 SIMPLE and PIMPLE algorithms

L. S. Caretto et al. (1972) put forward the SIMPLE algorithm which is short for
Semi-Implicit Method for Pressure Linked Equations algorithm [52]. Figure 2.2 shows
the 2D SIMPLE algorithm without under-relaxation [53]. An approximation of the
velocity field is obtained by solving the momentum equation. The pressure gradient
term is calculated using the pressure distribution from the previous iteration or an
initial guess. The equation is under-relaxed in an implicit manner with the velocity
under-relaxation factor αU . The pressure equation is formulated and solved in order
to obtain the new pressure distribution [52].
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Figure 2.2: The SIMPLE algorithm.

R. I. Issa (1986) put forward the PISO algorithm which is short for Pressure Implicit
with Splitting of Operators algorithm [54]. It is a pressure–velocity calculation pro-
cedure developed originally for non-iterative computation of unsteady compressible
flows. Figure 2.3 shows the 2D PISO algorithm. PISO involves one predictor step
and two corrector steps and may be seen as an extension of SIMPLE, with a further
corrector step to enhance it [53]. The PISO algorithm solves the pressure correction
equation twice so the method requires additional storage for calculating the source
term of the second pressure correction equation.

Although this method implies a considerable increase in the computational effort it
has been found to be efficient and fast [53].
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Figure 2.3: The PISO algorithm.

PIMPLE algorithm combines the PISO and SIMPLE algorithms. For the PIMPLE
algorithm, outer correctors are the iterations, and once converged will move on to
the next time step until the solution is complete.

2.4 Mesh generation
In this project, the simulation cases are based on NACA-0015 foil. The numerical
meshes are generated by Pointwise software.

2.4.1 NACA series
NACA airfoil is a series of airfoils developed by the National Advisory Commit-
tee for Aeronautics (NACA). The code of each airfoil is composed of four letters
"NACA" and a series of numbers. The exact shape of the airfoil can be obtained
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by substituting the geometric parameters described by the numbers into a specific
equation.

The first number of the code represents the percentage of maximum curvature to
chord length. The second number represents the distance between the maximum
camber and the leading edge of the wing, which accounts for a few tenths of the chord
length. The last two digits represent the maximum wing thickness as a percentage
of chord length [55].

Equation 2.18 is the equation for a symmetrical 4-digit NACA airfoil [56],

yt = 5t[0.2969
√
x− 0.1260x− 0.3516x2 + 0.2843x3 − 0.1015x4], (2.18)

where x is the position along the chord from 0 to 1.00 (0 to 100%), yt is the half-
thickness at a given value of x, t is the maximum thickness as a fraction of the
chord.

For all the simulations in this thesis, the foil is chosen to be NACA-0015. It’s a
symmetric foil with the maximum thickness as 15% of the chord length at 30%
chord. The data source is UIUC Airfoil Coordinates Database Source [57]. To get
a smooth geometry shape of the toil, quadratic interpolation is applied. Figure 2.4
shows the geometry shape of NACA-0015 foil.

Figure 2.4: Geometry shape of a NACA-0015 foil.

2.4.2 Pointwise
Pointwise, as a software system, is used for generating calculation meshes in this
project. Pointwise combines the expertise and history of grid generation embedded
in Gridgen with more modern software engineering and graphical interface to make
grid generation as simple as possible [58].

2.4.3 Structured and unstructured mesh
Identified by regular connectivity, the structured mesh has two possible cell choices:
2D quadrilateral and 3D hexahedron. Unstructured meshes usually use triangles in
2D and tetrahedrons in 3D, although quadrangles and hexahedrons may also exist
[59].
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Compared with unstructured meshes, structured meshes have some advantages. Un-
structured and hybrid meshing algorithms are highly automated. On the other hand,
structured meshing typically allows the users to better control of interior node loca-
tions and sizes. Besides, well solved structured grids are generally aligned in the flow
direction leading to more accurate results and better convergence in CFD solvers
[60].
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3
Low AoA simulations

The aim of this project is to investigate the prediction accuracy of high AoA con-
ditions, but the experimental data for NACA-0015 foils with 90° AoA is rare. Nev-
ertheless, for low AoA conditions, there are quantities of experimental data. Thus,
it’s still necessary to perform a series of low AoA simulations to verify the choice
of turbulence model and other simulation settings such as numerical schemes and
solvers.

Table 3.1 lists the 2D simulation cases with low AoA that are performed to compare
with experimental data and CFD results from other research. Table 3.2 lists the
extra 2D simulation cases with low AoA that are performed in order to study the
effects of AoA on the flow field and simulation accuracy. The results of the extra
cases will be discussed in section 3.3.

Table 3.1: List of 2D simulation cases under low AoA that compared with experi-
mental data.

AoA / ° Re Steady RANS Unsteady RANS DES DDES IDDES
0 1e6 √

4 2.85e6 √

8.13 1.6e6 √ √ √ √ √

12 2.85e6 √ √ √

Table 3.2: List of extra 2D simulation cases under low AoA.

AoA / ° Re Steady RANS Unsteady RANS DES DDES IDDES
8 1e7 √ √ √

10 1e7 √ √ √

12 1e7 √ √ √

14 1e7 √ √ √

16 1e7 √ √ √

18 1e7 √ √ √

The experimental data of force coefficients is from a series of wind tunnel tests
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executed by R. E. Sheldahl et al. (1981) [32], which provides the force coefficients of
NACA-0015 foil at AoA from 0° to 180°.

The 0° case is carried out to check whether the simulation provides results with
CL = 0. CD is also compared with the experimental data from wind tunnel tests.

The 4° case and 12° case are carried out to compare the force coefficients, velocity
profile, and pressure distribution with experimental data and RANS (k − ω SST)
simulation results. The reference data is from wind tunnel experiments and CFD
simulations using the k − ω SST model performed by F. Bertagnolio (2011) [39].

The 8.13° case is carried out to compare the force coefficients, velocity profile, and
pressure distribution with experimental data and LES simulation results. The ex-
perimental data is from wind tunnel tests executed by F. Bertagnolio (2008) [34].
The CFD simulation results are from LES simulations performed by M. Sato et al.
(2017) [41].

In reality, the foils on ships will work under very high Reynolds numbers which is
around 15 million, so when selecting the reference data, data with as high as possible
Reynolds numbers are put into use.

3.1 Steady simulations

The simulation begins with steady state. Four cases are carried out as table 3.1
shows. The steady state simulations use the k − ω SST model and the SIMPLE
algorithm.

The domain needs to be large enough to produce reasonable results and make the
iteration stable. For the simulations in this project, the chord length of the foil is
set to be 1 m. The domain size is 26 m × 20 m. This size of the domain is also
applied for extreme condition simulations in chapter 4.

The numerical mesh of the 12° simulation cases are shown as figure 3.1. The bound-
ary layer and the nearby region is structured, while for the outer region, an unstruc-
tured mesh is used to reduce the total number of cells. The meshes used for 0°, 4°,
and 8.13° are generated in a similar way.

The total number of cells for these low angles of attack cases is around 50,000. The
number of cells around the foil, i.e. the surface mesh, is 1,000. The y+ at wall is
kept to be less than 1.
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3.1.1 Domains and meshes

(a) Entire domain.

(b) Zoom close to the foil.

Figure 3.1: Numerical mesh, 2D simulations with AoA as 12°.

3.1.2 Boundary conditions
Table 3.3 shows the boundary condition settings of 2D cases. These settings are not
only used for the low angle of attack simulations but also for 2D extreme condition
simulations. Since it’s a 2D simulation, the front and back panel is set to be empty.

23



3. Low AoA simulations

Table 3.3: Boundary condition settings, 2D simulations.

