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Maneuvering of slender X-fin AUVs with hydrodynamic derivatives
informed through CFD

Alexander J. Perron

(ABSTRACT)

The work in this thesis is concerned with the generation of Lumped Parameter Models
(LPM) for two, slender, torpedo shaped, X-fin craft. This process involves the use of CFD
to simulate captive maneuvers that are normally performed using test equipment in the
field. These captive maneuvers are refereed to as planar motion mechanisms (PMM), and
when simulated through CFD are refereed to as virtual planar motion mechanisms (VPMM).
The results from VPMM are used to determine the hydrodynamic derivatives that inform
the LPM. There was some inconsistency in the VPMM data based on the frequency and
amplitude that the VPMM was run. A brief study was run to look at this effect. Afterwards,
Open and closed loop, autopilot assisted, maneuvers are implemented and performed using
the LPM model through Simulink. Results of these maneuvers are analyzed for craft stability.
Additionally, comparisons of LPM maneuvers to field data are performed. Critiques of the

craft stability and effect of the autopilot are made.



Maneuvering of slender X-fin AUVs with hydrodynamic derivatives
informed through CFD

Alexander J. Perron

(GENERAL AUDIENCE ABSTRACT)

The work carried out in this thesis involves the creation of a physics based model of an
underwater craft. This physics based model is informed through characteristics determined
by running computational fluid dynamics (CFD) simulations. The benefit of such a model,
is the simplification from CFD to a 6 degree of freedom (6-DOF) lumped parameter model
(LPM). These physics models, LPM, are generated for two particular craft of interest. One
craft is an existing design used by NUWC (named Tonnetto), while the other design is one
generated to be similar in shape and size to the NUWC craft (named Hokie). Computer
simulated maneuvers are carried out using these models to asses craft stability and perfor-
mance. An autopilot is implemented into the models for some of these simulations to see its
affects on the crafts performance. Additionally, these simulated maneuvers are compared to

field data collected by NUWC.
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This project involves the generation of a physics-based maneuvering model for two single-
propeller, torpedo-shaped Autonomous Underwater Vehicles (AUVs). One of these AUV,
we will call Tonnetto, is a craft that is maintained and operated by NUWC and serves as a
design example as well as potential validation for the Lumped Parameter Model (LPM). The
other craft, Hokie, is a design that has similar but distinct geometric characteristics from
NUWC'’s restricted craft. This is done so that the findings of this research can be shared

with the public, as well as provide another comparison point for the LPM maneuvers.

This study builds on previous efforts and procedures developed at the VT-iShip lab in gener-
ation of maneuvering models derived from CFD captive maneuvers. The procedures are used
and include adaptations for the particular crafts studied, inclusion of multiple frequencies
and amplitudes in generation of hydrodynamic derivatives, as well as the implementation of

an autopilot in the maneuvering models made.

To start out, hydrodynamic derivatives that are used in a 6-DOF model need to be found.
These derivatives are found by carrying out specific captive maneuvers that constrain the
craft’s motion in a particular way to isolate these derivatives. Maneuvers that purely sway
or yaw the craft back and forth are two examples of captive maneuvers that are performed.
These captive maneuvers are sinusoidal in nature and each maneuver is performed multiple
times using different frequencies and amplitudes. It was found that there was some depen-

dence of hydrodynamic derivatives on the frequency and amplitude of the captive maneuvers.



If the captive maneuver was too “violent,” the hydrodynamic derivatives would be unreli-
able. The decision to omit the high frequency high amplitude runs that caused this as well
as implementing multiple lower frequency/amplitude combinations in the generation of the
hydrodynamic derivatives was made. Multiple frequency /amplitude combinations were used

to reduce the inconsistency of VPMM results across these ranges.

