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Abstract

A fully-appended BB2 submarine was simulated using ReFRESCO, a Com-

putational Fluid Dynamics software developed at the Marine Research In-

stitute Netherlands (MARIN). ReFRESCO is an unsteady, viscous, Navier-

Stokes solver, which incorporates the Unsteady Reynolds Averaged Navier-

Stokes (URANS) equations for numerical modeling. A study in this report

found that the KSKL turbulence model, the Total-Variation Diminishing

(TVD) scheme with SUPERBEE limiter free surface model, and a first order

time scheme produced the best results when conducting free surface simula-

tions.

All BB2 simulations were conducted at depth, just below the free surface,

and at locations where the topmost submarine appendages pierced the free

surface. The maneuvers investigated consist of straight flow maneuvers, drift

angle maneuvers, and yaw rotation (turning) maneuvers. The straight flow

maneuvers at depth were used for a grid refinement study, while the straight

flow maneuvers below the free surface were compared with RAPID, an invis-
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cid panel method software created at MARIN. The hydrodynamic quantities

analyzed consist of the force and moment data, the free surface profile and

features, as well as the horizontal stability that arises from the given set of

maneuvers. In this study, the presence of the free surface was found to in-

crease the forces and moments by an average of 85.7 % when compared to

the deep simulations, while the free surface also caused the stability of the

submarine to reduce significantly.
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Chapter 1

Introduction

1.1 Background

To anticipate future replacement of the Walrus class submarines the Royal

Netherlands Navy (RNlN) and the Defence Materiel Organisation (DMO)

have subcontracted The Netherlands Organisation for Applied Scientific Re-

search (TNO) and the Maritime Research Institute Netherlands (MARIN) to

increase the structural and hydrodynamic knowledge on submarines. For eco-

nomic reasons, DMO is contemplating designing diesel electric submarines,

instead of much more expensive nuclear-powered submarines, to serve as

the replacement for these Walrus class submarines. These diesel electric

submarines require the operator to visit the water surface more frequently

than the nuclear-powered models. The primary reason for the submarine

to approach the free surface is for charging purposes, however, free surface
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operations are useful for snorkeling (when only the air mast is above the

waterline), for landing special forces on to the submarine, and for general

surveillance purposes. These actions are all preformed while the submarine

is in motion, which is why the understanding of the hydrodynamic forces and

moments are important to ensure all maneuvers can be performed safely.

1.2 Research Objectives

To date, simulations of the Joubert BB2 submarine have been limited to deep

depth simulations, or straight sailing maneuvers near the free surface at one

submarine depth. To increase the hydrodynamic knowledge of a fully ap-

pended BB2 submarine, further simulations are to be examined near the free

surface. In this thesis, the main objective is to gain knowledge on the effect of

the free surface on the BB2 geometry with regards to the forces and moments

acting on the submarine. This will be accomplished by simulating various

maneuvers at various depths below the free surface. More specifically, the

simulations necessary for this research include straight sailing maneuvers at

multiple submarine depths (also worded as various free surface heights in this

report), drift angle maneuvers with varying drift angles at a given submarine

depth, drift angle maneuvers with constant drift angles at various submarine

depths, and horizontal turning maneuvers with varying yaw rotation rates

at a given submarine depth. To complete the aforementioned simulations,

various preliminary objectives required to be completed, include:
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• Create a three-dimensional structured CFD model surrounding a BB2

submarine viable for simulations at multiple free surface locations at a

given Froude number.

• Perform a grid uncertainty study for a deeply-submerged, straight-

sailing BB2 submarine to ensure the chosen grid structure and reso-

lution are appropriate.

• Compare deeply submerged maneuvers (with varying drift angles and

yaw rotation rates) with published data to ensure similar results are

achieved.

• Calculate the horizontal stability of the BB2 submarine when undergo-

ing deeply-submerged maneuvers, and again compare with published

data.