Foil Front and
Back

Top and Bot-
tom

Inlet Outlet

P zeroGradient empty zeroGradient zeroGradient fixedValue
uniform 0

U fixedValue
uniform (0 0 0) empty slip fixedValue

uniform (10 0 0) zeroGradient

k fixedValue
uniform 0 empty slip fixedValue

uniform 0.047633
inletOutlet
uniform 0.047633

omega omegaWallFunction empty slip fixedValue
uniform 264.63

inletOutlet
uniform 264.63

nut nutkWallFunction empty slip calculated calculated

3.1.3 Simulation results

Table 3.4 shows force coefficients from the low angles of attack steady state RANS
simulation cases. Figure 3.2 is the bar chart that shows the difference between the
predicted force coefficients, CL and CD compared to the experimental data.

Simulation results of the lift force coefficients, CL, fit the experimental data very well,
while for the drag force coefficients, CD, they have a discrepancy from experimental
data. It is because the absolute value of drag force at low AoA is quite minor
compared with the lift force, so the relative error becomes large, even if the absolute
difference is not so large.

Table 3.4: Force coefficients, 2D low-AoA steady-state simulations.

AoA Experimental data Steady RANS simulation Difference

0° CL 0.0000 0.0001 -
CD 0.0074 0.0122 64.865%

4° CL 0.4400 0.4396 -0.091%
CD 0.0077 0.0112 45.172%

8.13° CL 0.8788 0.8790 0.024%
CD 0.0117 0.0153 30.951%

12° CL 1.1485 1.2026 4.709%
CD 0.0154 0.0251 63.075%
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(a) CL

(b) CD

Figure 3.2: Difference of the force coefficients from the experimental data, 2D
low-AoA steady-state simulations.

Figure 3.3 shows the pressure (p/ρ) distribution around the foil from 2D steady
RANS simulation at low AoA. There are two high-pressure areas at the leading
edge and the trailing edge when the angle of attack is 0°, and the low-pressure areas
are distributed on both sides of the foil, which can be found in figure 3.3. With
the increase of the angle of attack, the distribution of high-pressure areas and low-
pressure areas changes. When the angle of attack is 12°, the main high-pressure area
and low-pressure area appear in the pressure side and suction side near the leading
edge respectively, which results in the lift force.
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(a) AoA = 0°. (b) AoA = 4°.

(c) AoA = 8.13°. (d) AoA = 12°.

Figure 3.3: Pressure (p/ρ) distribution, 2D low-AoA steady-state simulations.

3.2 Unsteady simulations
The unsteady simulations are carried out by using both the URANS model and
the DES model. The aim of the unsteady simulations are to test if the unsteady
character will have a significant influence on the loading condition when the angle
of attack is low. In contrast to the extreme condition, much more reference data
about the low angle of attack conditions has been provided in other related studies.
Thus, the research on the unsteady state in this stage is meaningful.

3.2.1 URANS simulation
For the URANS simulation, the k − ω SST model is still applied. The PIMPLE
algorithm is used to simulate the unsteady states.

Table 3.5 in the subsection 4.1.2 shows the force coefficients from the unsteady
simulations and the relative difference from the experimental data. Compared with
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the steady state results in table 3.4, the difference is not obvious in the sense of the
force coefficients, especially under the 8.13° condition.

Figure 3.4 shows the pressure distribution along the foil from URANS simulation at
8.13° angle of attack, compared with the experimental data [34]. Since the pressure
does not show much fluctuation, here only the mean values are presented. It can be
seen that the predicted pressure distribution does not show much difference from the
experimental data. Therefore, the results from the low angle of attack simulations
can be considered reasonable.

Figure 3.4: Predicted pressure coefficients along the foil.

3.2.2 DES simulation

The DES model splits the domain into a RANS region and an LES region to make
full use of the advantages of the two models. All the boundary layers need to be in
the RANS region, and the large eddy vortex needs to be in the LES region. The
URANS simulation results provide a prediction of the thickness of the boundary
layers.
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(a) DDES, ∆ = (∆x∆y∆z)1/3 (b) DES, ∆ = (∆x∆y∆z)1/3.

(c) IDDES. (d) DDES, ∆ = max(∆x, ∆y, ∆z).

Figure 3.5: Comparison of DES field between different DES models and DES delta
calculating methods at leading edge, low AoA.

There are several options of the DES model, and several methods to calculate the
LES length-scale delta, which are compared in Figure 3.5 and figure 3.6. In these
figures, the DES field from different DES models and the DES delta calculating
methods are shown. The RANS region is in blue; the LES region is in red.

As shown in figure 3.5 and figure 3.6, DES model and LES length-scale delta calcu-
lating method ∆ = 3

√
∆x∆y∆z allocate too little domain into the RANS region. In

the meantime, some LES region is mixed up with the RANS region in the boundary
layer, so that not all the boundary layer is covered, especially at the trailing edge.
On the other hand, too much domain is allocated into the RANS region when the
IDDES model is applied, so the flow separation may not be well predicted.

DDES with ∆ = max(∆x,∆y,∆z) is used for low AoA cases, and IDDES is used
for high AoA cases.
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(a) DDES, ∆ = (∆x∆y∆z)1/3 (b) DES, ∆ = (∆x∆y∆z)1/3.

(c) IDDES. (d) DDES, ∆ = max(∆x, ∆y, ∆z).

Figure 3.6: Comparison of DES field between different DES models and DES delta
calculating methods at trailing edge, low AoA.

The simulation results of force coefficients CD and CL can be found in table 3.5.
Both unsteady RANS and DDES simulations provide similar results as the steady
state in table 3.4. Therefore, for low AoA conditions, the unsteady character is not
significant.

Table 3.5: Force coefficients, 2D low-AoA unsteady state simulation.

AoA 8.13° 12°
CL CD CL CD

Experimental data 0.8788 0.0117 1.1485 0.0154
URANS simulation 0.8787 0.0157 1.2552 0.0211
URANS difference -0.01% 34.19% 9.29% 37.01%
DDES simulation 0.8794 0.0157 1.2519 0.0219
DDES difference 0.068% 34.188% 9.003% 42.208%
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3.2.3 Cause analysis for inaccuracy

The reason for the inaccuracy is considered to be the transition phenomenon, which
is indicated by M. Sato et al. (2017) [41]. The process of a laminar flow becoming
turbulent is known as laminar-turbulent transition. The main parameter character-
izing transition is the Reynolds number. From Makoto Sato’s research, for the 8.13°
angle of attack case, there is an obvious transition region based on LES simulation.
According to a rough simulation using the Langtry-Menter k − ω SST model, the
transition can be seen in the same region. While for the cases using the k − ω SST
model, this region will be regarded as turbulent.

This transition phenomenon is not considered in extreme condition simulations.
Because for the 90° angle of attack cases, the Reynolds number is higher and the
region of boundary layer is not so large. The boundary layer mainly distributes
around the two tips of the foil. Therefore it not necessary to consider the transition
for the high angle of attack conditions.

Besides, the mesh may not be fine enough to reach mesh independence which needs
a series of mesh analysis to prove. However, since the results do not show significant
deviation from the experimental data, and low angle of attack conditions are not
the primary goal of this project, the mesh analysis for low angles of attack is not
carried out in this thesis.

3.3 Critical angle of attack analysis

The above research in this chapter proves that 2D CFD simulations on a foil with
low AoA can provide a relatively accurate prediction. In this section, a series of extra
simulations are performed to study the effects of different AoA on the flow field and
accuracy of CFD at high Reynolds numbers. The simulations in this section are
listed in table 3.2. All the simulations carried out in this section are with Re = 1e7.

