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A PANS implementation of k-w SST turbulence model

SKANDA SUBRAMANYA
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

In this thesis, a Partially Averaged Navier Stokes (PANS) turbulence model is im-
plemented for the standard k-w Shear Stress model (SST). The source code for the
PANS implementation of the k-w SST turbulence model was developed using the
C++ programming language. The dynamic PANS turbulence model consists of the
active filter function fy, responsible for the transition from the Reynolds Averaged
Navier Stokes (RANS) region to the Large Eddy Simulation (LES) region provided
with a smoother transition for refined mesh when compared to coarser mesh. The
developed turbulence model was first validated by studying the flow around a cylin-
der. After validation, the PANS turbulence model was used to investigate the flow
quantities around BB2 Generic Submarine hull form.

The outcome of this study is that the PANS model simulations predicted the flow
around the circular cylinder better than the k-w SST model. The validation was
performed for different cylinder grid resolutions for comparison. CFD simulations
were then carried out for the submarine hull model at straight flight and 10-degree
yaw. The PANS model had better flow prediction along the surface of the subma-
rine when compared to the standard SST model for a straight flight, whereas for the
10-degree yaw, both PANS and SST turbulence model had similar flow predictions.

Keywords: Partially Averaged Navier Stokes (PANS), k-w Shear Stress model
(SST), Turbulence model, C++ programming language, Computational Fluid Dy-
namics (CFD), Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simula-
tion (LES).
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1

Introduction

CFD, or Computational fluid dynamics, is the study or analysis of fluid flow, heat
transfer, or any other type of phenomena, such as chemical reactions, using com-
puted simulations. These computations are performed using modern computer-
based simulations [14]. One of the many challenging aspects considered while per-
forming a CFD analysis is the turbulence modelling for the specific flow type. Ac-
cording to [9], many researchers have been addressing turbulence flow through Direct
Numerical Simulation(DNS)and Large Eddy Simulation(LES) for nearly decades.
Similarly, many engineers approach this problem based on intuition in which an ap-
propriate mathematical model is derived to simulate and examine the flow of some
beneficial interests since DNS and LES simulations are time consuming and expen-
sive. These simulations are typically constrained by walls and are performed at high
Reynolds numbers (typically above 10°).

1.1 Turbulence Models

Almost all fluids encountered on a day-to-day basis are turbulent. In turbulent flow,
the velocities are divided into two parts: the time-averaged part independent of time,
while the other is the fluctuating part in space and time. The energy transfer in
turbulence is based on the cascade process, where the energy is transferred from
large turbulent scales to small scales. These scales extract the kinetic energy from
the mean flow, which contains the time scale. The most miniature scale where
dissipation occurs is called the Kolmogorov scale. It is assumed that these scales
are determined by viscosity and dissipation.

As mentioned above, turbulent fluctuations are composed of energy at different
scales. We can think of these structures as eddies. The spectrum of the turbulent
fluctuations can be understood better when looking at the energy spectrum graph.
Figure 1.1 shows the spectrum for the turbulent kinetic energy, k. The wavenumber,
Kk, is proportional to the inverse of the length scale of a turbulent eddy. The initial
region I, we have the large eddies which carry most of the energy. These eddies then
interact with the main flow and extract energy from mean flow. This energy transfer
takes place by the production term present in the transport equation for the turbu-
lent kinetic energy. The region II in figure 1.1 is called the inertial subrange. For the
existence of this region, the Reynolds number should be high (fully turbulent flow).
The eddies in this region represent the mid-region. This region is considered as the
transport region in the cascade process. This region consists of isotropic turbulence
which means that the average eddies have no preferred direction i.e. the fluctuations
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Figure 1.1: Energy Spectrum

in all directions are same. The last region III in the figure is called the dissipation
region. The eddies are small and isotropic like region II. In this region, the energy
is transferred form the turbulent kinetic energy into thermal energy i.e. increased
temperature.

When we consider the implementation of turbulence models, the most accurate
model that can be considered in predicting the flows is the DNS method. According
to [8], DNS involves solving the Navier-Stokes equation directly. It is said to have
very high resolving capabilities considering even the smallest eddies and the turbu-
lent time scales of the flow. Similar to the DNS model is the LES model, which is
also considered to provide highly accurate simulation results. The only drawbacks of
these turbulence models are that they are costly and time-consuming. Therefore, it
is not feasible to use DNS and LES models for day-to-day simulations or implement
them for industrial purposes. Hence, to overcome this, engineers had to develop a
turbulence model with a sure accuracy in the flow prediction and reduced cost and
time.

This led to the Reynolds Averaged Navier-Stokes Equation(RANS). The popular
RANS turbulence models are mainly two equation models, with one being the *k-w’
turbulence model and the other being the 'k-¢’ model. These turbulence models
are used based on their desired criteria. There are also four equations turbulence
models available, but the most widely used turbulence models are the ’k-w’ and the
'k-¢” models. As mentioned before that these turbulence models are used based on
specific criteria. The ’k-w’ turbulence model is used when predicting the flow for a
near-wall/boundary layer region. The accuracy of the prediction near-wall region is
the highest under this model. Simultaneously, while predicting the flow for a region
away from the wall/free shear flow, the k-e model is the most accurate. Hence, the
turbulence model accommodation during the CFD analysis is purely based on the
desired flow prediction.

The main drawback of using either the 'k-w’ or ’k-¢’ model during flow prediction
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is that these turbulence models have sure prediction accuracy at a specific region
within the computational domain. Hence, it was impossible to correctly predict the
flow at both the near-wall region and far away from the wall region in the same
simulation. To overcome this, a new turbulence model was created is called the k-w
SST’ model. Here the term 'SST’ stands for shear stress transport. The SST model
combines the 'k-w’ and the 'k-€.

1.2 Hybrid-Turbulence models

Simulations of bluff body flow is an ideal example for the LES method as bluff
body flows are dominated by large turbulent scales, which can be resolved using the
LES method without fine resolution. However, it becomes challenging to accurately
predict the flow in the near-wall region since the grid spacing should be about
one wall unit in the wall-normal direction. This is similar to the requirement in
RANS using low-Re number models. At low to medium Reynolds numbers the
streak process is responsible for the major part of the turbulence production. These
structures must be resolved in an LES in order to achieve accurate results. The idea
to overcome this problem led to the development of hybrid turbulence models which
is to eliminate the requirement of high near-wall resolution in wall-parallel planes.
Hybrid turbulence models are developed based on combining the advantages of
RANS and LES models in a zonal manner according to [10]. Hybrid turbulence
models are used to switch between RANS and LES models during the computa-
tional analysis. In the near-wall region (the URANS region), a low-Re number
RANS turbulence model (usually an eddy-viscosity model) is used. In the outer
region (the LES region), the usual LES is used. The idea is that the effect of the
near-wall turbulent structures should be modeled by the RANS turbulence model
rather than being resolved. In the LES region, coarser grid spacing in wall-parallel
planes can be used.

The RANS model, when compared to the LES model, yields lesser information than
required for flow prediction, whereas the LES model gives a lot more information
than required. Hence, a hybrid turbulence model is developed to yield the right
amount of information throughout the computational domain to predict flows.
One of the hybrid models used is the Partially Averaged Navier Stokes (PANS)
model, Detached Eddy Simulation (DES) model, and the Delayed Detached-Eddy
Simulation (DDES). The PANS approach towards merging the RANS and LES
models uses a parameter called "f,". The parameter "f," is used to replace the
turbulent length scales. When f,=1, it is said to be the RANS region, whereas,
for fr=0, it is said to be DNS. For f; ranging from 0.5-0.1, it is in the LES region.
The development of this model is mainly focused on this specific parameter. The f;
parameter is the ratio of the unresolved kinetic energy to the total kinetic energy.
When hybrid models are considered, it is required to close these equations because
the turbulent length scale present in the dissipation term of the governing equations
will be replaced by different parameters. Like the PANS, the DES and the DDES
use a similar parameter to switch between RANS and LES.

The main advantages of the hybrid turbulence models over LES and RANS models
are as follows,
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o They provide more accurate results than the RANS models.
e They are cost effective when compared to DNS or LES approaches.
e They are less time consuming when compared to DNS or LES approaches.

1.3 Thesis Objective and Outline

This dissertation investigates the validation of turbulent external flow for the k-w.
SST PANS model. The source code for the k-w SST PANS model is created using
the open-source CFD software OpenFOAM. It is then validated by investigating the
external turbulent flow around a simple cylinder. The PANS validation is performed
for multiple parameters " f;." variants. The investigation is performed for a dynamic
fr and static f; at 0.3, 0.7, and 1.0. Once the model is validated, the PANS turbulent
model is applied to a BB02 generic submarine. The simulations are performed, and
all the results are provided later.