Historically, these maneuvers are carried out in a towing tank with a physical craft model
and a control mechanism that would prescribe these motions. These captive maneuvers
are known as Planar Motion Mechanisms (PMM) Renilson [1]. The steady and unsteady
hydrodynamic forces/moments and their approximation through Taylor expansions by means
of hydrodynamic derivatives could then be generated from this test data. With the advent of
Computational Fluid Dynamics (CFD), it has become much more efficient to carry out these
captive maneuvers via CF'D. Performing these captive maneuvers through CFD is known as
Virtual Planar Motion Mechanisms (VPMM). This second method, VPMM, is what is used

in this thesis.

Once these Hydrodynamic derivatives are generated, they are used to reproduce hydrody-
namic forces acting on the hull (and control fins) into a 6-DOF rigid body dynamic simulator
model that makes up the physics of the system. The 6-DOF lumped parameter model (LPM)
is then used to simulate different maneuvers, and the resulting dynamic behavior and tra-
jectories can be assessed. Open loop maneuvers that directly command rudder and elevator
angles are used initially to see how well the the craft tracks with the maneuvers’ desired pitch
and heading without much correction. Later, an autopilot is added that uses state feedback
to inform specific rudder/elevator angles based on desired heading and depth commands.
Again performance and accuracy of the craft’s maneuvers are tracked. This autopilot is also

used to compare the LPM maneuvers to field data.

The goal of this study is to identify and create a CFD-informed LPM simulator for each of



the two crafts and assess their maneuvering characteristics. This study is preliminary and
functional to a further planned study which will consider optimal control system to ensure
long range navigation of the analyzed AUVs. The achievement of this goal derives from a
sufficient course stability of the craft and energy efficient control systems for their guidance.

An accurate prediction model for the craft maneuvering characteristics is necessary.

The initial design philosophy of NUWC’s craft, Tonnetto, and by extension Hokie, stresses
the importance of reliably performing mission objectives while underway. This objective-
based design goal being completed allowed for a focus on performance and endurance. Ma-
neuvers performed utilizing the LPMs formulated through CFD runs on these crafts are
analyzed, and potential changes are posed to improve craft guidance. Improvements to
fin effectiveness by increasing size, or the addition of rear-body strakes are two suggested
changes. Additionally, accuracy of the LPM is assessed by comparing results of particular
maneuvers of the LPM to field data collected by NUWC using the Tonnetto craft. This can
serve as a validation study of the LPM when comparing these results. These suggestions
are base off of some of the findings from Njaka et al. [2] and information from Mouand and

Turnock [3].

Oi0  OooodO 0o fiobooodoo

The process for creating the LPM, involving the use of VPMM to inform a 6-DOF model
is built largely off of previous efforts from the VT i-Ship lab, covered extensively in a T&R
Bulletin by Njaka et al. [4] and based off of work from Renilson [1], Fossen [5], [6]. Other
work from Cho et al. [7] implemented a similar method of model generation for an X-fin
AUV informed through CFD. Using the SNUFOAM CFD software, they found that CFD

could be reliably used to inform a maneuvering model for X-fin crafts. Findings from Miller



et al. [8] that craft with higher slenderness ratios are better modeled using weighted VPMM
with steady drift are implemented in this study to include steady drift when determining
sway and heave hydrodynamic derivatives. Due to some preliminary models of the crafts
in this study showing relatively high drift angles when maneuvering, some of the methods
laid out in Taylor Njaka et al. [9] are implemented in this study. This ties in to addition
of weighted stead drift VPMM mentioned earlier to include larger drift angles for steady
simulations. Drift angles of up to 20 ° are used for the steady simulations. A simplified
implementation of fin straightening is added by recommendation of Njaka et al. [2]. Since
the craft in this study do not contain strakes, and based off of comparison to field data,
there is little fin straitening effect. The implementation of this effect is added, however the
strength of the effect is tuned to be very small. Preliminary simulations were showing a
sensitivity of VPMM results to the frequency and amplitude used. Using the findings of Coe
and Neu [10] as pre guidance, a brief study was performed to better understand the effects
of both amplitude and frequency on the VPMM results. Miller and Brizzolara [11] under
review, is a much more extensive study on this matter and recommendations of frequency

and amplitude for VPMM will be used once published.
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This chapter provides references and standards for the dynamic model. This includes coor-
dinate systems and crafts states as well as definitions for the driving equation behind the
LPM. Each term in the 6-DOF equation is expanded and defined. Implementation of the

6-DOF model defined in this section is covered in chapter 4.