The pressure (p/ρ) distribution, together with the surface line integral convolution
(LIC), from the simulation results are summarized in figure 3.7. It can be seen that
when the AoA is less than 14°, the flow is attached to the foil. However, when the
AoA is larger than 16°, flow separation becomes obvious, i.e. the stall phenomenon
occurs. From this point of view, the critical angle of attack is about 16°, which
is confirmed by wind tunnel experiments [32], since the maximum lift coefficient is
obtained when the angle of attack is 16°. Flow separation begins near the trailing
edge of the foil while the rest of the flow over the foil remains attached. For the
case with the AoA as 18°, the flow separation is quite significant, which leads to the
reduction in the lift coefficient generated by a foil as angle of attack increases.

30



3. Low AoA simulations

(a) 8°. (b) 10°.

(c) 12°. (d) 14°.

(e) 16°. (f) 18°.

Figure 3.7: Pressure (p/ρ) distribution and the surface line integral convolution
(LIC), extra 2D low-AoA steady-state simulations.

Table 3.6 summarizes the force coefficients from the simulation results. Figure 3.8 is
the bar chart that compares results from different simulations and the experimental
data. When the AoA is in the range of 8° to 18°, the results from steady and unsteady
state k − ω SST simulation are always similar. When the AoA is larger than 14°,
RANS simulations will overestimate the lift force coefficients. The overestimation
will be more significant when the AoA is 18°. On the other hand, DDES simulations
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provide a more accurate prediction for situations with flow separation.

Table 3.6: Force coefficients, extra 2D low-AoA simulations.

AoA / ° 8 10 12 14 16 18

CL

experiment 0.8800 1.1000 1.2591 1.3825 1.4233 1.3897
steady RANS 0.8979 1.1050 1.2985 1.4713 1.6098 1.6826

URANS 0.8826 1.0821 1.2667 1.4337 1.5758 1.6900
DDES 0.8758 1.0703 1.2473 1.3957 1.4903 1.4820

CD

experiment 0.0090 0.0103 0.0123 0.0147 0.0176 0.0213
steady RANS 0.0109 0.0127 0.0127 0.0188 0.0246 0.0356

URANS 0.0115 0.0134 0.0160 0.0197 0.0248 0.0325
DDES 0.0124 0.0146 0.0178 0.0230 0.0323 0.0527

Figure 3.8: CL, extra 2D low-AoA simulations.

Although flow separation is noticeable when the AoA is 18°, the unsteady flow
character is still not obvious. Figure 3.9 is the results of DDES simulation with the
AoA as 18°, which shows the distribution of velocity magnitude and its direction
around the foil at different times. The difference in the flow field at different times
is not obvious. In the sense of force coefficient, the unsteady character is also
imperceptible. The variation of CL with the AoA as 18° through time is plotted
in figure 3.10. The value of the lift force coefficient becomes steady after 2 s with
unapparent fluctuation.
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3. Low AoA simulations

(a) t = 2 s. (b) t = 3 s.

(c) t = 4 s. (d) t = 5 s.

Figure 3.9: Velocity distribution, 2D 18° AoA DDES simulations.

Figure 3.10: CL, 2D 18° AoA DDES simulations.
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4
Extreme condition simulations

The main aim of this project is to analyze the loading condition of foils under the
extreme condition, i.e. the 90° AoA condition. In this chapter, the methodologies
and results of simulations for AoA = 90° will be presented.

The aim of these simulation cases is to provide results in good agreement with the
experimental data so that the simulation methodologies can be proved to be credible.
However, some unexpected errors happen during the simulation. The accuracy of
the results is hard to reach. It can be believed that there are many uncertainties,
which are not considered in the initial plan of this project, for simulations under the
deep stall condition. Therefore, this chapter will present the process of the research
work and discuss the reasons for inaccuracy.

For simulation cases in this chapter, the Reynolds number is set to be 1× 107.

4.1 2D simulation
To begin with, 2D simulations are carried out to provide approximate information.
In the current method, the horizontal 2D wing profile is simulated by CFD. The
aerodynamic pressure distribution along the foil is calculated to estimate the total
foil force [10]. Although the 3D flow phenomenon is obvious for the deep stall foil
and the calculation results may not be accurate enough, the 2D simulation can still
roughly reflect the trend of the flow field and provide guidance for the follow-up
work.

4.1.1 RANS simulation
Steady and unsteady RANS simulations, i.e. RANS simpleFoam and pimpleFoam
in OpenFOAM, are executed.

Because of the flow separation, which can not be predicted very well by the RANS
model, RANS simulation may not give very accurate results. Even so, it’s still
important to perform RANS simulations to give an initial condition for IDDES
simulation and also be applied for the mesh analysis.

The mesh for the 2D cases is shown in figure 4.1. The region close to the foil is
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structured, while other regions are unstructured. One of the differences from low
AoA cases is that the downstream region is refined to simulate the expected vortex
shedding. The length of the refined region is 10 times the chord length (10m). The
total number of cells is 98,759.

Figure 4.1: Mesh, 90° 2D cases.

The mean value of force coefficients CD and CL from RANS simulations are sum-
marized in table 4.1. The detailed time-varying curves of the force coefficient can
found in section 4.3. In the sense of the force coefficients, the simulation results
from steady and unsteady states are similar. However, the results are quite different
from the experimental data.

Table 4.1: Force coefficients, 2D RANS simulation with 90° AoA.

Coefficients Experimental
data

SimpleFoam
result

SimpleFoam
difference

PimpleFoam
result

PimpleFoam
difference

CD 1.8 1.3483 -25.09% 1.374 -23.67%
CL 0.09 0.1071 19.00% 0.11 22.22%

Figure 4.2 shows the distribution of velocity magnitude of 12° AoA case and 90° AoA
case with the same Reynolds number (1e7) from steady state RANS simulation.
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For the low angle of attack condition, the flow becomes uniform quickly in the
downstream field. However, under the 90° AoA condition, the foil has a great
influence on the downstream flow. There is an area in front of the foil, where the
velocity is almost zero. In the downstream region, the velocity magnitude is also
very low, so it seems that there is a large area of added mass at the suction side of
the foil. That’s because of the vorticity which will be discussed in subsection 4.1.2.

(a) 12°. (b) 90°.

Figure 4.2: Velocity distribution, 2D steady state RANS simulation with 90° AoA.

The velocity vectors and pressure (p/ρ) distribution of steady state RANS and
URANS results are shown in figure 4.3. Compared with the results from low AoA
simulation cases in chapter 3, an obvious low-pressure region can be found in the
downstream region of the foil, which results in the high CD.

(a) Steady state. (b) Unsteady state.

Figure 4.3: Velocity vectors and pressure (p/ρ) distribution, 2D RANS simulation.

From the steady state results, only two big vortices can be found behind the foil.
A similar phenomenon was also pointed out by M. R. Castelli et al. (2012) in a
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simulation for a flat plate with 90° AoA [31]. However, from the unsteady state
results, more instantaneous characters of the flow filed are provided. It can be
seen that repeating pattern of swirling vortices develop one after another in the
downstream region.

4.1.2 DES simulation

For DES simulations, several different models are compared. Figure 4.4 shows the
initial DES field from different DES models. For the DES model, the same prob-
lem that the RANS region in boundary layers is not thick enough to cover all the
boundary region encountered as low-AoA simulations. For the DDES model, the
LES region is too small at the beginning, so that some vorticities and the flow sepa-
ration are not included in the LES region. Although the IDDES model may allocate
too much domain into the LES region, which may ask higher requirements for the
numerical meshes, all the boundary layer is in the RANS region and most of the
downstream field is in the LES region. Therefore, the IDDES model is selected for
the 90° AoA simulations.