After all of the preliminary objectives are accomplished, focus can then be

narrowed on the free surface maneuvers. The following bullets show the

research objectives at the second stage of the project:

• Investigate which parameters will yield the most accurate and best

converged results when a free surface is introduced.

• Improve our knowledge for the hydrodynamic interactions of the BB2

submarine and free surface.

• Examine the influence of a changing free surface height on a straight

sailing BB2 submarine and a BB2 submarine moving at a given drift

3



angle. Emphasis will be put on examining the change in total forces

and moments, the total wave amplitude generated, and the influence

of the various submarine appendages on the resulting behavior of the

submarine when near the free surface.

• Compare CFD results with a potential flow code, RAPID.

• Investigate the free surface effects of a BB2 submarine undergoing drift

angle maneuvers and yaw rotation maneuvers at various drift angles

and yaw rotation rates, respectively for a fixed near-free surface height.

• Calculate the horizontal stability of the BB2 submarine when under-

going near free surface maneuvers.

1.3 Literature Review

1.3.1 Submarine Near Free Surface

The analysis of a submarine traveling near the free surface is a rather unex-

plored topic that has raised scientific interest over the last couple of decades.

Generally speaking, studies on submarines have focused on deeply submerged

maneuvers, when the submarine is far enough away from the free surface that

no free-surface waves are generated and, additionally, no additional forces/-

moments are exerted on the submarine exterior. These cases are examined

because submarines will spend the majority of its life cycle far below the
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ocean surface while in operation. While this may be the most common sit-

uation, many maneuvers require the submarine to be surfaced, or be near

the surface, to accomplish a given task. Example of these maneuvers include

snorkeling, refueling, or landing special forces on the submarine; all of which

require the submarine to be in motion during the operation. As a result,

various studies have been conducted on a submarine traveling near the free

surface.

Various methods have been used in the past to model the free surface above

the submarine. The source panel method, coupled with a potential flow code,

is one computational method which is still used to this day. A study per-

formed by Gourlay and Dawson [9] in 2015 used the Havelock source panel

method, which was a method developed by Havelock in 1932. This study

compared the source panel results of a straight sailing Series 58, DARPA

SUBOFF, and DSTO Joubert submarine hulls with experimental studies.

The Havelock Source panel method was found to predict the lift coefficient

and wave resistance coefficient well when the submarine was far from the free

surface, but was found to under predict the experimental values by up to 20%

and 50%, respectively, when near the free surface. The large discrepancy be-

tween potential flow code and the experimental study was due to the absence

of viscous effects in the potential flow code. This would not have a signif-

icant impact on the outer flow field, but will have a significant effect near

the submarine body. This is again reflected in the lift coefficients and wave

5



resistant coefficients. The primary advantages the source panel method has

over viscous solvers is reduced computational time and increased simplicity.

To increase the accuracy of the parameters calculated around the subma-

rine body, a coupled approach has also been used in the past which utilizes

the robustness of a potential flow code with the accuracy of a CFD code.

One study in 2002 by Michael Griffin [10] examined an inviscid free surface

and outer domain (calculated using the source panel method implemented

in the Fourier-Kochin (FKX) panel code) coupled with a viscous submarine

body/wake (calculated using IFLOW RANS CFD solver). This study exam-

ined the Albacore and SUBOFF submarine hulls with varying appendages

undergoing straight maneuvers at various Froude numbers and free surface

heights. While Griffin was not able to compare his free surface simulations

with experimental data (which was not available at the time), he did compare

the deep depth maneuvers to experimental data and found a good agreement.

Using this method, Griffin was able to create a matrix of force and moment

data correlating to a given submarine configuration at a variable speed and

free surface height. These matrices incorporate thousands of simulations

which would not have been feasible to do if a viscous CFD simulation was

completed. This coupled approach, however, is unable to simulate a subma-

rine piercing through the free surface, and is therefore limited in application.