Oi0 OObodibobo booobh 00O boboboioogdd

The models and CFD simulations all use the same set of coordinate system. These coordinate
systems are standard right handed Cartesian systems. The body frame coordinate system
has its origin at the center of buoyancy, with the x-axis aligned with the craft central axis,
the y-axis pointing out starboard, and z-axis pointing down. The world frame coordinate
system is the commonly used N-E-D (north east down) coordinate system. The position of
the body frame origin with respect to the world frame is represented by (X; y; z). The
orientation of the body frame to the world frame is represented by ( ; ; ), commonly

referred to as Euler angles. Linear or rotational rates in regards to the world frame would

5



be represented by dotted variables. For example heading rate would be represented by - or

depth rate by z.

Figure 2.1: World frame and body frame coordinate systems

0000000000 b000000 foodoinod

The forces along each body frame axis are represented by the capital letters (X; Y; Z) and
moments about those axes (K; M; N ). The body frame rates along each axis are (u; v; W)
and commonly referred to as surge, sway, and heave. The rotational rates about each body
frame axis are (p; (; r) and refereed to as roll rate, pitch rate, and yaw rate. However,

sometimes they are just referred to as just roll, pitch, and yaw. The world frame position



and orientation states are components of
=xyz, ;; I7 (2.1)
The body frame position and rotational rates are components of

= [u;v; w; p;q; r]” (2.2)

Since the world and body frames are separate from each other it is necessary to convert from
one coordinate system to another. The following direction cosine matrices define a rotation

about a single axis. A rotation about the world frame x axis is defined as.

3

2
1 0 0
Ri( )= go Cos sin % (2.3)
sin ¢

0

0S

0

This gives a new transformed coordinate system with axes (X% y’; z') where X’ = x. A

rotation about the y axis is found using the following matrix:

3

2
cos O sin
R( )=§ 0 1 0 é (2.4)
S 0 ¢

in 0S

This gives a transformed coordinate system with axes (X¥; y¥; z") where y® = y. Lastly, a

rotation about the z axis is defined as:



2
COS sin 0
Rs( )zg sin cos 0% (2.5)

This gives a transformed coordinate system with axes (x™; y®: z%) where z® = z. To

convert from the NED coordinate system (Fnep) to body frame coordinate system (Fpoq),

the following is matrix multiplication is performed.

Nod = R1( )R2( )Rs( ) rneo (2.6)

If the inverse transformation is desired, to transform from body frame to world frame, then

the order is reversed, and the transpose of the rotation matrices are used.

rvep = Ra( )7 R2( )7 R1( )™ Food (2.7)

oo 0iog oooo

The 6-DOF model is a set of matrices that describe the physics of the system. Included
in this equation are physical characteristics like mass and moment of inertia, hydrodynamic
derivatives, as well as fin angels and thrust forces to name a few. This system of matrices
is then solved to get the state outputs. The full 6-DOF equation as derived in Fossen [5],[6]

and Njaka et al. [4] is shown bellow.

(Mrg  Ma)_+[Cre() Ca()] +D() +G()= (2.8)



Mgrg and Crg( ) are the mass & inertia, and Coriolis matrices accordingly. Ma and Ca( )
are the added mass & inertia and added Coriolis matrices. D( ) is the hydrodynamic
damping matrix. G( ) is the gravitational and buoyancy forces matrix. Lastly is the
control forces and moments matrix. The following sections will further clarify all of the

terms in equation 2.9.

In order to solve this system, first _ must be solved for by reorganizing equation 2.9.

_=[ (Cra() Ca()) D() G()+ IMrs Ma)* (2.9)

The rotation matrix formed by R3( )™ Rz( )™ Ry( )™ will be labeled J;. The matrix J, is

defined as follows: 2 3
1 sin tan cos tan
J, = go CoS sin % (2.10)
0o ooo
0 @ T

J; and J; are used together with the updated found from _ to calculate _ as follows:
2 3

g °Z (2.11)
0 J,

Now _and _ are used to solve the ODE at that time step.