(a) DES model. (b) DDES model. (c) IDDES model.

Figure 4.4: Comparison between DES model under large AoA condition.

During the time steps of the IDDES simulation, the DES field keeps continuously
changing. Figure 4.5 shows its development over time steps. It can be seen that
at the beginning, the distribution of the DES field has a strong relationship with
the mesh. The boundary of the RANS region and the DES region is almost the
boundary of the refined downstream part and the outer mesh, as figure 4.1 shows.
However, it changes after several time steps and shows less dependence on the mesh.
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(a) t = 0 s. (b) t = 1 s. (c) t = 2 s. (d) t = 3 s.

(e) t = 4 s. (f) t = 4.5 s. (g) t = 5 s. (h) t = 5.5 s.

Figure 4.5: Development of DES field through time, 2D IDDES simulation with
90° AoA.

From the results, obvious von Kármán vortex street can be seen in the downstream
region. Figure 4.6 shows the pressure (p/ρ) distribution at different time steps.
Vortices are created at the back of the foil and detach periodically from either
edge of the foil forming a von Kármán vortex street. The vortex street can not
be predicted when performing steady state simulations, which is the reason for the
low-velocity areas in figure 4.2.

(a) t = 0.1 s. (b) t = 0.5 s. (c) t = 1.0 s.

(d) t = 1.5 s. (e) t = 3.5 s. (f) t = 5.5 s.

Figure 4.6: Pressure (p/ρ) distribution through time, 2D IDDES simulation with
90° AoA.
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The variation of the force coefficients CD and CL through time steps is summarized in
figure 4.7. Due to the vortex shedding, the force coefficients have notable oscillation.
One interesting thing is that not only the main vortices are developing, but also small
vortices at the two tips are created and dissipate quickly, as figure 4.17 in section
4.2 shows, which leads to the fluctuation of the force coefficients.

Figure 4.7: Force coefficients CD and CL through time, 2D IDDES simulation with
90° AoA.

The main value of the force coefficients are that CD = 3.378 and CL = 0.106.
However, the experimental data is that CD = 1.800 and CL = 0.090. Thus, CD and
CL are separately overestimated by 87.7% and 17.8%.

One probable reason to explain the disagreement is that for 90° condition, the flow
has a notable 3D character. So when performing a 2D simulation, the flow in the
z-direction, i.e. the longitudinal direction, can not be simulated.

4.2 Preliminary 3D simulation
After finding that the IDDES results from the 2D simulation are not consistent
with the experimental data, the reason is first thought to be that some 3D flow
characters are not detected by 2D simulation. Therefore, the 3D IDDES simulation
for a uniform 3D foil is performed.

4.2.1 Mesh and boundary conditions
The 3D IDDES simulation is firstly performed on two meshes, a coarse one with
1,241,700 cells and a fine one with 5,925,540 cells. The fine mesh is based on the
mesh used in the 2D simulation, as figure 4.8 shows. In the z direction, the span
wise length is 0.3 times the chord length and 60 layers are generated.
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Figure 4.8: The fine mesh with 5,925,540 cells used in preliminary 3D simulation.

Table 4.2 shows the setting of the boundary condition. Different from the 2D simu-
lation in section 4.1, the front and back panels are set to be cyclicAMI, so that the
foil can be considered to have an infinite length. k at wall is set to be a fixed value
as 0 because of the low y+.

Table 4.2: 3D boundary condition settings.

Foil Front and
Back

Top and Bot-
tom

Inlet Outlet

P zeroGradient cyclicAMI zeroGradient zeroGradient fixedValue
uniform 0

U fixedValue
uniform (0 0 0) cyclicAMI slip fixedValue

uniform (10 0 0) zeroGradient

k fixedValue
uniform 0 cyclicAMI slip fixedValue

uniform 0.047633
inletOutlet
uniform 0.047633

omega omegaWallFunction cyclicAMI slip fixedValue
uniform 264.63

inletOutlet
uniform 264.63

nut nutkWallFunction cyclicAMI slip calculated calculated

4.2.2 DES field
The results of the two cases are shown in the following figures and tables. The DES
fields of the calculation domain are shown in figure 4.9. The flow in the red region
is calculated by the LES model, while it is calculated by the RANS model in the
blue region. The turbulence model is IDDES. In the URANS region, the k−ω SST
model is applied. The LES length-scale delta is calculated by IDDESDelta. It can
be found that all the boundary layer is in the RANS region and most of the vortices
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happen in the LES region. The distribution of the DES field from the 3D simulation
is similar to that from 2D simulation.

In the downstream region far away (more than 10 times of the chord length) from
the foil, although there are still vortices in these areas, the flow is calculated by the
RANS model, as figure 4.9 shows. The vortices have been dissipated, and since they
are far away from the foil, the influence on the loading condition of the foil is not
significant.

(a) Coarse mesh, t = 2.5 s. (b) Fine mesh, t = 2.5 s.

Figure 4.9: Development of the DES fields, preliminary 3D IDDES simulation.

4.2.3 Force coefficients

Figure 4.10 shows CD and CL variations with time. Similar to results from the 2D
IDDES simulation in section 4.1, periodic oscillations and small fluctuations can still
be found. The total simulation time is not enough to get a precise mean value of
the coefficients, but it’s obvious that both CD and CL are overestimated. Although
the simulation sequence is too short to define the shedding frequency, it appears
that there is difference between meshes. It can also be found that simulation based
on the fine mesh predicts more fluctuation. It’s because that more details of the
flow field can be predicted by using more precise meshes. Table 4.3 summarizes the
roughly mean value of CD and CL. A
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(a) Results of the coarse mesh.

(b) Results of the fine mesh.

Figure 4.10: Force coefficients, preliminary 3D IDDES simulation.

Table 4.3: Mean value of CD and CL, preliminary 3D IDDES simulation.

Coarse mesh Fine mesh Experimental
CD 3.114 3.392 1.800
CL 0.103 0.167 0.090

4.2.4 Flow field
Figure 4.11 and 4.12 show the pressure (p/ρ) distribution throughout the domain
at different time. In the figures, quantities of low-pressure areas that reflect the
vortices can be seen in the downstream region. The results show the vortex street,
which is similar to that of 2D simulation in section 4.1. Vortices at the leading
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edge and the trailing edge develop one after another. These vortices will sustain for
several seconds and gradually dissipate.

(a) t = 0.1 s. (b) t = 0.5 s. (c) t = 1.0 s.

(d) t = 1.5 s. (e) t = 2 s. (f) t = 2.5 s.

Figure 4.11: Pressure (p/ρ) distribution through time, preliminary 3D IDDES
simulation with the coarse mesh.

(a) t = 0.1 s. (b) t = 0.5 s. (c) t = 1.0 s.

(d) t = 1.5 s. (e) t = 2 s. (f) t = 2.5 s.

Figure 4.12: Pressure (p/ρ) distribution through time, preliminary 3D IDDES
simulation with the fine mesh.
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In steady state simulations, the velocity magnitude of the flow in the downstream
region is always very low, as figure 4.2 shows. However, the IDDES simulations give
different results. The velocity magnitude of the flow in the downstream region is
time-variant because of the vortex street. Although the results do not agree with
the experimental data very well, obvious z-direction flow is predicted. Figure 4.13
shows the distribution of velocity in z-direction. The maximum value of the velocity
in the z direction is in the same order of magnitude as velocity in x and y direction.
Significant Uz occurs in the downstream region close to the foil.

(a) t = 1.0 s. (b) t = 1.2 s.

(c) t = 1.4 s. (d) t = 1.6 s.

Figure 4.13: Distribution of velocity in z-direction, preliminary 3D IDDES simu-
lation with the fine mesh.