With the advent of CFD, combined with the continuous advancements on

computer speeds, several researchers have simulated submarine geometries
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near the free surface using CFD in recent years. In 2010, a study by Wilson-

Haffenden et al [25] investigated an un-appended DARPA SUBOFF subma-

rine travelling in a straight path below the free surface. This study focused

on various depths below the free surface (ranging from 1.1D to 5.5D) at

various Froude numbers (ranging from Fr = 0.13 to 0.64). CFD Simulations

were conducted using ANSYS CFX and experiments were conducted at the

AMC towing tank. CFD simulations were conducted on a half domain using

a structured grid, however the numerical settings were not mentioned in the

conference paper. The primary results analyzed in this study was the drag

coefficient, the pressure coefficient distribution, and the friction coefficient

on the submarine.

This study found that the drag coefficient increased by up to 67% when the

submarine was nearer to the free surface (when comparing the 1.1D case

with the 4.4D case). It also found that, near the free surface, the drag

coefficient would increase up to a Froude number of 0.31, then decrease until

a Froude number of 0.36, and begin to increase again at a Froude number of

0.38. Finally, it was noted that there was an insignificant increase in drag

at depths of 2.2D and 3.3D, but an increase in drag by 10% in both cases

when compared to the 4.4D case.

More recently, in 2016, Carrica [4] analyzed the hydrodynamic effects of a

BB2 submarine undergoing self-propulsion and free running maneuvers when

deeply submerged and when near the free surface. CFD simulations were
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performed using ReFRESCO and REX using an unstructured and structured

overset approach, respectively. Maneuvers performed at depth include a self-

propulsion in a straight path, a 20◦ turn, and a 20/20 zigzag maneuver.

Maneuvers performed with a free surface include self-propulsion in a straight

line and a 20◦ surfacing maneuver. When sailing straight, it was found

that the free surface caused a suction force on the tail of the submarine,

which caused the submarine to pitch downwards. When deeply submerged,

the resulting pitch moment showed the opposite trend. It was also found

that the free surface cause additional resistance on the submarine, thereby

decreasing the operating speed. Other results in this research focused on the

influence of the maneuver on the propeller. The various quantities measured

were the thrust, torque, the resulting orientation of the submarine and the

movement from the original position.

Another ongoing research area is analyzing how the various appendages in

conjunction with the free surface affect the forces and moments on the sub-

marine. Shariati and Mousavizadegan [18] performed a study in 2017 which

examined the effect of a DARPA SUBOFF submarines appendages on the

overall resistance of the submarine when maneuvering near the free surface.

Experiments were conducted both on a bare submarine hull and a full ap-

pended submarine to examine the changes that arise due to the additional ap-

pendages. Furthermore, testing was conducted at various depths and speeds,

correlating to depths ranging from 0.3D to 4.4D, and Froude numbers ranging
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from 0.128 to 0.84. Numerical simulations were compared to experiments,

and CFD simulations were performed with the StarCCM+ CFD software, in-

corporating a URANS approach with a κ−ω turbulence model, the SIMPLE

algorithm to couple pressure and velocity, and a high-resolution numerical

scheme for discretizing advection terms. Simulations were conducted on a

half-submarine body in a rectangular domain. Results from this study found

that the numerical study correlated very close with the experimental study,

with a maximum 5.5% difference found between each case.

Shariati and Mousavizadegan [18] found that the presence of appendages

caused an average of 16% increase in the total resistance on the submarine.

This value was found by averaging the deeply submerged case along with

the free surface cases. Furthermore, it was found that the increase in total

resistance was dependent on Froude number, with an increase of 14.5% at low

Froude numbers to 22.3% at high Froude numbers. It was also found that the

wave making resistance was dependent on the submarine depth, but was not

very dependent on the presence of submarine appendages. The submarine

appendages did increase the frictional resistance by about 6%. Finally, the

wave profile was only slightly affected by the presence of the appendages.