Chapter 2 of this dissertation provides a detailed description of the k-w SST model
and the PANS model. Chapter 3 discusses the flow around a cylinder at Re = 3900.
This test case is considered to conduct a comprehensive investigation of the selected
methods and flow. Once validation is performed in chapter 4, discussions for PANS
flow around a submarine is performed, and the results are compared. Chapter 5
deals with the conclusion of the entire study performed.
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Numerical Models

In order to understand the implementation of the PANS model using the bridg-
ing factor, it is necessary to understand the various types of turbulence models
present and their computational advantages and disadvantages. Once these models
are comprehensible it becomes easier to understand the need for PANS model. This
chapter contains a detailed description of RANS model k-w SST and the hybrid
model PANS.

Before getting into the detailed description of the above mentioned turbulence mod-
els it is important to understand the equations governing these models. When the
flow is turbulent it is preferred to decompose the instantaneous variables such as
the velocity and the pressure into two different components where one of the com-
ponent being the mean value and the other being the fluctuating value. The general
notation for this can be written as,

P=T+d (2.1)

where ® can be considered as any component such as temperature or velocity. It
is then split into mean part or time averaged which is ® and the fluctuating part
which is @ /. The time average can then be defined as

3= L [ oa
- ¢ 2.2
QT/_T ’ (2:2)

The main equations governing the turbulence models are the continuity equation
and the momentum equation which then give rise to the Navier-Stokes equation.
The continuity equation equation for an incompressible flow (p = constant) is

(%i
— 2.

The next equation that has to be considered is the momentum equation. The
momentum equation for the “v” can be written as

dv;  O(vww;) 1 0p 0 ov;
ot + or; p8$i+0xj[(y)8xj]’

(2.4)

where v; is the initial velocity, v is the kinematic viscosity and vy is the turbulent
viscosity. The equation 2.4 is called the Navier-Stokes Equation.
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2.1 k-w Shear Stress Model

The k-w SST model was developed by Menter[7] to overcome the excess dependencies
of the k-w and the k-¢ models. According to [3], the SST model mainly has two
differences,

It is a combination of the k-¢ (for region away from the boundary layer) and

the k-w (for regions inside the boundary layer) models .

o Shear stress limitaion in the adverse pressure gradient region.
Similar to the other RANS models the SST model is a two equation model, meaning
it relies on the two transport equation to compute the turbulent kinetic energy and
the dissipation rate. In the SST model, the £ and the w equations are determined
respectively,

Dk 0 ok
— =P, - k+ — 2.5
Dt e — Brwk + oz, (v + Vtak)a:cj] (2.5)
Dw  agsr 9 0 Ow Ouo Ok Ow
— = P — — w 21 - F1)—/ ——, 2.6
Dt vy b~ Ossr” + 0z (v + w0 )3:13]] +2( ) w Ox; x;’ (2:6)
where 2 = at + U5 a denotes the material derivative.

In the above equatlons P is the production term, 8* is a constant, o, and o,, are
called the Prandtl numbers having a constant value. The last term in the equation
2.6 is called as the cross-diffusion term which is responsible for the SST model to
alternate between the k-w model and the k-e¢ model. This switch between the two
models is governed by the blending functions F'1 and F2. The expression to calculate
the blending function F'1 is given by,

Vk 500y> 40,0k
Brwd’ d*w " CDkwd?

)", (2.7)

F1 = tanh(min(max(

where,

1 0k Ow
CDkw = 20@2 a 8.1'j (28)

The smooth transition of the coefficients from the k-w model to the k-¢ model is
achieved when F'1 = 1 at the near wall region and F'1 = 0 at the outer region. The
agst and the Sggr coefficients in the equation 2.6 are then computed as follows,

agst = Flog,_, + (1 — Fl)Ozk,E, (29)

Bsst = F18k—o + (1 — F1) by, (2.10)

and so on. To accurately predict the transition from the wall boundary region to
the free stream region, another blending function is used, the expression for this
blending function is given by,

2vVEk 500 v

F2 = tanh(max(ﬂ* P

—)?), (2.11)
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Table 2.1: Coeflicients of the k - w SST closure model

(631 Q2 al B B2 B 751 a2 Q1 (67%p)
5/9 0.440 | 0.310 | 0.075 | 0.0828 | 0.090 | 0.850 | 1.000 | 0.500 | 0.856

The turbulent viscosity for the k-w SST model is calculated using the following

expression.

0,1]{3
= 2.12
vt max(ayw, sF2)’ (212)

In the above equation, al is a constant and, s is the strain rate tensor denoted as,

1 Jv; O0v;
_|_

— g = — 2.1
S SZ] 2(81'] amz )7 ( 3)

The production term Py in both the k and the w equations are calculated using the
following expression,

Py, = min(v;s*, 106%kw). (2.14)

In this k-w SST closure model, the coefficients a, 5, 5*, oy and «, are calculated
form the equations 2.9 and 2.10. The constant values for these coefficients are
defined in table 2.1.

2.2 PANS implementation for £-wSST model

The Partially-Averaged Navier Stokes (PANS) models engage single closure model
for the entire computational domain without any explicit dependencies on the grid
properties. [4] This bridging strategy mainly depends on two parameters when
considering for the SST model. These parameters are used to define the range of
the resolved scales. These are the modelled turbulent kinetic energy to the total

turbulent kinetic energy f,
k

fe = , 2.15
g ktot ( )
And the specific dissipation f,, is given by
w
f w — )
Wot

where the subscript "tot" denotes the total turbulent quantities. This model is char-
acterized by a rigorous mathematical and physical background (According to [4]).
The parameters f, and f,, can be set to a constant value or can be made dynamic
as well. The static values for the PANS parameters can be considered to avoid
commutation error where as if the dynamic parameters are considered there can be
some commutation errors encountered which can be rectified by implementing the
Variable-Resolution model.

The PANS model relies on the closure of the RANS models to compute the unre-
solved turbulent stresses. Hence, the parameters f; and f, were introduced onto

7
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the governing equations of the RANS SST model. The PANS version for the SST
model is developed with the help of Lakshmipathy and Girimaji [6] and Filipe Miguel
Soares Pereira [11]. The transport equations for the PANS version of the SST model
for the unresolved kinetic energy ky and the unresolved specific dissipation rate wy
are,

Dky fuy Ok
—— =P, — ffwyk 2.16
D  — Brwoky + 6a:j[(y+yt0kfk)8x]] (2.16)
Dwy — apans-sst P’ Bpans_ssTwu d Ju\ O
= P—(P —— 44— 2 — +D
i = T e (P G PR (o ) Do
(2.17)
where D¢ for the SST model is given by,
02 Ju Oky Owy
De=2—"—"—(1—-F 2.18
¢ Wy fk( )895] ax] ( )
The material derivative is given D = at + 75 82

In the above equations the value for Py is calculated using the equation 2.14.

In the D¢ term the Fj is the blending function calculated from the equation 2.7. ki
and wy denote the unresolved turbulent quantities.

The P’ term in the equation 2.17 is calculated as follows,

apans—ssTku
Vg '

P =

(2.19)

The turbulent viscosity 14 is calculated from the equation 2.12.

2.2.1 Computing f;

The physical meaning of f; is the ratio of the modelled to the total turbulent kinetic
energy. When the dynamic fj, is considered, according to [2], it is expected that the
value of f; should be smaller when the grid is refined. One such way for computing
fr was proposed by [1] where,

SA k2
fr=C2 (7)3, L = =

A= (AV)3 2.20
I e (AV)3 (2.20)

Kenjeres and Hanjalic [5] have slightly made a different proposal for computing the
parameter fp under dynamic conditions. According to them,

A

= —. 2.21
fi= T (2.21)
According to [2] it was found that the expression from 2.21 gave very low values of
fr- Hence the expression for fj from 2.20 was chosen for evaluating under dynamic

conditions.
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Circular Cylinder at Re=3,900

In this chapter the investigation for the flow around a circular cylinder is carried
out at a Reynolds number of Re = 3,900 using the SST model and the PANS
version of the k-w SST model. The meshing of the Cylinder is performed with
the help of the open source CFD software OpenFOAM’s dictionaries blockMesh
and snappyHexMesh. The PANS version of the SST turbulence model was also
developed using OpenFOAM.