Figure 4.14 and figure 4.15 show the distribution of vorticity and Q which indicates
the vorticities of the flow. The results based on the fine mesh provide a more
complex vortex structure. In the results of fine mesh, not only the vortices, but
also the “belts” accompanying to them can be seen. This phenomenon can not be
detected from the results of the coarse mesh.
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(a) Coarse mesh, t = 2.5 s. (b) Fine mesh, t = 2.5 s.

Figure 4.14: Distribution of Q, preliminary 3D IDDES simulation.

(a) Magnitude. (b) z direction.

(c) x direction. (d) x direction.

Figure 4.15: Distribution of vorticity in each direction, preliminary 3D IDDES
simulation with the fine mesh at t = 2.2 s.
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Figure 4.16 presents the distribution of velocity in the z-direction throughout the
contour of Q = 10. It can be easily found that there is an obvious 3D flow structure
at the downstream field close to the foil. This is also the region where the maximum
value of velocity in the z-direction happens. However, in the downstream region far
away from the foil, the longitudinal flow is unapparent.

(a) Overview.

(b) Zoom close to the foil.

Figure 4.16: Distribution of Uz throughout the contour of Q = 10, preliminary 3D
IDDES simulation with the fine mesh at t = 2.2 s.

In 2D simulations, small vortices, which are considered to be the primary reason for
the fluctuation of CD and CL, were found at the leading edge as figure 4.17 shows.
This phenomenon is also detected in the 3D simulation of the fine mesh as figure
4.18 shows. These vortices do not develop together with the mean vortices (the large
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vortices which compose the vortex street). Instead, they dissipate quickly.

(a) t = 1.15 s. (b) t = 1.20 s.

(c) t = 1.25 s. (d) t = 1.30 s.

Figure 4.17: Small vorticities at the leading edge, 2D IDDES simulation with 90°
AoA.

(a) t = 1.15 s. (b) t = 1.20 s.

(c) t = 1.25 s. (d) t = 1.30 s.

Figure 4.18: Small vorticities at the leading edge, preliminary 3D IDDES simula-
tion with 90° AoA.
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4.3 Mesh analysis and scheme study

From the preliminary 3D simulation, the force coefficients CD and CL are overesti-
mated and do not agree with the experimental data well.

One problem of the coarse mesh is that the y+ value along the foil is too high (larger
than 5), which will give bad prediction in the boundary layer. But for the fine mesh,
the y+ is usually less than 1. Although sometimes the value of y+ will be higher
than 1 in some local regions, as figure 4.20 shows, it will improbable lead to such
huge overestimation. Some other reasons for the inaccuracy are discussed in this
section.

Figure 4.19: Distribution of y+, preliminary 3D IDDES simulation with the fine
mesh at t = 2.2 s.

To find the reason for the overestimation, mesh analysis and scheme study are
implemented to see if the fineness of the mesh reaches the mesh independence and
if the scheme applied is accurate enough.

4.3.1 Steady state analysis

7 structured meshes and 6 unstructured meshes are used for the mesh analysis. The
3D simulation cases in section 4.2 were using unstructured mesh for the downstream
region. Thus, mesh analysis for the unstructured mesh is firstly carried out. RANS
simpleFoam simulation is executed for each mesh.

Figure 4.20 shows an example of the unstructured mesh. The boundary layer and
the region attached to it is structured, while the other parts of the domain, including
the downstream region, are unstructured.
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Figure 4.20: Example of an unstructured mesh, mesh 1-4.

The simulations are carried out by using the k − ω SST model and the SIMPLE
algorithm. The initial 2000 steps are using a quite diffusive scheme, the linear
upwind grad(U) scheme for ∇ · (ρUU). After 2000 steps, the limited linear scheme,
which is more accurate, is used for it. Table 4.4 summarized the force coefficients
as the results of different meshes. The mean values are calculated from the steps
using the limited linear scheme. It can be seen that the drag force coefficients, CD,
are always underestimated, just like what is obtained in section 4.1.

Table 4.4: CD and CL from different unstructured mesh sizes.

Mesh Number of cells Mean CD Mean CL
1-1 23,606 1.3527 0.1017
1-2 50,597 1.3268 0.1060
1-3 65,100 1.3144 0.1042
1-4 87,364 1.3288 0.1055
1-5 109,295 1.3197 0.1008
1-6 117,285 1.3137 0.1010

From the results, the mean value of CD and CL can be regarded converged after
the number of cells is larger than 110,000. The variation of CD and CL with the
time steps is shown in figure 4.21. From the figure, it can be easily seen that the
limited linear scheme gives much more stable and accurate results than the linear
upwind scheme. Besides, the linear upwind scheme will probably overestimate the
coefficients in this case, especially for CD. Therefore, one probable reason for the
overestimation of the coefficients is from the scheme with low accuracy.
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(a) CD. (b) Zoom of CD.

(c) CL. (d) Zoom of CL.

Figure 4.21: Variation of CD and CL with the time steps for unstructured meshes.

If schemes with a higher order of accuracy were applied, the results would probably
be more accurate. However, schemes with a high order of accuracy have stricter
requirements on the mesh. The mesh quality may need to be improved, which will
make the simulation case more unstable and easily to get diverged. For this case,
as can be seen from the pressure distribution in figure 4.24 from the limited linear
scheme, the accuracy of the scheme is considered to be enough.

Although unstructured meshes can reach the mesh independence, usually structured
meshes are more controllable and provide more convincing results, as subsection 2.4.3
mentions. Thus, a series of structured meshes is also analyzed in the same way.
Figure 4.22 shows an example of a structured mesh. All the domains, including the
boundary layer (and its attached region), the downstream region, and outer parts,
are using structured mesh.
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Figure 4.22: Example of a structured mesh, mesh 2-3.

The simulation is carried out by using steady state RANS simulation, i.e. sim-
pleFoam in OpenFOAM. The first 2000 steps are using the linear upwind grad(U)
scheme for ∇ · (ρUU). After the 2000 steps, the limited linear scheme is used for
it. Table 4.5 shows the results from different meshes. The mean value is calculated
from the steps using the limited linear scheme.

Table 4.5: CD and CL from different structured mesh sizes.

Mesh Number of cells Mean CD Mean CL
2-1 10,231 1.4291 0.0971
2-2 20,490 1.4554 0.1043
2-3 40,159 1.4387 0.0997
2-4 60,185 1.3438 0.1003
2-5 79,752 1.3442 0.1005
2-6 97,884 1.3163 0.0987
2-7 120,292 1.3738 0.1036
2-8 150,313 1.3906 0.1031
2-9 201,236 1.3878 0.1045
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(a) CD. (b) Zoom of CD.

(c) CL. (d) Zoom of CL.

Figure 4.23: Variation of CD and CL with the time steps for structured meshes.

It seems that both CD and CL get converged after the number of cells is larger than
120,000. But the results are different from the results from unstructured meshes, as
table 4.4 presents. The results from structured meshes are about 4.5% larger than
the results from unstructured meshes.

Figure 4.23 shows the variation of CD and CL with the time steps. Similar to the
analysis results from unstructured meshes, the oscillation of force coefficients can
still be found.

In figure 4.23, the coefficients have larger fluctuations than the results from un-
structured meshes. With the refinement of the meshes, the amplitude of fluctuation
becomes smaller. The reason for the larger fluctuation may be that the continuity
between different parts are not solved very well, since the structured meshes are
divided into several parts when being generated. The results also support the point
that the limited linear scheme gives more accurate results and the linear upwind
scheme may overestimate the coefficients. Figure 4.24 shows the pressure (p/ρ) dis-
tribution from the two schemes, which indicates that only when using the limited
linear scheme, the results reach a more steady state. The scheme study is also
mentioned in subsection 4.3.4.
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(a) Results using linear upwind scheme. (b) Results using limited linear scheme.