The 6-DOF model takes what would be complex system of PDE’s to describe a crafts motion
through a fluid (0000000000000 DOOCODOD), to a system of ODEs. The simplicity allows for
much lower computational cost compared to running CFD simulations. This model also

lends itself well to more complex open loop maneuvers or maneuvers utilizing an autopilot.
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Mgg and Ma in equation 2.9 represent the rigid body and added mass and inertia dynamics

of the crafts. Starting with Mgrg, this matrix is defined as follows:

2 3
m 0 0 0 m Zzg m Yye
0 m 0 m Zg 0 m Xg
0 0 m m Ye m Xg 0
Mpg = (2.12)
0 m Zg m Ye Ixx Ixy Ixz
m yG m XG 0 IZX I zy I 77

Here O is the craft’s mass, [ X Yo Zg ] is the center of mass, and lsypscript is the moment of
inertia along a particular access. Following this, Ma is defined as:

2 3

Yl:' Y\l YW YQ Yq Y[
Zy Zv Zw Zo Zs Z

My=R ¢ ¢ 7% T T T (2.13)
0 K, Ky K, Kq K,

Nye Ny 0 Np

1=}
o
Z

=

The terms in 2.13 are the added mass terms found through dynamic VPMM simulations.

These simulations are discussed in chapter 3.
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Cre and Cp in equation 2.9 represent the rigid body Coriolis and added Coriolis dynamics

of the crafts. Starting with Crg, this matrix is defined as follows:

2
0 0 0 m (Yo q+2zg T)
0 0 0 m (Yo p+w)
0 0 0 m (z p V)
Cre( )=
m (Yo q+zc 1) m (ys p+0) m (zz p 0) 0
m (xc q 0) m (zc r+xs p) m (ze q+0) (yz g+hz p 1z

m (Xg r+0) m (e r 0) m (X p+ye @ (hy a4 Lz r Ly

Here, O is the craft’s mass, [Xg Y Zg] is the center of mass,

m (X r+v)
m (e r u

m (X pP+Yys 0)

m (x¢ q W)
m (zg r+xg p)

m (ze g+u)

inertia along a particular access, and [p q r] are the crafts rotational velocities about each

axis respectively. Following this, Ca is defined as:

2
0 0 0 0
0 0 0 Zy W Zy q Zy u
0 0 0 Yy V+Ye r+Y,
Ca() = P TP

0 Zy u+Zy w+Z;, q Y, Vv Yo r Y, p 0

Z, u 0 Xy W+X; ¢ Ne r Ny, v Ny p

Yo P Xy W Xq ¢ 0 My u+M, w+M; ¢q

Lz r Lz p Lz q) (z r+Ly p Ly q)
n 0 (X p Lz r Ly 0
P (z r+hLy g Ix p) 0

(2.14)
Isubscript is the moment of
Zy u Yo P
0 Ky w+Xq g
Xy W X g 0
Ny V+Np p+N; r Mg 9§ My W My u
0 Ky v+K, p+K, r
Ky v. Ky p Keor 0
(2.15)

Again, the dotted terms are the added mass derivatives found through dynamic VPMM.

[uvw]and[pqr]are the crafts linear and rotation velocities about each axis respectively.

N o o A

D( ) in the 6-DOF equation (2.9) represents the hydrodynamic damping forces and moments.

This matrix is defined as:



2

Xuw JUi Xeow Vi W+ Xy U Xuoww jWj U2+ Xy U 0 0 Xer jri+Xur U
0 Yo Jjvj+Yy u 0 0 0 Yoo jrj+Yy U
D()= 0 0 Zow Wi+ Zuw jUj 0 Zy j0i+Zug U 0
0 Kw Vi+Ky U 0 Kpp i+ Kyp U 0 K jri+ Ky u
0 0 Muyw jWj+ My U 0 Mgq jaj+Myq U 0
0 Nyw jvj+Ny u 0 0 0 N jrj+ Ny u
(2.16)

2.16 differs from the the damping seen in Njaka et al. [4] with the inclusion of more damping
forces and moments as well as the use of the 3rd order terms Xyuw & Xuuww- These term

are used in order to scale the drag due to sway and heave with the forward velocity.