It was first required to validate the PANS version of the SST turbulence model
before applying it to the Submarine hull. Hence, a simple case of circular cylinder
was considered. The flow around the cylinder can be classified into different regions
based on the Reynolds Number,

Re = , (3.1)

where, V., is the free stream velocity, D is the diameter of the cylinder which is 0.4
m. The fluid considered in in this investigation is air. At very low Re the flow is
considered to be laminar and as the Reynold’s number increases the flow becomes
more turbulent.

3.1 Computational Domain and Boundary Con-
ditions

The computational domain is a rectangular geometry defined in the Cartesian co-
ordinate system. The Cylinder is placed at the center of the axis. Figure, 3.1 shows
the dimensions of the computational domain where the diameter 'D’ of the cylinder
is 0.4m. The inlet and the outlet are located at 5D upstream and 25D downstream
from the center of cylinder respectively; the front and back symmetry plane are 10D
and -10D distant from the cylinder center, whereas the top and bottom boundaries
have slip boundary condition and are 1.1D apart. The velocity and turbulent quan-
tities are set to constant at the inflow boundary. The pressure is deduced from the
interior of the domain. At the outlet, all the dependent variables in the streamwise
direction are set to zero, where as for outlet there is an imposed pressure, the re-
maining variables are set to zero. Symmetry boundary conditions are applied for
front and back planes. Naturally, no-slip conditions are applied on the surface of
the cylinder.



3. Circular Cylinder at Re=3,900
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Figure 3.1: Computational Domain

3.2 Numerical Settings and Measurements

The numerical simulations are carried out on two spatial grids resolutions. The first
grid resolution contains 9 * 10° cells while the second contains 6 * 10° cells. The
investigation is carried out for the shear layer formation for the near wall region at
the wake of the cylinder. Hence, a more finer mesh is made across the cylinder area.
The grid resolution for the cylinder can be seen forn figure, 3.2.

1
) D N
N D S Y S

HRRARRERARRRARRRARAIA {

T |

(a) Isometric view (b) top view

Figure 3.2: Spatial Grid Resolution

3.2.1 Prism Layers

The boundary condition for the cylinder surface is considered to be a no-slip con-
dition. Hence, a region of viscous sublayer is considered around the surface of the
cylinder to correctly predict the turbulent flow. To increase the prediction accuracy
of the turbulent flow in the viscous sublayer region a suitable y+ value has to be
considered, where y+ is a non-dimensional distance. While modelling turbulence,
v+ helps in determining the proper cell distance or cell size near the domain walls.

10
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Figure 3.3: Prism Layers

For this prediction a total number of 20 prism layers were considered with a calcu-
lated first wall distance of 0.001649 m from the cylinder to maintain a y+ less than
5 so that the simulation is performed in the viscous sub layer.Figure 3.3, shows the
developed prism layer for the simulation.

3.2.2 Solving

In order to solve the integrated equations of the turbulence models, the equations
first need to be discretized into algebraic equations. This is done with the help of
numerical discretization schemes. The numerical discretization schemes used in this
project are as follows:

Time-Derivative Scheme: The time derivative scheme used for the SST
and the PANS models is backward scheme which is second order accurate.
Gradient Scheme: The gradient scheme used for the discretization of the
integrated equations is Gauss linear scheme which is the Gaussian integration
with central differencing, which is a second order, unbounded scheme.
Divergence Scheme: The divergent scheme used in discretization for veloc-
ity, pressure, turbulent kinetic energy, turbulent frequency omega is Bounded
Gauss Limited Linear scheme.

Laplacian Scheme : The Laplacian scheme used in this project when dis-
cretising the equations for turbulence is Gauss Linear Corrected, which is
Gaussian integration with central differencing and a blend of corrected and
uncorrected numerical behaviour.

Interpolation Scheme: Linear interpolations scheme which is also called as
the central differencing scheme, which is second order accurate was used for

11
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the interpolation of the discretized equations.
After the discretization of the integrated equations into algebraic equations, the
discretized algebraic equations are solved in an iterative process using an algorithm
called PIMPLE which is used for transient flows. The following linear solvers are
used for the transient simulations:
» Generalised algebraic multi-grid (GAMG) with a Gauss-Seidel smoother
for the pressure p.
e Smoother solver with a symmetric Gauss-Seidel smoother for the velocity
U , the turbulent kinetic energy k and the specific dissipation rate w.
When a transient simulation is considered, pressure correction has to be taken into
account and for the pressure correction,
» Generalised algebraic multi-grid (GAMG) with a Diagonal incomplete-
Cholesky with Gauss-Seidel (symmetric) smoother for pressure correction.

3.2.3 Post-Processing

The post processing of the simulation data was first visualised using an open source
visualisation software Paraview. The data extracted from Paraview was then pro-
cessed using Python.

o The quantities of interest taken into consideration from this study is the time-

averaged velocity magnitude < V; >.

e The pressure field p.

e The unresolved kinetic energy kU and the unresolved turbulent frequency wU.
To correctly predict the flow for regions where the dynamicPANS switches from
RANS to LES, it is required to maintain a constant Courant number of 0.6 and this
is achieved by maintaining a constant AT of 0.005.

3.3 Results

In this section, analysis of the time-averaged velocity of the two different grid reso-
lutions considered is performed and the evaluation of the ability of these turbulence
models to represent the flow around the circular cylinder at Reynolds number 3900.
The numerical results are also compared against experimental results.
In order to understand the performance of the hybrid turbulence PANS model, a
comparison was made between the following models:

o The standard k-wSST model.

o The static PANS model with the filter function set to f; = 0.7.

o The static PANS model with the filter function set to f; = 0.3.

o The dynamic PANS model with the filter function fj varying form 1.0 to 0.1.
In theory, the static PANS model with the filter function f; = 0.7 should predict the
velocity magnitude better than the k-wSST model, whereas the static PANS model
with the filter function f; = 0.3 should predict the velocity magnitude better than
fr = 0.7. Similarly, the dynamic PANS with varying filter function based on the
size of the cell should predict the the velocity magnitude better than f; = 0.3.

12
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Mesh-1

The initial comparison between the turbulence models was performed for the spatial
grid resolution containing 9 * 10° cells. To obtain a better prediction, the mesh
at the wake of the cylinder was refined into 3 refinement stages by reducing the
refinement zone of the mesh from the surface of the cylinder towards the outlet in
the downstream direction. The grid refinement can be seen from the figure 3.4
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Figure 3.4: Meshl Grid Refinement

Drag and Lift Coefficients

The drag and lift coefficients were computed using the forced dictionary in Open-
FOAM. The coefficients were calculated for all the turbulence models considered.
Since the simulation is a transient simulation, in order to check if the results have
been converged, the drag and lift coefficients were considered. From figures 3.5 and
3.6 it can be seen that the values have reached close to convergence. If the simula-
tion was performed for more time duration, the results would have converged. Due
to time and storage constraints the simulation was not performed for increased time
duration.
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Drag Coefficient

—— DynamicPANS
2.0 — SST
—— StaticPANSat0.3
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Figure 3.5: Drag Coefficient for Mesh-1

From figure 3.5, it can be seen that the drag coefficient of the SST model fluctuates
between higher values of Cp when compared to other turbulence models considered.
Whereas, the lowest fluctuations can be seen for the static PANS turbulence model
with filter function f; = 0.3. This can be because, at f; = 0.3 the turbulence model
should act as a LES simulation and hence a reduction in the drag coefficient can
be seen which in turn suggests that there is minimum resistance. However, for SST
model, the resistance around the cylinder is much higher.

Lift Coefficient

0.8

Ya

\ ‘ w/ DynamicPANS

SST
StaticPANSat0.3
StaticPANSat0.7

0.0

0.6

[ 1]

0 20 40 60 80 100 120 140
Time(s)

Figure 3.6: Lift Coefficient for Mesh-1

From figure 3.6, the lift coefficient is lowest for the static PANS model with filter
function f; = 0.3 followed by the dynamic PANS, SST and, static PANS with f, =
0.7 respectively.
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3. Circular Cylinder at Re=3,900

Stream-lines Comparison

Initially, the streamlines for all the four models were observed. The streamlines were
first used to visualise the transition from laminar to turbulent in the re-circulation
region at the wake of the cylinder. This helped in understanding the accuracy of
the prediction of the shear layer development at the wake of the cylinder. From
the figures 3.7 and 3.8, it can be seen that the dynamic PANS model predicts the
re-circulation region at the wake better than the SST model and static fr = 0.7
model. However, the static fp = 0.3 which is in the LES regions provides with more
detailed information regarding the re-circulations at the wake of the cylinder. The
dynamic PANS model has a better prediction than the SST and the f; = 0.7 model
where as the fr = 0.3 model predicts a more detailed re-circulation region at the
wake as it should when looked at the theoretical aspect of the turbulence model.
It can be observed that for dynamic PANS, the flow separation is slightly delayed
when compared to the static PANS models.