Figure 4.24: Comparison between linear upwind and limited linear schemes.

Figure 4.25 shows the coefficients with the number of cells.

Figure 4.25: Comparison between different mesh sizes.

In figure 4.25, because the force coefficients from the structured meshes converged
better than the unstructured meshes. Structured meshes are applied in the final
simulation case of a uniform 3D foil, due to its controllability and adjustability.
Besides, though the URANS simulation is a bit questionable for this case, it is
acceptable.

4.3.2 Unsteady state analysis
In the IDDES simulation, the boundary layer is simulated by the unsteady RANS
model. Thus, it’s necessary to check the mesh independence by running unsteady
state simulations, i.e. pimpleFoam in OpenFOAM. For LES models, the mesh is
hard to reach independence. In general, with the refinement of the grid, more and
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more fine vorticity structures will be found. Therefore, unsteady RANS simulation
is performed for different structured and unstructured meshes.

Figure 4.26 shows the force coefficients from the unstructured mesh analysis through
time steps. The mean values of CD and CL are summarized in table 4.6. The results
support that after the number of cells is larger than around 110,000, the mesh
reaches mesh independence regarding the force coefficients.

Table 4.6: CD and CL from different meshes.

Mesh Number of cells CD CL
1-1 23,606 3.1969 0.1038
1-2 50,597 3.2415 0.0922
1-3 65,100 3.2959 0.0867
1-4 87,364 3.6957 0.0952
1-5 109,295 3.2745 0.0833
1-6 117,285 3.2921 0.0835

(a) CD. (b) CL.

Figure 4.26: Force coefficients through time from different meshes for unsteady
state.

A fast Fourier transform (FFT), which is an algorithm that converts a signal from its
time domain to a representation in the frequency domain, is performed to analyze the
frequency of the vortex shedding from different meshes. Though the mesh reaches
mesh independence in the sense of force coefficients, the FFT analysis does not give
very ideal results. The peaks are not clear and the values are very small. Perhaps
much more time steps are needed to give clear FFT results. Figure 4.27 shows the
FFT analysis results of unsteady state mesh analysis with unstructured meshes.
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(a) CD. (b) CL.

Figure 4.27: FFT analysis for unsteady state mesh analysis.

Unsteady mesh analysis is also carried out for structured meshes. Figure 4.28 shows
the force coefficients from the unstructured mesh analysis through time. For each
mesh, the lift force coefficient shows a similar amplitude of oscillation. On the other
hand, the drag force coefficient shows more fluctuation.

The FFT analysis of the force coefficients, CD and CL, from unsteady simulations
with structured meshes is presented in figure 4.29 and 4.30. The peaks of the results
from the FFT analysis are summarized in table 4.7. It is noticed that regardless of
the coefficient chosen, the main frequency, which is the vortex shedding frequency,
remains constant at 1.25 Hz. The results from the mesh 2-6 are quite strange,
which may because of discontinuity or inappropriate y+. After removing the data
from mesh 2-6, it can be obtained that the frequencies of the peaks become similar
when the number of cells is larger than 80,000, i.e. finer than mesh 2-5.

Table 4.7: Peak values of CD and CL from FFT analysis, structured mesh unsteady-
state simulations.

Mesh
CD CL
First peak Second peak First peak
Frequency Value*100 Frequency Value*100 Frequency Value*100

2-1 1.25 8.26 2.50 33.62 1.25 32.98
2-2 1.00 5.21 2.25 27.45 1.25 33.23
2-3 1.25 6.15 2.25 34.52 1.25 30.71
2-4 1.00 12.34 2.25 25.47 1.25 37.40
2-5 1.25 14.62 2.25 23.89 1.25 35.32
2-6 1.25 14.02 2.50 9.07 1.50 27.27
2-7 1.25 12.35 2.25 24.66 1.25 37.99
2-8 1.25 8.73 2.25 27.63 1.25 32.39
2-9 1.25 7.50 2.25 25.40 1.25 35.76
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(a) CL.

(b) Zoom of CL.
c

(c) CD.

(d) Zoom of CD.

Figure 4.28: Force coefficients from unsteady mesh analysis with structured
meshes.
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(a) CD FFT.

(b) Zoom of CD FFT.

(c) CD FFT boxplot.

(d) Zoom of CD FFT boxplot.

Figure 4.29: FFT analysis of CD from unsteady mesh analysis with structured
meshes.
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(a) CL FFT.

(b) Zoom of CL FFT.

(c) CL FFT boxplot.

(d) Zoom of CL FFT boxplot.

Figure 4.30: FFT analysis of CL from unsteady mesh analysis with structured
meshes.
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4.3.3 Scheme-revised simulation
From the scheme study in section 4.3, it is obtained that the accuracy of schemes
will have a significant influence on the deep stall simulation. In section 4.3, the
drag force coefficients, CD, are overestimated when using schemes with a low order
of accuracy. Thus, the schemes are modified. The scheme for ∇ · ρUU is changed
from linear upwind to limited linear, and the time scheme is changed from Euler
(first-order accuracy) to backward (second-order accuracy). The simulation case of
the fine mesh is re-run.

In this case, the Courant number in the LES region is less than 1, and y+ is less
than 1 most of the time.

However, the simulation still overestimates the force coefficients. Figure 4.31 presents
the force coefficients through time, and table 4.8 summarizes the mean value of CD
and CL. Though the force coefficients become closer to the experimental data com-
pared with previous results in section 4.2, the disagreement still cannot be ignored.

Figure 4.31: Force coefficients through time after scheme modification.

Table 4.8: CD and CL after scheme modification.

Coefficients Simulation before revision Simulation after revision Experiment Difference
CD 3.392 3.124 1.800 74%
CL 0.167 0.127 0.090 41%

This case indicates that though scheme accuracy and 2D mesh independence have
an influence on the results, they are not the most important reason for the overes-
timation.
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4.3.4 3D mesh analysis
In order to check if the cell size in z direction is fine enough, 3D mesh analysis is
also executed. Based on unstructured mesh 1-5, two 3D meshes are generated with
60 and 120 layers in the z direction. The total height, i.e. the longitudinal length,
of the foil is the same as the chord length i.e. 1m.

In 2D mesh analysis, it is found that the accuracy of the schemes has a significant
influence on the results. This phenomenon is also found in the 3D analysis. Figure
4.32 shows the pressure (p/ρ) distribution at the front panel from linear upwind and
limited linear schemes. It can be seen that when using the linear upwind scheme,
there are some regions with extremely low pressure, which will cause high drag force
coefficients. This situation does not exist when the limited linear scheme is applied.
Thus the simulation will be more reasonable when using limited linear schemes.

(a) Results using linear upwind scheme. (b) Results using limited linear scheme.

Figure 4.32: Comparison between linear upwind and limited linear schemes.

One of the problems that 3D simulation faces is that there are always cells with high
aspect ratio. To solve this, controlling y+ < 1 is given up, instead, y+ is made to be
larger than 30. Then, the boundary condition of K at wall needs to be changed to
be kqrWallFunction.

Another probable reason for the inaccuracy might be the mesh at both the trailing
edge and the leading edge is not fine enough, which results in the high Courant
number at edges.

4.4 Final 3D simulation
In section 4.3, results and cause analysis for inaccuracy are presented. The possible
reasons are listed as: y+ at wall is inappropriate; mesh is not fine enough to reach its
independence; the scheme is not accurate enough; aspect ratio of cells is too high;
the condition is not the same as experiments. A final 3D simulation is performed
after solving all the problems mentioned above.
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4.4.1 Mesh refinement

(a) Entire domain.