Dubbioso et al [5] performed a study in 2017 which examined the effect of two

different rudder designs (in open water conditions and near the free surface)

on the hydrodynamic forces and moments exerted on a CNR-INSEAN 2475

Model submarine. The two rudder designs in question were a C rudder and
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an X rudder. Simulations were performed using Xnavis, a URANS CFD

solver, and focused on a yaw maneuver with the submarine starting from

rest, reaching a steady velocity, and adjusting the rudders by 5, 10, and 15

degrees, respectively. Results showed that the X rudder configuration was

more maneuverable than the C rudder design (the rudders were required

to deflect less to achieve the same rotation rate) in both the deep depth

condition and when near the free surface. This also resulted in an increased

yaw moment and side force on the C rudder design when undergoing the same

maneuver. Overall, the hydrodynamic forces were found to slightly increase

at the free surface height chosen. Nevertheless, the free surface effects were

not as substantial as originally thought, and therefore the authors deemed

that the chosen free surface height was too high, and that the submarine

should be moved closer to the free surface in future studies.

1.3.2 BB2 Submarine Development

The generic Joubert BB2 submarine geometry is a modified version of the

Joubert BB1 geometry based on original concepts by P. Joubert [11]. Origi-

nally designed in 2006, the Joubert BB1 submarine was found to be unstable

in both the horizontal and vertical planes. To try to correct this, the BB2

Submarine was developed. Among other changes, one of the key differences

between it and the BB1 Submarine is the length of the tailfins. It was hy-

pothesized that by lengthening the tailfins, the submarine would become

more stable at the risk of limiting maneuverability. In 2014, Mark Bettle
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performed simulations using the Defence Research and Development Canada

(DRDC) Submarine Simulation Program (DSSP) to try to test this hypothe-

sis [3]. A set of simulations were conducted on the BB1 and BB2 submarines,

including horizontal plane maneuvers and vertical plane zig-zag maneuvers.

In this study, it was found that the BB2 submarine was much more sta-

ble during these maneuvers, and that the added length to the tailfins did

not hinder maneuverability to unwanted levels. CFD simulations were also

completed using the same maneuvers, and comparable results were achieved

when compared to the DSSP results. For these maneuvers, a BB1 submarine

was found to have vertical and horizontal stability indices of Gv = −2.1 and

Gh = −1.1, respectively. For the same set of maneuvers, the BB2 submarine

was found to have vertical and horizontal stability indices of Gv = 0.37 and

Gh = 0.31.

During the time that the BB1 submarine was found to be unstable, an addi-

tional study by Overpelt and Nienhuis [15] investigated the effects of varying

the bow shape of a SSK submarine on its performance when undergoing free

surface operations. Three variations in bow design were studied and tested

using MARINs in house potential flow code RAPID. The first bow design

is the BB1 submarine bow (which is identical to the BB2 submarine bow),

while another design featured a smaller bow length, and the final design fea-

tured a more slender bow shape. It was found that the two different design

iterations produced better results than the BB1 submarine (when comparing
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resistance values) near the free surface, while only slightly worse results were

found at depth. Simulations were performed on a straight sailing subma-

rine, and therefore additional maneuvers are required to ensure that the new

design iterations are beneficial when comparing other flow characteristics.

In order to obtain a complete set of data for the BB2 submarine, the Sub-

marine Hydrodynamics Working Group (SHWG) was tasked in 2015 to in-

vestigate the hydrodynamic effects of the BB2 submarine while undergoing

complex motions. Emphasis was placed on the resistance, propulsion, and

maneuvering characteristics of the submarine. A set of guidelines were there-

fore proposed for setting up the experiments and preforming the various ma-

neuvers. A list of maneuvers was created for a submarine sailing at depth and

consisted of straight maneuvers, drift angle maneuvers, angle of attack ma-

neuvers, and yaw rotation maneuvers. All maneuvers were to be conducted

with and without a propeller, and were categorized as priority I and priority

II depending on the importance of said maneuvers. These simulations are

currently ongoing at MARIN and various other research facilities.
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Chapter 2

BB2 Geometry and Relevant

Hydrodynamic Nomenclature

2.1 BB2 Geometry

2.1.1 Coordinate System

A right-handed coordinate system is introduced for analyzing the results.