(a) Stream-lines for dynamic PANS model (b) Stream-lines for SST

Figure 3.7: Stream-lines of SST and dynamic PANS

(a) Stream-lines for f; = 0.3 (b) Stream-lines for f, = 0.7

Figure 3.8: Stream-lines of f;, = 0.3 and 0.7

Q Criterion

The evaluation of a mathematical model’s effective physical resolution should ideally
be conducted using techniques such as energy spectra. However, given the purpose

15



3. Circular Cylinder at Re=3,900

of this research and the difficulty of applying such methods to the current flow, we
begin with a qualitative analysis of the instantaneous Q-criterion field predicted by
various models.

1
Q = §[< Qz‘j >< Qij > — < Sij >< Sij >] (32)

Figure 3.9 and 3.10 depicts the iso-surface of the Q-criterion(Q = 0.1, Q = 0.2 and
Q = 0.5) and as expected the SST model does not exhibit better flow structures
since the turbulence is not entirely modelled. However, the dynamic PANS did
provide with better flow structures. The static PANS at f, = 0.3 and 0.7 provide
with a better understanding of the PANS turbulence model in theory. At f, = 0.3,
the turbulence is modelled under LES condition and hence a more detailed flow
structure has been captured at the wake. Similarly, at f = 0.7, the turbulence is
still in the RANS region and hence the prediction of the fluid structure provides
comparatively less information.

Overall, the PANS model developed predicts the flow structure better when com-
pared to the k-w SST turbulence model.

(a) M1 Q-criterion dynamic PANS (b) M1 Q-criterion SST

Figure 3.9: M1 Q-criterion for dynamic PANS and SST

(a) M1 Q-criterion static PANS at 0.3 (b) M1 Q-criterion static PANS at 0.7

Figure 3.10: M1 Q-criterion for static PANS at 0.3 and 0.7

16



3. Circular Cylinder at Re=3,900

Time Averaged Velocity Comparison

The time averaged velocities were extracted using Paraview in streamwise and span-
wise direction. In order to compare the results with the experimental data, the
velocities were normalized and extracted at three different locations at the wake of
the cylinder 1.06, 1.54 and 2.02 m in the streamwise direction from the center of the
cylinder. Before the analysing the velocities at different location, validation of the
source code developed for the PANS model was first performed with by analysing
the time averaged velocity of SST model and PANS model at fy = 1.0. When the
PANS coefficient f is set 1, it mimics the SST model 3.11 and 3.12 for both the
spanwise and the streamwise directions , hence validating the code developed.

velocity x-magnitude at 1.06m

10.0 e Staticfk=1.0
—— kOmegaSST
7.5
5.0
2.5

oo o o o oo oo 9 S S S S e & S e S o
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-5.0
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-10.0
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Velocity(m/s)

Figure 3.11: SST and Static PANS f, = 1.0 Streamwise Comparison

velocity z-magnitude at 1.06m
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Figure 3.12: SST and Static PANS f; = 1.0 Spanwise Comparison
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Time Averaged Velocity Comparison at 1.06m

The comparison of the time averaged velocity for the turbulence models at a location
of 1.06 m from the cylinder center in the streamwise direction was performed and
compared.

velocity x-magnitude at 1.06m
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Figure 3.13: X-Magnitude with Experimental Data at 1.06

From figure 3.13, it can be seen that the model predicting the velocity in the x-
magnitude closer to the experimental data is the Dynamic PANS. Where as for the
velocity prediction in the z-magnitude 3.14, the experimental data show a better
re-circulation of the fluid when compared to PANS and SST turbulence models. It
can be seen that the time average quantities is delaying the turbulence in the free
shear layer, contributing a larger re-circulation region.

velocity z-magnitude at 1.06m
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Figure 3.14: Z-Magnitude with Experimental Data at 1.06
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The accuracy of the velocity magnitude prediction in the PANS turbulence model
can be increased by simulating under a more finer mesh which can help in increas-
ing the velocity prediction of PANS model making it more closer to that of the

experimental data.

velocity x-magnitude at 1.06m
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—— Staticfk=0.7
751 — staticfk=0.3
—— DynamicPANS
5.0
2.5
Q
= ——————
s 00
-2.5
-5.0
-7.5
-10.0

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Velocity(m/s)

Figure 3.15: X-Magnitude without Experimental Data at 1.06

When the data for only the PANS and SST models are visualised, it can be seen
form 3.16 that the dynamic PANS predicts the time averaged value at the shear
layer better than other models followed by static fi of 0.3 then f; at 0.7 and the
SST model respectively. From this we can conclude that the dynamic PANS has a
better accuracy at predicting the velocity magnitude at the 1.06 m.

velocity x-magnitude at 1.06m

4 I
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kOmegaSST
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Figure 3.16: X-Magnitude without Experimental Data Zoomed at 1.06
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Similarly, the z-magnitude 3.17 also resembles similar behaviour where the dynamic
PANS predicts the velocity magnitude in the shear layer better, when compared to
the other considered turbulence models.

velocity z-magnitude at 1.06m
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Figure 3.17: Z-Magnitude without Experimental Data at 1.06

Time Averaged Velocity Comparison at 1.54m

The second comparison was performed for the time averaged velocity of the turbu-
lence models at a location of 1.54 m from the center of the cylinder in the streamwise
direction. Similar to 1.06m the data was initially compared with the experimental
data and a comparison was made within the PANS and SST models.

velocity x-magnitude at 1.54m
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Figure 3.18: X-Magnitude with Experimental Data at 1.54
The data for both the x-magnitude and the z-magnitude from 3.18 and 3.19 shows
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that the prediction of the different PANS and the SST models are not close to that
of the experimental data. This can be rectified by running the simulation with a
more finer mesh to predict more accurate results.

velocity z-magnitude at 1.54m
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Figure 3.19: Z-Magnitude with Experimental Data at 1.54

When the data extracted from the turbulence models were compared without con-
sideration of the experimental data, it was observed that the dynamic PANS model
performed the best in predicting the time averaged velocity in shear layer at 1.54m
when compared to other PANS models and the SST model. 3.21

velocity x-magnitude at 1.54m
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Figure 3.20: X-Magnitude at 1.54
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velocity x-magnitude at 1.54m
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Figure 3.21: X-Magnitude zoomed at 1.54

Time Averaged Velocity Comparison at 2.02

The third comparison in predicting the accuracy of the time averaged velocity of
the turbulence models was performed at a location of 2.02 m from the center of the
cylinder in the streamwise direction. Similar to other comparisons, the data was
initially compared with experimental data.

velocity x-magnitude at 2.02m
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Figure 3.22: X-Magnitude with Experimental Data at 2.02

When comparing with the experimental data, the simulated data have a poor ac-
curacy of turbulence in the shear layer which can be seen form the figures 3.22 and
3.23, this is because of the grid resolution. In order to increase the accuracy of the
simulated data, an increase in the grid resolution which is making the mesh more
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finer can result in the increase in the accuracy of the average velocity prediction of
the turbulence models.

velocity z-magnitude at 2.02m
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Figure 3.23: Z-Magnitude with Experimental Data at 2.02

When the comparison of the data is considered without taking into account the
experimental data, it can be seen that the dynamic PANS model predicts the time
averaged velocities more accurately in the shear layer when compared to other tur-
bulence models considered.

velocity x-magnitude at 2.02m
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Figure 3.24: X-Magnitude Zoomed at 2.02

From figures 3.24 and 3.25 it can be seen that at a distance of 2.02m the SST model
and the PANS model at f,=0.7 are equal. This can because of the effects of the
blending functions considered in the SST turbulence model.

23



3. Circular Cylinder at Re=3,900

velocity z-magnitude at 2.02m
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Figure 3.25: Z-Magnitude at 2.02

Mesh-2

The second comparison between the turbulence models was performed for the spatial
grid resolution containing 9 * 10° cells. The mesh at the wake was refined to 2
refinement stages by reducing the refinement zone of the mesh from the surface of
the cylinder towards the outlet in the downstream direction. The grid refinement

—-0.02 0.00 0.02 0.04 0.06

Velocity(m/s)

for the second mesh can seen from the figure 3.26.
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Figure 3.26: Mesh2 Grid Refinement

Drag and Lift Coefficients

Similar to the the Mesh 1, the drag and lift coefficients were computed using the
OpenFOAM library. The coefficients were calculated for all the turbulence models
considered.