(b) Downstream region.

(c) Close to the foil.

Figure 4.33: Mesh used for the final 3D uniform simulation.
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J. S. Park (2017) indicated that when doing simulation for deep stall foils, the height
(length in z direction) should be quite larger than the chord length [42]. Otherwise,
the force coefficients may be overestimated. According to the reference, to get
accurate force coefficients, the ratio between the longitudinal length and the chord
length is better to be larger than 4. But the experiment data which is compared with
the simulation results is based on a foil with height/chordlength = 2.33. Therefore,
the final simulation is trying to follow the experiments, with the ratio of height and
chord length as 2.33. The front and back boundary is changed to be walls instead
of cyclic.

For the new mesh, all of the domain is structured, as figure 4.33 shows. It can be
seen that the mesh at the two tips is refined compared with the previous mesh as
figure 4.8. The total number of cells is 24,148,320. In z direction, 120 layers are
evenly set. Wall functions are applied as the wall normal resolution on the side
walls.

4.4.2 Steady state results
A simulation of steady state with the k− ω SST model is performed to provide the
initial condition for IDDES.

The simulation is initialized with a more diffusive scheme, i.e. linear upwind for
the ∇ · ρUU term for the first 700 time steps. After that, a more accurate scheme,
limited linear, is used and the force coefficients CD and CL are collected. The
predicted mean values of CD and CL are 1.562 and 0.150, with a relative difference
of -13.2% and 66.7% compared with experimental measurements.

Figure 4.34: Pressure (p/ρ) and velocity direction distribution, final 3D steady
state RANS simulation.
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The pressure (p/ρ) distribution and the vectors which represent the velocity direction
at the foil center panel are shown in figure 4.34. Added mass can be found in front
of the foil, and vortices occur with low-pressure region in the downstream. The flow
field is similar to the 2D simulation results, which can be seen in section 4.1.

Figure 4.35 shows the velocity distribution, significant flow in z direction can be de-
tected. Compared with results in subsection 4.2.4, flow in the longitudinal direction
not only appears in the attached region around the foil, but also in far downstream
fields.

(a) Magnitude. (b) Z direction.

Figure 4.35: Velocity distribution, final steady state 3D simulation.

4.4.3 IDDES simulation results

The IDDES simulation is based on the same process as the re-run case in subsection
4.3.3. Since the mesh is rather fine and with maintaining the Courant number in
the LES region less than 1, it is too time-consuming, and only limited results are
generated.

The variation of the force coefficients through time is noticed in figure 4.36. In the
limited time, the mean value of the force coefficients are CD = 1.725 and CL = 0.117.
The difference of CD to the experimental data is -4.2 %, and 3.2 % for CL. The
overestimation of CD does no longer exist, and the deviation from the experimental
data is now acceptable.
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Figure 4.36: Force coefficients with time, final 3D IDDES simulation.

The development of the DES field is shown in figure 4.37. The boundary layers are
in the RANS region, which presented in blue, and most of the flow separation and
vortices are calculated by the LES model, which is shown in red in the figure.

(a) t = 0.25 s. (b) t = 0.70 s. (c) t = 1.15 s.

Figure 4.37: Velocity distribution.

Figure 4.38 and figure 4.39 show the pressure (p/ρ) distribution and the surface LIC
at different time. Figure 4.40 shows Q around the foil at the foil center plane at
different times. The development of the vortex street can be easily seen in both the
three figures. Compared with the previous simulation cases in section 4.2, the flow
field shows a much more complex vorticity structure. Quantities of small vortices
can be found around the foil.

From the surface LIC results, significant flow separation can be seen in the down-
stream field. The flow separation can also be found in figure 4.41 which shows the
3D vector plot of the velocity field. When t = 1.15 s, the main vortices break into
several small vortices. Meanwhile, the vortices dissipate more quickly than the pre-
liminary 3D simulation cases, which is probably because of the influence of the front
and back wall. The pressure (p/ρ) distribution at different distances from the back
wall is shown in figure 4.42. For the slice at 99% of the chord length, the main
vortices are quite complete, while the main vortices become broken for slices close
to the foil center plane.
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(a) t = 0.25 s.

(b) t = 0.70 s.

(c) t = 1.15 s.

Figure 4.38: Pressure (p/ρ) distribution at the foil center plane, final 3D IDDES
simulation.
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(a) t = 0.25 s.

(b) t = 0.70 s.

(c) t = 1.15 s.

Figure 4.39: Zoom of pressure (p/ρ) distribution and the surface LIC at the foil
center plane, final 3D IDDES simulation.
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(a) t = 0.25 s. (b) t = 0.70 s.

(c) t = 1.15 s.

Figure 4.40: Distribution of Q, final 3D IDDES simulation.

Figure 4.41: 3D velocity vector plot, final 3D IDDES simulation.
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(a) y = 70% chord length.

(b) y = 90% chord length.

(c) y = 99% chord length.

Figure 4.42: Distribution of Q, final 3D IDDES simulation.
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The pressure (p/ρ) distribution at different slices behind the foil with t = 1.25 m is
presented in figure 4.43. The white frame in the figure refers to the projection of the
foil in x direction, i.e. the inlet flow direction. It can be seen that the longitudinal
pressure distribution is not uniform. Though the foil is uniform and symmetric, the
flow field is quite irregular. The width of the irregular flow filed is almost the same
as the chord length when x = 1 m, i.e. 10 % of the chord length. However, the
irregular flow field will become wider as the distance from the foil is getting larger
and larger.

(a) x = 0.1 m. (b) x = 0.2 m.

(c) x = 0.3 m. (d) x = 0.4 m.

Figure 4.43: Pressure distribution at different slices behind the foil.

Figure 4.44 shows the velocity distribution at the foil centre plane with t = 1.15 m.
Similar to the results from the preliminary 3D simulation in section 4.2, the velocity
in the z direction is in the same order of magnitude as velocity in the x and y
directions. However, the longitudinal flow not only appears in the region tightly
attached with the foil, but also the downstream region far away from the foil, which
is also revealed by steady state simulation in subsection 4.4.2.
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(a) Magnitude. (b) x direction.

(c) y direction. (d) z direction.

Figure 4.44: Velocity distribution, final 3D uniform IDDES simulation.

The predicted vorticity, as shown in figure 4.45, is found to be stronger than in
figure 4.15 which is predicted using a short foil span. This indicates that with the
inclusion of a longer foil in the simulation, the prediction of 3D flow structures will
be different which will lead to different force predictions.

Figure 4.46 shows the distribution of pressure (p/ρ) and velocity in z direction
throughout the contour of Q = 50. The low-pressure phenomenon at the suction side
is milder, and the 3D flow structure is more complex than the previous simulation
results in section 4.2.
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(a) Magnitude. (b) x direction.

(c) y direction. (d) z direction.

Figure 4.45: Vorticity distribution, final 3D uniform IDDES simulation.

(a) Pressure. (b) Velocity in z direction.

Figure 4.46: Pressure and velocity in z direction throughout the contour of Q = 50
with t = 1.15 s, final 3D uniform IDDES simulation.

The overestimation of force coefficients is lightened from this case. The ignorance
of the influence from the sidewalls, i.e. the wall at the front and back panel, is
considered as the probable reason to the overestimation. Nevertheless, it must be
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admitted that since the limitation of time steps, it cannot be firmly believed that
this mesh and simulation process is perfect, though the results have much better
agreement with the wind tunnel experiment results than the preliminary simulation
cases.