00  OD0oooooidofl 0td bboboubt [0both Dbooo

G( ) in equation 2.9 represents the gravitational and buoyant restoring forces and moments.

This matrix is defined as:

(m  b)sin( )
(m  b)cos( )sin( )
G()=g (m  b)cos( )cos( ) (2.17)
(Yo m ys b)cos()cos( )+(zec m zg b)cos( )sin( )

(zc m zg D)sin()+(Xec M Xg b)cos( )cos( )

Xc m xg b)cos()sin( ) (ye m yg b)sin()

Here, again, [Xg Yo Zg] is the center of mass. m is the mass of the craft, gis 9:8066 m/s?,

and [ is the buoyancy of the craft (in kg). [Xg Yg Zg] is the center of buoyancy. For all of



the models and CFD, the center of buoyancy is the origin, ie cg = [0;0;0] [ ] are the

rotational states of the craft and make up part of

Oi0  OO0oooo fooobo bbb dintiot »goooo

Lastly, the matrix represents the control states and coefficients of the craft. Changes to

this matrix in the form of control inputs are what allows the Lumped parameter model to
maneuver. The matrix is defined as:
2 3
F +Xuuw UUJ(Bin1+ Zino+ 2ina+ 2:)
Thrust w UUWCEin1* Finzt Fins ™ Fins
Yuu , UJUj
Zuy  Ujuj
= - ) (2.18)
Kuu roll Ujuj roll
MUU e uJuj e

Nuu . UjUj r

Here 2i.1) 2inot Zinas Zina correspond to the top-port, top-starboard, bottom-port, and

bottom-starboard fins accordingly. ; e; ron correspond to the virtual rudder, elevator and
“aileron” angles. Yuu ,;Zuu . €t... are the fin coefficients defined in equation 3.13 in section
3.7.1 Since Hokie is an X-fin craft, consideration of fin mixing to generate these effective
“T”-fin angles has to be taken into account. Further discussion on how conversion between

X-fin and T-fin fin angles are determined as well as definitions for how the fin coefficients

are derived can be found section 3.7.
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The procedure for generating a LPM for a specific craft geometry is relatively straight
forward. This is also a processes that is very repeatable when generating a model for many
different crafts. This process was carried out for the Hokie craft as well as both of the crafts

provided by NUWC.

First the crafts CAD model needs to be prepared for CFD. The crafts model might be
simplified to some degree with smaller, more detailed, features removed. In our case, the
propeller as well as small antenna, hooks, and sensors are removed from the surface of the
craft. This simplification is done to allow the structured, prism layer mesh to generate
properly, as well as having a reasonable size mesh for the surface of the craft without having
to over refine in small detailed places. The exception for this would be on the surface of
the fins. The fins must be refined and have proper prism layer meshes in order to properly

capture the effects that the fins have to maneuver the craft.
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Once the crafts model is prepped, a base mesh can be generated with necessary surface
and volume refinements made. With a good base mesh, a grid independence study (mesh
resolution or “MR”) is conducted. The base mesh is procedural refined and coarsened (3 -
5 finer meshes, 1-2 coarse meshes), and the forces and moments of the craft are generated
for each mesh. These forces and moments are then plotted with mesh size to check for
convergence. For a steady drift simulation, only the final, converged, values of forces and
moments are are plotted, while for VPMM, peaks for forces and moments are plotted and
compared for convergence. Once the mesh resolution study is completed, the final converged

mesh size is used for the reaming CFD simulations.

Once mesh resolution is complete, all of the steady drift and VPMM simulations can be run.
Steady drift simulations include yaw and pitch for angles of 0-20 degrees. Pitch is only run
if the craft is not axisymmetric. VPMM simulations would include pure yaw, sway, roll, and
surge. Additionally if the craft is not axisymmetric, pure pitch and heave simulations must
also be run. Lastly, steady drift simulations where the craft is at 0 degrees AOA with the

fins deflected from 0 - 30/40 degrees are run.