Drag Coefficient

—— DynamicPANS
—— StaticPANSfK = 0.7

2.0 — SST
—— StaticPANSfK = 0.3

1.5

8

1.0

0.5

0.0

0 20 40 60 80 100 120 140
Time(s)

Figure 3.27: Drag Coeflicient for Mesh-2
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3. Circular Cylinder at Re=3,900

From figure 3.27, it can be seen that the drag coefficient of the SST model fluctuates
between higher values of Cp when compared to other turbulence models considered.
The lowest fluctuations of Cp can be seen for the static PANS turbulence model
with the filter function f; = 0.3.

Lift Coefficient

—— DynamicPANS
1.2 — SST
—— StaticPANSfK = 0.3
1.0 —— StaticPANSfK = 0.7
0.8
o6
0.4
0.2
0.0
0 20 40 60 80 100 120 140
Time(s)

Figure 3.28: Lift Coefficient for Mesh-2

From figure 3.28, the lift coefficient is the lowest for the static PANS model with
the filter function f, = 0.3, followed by the dynamic PANS, SST and, static PANS
with fi = 0.7 respectively.

Stream-lines Comparison

The stream Lines used to visualise the re-circulation region at the wake of the
cylinder to understand the accuracy of prediction of the shear layer development.
From figure 3.29 and 3.30, the prediction of the shear layer at the re-circulation
region for the SST model is less when compared to the dynamic PANS model.
However, the prediction of the static PANS models at f, = 0.3 and 0.7 is better
when compared to the dynamic PANS mode.
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3. Circular Cylinder at Re=3,900

(a) Stream Lines for SST Model M2 (b) Stream Lines for Dynamic PANS Model
M2

Figure 3.29: Stream Lines of SST and dynamic PANS for Mesh 2

(a) Stream Lines for tk = 0.3 M2 (b) Stream Lines for tk = 0.7 M2

Figure 3.30: Stream Lines for fk = 0.3 and 0.7 for Mesh 2

When comparing the stream lines developed for Mesh 1 and Mesh 2, due to the
inclusion of an extra refinement region provided better accuracy the prediction of
the re-circulation region.

Q-criterion

Similar to Mesh 1, the Q-criterion was also calculated and visualised. Figure 3.32
and 3.32 depicts the iso-surface of the Q-criterion(Q = 0.1, Q = 0.2 and Q =
0.5).Similar to Mesh 1, the static PANS at f; = 0.3 provides with a better flow
structure followed by dynamic PANS, static PANS at 0.7 and SST respectively.
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3. Circular Cylinder at Re=3,900

(a) M2 Q-criterion dynamic PANS (b) M2 Q-criterion SST
Figure 3.31: M2 Q-criterion for dynamic PANS and SST

(a) M2 Q-criterion static PANS at 0.3 (b) M2 Q-criterion static PANS at 0.7

Figure 3.32: M2 Q-criterion for static PANS at 0.3 and 0.7

Time Averaged Velocity Comparison

The time averaged velocities were extracted using Paraview in streamwise and span-
wise direction. The results obtained were extracted and normalized and the veloc-
ities were measured and at compared at three different locations at the wake of
the cylinder similar to that done for mesh 1. The average velocity comparison was
first performed for the location 1.06 m from the cylinder center in the streamwise
direction. The comparison of the results for the locations 1.54 and 2.02 m can be
seen in the Appendix.

From figure 3.33 and 3.34, it can be seen that the static PANS at f; = 0.3 turbulence
model predicts better when compared to the dynamic PANS model for mesh 2.
However, when compared with mesh 1 3.15 and 3.17 the results show other wise
where the dynamic PANS model predicts better when compared to the other models.
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3. Circular Cylinder at Re=3,900

velocity x-magnitude at 1.06m M2
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Figure 3.33: X-Magnitude at 1.06 M2
velocity z-magnitude at 1.06m M2
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Figure 3.34: Z-Magnitude at 1.06 M2

The change in difference in the prediction of the Averaged Velocities of the turbulence
models from Mesh 1 to Mesh 2 can be the fact for the reduced refinement zone for
Mesh 2. In the dynamic PANS model, the varying parameter f; is calculated based
on the cell size.Since, Mesh 1 has comparatively more refined cells than Mesh 2, the
prediction accuracy is much better.

Forces Comparison

The forces computed for all the turbulence models for both the grid resolutions are
compared with values from other reference papers.
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3. Circular Cylinder at Re=3,900

References Models Cp Cp
Mesh 1 SST 1.280 0.588
dynamic PANS | 1.037 0.234
tk = 0.3 0.989 0.159
tk = 0.7 1.313 0.614
Mesh 2 SST 1.244 0.597
dynamic PANS | 1.04 0.232
tk =0.3 0.998 0.173
tk = 0.7 1.229 0.612
Scale-Resolving | SST 1.25 0.664
Simulations of ftk =0.5 1.04 0.287
Turbulent flows | fk = 0.25 0.93 0.095
12
Effect of the fk =1.0 1.25 0.66
Closure tk = 0.75 1.25 0.67
Partially-
Averaged tk = 0.5 1.04 0.28
Navier—Stokes
Equations|[13] tk = 0.25 0.93 0.10
tk = 0.15 0.92 0.08
experimental - 0.98 0.10

Table 3.1: Comparison of forces for the cylinder

From the table 3.1, the average values for the forces can be seen. Cp represents
the average drag coefficient and C}, represents the average lift coefficient for all the
turbulence models considered at a Reynolds’s number 3,900. The force coefficients
are compared with two reference papers [12] and [13]. In [12], the drag and lift
coefficients are computed for the SST model and static PANS model at fj 0.5 and
0.25 where as in [13], the force coefficients are computed for static PANS SST
turbulence models at f; 1.0, 0.75, 0.5, 0.25 and 0.15. Form figures 3.11 and 3.12
it is clear that static PANS at f; = 1.0 mimics SST turbulence model. From the
tabular column it is cleat that SST turbulence model predicts higher frag and lift
coefficients when compared to the PANS version of the SST models. The force
coefficients computed by the dynamic PANS model is similar to that of static PANS
at fr = 0.5. For static turbulence models at fr = 0.3 and below have much lower
values and are more close to the force coefficient values obtained by experimental
analysis.

Variable f; Comparison

The PANS turbulence model with the variable dynamic filter function was used for
both Mesh 1 and Mesh 2. The variable f; filter function was plotted for both the
mesh in the streamwise direction and compared.
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3. Circular Cylinder at Re=3,900

fK Variation Comparison

— —— fK for Mesh 1

0 i&? —— fK for Mesh 2

fK Variation

0.2 0.4 0.6 0.8 1.0
Spanwise Direction

Figure 3.35: f; Variation Comparison

In Figure 3.35, The fluctuation of the f; in the spanwise direction for both meshes
at a location 1.06m from the center of the cylinder is shown. It can be seen that
the f, parameter changes constantly in the wake of the cylinder where the mesh
is refined. Mesh 1 has more mesh refinement at the wake than Mesh 2, and its f;
value falls below 0.3, indicating the complete LES region, but Mesh 2’s f; value falls
below 0.4, indicating the start of the LES region.

Conclusion

The PANS turbulence model with a dynamic filter function and two models with
static filter function at 0.3 and 0.7 when compared with the SST turbulence models
at two different meshes predicted the following results:

The Mesh 1 with higher grid resolution predicted the laminar to turbulent switch
better when compared to the Mesh 2 for the varying fr. Comparing the stream
lines, the generation of the re-circular region is better identified for Mesh 1. The
time average velocity prediction yielded better and convincing results for Mesh 1
when compared to Mesh 2. Finally the Mesh-1 provided better flow structure when
compared to Mesh 2.

The dynamic PANS turbulence model with the dynamic filter function f; predicts
better depending on the refinement of the mesh. This parameter is calculated based
on the cell size. The change form the LES region to the RANS region is better seen
for more refined grid resolutions.
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4

BB02 (Generic Submarine

In this chapter, the investigation for the flow around a submarine is carried out.
This submarine model chosen is the BB2 generic hull.

zZ W, Z

Figure 4.1: Hull Form

The geometry chosen for the CFD analysis of the BB2 can be seen in figure 4.1.The
overall length of the submarine is 70.2 m.