From the final simulation case of the uniform 3D foil, significant influence from the
front and back walls is discovered. Although the simulation follow the condition of
the experiments and the results fit the experimental data quite well, the predicted
flow field may not be representative of a foil under the extreme condition. Usually
people are interested in the force coefficients and other feature of the flow field
without the influence from sidewalls. Thus, simulations based on a uniform 3D foil
with infinite span wise length may have more reference value.

4.5 Interactions between two foils

A 2D simulation is carried out to give a rough prediction on the interaction between
two foils. The case is based on two foils both with a 90° angle of attack and different
distances in between. The Reynolds number in this section is all set to be 1e7, based
on the chord length.

Figure 4.47 show the pressure (p/ρ) distribution of each simulation case with the
distance between the two foils from 1.0× chord length to 3.5× chord length. When
the distance between the two foils is less than 2.0 × chord length, the pressure
distribution is quite stable. There is a relatively uniform low-pressure area between
the two foils. Nevertheless, when the distance between the two foils is larger than
2.5 × chord length, some unstable low-pressure region will occur between the two
foils, and the loading condition of the 2-foil system will show its volatility.
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(a) 1.0× chord length. (b) 1.5× chord length.

(c) 2.0× chord length. (d) 2.5× chord length.

(e) 3.0× chord length. (f) 3.5× chord length.

Figure 4.47: Pressure (p/ρ) distribution, 2D steady state RANS simulation for 2
foils with different distances in between.

Since the flow field of these simulation cases with deep stall foils has lots of unsteady
characters. In purpose of predicting the flow separation and vorticities, IDDES
simulations are carried out. Figure 4.48 and figure 4.49 show the pressure (p/ρ)
distribution of the flow field at different time. Compared with the simulation results
of a single foil, the downstream domain of the 2-foil system shows more irregular
and complex characters. For the system with the distance between the two foils less
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than the chord length, the pressure between the two foils is quite stable. However,
for systems with the distance between the two foils more than two times of the
chord length, obvious shedding vortices develop not only in the downstream region,
but also the region between the two foils. These vortices lead to the significant
oscillation of the loading condition on the 2-foil system.

(a) 1.0× chord length. (b) 1.5× chord length.

(c) 2.0× chord length. (d) 2.5× chord length.

(e) 3.0× chord length. (f) 3.5× chord length.

Figure 4.48: Pressure (p/ρ) distribution, 2D IDDES simulation for 2 foils with
different distances in between at t = 4 s.
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(a) 1.0× chord length. (b) 1.5× chord length.

(c) 2.0× chord length. (d) 2.5× chord length.

(e) 3.0× chord length. (f) 3.5× chord length.

Figure 4.49: Pressure (p/ρ) distribution, 2D IDDES simulation for 2 foils with
different distances in between at t = 5 s.

From an engineering perspective, a problem may occur that if the vorticities gen-
erated by the two foils overlap together. The strength of the vortex will be much
amplified, which leads to a lower pressure zone behind the foil compared to the
situation with a single foil. Then the system of the two foils will suffer from very
a large drag force. Another problem may be the vortex-induced vibration. If the
frequency of the vorticities is similar to the vibration frequency of the foil itself, the
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foil will vibrate in a very large amplitude. Then the structure of the foil may be
destroyed.
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5
Conclusion and future work

5.1 Conclusion
For the studied cases under the low angles of attacks, the vorticity is not significant.
From the simulation results, the pressure distribution along the foil agrees with the
experimental data very well. In the sense of force coefficients, although the relative
difference of drag force coefficients is quite large, the absolute difference is minute.
Thus, the simulation can be considered to provide credible and reasonable results.
The steady state and unsteady state simulations give similar results, so the flow is
quite steady when the angle of attack is low. Since the unsteady simulations using
URANS and DDES model also give similar results, the large eddy vorticities and
flow separation are not significant under low angles of attack conditions. Although
it is still uncertain whether the flow has significant 3D characters, the 2D simulation
is enough to get quite accurate results in the sense of force coefficients.

For the NACA-0015 foil, the critical angle of attack is around 16°. When the angle
of attack is larger than 16°, significant flow separation will appear on the suction side
of the foil close to the trailing edge. The stall and the reduction on the lift coefficient
generated by a foil as angle of attack increases happen at that angle of attack. The
simulations based on RANS models cannot give accurate prediction when the angle
of attack is larger than 16°. On the other hand, DES type models are suggested
for these conditions since these models have better behavior in simulating the flow
separation.

For the extreme conditions, i.e. the condition with an angle of attack as 90°, the
most important characters of the flow field around the foil with high angle of attack
are unsteady feature, vorticity, and 3D structure. The flow field has very significant
unsteady feature, so steady-state simulations cannot give accurate prediction. The
vortices develop one after another at the two tips of the foil, which compose the
vortex street, and then dissipate in the downstream region. The vorticities cause a
motional low-pressure region behind the foil and lead to the fluctuation of loading
conditions. Obvious 3D flow occurs around the foil, which has a significant impact
on the force condition of the foil.

The CFD simulations on foils with large angles of attack are quite difficult and many
problems need to be properly solved. The most important difficulty for a deep stall
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foil is the 3D flow structure. For simulations on a uniform 3D foil with infinite span
length, the longitudinal height should be large enough, otherwise overestimation
happens easily when the ratio between the height of the foil and the chord length is
not appropriate. For wind tunnel experiments target on a deep stall foil, it is also
important to make the foil long enough in the span wise to reduce the impact from
the sidewalls.

It should be noticed that the study on the interaction between multi foils is based
on 2D simulations and thus not quantitative relevant. For the interaction between
multi foils, a more irregular and complex vortex street is clear in the downstream
region, and it will separate into a larger domain compared with the single foil case.
For two foils with the angle of attack as 90° and the distance less than 1.5 times
the chord length in between, a quite stable low-pressure region with low velocity
will occur between the two foils. However, if the distance between the two foils is
larger than 1.5 times the chord length, the vortex street generated by the front foil
will have remarkable influence on the next foil. In that situation, vortex induced
oscillation may happen. For a wind-assisted propulsion ship under extreme condi-
tions with more than one wingsail, the propulsive force generated by each wingsail
is different. Thus, the propulsive force of the whole system of wingsails can not
be simply considered as production of the force generated by one wingsail and the
number of wingsails.

5.2 Future work
Due to the limitation of time, mesh refinement in the longitudinal direction is not
analyzed. It’s still not clear if the 3D mesh has completely reached its mesh inde-
pendence. Thus, a detailed 3D mesh analysis can be carried out.

It’s found that when running simulations for a deep stall foil, the ratio between the
longitudinal span and chord length has a remarkable influence on the simulation
results. Although the full span as the experiment is used as the final simulation case
in this thesis, usually people are interested in the loading condition and flow feature
without the influence from sidewalls. Simulations on a uniform foil with infinite
span length has reference value. Several simulation cases can be performed to see
how this ratio affects the simulation results.

For all the 90° angle of attack simulation cases in this thesis, the k−ω SST IDDES
model is used for the unsteady states. Some other methods like LES and DNS
are also suitable for this largely separated flow. Though these methods may have
higher requirements on the numerical meshes or be more time-consuming, they may
provide more accurate results than IDDES.

In the final case, the y+ is set to be higher than 30 instead of being lower than 1.
The total number of cells is saved by doing this, but some information may get lost
in the boundary layers. A case with y+ less than 1 can be carried out.

After getting reliable results, the simulation process can be used to predict the force
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condition of realistic foil models, i.e. the wingsail, which is in the initial plan of this
project. The propulsive force and the influence on the stability of the hull can also
be estimated.

A series of simulations can also be carried out to research deeply into the interaction
between foils. The vortex induced oscillations can be analyzed.
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