Following the completion of the CFD simulations, the data from these runs are used to
generate hydrodynamic coefficients. Derivations for the coefficients and usage of the VPMM
data is covered in Chapter 3. Following the generation of the hydrodynamic coefficients,
the 6-DOF model can be formed. The 6-DOF model is a matrix system of equations that
describes the physics of the craft. This system can then be solved for the craft positional

and rotational states through time.

With a complete 6-DOF model, open loop and autopilot assisted maneuvers can be run.
With open loop, fin angles can be directly prescribed as the craft moves, to generate ma-
neuvers. One has to be careful however, as with unstable crafts, small fin perturbations

can dramatically change the crafts’ course. With autopilot maneuvers, craft heading and



depth commands are fed into the autopilot, which based off of the crafts’ state, will decide
an appropriate fin angle. This is much more ideal to generate maneuvers that stay on the
intended course especially with unstable crafts. The crafts stability can be assessed after the
completion of these maneuvers by analyzing how the craft performed these maneuvers. An-
alyzing fin efforts, overshoots, and comparing autopilot commands to open loop commands

can give insight into craft stability.
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Figure 3.1: Hokie craft CAD model

The scope of this project uses three craft as design examples. The two original craft examples
are crafts that NUWC currently maintains and operates. These craft are both slender X-fin
AUV’s of varying size. Of benefit to this project is that NUWC has collected data from
several maneuvers for these craft as they are used in the field. This data can be directly
compared to the maneuvers achieved from the LPM’s generated for each of those crafts.
This being said, this data directly referencing NUWC’s crafts and field data is restricted. In
order to be able to share results from generated LPM’s and maneuvers with the public, a

separate craft design needed to be made.



The objective with creating the “Hokie” craft, as it is named, is to maintain similar hydro-
dynamic characteristics to the crafts used by NUWC, while making a distinctly different
design. The goal in the end is to have comparable maneuvering results while maintaining a
separate craft design. Comparison of crafts geometry and maneuvers will not be discussed

in the public section, but will be included in the restricted appendix.

Some basic geometric properties for Hokie can be seen in the table below.

Diameter 0000000 (M) Length (m) Cross section area (mM?)

0.945 8.15 0.7014
mass (kg) cg-cb offset % Buoyancy
4857.12 2” below cb -0.5%

Table 3.1: Hokie geometric and mass properties

Looking at Table 3.1 it can be seen that Hokie is a highly slender craft, with its length being
almost 9 times larger than its width. This slenderness can often be a detriment to stability

when combined with other factors as you will see later.
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With an average craft speed of 1 m/s (Re S 9¢6) it is reasonable to assume a turbulent flow.
One of the more widely used turbulence models is the K-epsilon (k- ) model. This turbulence
model, originally proposed by Launder and Spalding [13], assumes a fully turbulent flow and
utilizes wall functions in the boundary layer as the K-epsilon model starts to break down
in these areas Fangqing Liu. [14]. One of the requirements to use these wall functions is to

have sufficiently high wall y* in order to accurately predict boundary layer characteristics.



This range however is somewhat flexible and can allow for values of y* from 50-100. Due
to K-epsilons popularity in the CFD community, it is selected to be used on the majority of

the CFD simulations performed in this work.

Additional studies performed separate from this thesis include the use of the K-omgea with
gamma transition, transitional model. Comparisons of the K-omega transitional model, and
K-epsilon turbulent model used on the Hokie craft are made and findings for this study will

be included in that paper.
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The generation of the hydrodynamic derivatives requires two different types of CFD sim-
ulations. These two types are steady drift, and unsteady, overset, simulations. VPMM,
discussed later in section 3.6 utilizes the unsteady overset simulations. The steady drift sim-
ulations are used in conjunction with the sway VPMM simulation results and a weighting is

applied. This section will discuss the setup of both types of CFD simulations used.