The coordinate system for all the global forces and moments can be seen in the
figure 4.1. The coordinate system is right handed, where the origin is located at the
intersection of the longitudinal axis of symmetry of the hull, mid ship and center-
plane with x directed forward, y to the port-side and z vertically upwards. All the
integrated forces X,Y,Z and moments K,M,N are non-dimensional.

The CFD simulation was performed for two different phases being straight flight
and 10 degree yaw respectively. The submarine hull model was tested using the k-w
SST and the PANS turbulence models developed and compared for a given set of
quantities.
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4. BB02 Generic Submarine

4.1 Submarine Geometry and Flow Properties

The submarine form considered in this test case is the BB2 hull form, see 4.1. The
design has an overall length of L,, = 70.2 m. It is the modified version of the BB1
hull form. The main particulars of the submarine geometry can be found from table
4.1 . The simulations are carried out for a scale factor of 1:35.1.

Table 4.1: Particulars of BB2

Description Symbol | Full Scale | Model Scale | Unit
Length Overall Submerged Ly, 70.2 2.0 m
Beam B 9.6 0.2737 m
Depth(to deck) D 10.6 0.3020 m
Depth(to top of sail) D 16.2 0.4615 m

The hull geometry was first meshed using the snappyHexMesh dictionary file using
OpenFOAM. Once the mesh was generated, the mesh was transformed to model
scale 1:35.1.

The flow properties for running the simulations can be seen in the table 4.2.

Table 4.2: Flow properties of BB2

Description | Symbol Value Unit
Flow velocity Voo 28.5 m/s
Density p 1.225 %
Viscosity v 1.46 « 1075 m?Q
Reynolds R, 3.9 % 10°

4.2 Solving

To solve the integrated equations of the turbulence models, the equations fist needs
to be discretized into algebraic equations. the numerical discretization schemes used
for this submarine are as follows:

e Time-Derivative Scheme: The time derivative scheme used for the SST
and the PANS models is backward scheme.

e Gradient Scheme: he gradient scheme used for the discretization of the
integrated equations is Gauss linear scheme which is the Gaussian integration
with central differencing, which is a second order, unbounded scheme.

o Divergence Scheme: The divergent scheme used in discretization for veloc-
ity, pressure, turbulent kinetic energy, turbulent frequency omega is Bounded
Gauss Limited Linear scheme.

o Laplacian Scheme: The Laplacian scheme used in this project when dis-
cretizing the equations for turbulence is Gauss Linear Corrected, which is
Gaussian integration with central differencing and a blend of corrected and
uncorrected numerical behaviour.
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4. BB02 Generic Submarine

e Interpolation Scheme: Linear interpolations scheme which is also called as
the central differencing scheme, which is second order accurate was used for
the interpolation of the discretized equations.

The following are the linear solvers used for the simulation,

« Generalised geometric algebraic multi-grid (GAMG) with a Gauss-
Seidel smoother for the pressure p.

e Smoother solver with a symmetric Gauss-Seidel smoother for the velocity
U , the turbulent kinetic energy k and the specific dissipation rate w.

4.3 Post-Processing

The post processing of the simulations were visualised using paraview. The quanti-
ties of interest visualised can be seen in the figure 4.2

Original quantity Data reduction Datafile name
Coordinates Pho g = %/ Ly, same for y and 2’ X, y,
Velocities P =u/Vx, same for v" and v’ u, Vv, w
Vorticities P wl = w, + Loa/ Voo, same for w,;, and w vortx, vorty, vortz
Pressure Phoc,=(p—px)/ (épvjo) cp
TurbulentEnergyKinetic ? k' = k/V2 k
SkinFriction o=/ (30V2) taux, tauy, tauz
Q N QI = Q ' (Loa/Vao)z Q
H p f’ — helicity H

|w[-[V]

Figure 4.2: BB2 Flow Quantities

The quantities of interests were visualised for both straight flight and 10 degree yaw
respectively.

4.4 Submarine with Straight Flight

The simulation was performed for the submarine hull form with a straight flight
phase. The turbulence models used in the simulation of this phase were the kOmegaSST
turbulence model and the PANS model with dynamic filter function and two con-
stant filter functions at 0.3 and 0.7.

The submarine mesh for the straight flight can be seen from the figure 4.3
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4. BB02 Generic Submarine

Figure 4.3: BB2 Grid resolution for Straight Flight

A refinement region is used across the submarine model in order to predict the flow
quantities better with the developed PANS turbulence models. The total number of
cells used is 8M cells. The simulation results for all the different turbulence models
according to the flow quantities needed for better understanding of the accuracy of
the turbulence models are discussed below.

Drag and Lift Forces

The drag and lift forces computed for the submarine under straight flight was cal-
culated and can be seen from the graphs below.

Drag Coefficient

0.010 — SST
StaticPANSat0.3
0.009 —— DynamicPANS
—— StaticPANSat0.7

0.008

0.007

d

Q
0.006
0.005

0.004

0.003

0 20 40 60 80 100
Time(s)

Figure 4.4: Drag Force for straight flight
From figure 4.4, it can be seen that the drag force is the highest for SST turbulence
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4. BB02 Generic Submarine

model where as it is the least for both dynamic PANS and static PANS model at f
= 0.3 turbulence models. For the lift force, from figure 4.5, it can be seen that the
static PANS at f, = 0.7 has the highest value for lift force when compared to other
turbulence models.

Lift Coefficient

—— DynamicPANS
0.00061 __ staticPANSat0.3
— SST
0.0005| —— staticPANSat0.7
0.0004
— 0.0003 M
U
0.0002 if~
/ (‘"
0.0001
0.0000
—0.0001
5 80 100
Time(s)

Figure 4.5: Lift Force for straight flight

Vortices

Data for the three vortex components, vortx, vorty, and vortz, were visualized for
all of the turbulence models to be compared, with vortx measured in the streamwise
direction and vorty and vortz measured in the spanwise order.

The phenomenon known as boundary layer separation causes vortex generation.
The SST turbulence model has a higher flow separation than the PANS turbulence
models.

(a) Vorticity x for dynamic PANS Straight(b) Vorticity x for SST Straight Flight
Flight

Figure 4.6: Vorticity x for dynamic PANS and SST Straight Flight
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Figures 4.6 and 4.7 show the vorticity in the x-direction for all the turbulence models
considered. For the SST turbulence model, the vortex formations are much more
significant when compared to the PANS models. At the leading edge of the sail the
vortices formed are weaker compared to the trailing edge of the sail as it should be.

(a) Vorticity x for static PANS at 0.3 Straight(b) Vorticity x for static PANS at 0.7
Flight Straight Flight

Figure 4.7: Vorticity x for static PANS at 0.3 and 0.7 Straight Flight

The vortex forming region at the wake of the sails is significantly smaller in PANS
models, and this may be due to the need for a more refined mesh at the boundary
layer to satisfy the y+ condition. The vortex formation in the spanwise directions
have been visualised and can be viewed in the Appendix.

Pressure

All turbulence models had their pressure coefficient C'p computed and visualized.
The pressure coefficient, abbreviated as Cp, is a dimensionless number that char-
acterizes the relative pressures in a flow field. This pressure coefficient is used to
figure out where the submarine’s critical points are.

(a) Pressure for dynamic PANS Straight(b) Pressure for SST Straight Flight
Flight

Figure 4.8: Pressure for dynamic PANS and SST Straight Flight
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Figures 4.8 and 4.9 show the pressure distribution along the submarine. All of
the turbulence models have a similar pressure distribution. The leading tip of the
submarine and the leading edge of the sails are the key places or points where a
high-pressure occurrence is possible. The velocity of the fluid increases as it moves
with the sails. As the velocity increases, the pressure decreases, and the pressure
distribution decreases along the sails.

(a) Pressure for static PANS at 0.3 Straight(b) Pressure for static PANS at 0.7 Straight
Flight Flight

Figure 4.9: Pressure for static PANS at 0.3 and 0.7 Straight Flight

Skin Friction

The skin friction is computed for the submarine taking the wall shear stress into
consideration. The shear stress at the wall is an important quantity that is used to
measure the force exerted by the wall. The wall shear stress is computed for the
streamwise direction taux and the spanwise directions tauy and tauz.

When a fluid flows across the surface of the hull, there is an outward force produced
in the orthogonal direction by the surface which produces a shear stress on the
surface of the hull. This shear stress causes some friction for the fluid flowing across
the surface of the hull which is called as skin friction.