The coordinate system is used to analyze the flow field around the submarine

as well as the forces and moments acting on the submarine. As shown in

Figure 2.1, the origin is located at the intersection of the longitudinal axis of

symmetry of the bare hull and the mid-ship plane.
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Figure 2.1: Coordinate system.

In this figure, CB is the center of buoyancy, x,y,z are the coordinate axis,

X,Y,Z are the resistance, side, and vertical forces, K,M,N are the roll, pitch,

and yaw moments, u,v,w are the velocity components, p,q,r are the rotation

rates along their respective coordinate axes, and β is the corresponding drift

angle described using:

β = arctan(
−v
u

) (2.1)

where v and u are the velocity components described in Figure 2.1. When

viewed from the body fixed frame of reference, the freestream approaches the

port side of the submarine.

The submarine model has several configurations under investigation which

are specified in Table 2.1. In this study only configuration 4 is analyzed.

Figure 2.2 shows the labeled appendages used in all simulations.
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Table 2.1: BB2 submarine configurations used in
research.

Configuration Hull and deck Sail ACS Sailplanes Propeller

1 Yes No No No No

2 Yes Yes No No No

3 Yes Yes Yes No No

4 Yes Yes Yes Yes No

Figure 2.2: Description of BB2 appendages used in this research.

2.1.2 Submarine Details

The generic Joubert BB2 submarine is a modified version of the Joubert

BB1 based on original concepts by P. Joubert [11]. Originally designed in

2006, the Joubert BB1 submarine was found to be unstable in both the

horizontal and vertical planes when undergoing numerous manoeuvres [3].

Several modifications have since been implemented to increase the stability
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of the BB1, which include lengthening the aft control surfaces, thickening

the sail by using a NACA0022 profile, and moving the sail closer to the bow

of the submarine. The modified BB1 submarine was then renamed as the

BB2 submarine to account for these changes.

Figure 2.3 shows a side and front view of the Joubert BB2 submarine, respec-

tively. Additionally, Table 2.2 shows the full scale and model scale geometric

parameters of the submarine as labeled in the figure. Model scale values are

derived from full scale values using a scaling ratio of λ = 18.348. In this

table, the keel corresponds to the deepest part of the vessel. Furthermore, a

more extensive list of the BB2’s main particulars can be seen in Table A.1.

Figure 2.3: Sample of the main particulars of the BB2 submarine.
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Table 2.2: Condensed list of BB2’s main particulars.

Description
Full Scale

Measurement

Model Scale

Measurement
Units

Length overall (Loa) 70.20 3.8260 m

Breadth max. moulded (B) 9.60 0.5232 m

Depth from keel to casing (D) 10.60 0.5777 m

Depth from keel to tip of sail (Dsail) 16.20 0.8829 m

Wetted surface area total (Swa) 2142.3 6.3635 m2

2.2 Non-Dimensionalization of Forces and Mo-

ments

The safety and stability of the crew and vessel is analyzed by computing the

total hydrodynamic forces and moments acting on the submarine. In this

thesis, the hydrodynamic forces and moments are compared to previous cases

conducted at MARIN. To adequately compare these forces and moments,

which have been conducted at a larger onset velocity of 1.6309 m/s, the

forces and moments are non-dimensionalized using:

X ′, Y ′, Z ′ =
X,Y,Z

1
2
ρU∞2L2

oa

(2.2)

K ′,M ′, N ′ =
K,M,N

1
2
ρU∞2L3

oa

(2.3)
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Where X, Y, and Z are the resistance, side, and vertical force, respectively, K,

M, and N are the roll, pitch, and yaw moment, respectively, ρ is the density

of the fluid, U∞ is the onset velocity, and Loa is the overall length of the

submarine.

2.2.1 Comparison of CFD and RAPID Simulations

The RAised Panel Iterative Dawson (RAPID) software is a potential flow

code that was developed at MARIN. RAPID is a inviscid flow solver which

uses the panel method, a method that subdivides the submarine and free sur-

face into small, quadrilateral surfaces (panels), and places both sources and

doublets on each panel. The fundamental equations solve for the strength of

these sources and doublets, which can then be used to calculate the velocity,

pressure, wave resistance, free surface profile, and various other quantities.