The steady drift CFD simulation setup is fairly simple. This simulation uses a steady K-

turbulence solver and is run to 3500 iterations. In this simulation the body is stationary and
there is a constant inflow velocity. Looking at figure 3.4, the velocity inlet is highlighted
green. The pressure outlet is highlighted red, and the the orange sides are symmetry planes.

The pink oblate spheroid region is the primary volume refinement.

The setup for the dynamic overset simulation is a little more complex. There are two
background, static, mesh regions (highlighted silver and cyan in figure 3.4). The inner cyan
region is a refinement region that allows for gradual cell growth from the very coarse outer

background region to the fine overset region. The pink region is the overset mesh region.



Figure 3.2: Hokie steady drift mesh setup

This portion of the mesh moves after each time step. The motions prescribed for this mesh
follow the motions described in 3.6. The inner blue cone is the wake refinement which
keeps the cells directly following the craft fairly fine so the crafts wake can have sufficient
definition. This simulation uses an unsteady K- turbulence solver. The simulation is run
for three periods of its sinusoidal motion with 5 inner iterations and sufficiently small time

step to keep the courant number below 1 in most regions.

Figure 3.3: Hokie overset dynamic mesh setup
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One issue with CFD is that not only can the results from any given simulation be depen-
dant on the inputs and boundary conditions, but also can have a reliance on the grid size.
The latter implies that changing the “definition” (fine or coarseness) of a mesh can change
resultant forces and moments on the object being studied. This is not ideal, and shows the

need of having a converged mesh.

Prior to running any steady drift or VPMM cases, a grid independence/mesh resolution
(MR) study must be conducted. The goal of this this study is to choose a mesh size that
produces forces and moments that are not reliant on the mesh. The process of performing
a MR study involves systematically refining and coarsening a base mesh size, and verifying
convergence of the forces & moments. This force & moment vs mesh size plot is used to

select a mesh size where forces and moments have asymptotically converged.

a7 Hokie, 10 degree steady drift mesh resolution
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Figure 3.4: Hokie steady drift mesh resolution

Figure 3.4 shows an example of the results from the mesh resolution study for the mesh
used for steady drift on the Hokie craft. Mesh sizes over 47M seem to be in the asymptotic

range, however even meshes over 23M cells have a less than 2% difference from the largest



(s 110M cells) mesh. The final mesh chosen for this steady drift K- mesh resolution was
the 47M cell mesh. This mesh is shown to be the coarsest mesh in the asymptotic range,
having the least computational cost while still giving reliable results. Figure 3.5 shows the
final 47M steady drift mesh with wall y* overlaid. The wall y* is kept above 50 and below

100 in nearly all regions.
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Figure 3.5: Hokie final static K- mesh with Wall y* overlaid

The dynamic overset mesh is run using a swaying motion as described in chapter 3.6. While
the prior mesh resolution on steady drift could be performed by looking purely at the steady
convergence of drag and side force, the dynamic mesh resolution would be a little more
complicated. Since the craft is undergoing a sinusoidal sway motion, the peaks and troughs
for the major forces and moments are analyzed. 3.6 shows the results of this dynamic overset
mesh resolution analysis. Only the last two periods are used from the total simulation, as

the simulation is expected to be converged by this point.

Looking at 3.6 an obvious convergence yaw moment can be seen at a cell size of roughly
30M while it looks like side force is close to, but has not yet converged. This being said, the
percent difference in side force from the 30M to the 56M mesh is less than 0.5%. The final
mesh chosen is the 30M cell mesh as yaw moment has converged, and side force is within

1%. Additionally, mesh sizes finer than the 30M cell mesh are extremely computationally
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Figure 3.6: Hokie dynamic overset mesh resolution results

expensive and any improvement in accuracy comes with a great cost in compute time.

This final 30M cell mesh is shown in figure 3.7 with the convective courant number overlaid.
It is important to keep the courant number below 1 so that information is propagated
properly from one cell to the next downstream without skipping cells. This is achieved in

most locations baring a few cells around parts of the fins.
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