(a) taux for dynamic PANS Straight Flight (b) taux for SST Straight Flight

Figure 4.10: taux for dynamic PANS and SST Straight Flight
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Figures 4.10 and 4.11 show the wall shear stress in the streamwise direction along
the surface of the submarine. From these figures, it is evident that the static PANS
model at f; 0.3 and the SST turbulence model have lower shear stress distribution
along the surface of the submarine when compared to the dynamic PANS and the
static PANS at f; 0.7 turbulence models. The differences in the shear stress distri-
bution can also be observed at the leading edge of the sails. This difference of the
shear stress observed on the surface of the hull for all the turbulence models can be
due to the fact that shear stresses can be quite sensitive to grid quality of the first
cells.

(a) taux for static PANS at 0.3 Straight(b) taux for static PANS at 0.7 Straight
Flight Flight

Figure 4.11: taux for static PANS at 0.3 and 0.7 Straight Flight

Q-Criterion

Similar to the cylinder, the Q-criterion was also calculated and visualised. Figures
4.12 and 4.13 depict the iso-surface of the normalised Q-criterion at 0.1.

(a) Q Criterion for dynamic PANS Straight(b) Q Criterion for SST Straight Flight
Flight

Figure 4.12:  Criterion for dynamic PANS and SST Straight Flight
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(a) Q Criterion for static PANS at 0.3(b) Q Criterion for static PANS at 0.7
Straight Flight Straight Flight

Figure 4.13: Q Criterion for static PANS at 0.3 and 0.7 Straight Flight

The SST model still predicts the development of the vortices better when compared
to the PANS turbulence models. The vortex prediction on the PANS models can
increase by using a more refined mesh at the wake of the sails.

4.5 Submarine with 10 degree yaw

The simulation was performed for the submarine hull model with a positive 10 degree
yaw in the spanwise direction. The turbulence models used in the simulation of this
phase are k-w SST model and the static PANS turbulence models at f; 0.3 and 0.7.

The submarine mesh for 10 degree ya can be seen from the figure 4.14

\ N

TEX TR K K N N |\ T\ T\T\T\T\T\ F
Figure 4.14: BB2 Grid resolution for 10 degree yaw Flight

Similar to the straight flight mesh, a refinement region is used across the submarine
model to predict the flow quantities better with the developed PANS models. The
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4. BB02 Generic Submarine

total number of cells used is 9M cells. The simulation results for all the different
turbulence models according to the flow quantities needed for better understanding
of the accuracy of the turbulence models are discussed below.

Drag and Lift Forces

The drag and lift forces for the submarine under 10 degree yaw was calculated and
can be seen from the figures below.

Drag Coefficient

— SST
—— StaticPANSat0.7
—— StaticPANSat0.3

0.00200
0.00175
0.00150

ho}

© 0.00125
0.00100

0.00075

00056 \/J/___%ﬁ

0 20 40 60 80 100

Figure 4.15: Drag Force for SST for 10 degree yaw Flight

From figure 4.15, it can be seen that SST predicts slightly higher drag force compared
to the static PANS models. The yaw force for the oblique flow can be seen from
figure 4.16, The yaw force predicted by SST and static PANS 0.7 is a bit higher
than the static PANS 0.3 turbulence model.
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Lift Coefficient

0.0055

0.0050

0.0045

Cl

0.0040

0.0035

—— StaticPANSat0.3
0.0030 —— StaticPANSat0.7
— SST

0 20 40 60 80 100
Time(s)

Figure 4.16: Yaw for SST for 10 degree yaw Flight

Vorticies

Data for the three vortex components, vortx, vorty, and vortz, were visualized for
all of the turbulence models to be compared, with vortx measured in the streamwise
direction and vorty and vortz measured in the spanwise order.

Figure 4.17: Vorticity x for SST for 10 degree yaw Flight

Figures 4.17 and 4.18 show the vorticity in the x-direction for all the turbulence
models considered. It can be seen that at the front of the hull the vorticies formed
are much weaker compared to the vortices formed at the wake of the sail.
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(a) Vorticity x for static PANS at 0.3 for 10(b) Vorticity x for static PANS at 0.7 for 10
degree yaw Flight degree yaw Flight

Figure 4.18: Vorticity x for static PANS at 0.3 and 0.7 for 10 degree yaw Flight

Pressure

All turbulence models had their pressure coefficient C'p computed and visualized.The
pressure coefficient, abbreviated as Cp, is a dimensionless number that characterizes
the relative pressures in a flow field. This pressure coefficient was used to figure out
where the submarine’s critical points were.

Figure 4.19: Pressure for SST for 10 degree yaw Flight

Figures 4.19 and 4.20 show the pressure distribution along the submarine for 10
degree yaw. It can be observed that at the leading edge of the submarine there
is a high pressure and low pressure point because of the 10 degree yaw and the
leading tip there is a high pressure point. On the region of low pressure the velocity
increases and at the high pressure point the velocity reduces.
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4. BB02 Generic Submarine

(a) Pressure for static PANS at 0.3 for 10(b) Pressure for static PANS at 0.7 for 10
degree yaw Flight degree yaw Flight

Figure 4.20: Pressure for static PANS at 0.3 and 0.7 for 10 degree yaw Flight

Skin Friction

The skin friction is computed for the submarine taking the wall shear stress into
consideration. The shear stress at the wall is an important quantity that is used to
measure the force exerted by the wall. The wall shear stress is computed for the
streamwise direction taux and the spanwise directions tauy and tauz.

0.0e+00
|

Figure 4.21: taux for SST for 10 degree yaw Flight

Figures 4.21 and 4.22 show the wall shear stress in the streamwise direction along
the surface of the submarine at 10 degree yaw. From the visualisation it is clear
that the SST turbulence model and the static PANS models show similar wall shear
stress along the surface of the submarine at 10 degree yaw. When observed closely
at the wake of the sail, the SST model predicts comparatively lesser wall shear stress
compared to the static PANS models.
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(a) taux for static PANS at 0.3 for 10 degree(b) taux for static PANS at 0.7 for 10 degree
yaw Flight yaw Flight

Figure 4.22: taux for static PANS at 0.3 and 0.7 for 10 degree yaw Flight

Q-Criterion

The Q-criterion was calculated and visualised for the submarine at the 10 degree
yaw. Figures A.29 and 4.24 depict the iso-surface of the normalised Q-criterion at
0.1.

vorticity X
-2.8e+00 2 -15 - 0.5 0
|

Figure 4.23: Q-Criterion for SST for 10 degree yaw Flight
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(a) Q-Criterion for static PANS at 0.3 for 10(b) Q-Criterion for static PANS at 0.7 for 10
degree yaw Flight degree yaw Flight

Figure 4.24: Q-Criterion for static PANS at 0.3 and 0.7 for 10 degree yaw Flight

Similar to the straight flight, the SST model still predicts the development of the
vortices better when compared to the PANS turbulence models. The vortex predic-
tion on the PANS models can increase by using a more refined mesh at the wake of
the sails.

Forces Comparison

The forces computed for both the straight and the oblique flow were compared with
the results from the initial test of the submarine hull.

References Models Ch Ch,
Straight flow SST 0.0057 0.00016
dynamic PANS | 0.0031 0.00013
fr=203 0.0031 0.00010
fr =07 0.0037 0.00041
Phase 0 straight | SST 0.00156 0.000127
flow
References Models Cp Cyaw
10 degree yaw SST 0.00064 0.0123
fr=20.3 0.00059 0.0117
fr=0.7 0.0006 0.0122
phase 0 oblique | SST 0.00055 -0.0144
flow

Table 4.3: Comparison of forces for the Submarine

From the table it can be seen that for the straight flow, the drag and lift forces
and quite large when compared to the test results from phase 0. The static PANS
with fr = 0.7 gives the highest drag and lift force when compared to other models
and static fr at 0.3 gives the least. Similarly, for the oblique flow, SST predicts
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a bit higher force when compared to the static PANS models and the values for
the oblique flow is quite similar to that of the test results obtained in the phase 0
simulations of the hull.
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Conclusion and Future Work

The present work has investigated the ability of turbulence prediction of the PANS
implementation for the kwSST model. The PANS model is implemented for a static
filter function and dynamic filter function for the kwSST turbulence model and
compared with the actual kwSST model. Initially, the PANS version was validated
by investigating the flow around a circular cylinder at a Reynolds number of 3900.
Two different grid resolutions were considered, where one had a refined mesh, and
the other had a comparatively coarse mesh. The results obtained for both the grid
resolution provided a better understanding of the PANS implementation for the
kwSST model. The refined mesh provided better outcomes for the dynamic PANS
when compared with the coarse mesh, and this may be due to the fact that for the
dynamic PANS, the filter function fk switches between the RANS and LES mode
based on the size of the cell and hence for an increased number of cells the filter
function switches between the RANS and the LES mode better when compared
to the coarser mesh. As a result, the dynamic PANS performed better than the
standard SST turbulence model. After validating the PANS implementation for
the kwSST turbulence model, an investigation was carried out for a BB2 generic
submarine where the submarine model was chosen within the NATO AVT-301 group.
The CFD analysis for this hull was performed using the standard kwSST turbulence
model and the developed PANS model. This CEFD investigation was conducted for
two phases in which one of the phases was for the submarine at straight flight,
whereas the second phase was for the sub at 10-degree yaw. The flow quantities
measured are Velocity distribution, Vortices, Pressure, Turbulent Kinetic Energy,
Skin Friction along the hull surface and the forces were computed and compared.
The results obtained for the submarine shows that the static PANS model at fk
0.3 predicted better results when compared to other turbulence models used. In
contrast, for 10-degree yaw, the PANS model and the SST model predicted similar
results.