In this report, the two primary characteristics that will be compared include

the free surface profile, and the wave-making resistance coefficient (Cw1). As

RAPID is a inviscid flow solver, the friction forces on the submarine can not

be calculated. For this reason,to compare with RAPID results, the resistance

force due to pressure found in the CFD simulations was non-dimensionalized

using:

Cw1 =
XPFreeSurface

−XPDeep

1
2
ρU∞2S2

wa

(2.4)

where XPFreeSurface
is the resistance force integrated from the pressure dis-
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tribution on the submarine during a free surface simulation, XPDeep
is the

resistance force integrated from the pressure distribution on the submarine

during a deep manoeuvre, and Swa is the total wetted surface area of the

submarine.

2.3 Horizontal Stability

The horizontal stability of the BB2 submarine was estimated using two dif-

ferent methods. One method calculates the Yaw Stability Index (C ′), and

the other method calculates the Stability Index for Horizontal Plane Motion

(Gh). The yaw stability index and the stability index for horizontal plane

are both calculated using a flight dynamics approach, where the rigid body

of motion equations are linearized for the side force and yaw moment [2].

The main difference between these two approaches, however, is the point at

which the terms become linearized in the set of equations.

While both the Yaw Stability Index and the Stability Index for horizontal

plane motion are calculated differently, they both measure the horizontal

stability of the vessel and follow the same set of rules. If either of these values

are positive, it indicates that the vessel is stable under a set of manoeuvres

and, alternatively, if these values are negative, it indicates that the vessel

is unstable. An unstable vessel implies that the likelihood of the vessel to

increase the absolute value of an existing drift angle will increase [2]. The

Yaw Stability Index is calculated using:
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C ′ =
N ′r
′ −m′xg ′r′

Yr′
′ −m′r′

− Nv
′

Yv
′ (2.5)

and the stability index for horizontal plane motion is calculated using:

Gh = 1− Nv
′(Yr′

′ −m′)
Yv
′(Nr′ − xg ′m′)

(2.6)

whereNr′
′ is the non-dimensional yaw moment (N-moment) for a yaw-rotation

manoeuvre, m′ is the non-dimensional mass of the BB2 submarine which is

calculated usingm′ = m
1
2
ρLoa

3 , xg
′ is the non-dimensional center of gravity with

respect to the midship of the submarine which is calculated using xg
′ = xcg

Loa
,

Yr′
′ is the non-dimensional side force (Y-force) for a given yaw-rotation ma-

noeuvre, Nv
′ is the non-dimensional yaw moment (N-moment) for a drift

angle manoeuvre, and Yv
′ is the non-dimensional side force (Y-force) for a

drift angle manoeuvre.

The full derivation of the Yaw Stability Index can be seen in Practical Ship

Hydrodynamics by V. Bertram [2], while the derivation of the Stability Index

for horizontal plane motion can be seen in Method of Performing Captive-

Model Experiments to predict the Stability and Control Characteristics of

Submarines by J. P. Feldman [8].
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Chapter 3

Computational Methodology

3.1 Simulation Matrix

The BB2 Submarine is currently ongoing various testing procedures to ensure

stability and proper performance when undergoing complex maneuvers. This

research is focused on analyzing the forces and moments acting on the BB2

submarine when sailing straight, sailing at various drift angles, and under-

going horizontal turning maneuvers. All cases were performed at deep depth

and near the free surface, and were simulated with all appendages (excluding

a propeller). All simulations incorporate a model scale submarine acting at a

Froude number of 0.196 (which correlates to an onset velocity of 1.201 m/s).