A different implementation of the dynamic filter function for the dynamic PANS
model can be considered to obtain a more accurate inflow prediction for the laminar
transition to turbulence. Furthermore, a variable resolution PANS model can also
be considered to get a smoother transition from RANS to LES mode. The variable
resolution model acts as a bridging factor and helps provide closure to the dynamic
PANS model, also called the zonal approach. Another way to improve the flow
prediction is to implement a more refined mesh since the filter function depends on
the size of the cell.
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Appendix 1

A.1 Cylinder

The Time Average Velocity for Mesh 2 at 1.54m.

velocity x-magnitude at 1.54m for M2

10.01 — experimentaldata;
experimentaldata gs
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Figure A.1: X-Magnitude with Experimental Data at 1.54m for Mesh 2

velocity z-magnitude at 1.54m for M2
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Figure A.2: Z-Magnitude with Experimental Data at 1.54m for Mesh 2

The Time Average Velocity for Mesh 2 at 2.02m.



A. Appendix 1

velocity x-magnitude at 2.02m for M2
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Figure A.3: X-Magnitude with Experimental Data at 2.02m for Mesh 2

velocity z-magnitude at 2.02m for M2
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Figure A.4: Z-Magnitude with Experimental Data at 2.02m for Mesh 2

A.1.1 Velocity profile for Mesh 1

Velocity profile for all the four turbulence models considered for Mesh 1.

Figure A.5: Velocity profile for SST Turbulence model for Mesh 1
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L.

Figure A.6: Velocity profile for dynamic PANS Turbulence model for Mesh 1

L.

Figure A.7: Velocity profile for static PANS at 0.3 Turbulence model for Mesh 1

L.

Figure A.8: Velocity profile for static PANS at 0.7 Turbulence model for Mesh 1

A.1.2 Unresolved Turbulent Kinetic Energy for Mesh 1

Unresolved Turbulent Kinetic Energy for all the four turbulence models considered
for Mesh 1
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Figure A.9: Turbulent Kinetic Energy for SST Turbulence model for Mesh 1

Figure A.10: Unresolved Turbulent Kinetic Energy for dynamic PANS Turbulence
model for Mesh 1

Figure A.11: Unresolved Turbulent Kinetic Energy for static PANS at 0.3 Turbu-
lence model for Mesh 1
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Figure A.12: Unresolved Turbulent Kinetic Energy for static PANS at 0.7 Turbu-
lence model for Mesh 1

A.1.3 Velocity profile for Mesh 2

Velocity profile for all the four turbulence models considered for Mesh 2.

R

Figure A.13: Velocity profile for SST Turbulence model for Mesh 2

©
Ve

Figure A.14: Velocity profile for dynamic PANS Turbulence model for Mesh 2
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Figure A.15: Velocity profile for static PANS at 0.3 Turbulence model for Mesh 2

Figure A.16: Velocity profile for static PANS at 0.7 Turbulence model for Mesh 2

A.1.4 Unresolved Turbulent Kinetic Energy for Mesh 2

Unresolved and resolved Turbulent Kinetic Energy for all the four turbulence models
considered for Mesh 2.

Figure A.17: Turbulent Kinetic Energy for SST Turbulence model for Mesh 2
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Figure A.18: Unresolved Turbulent Kinetic Energy for dynamic PANS Turbulence
model for Mesh 2

Figure A.19: Unresolved Turbulent Kinetic Energy for static PANS at 0.3 Turbu-
lence model for Mesh 2

Figure A.20: Unresolved Turbulent Kinetic Energy for static PANS at 0.7 Turbu-
lence model for Mesh 2
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A.2 Submarine Straight

A.2.1 Vorticies

The Vorticies in spanwise direction vorty and vortz are visualised

(a) vorty for dynamicPANS (b) vorty for SST

Figure A.21: vorty for dynamicPANS and SST

(a) vorty for staticPANS at 0.3 (b) vorty for staticPANS at 0.7

Figure A.22: vorty for staticPANS at 0.3 and 0.7
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(a) vortz for dynamicPANS (b) vortz for SST
Figure A.23: vortz for dynamicPANS and SST

(a) vortz for staticPANS at 0.3 (b) vortz for staticPANS at 0.7

Figure A.24: vortz for staticPANS at 0.3 and 0.7

A.2.2 Skin Friction

The Skin Friction in spanwise direction tauy and tau z are visualised
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(a) tauy for dynamicPANS (b) tauy for SST

Figure A.25: tauy for dynamicPANS and SST

(a) tauy for staticPANS at 0.3 (b) tauy for staticPANS at 0.7

Figure A.26: tauy for staticPANS at 0.3 and 0.7

(a) tauz for dynamicPANS (b) tauz for SST

Figure A.27: tauz for dynamicPANS and SST
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(a) tauz for staticPANS at 0.3 (b) tauz for staticPANS at 0.7
Figure A.28: tauz for staticPANS at 0.3 and 0.7

A.2.3 Unresolved Turbulent Kinetic Energy

Figure A.29: Unresolved Turbulent Kinetic Energy for Dynamic PANS

(a) Unresolved Turbulent Kinetic Energy for(b) Unresolved Turbulent Kinetic Energy for
staticPANS at 0.3 staticPANS at 0.7

Figure A.30: Unresolved Turbulent Kinetic Energy for staticPANS at 0.3 and 0.7
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A.3 Submarine 10 Degree Yaw

A.3.1 Co-Ordinates

The co-ordinates for y and z of the submarine at 10 degree yaw are visualised

Figure A.31: y Co-Ordinate for SST 10 degree yaw

(a) y Co-Ordinate for staticPANS at 0.3 10(b) y Co-Ordinates for staticPANS at 0.7 10
degree yaw degree yaw

Figure A.32: y Co-Ordinates for staticPANS at 0.3 and 0.7 10 degree yaw

Figure A.33: z Co-Ordinate for SST 10 degree yaw
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(a) z Co-Ordinate for staticPANS at 0.3 10(b) z Co-Ordinates for staticPANS at 0.7 10
degree yaw degree yaw

Figure A.34: z Co-Ordinates for staticPANS at 0.3 and 0.7 10 degree yaw

A.3.2 Vorticies

The Vorticies in spanwise direction vorty and vortz are visualised for 10 degree yaw.

Figure A.35: vorty for SST 10 degree yaw
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(a) vorty for staticPANS at 0.3 10 degree yaw(b) vorty for staticPANS at 0.7 10 degree yaw

Figure A.36: vorty for staticPANS at 0.3 and 0.7 10 degree yaw

Figure A.37: vortz for SST 10 degree yaw

(a) vortz for staticPANS at 0.3 10 degree yaw(b) vortz for staticPANS at 0.7 10 degree yaw

Figure A.38: vortz for staticPANS at 0.3 and 0.7 10 degree yaw
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A.3.3 Skin Friction

The Skin Friction in spanwise direction tauy and tau z are visualised for 10 degree
yaw.

Figure A.39: tauy for SST 10 degree yaw

(a) tauy for staticPANS at 0.3 10 degree yaw(b) tauy for staticPANS at 0.7 10 degree yaw

Figure A.40: tauy for staticPANS at 0.3 and 0.7 10 degree yaw

Figure A.41: tauz for SST 10 degree yaw
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(a) tauz for staticPANS at 0.3 10 degree yaw(b) tauz for staticPANS at 0.7 10 degree yaw

Figure A.42: tauz for staticPANS at 0.3 and 0.7 10 degree yaw

A.3.4 {K Variation

0.9 1.0e+00
|

Figure A.43: fk variation
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