A validation study was conducted for a straight maneuver at deep depth with

varying grid sizes. These simulations were primarily conducted to ensure

a proper grid size was used, and that the simulations were conducted for
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a proper amount of iterations. Neglecting the straight sailing simulations

conducted at deep depth, two sets of simulations were conducted with both

a fine 31 million cells grid and a coarse 3.2 million cell grid. The simulation

matrix of the fine grid can be seen in Table 3.1.
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Table 3.1: Simulation matrix of the fine grid with 31
million cells.

Modelscale (Fine Grid)

Condition

Free Surface Height

Above Keel

(FSH) [m]

Drift

Angle

(β)[deg]

Non-Dimensional

Yaw Rotation Rate

(r′)

Straight Flow

Deeply Submerged 0 0
0.845 0 0
0.921 0 0
1.074 0 0
1.457 0 0

Drift Case

Deeply Submerged 2 0
Deeply Submerged 4 0
Deeply Submerged 6 0
Deeply Submerged 8 0
Deeply Submerged 10 0

1.074 2 0
1.074 4 0
1.074 6 0
1.074 8 0
1.074 10 0
1.457 8 0
0.921 8 0
0.845 8 0

Yaw Rotation

Deeply Submerged 0 0.1
Deeply Submerged 0 0.2
Deeply Submerged 0 0.3
Deeply Submerged 0 0.4

1.074 0 0.1
1.074 0 0.2
1.074 0 0.3
1.074 0 0.4

As described in Table 3.1, straight flow maneuvers have been conducted both
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at depth and near the free surface. In these simulations, the free surface is

located at FSH = 1.457 m, 1.074 m, 0.921 m, and 0.845 m above the keel of

the submarine. A visual description of the free surface heights can be seen

in Figure 3.1. Two sets of drift angle maneuvers were also conducted. The

first set incorporates an inflow angle ranging from 2◦ − 10◦ in 2◦ increments

at depth and at FSH = 1.074 m above keel. The second set of simulations

was conducted at a drift angle of 8◦ with the four aforementioned free surface

elevations.

Figure 3.1: Initial free surface heights and relative location on submarine
body

As originally described in Figure 2.1, r corresponds to the yaw rotation rate,

which was nondimensionalized using:

r′ = r
Loa
U∞

(3.1)

where r is the yaw rotation rate in [rad/s], Loa is the overall length of the

submarine, and U∞ is the onset or free stream fluid speed.
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Yaw rotation maneuvers were conducted at depth and incorporating a free

surface at FSH = 1.074 m with non-dimensional yaw rotation rates of r′ =

0.1, 0.2, 0.3, and 0.4. Note that for the yaw rotation simulations in this

study, the velocity is held constant, while the radius of curvature is adjusted

depending on the desired non-dimensional yaw rotation rate.
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Table 3.2: Simulation matrix of the coarse grid with
3.2 million cells.

Modelscale (Fine Grid)

Condition

Free Surface Height

Above Keel

(FSH) [m]

Drift

Angle

(β)[deg]

Non-Dimensional

Yaw Rotation Rate

(r′)

Straight Flow

0.845 0 0

0.921 0 0

1.074 0 0

1.457 0 0

Drift Case

0.845 2 0

0.921 2 0

1.074 2 0

1.457 2 0

0.845 4 0

0.921 4 0

1.074 4 0

1.457 4 0

0.845 6 0

0.921 6 0

1.074 6 0

1.457 6 0

0.845 8 0

0.921 8 0

1.074 8 0

1.457 8 0
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The simulation matrix for the coarse grid can be seen in Table 3.2. A straight

flow maneuver was conducted at all four free surface heights. Additionally,

for drift angles ranging from β = 2◦ − 8◦ in 2◦ increments, the simulations

were also conducted at all free surface heights.

3.2 Flow solver

ReFRESCO (www.refresco.org) is a community based open-usage CFD code

for the Maritime Industry. It solves multiphase, unsteady, incompressible

viscous flows using the Navier-Stokes equations, complemented with turbu-

lence models, cavitation models and volume-fraction transport equations for

different phases [22]. The equations are discretised using a finite-volume ap-

proach with cell-centered collocated variables, in strong-conservation form,

and a pressure-correction equation based on the SIMPLE algorithm is used

to ensure mass conservation [12]. Time integration is performed implicitly

with first or second-order backward schemes. At each implicit time step, the

non-linear system for velocity and pressure is linearised with Picards method

[19] and either a segregated or coupled approach is used. In the latter, the

coupled linear system is solved with a matrix-free Krylov subspace method

using a SIMPLE-type preconditioner [12]. A segregated approach is adopted

for the solution of all other transport equations.

The implementation is face-based, which permits grids with elements con-

sisting of an arbitrary number of faces (hexahedrals, tetrahedrals, prisms,
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pyramids, etc.), and if needed h-refinement (hanging nodes). State-of-the-art

CFD features such as moving, sliding and deforming grids, as well automatic

grid adaptation (refinement and/or coarsening) are also available. Coupling

with structural equations-of-motion (rigid-body 6DOF) is also possible and

Fluid-Structure-Interaction (FSI) is being developed. For turbulence mod-

elling, both RANS/URANS and Scale-Resolving Simulations (SRS) models

such as SAS, DDES/IDDES, XLES, PANS and LES approaches can be used.

Numerous discretization schemes are available in this software, however in

this study the second order unstructured QUICK scheme [13] is used for the

convective terms in momentum and turbulence equations, Fromm’s TVD

scheme with Superbee limiter [24] is used for the convective terms of the

free surface, and the diffusion terms are solved using a central differencing

scheme.

3.2.1 Governing Equations

The Navier-Stokes equations are a set of partial differential equations which

describe the correlation between pressure, velocity and density of a given

viscous fluid. In this work, temperature is not considered and therefore the

energy equation is absent from the set of equations. The Navier-Stokes equa-

tions for an incompressible fluid are based on the derived Newton’s second

laws, and the notion of continuity, and are expressed in three-dimensions.

The continuity equation is expressed as follows:
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∇·u = 0 (3.2)

where u corresponds to the velocity vector u = (u, v, w)t.

The momentum equations expressed in vector form is therefore:

∂u

∂t
+∇·(uu) = −1

ρ
∇·p+ ν∇·(∇(u)) + g + Sx (3.3)

where p corresponds to the pressure, ν corresponds to the kinematic viscosity

of the fluid, g corresponds to the acceleration of gravity, and Sx corresponds

to the source term introduced through using a rotating frame of reference in

the x-, y-, and z-direction.

In all cases shown in this report, it is assumed that the flow around the BB2

submarine is fully turbulent. Turbulence causes velocities, pressures, and

stresses to vary within time and space, and therefore contains a mean flow

component and fluctuating flow component. A method called Reynolds De-

composition introduces these mean and fluctuating flow components into the

Navier-Stokes equations and, with some derivation, results in the Reynolds-

averaged Navier-Stokes equations (RANS). The resulting equations after

Reynolds Decomposition has been applied to Equation 3.2 and Equation

3.3 are:

∇·U = 0 (3.4)
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∂U

∂t
+∇·(UU) = −

1

ρ
∇·P + ν∇·(∇(U)) +

[
∂(−ρu′u′)

∂x
+
∂(−ρv′u′)

∂y
+
∂(−ρw′u′)

∂z

]
+ g + Sx (3.5)

where U corresponds to the mean velocity vector and expressed in Cartesian

coordinate directions as U = (U, V,W )t, and u′ corresponds to the fluc-

tuating velocity term and expressed in Cartesian coordinate directions as

u′ = (u′, v′, w′)t.

These equations again hold true for incompressible flows with no additional

body forces, and are based on the derivation found in An Introduction to

Computational Fluid Dynamics by Versteeg and Malalasekera [23].

It should be noted that six additional terms can be seen within the square

brackets of the RANS momentum equations, which are not present in the

original Navier-Stokes equations. These additional terms are generated in

the derivation process, and are known as the Reynolds stresses. The intro-

duction of these Reynolds stresses cause four equations and ten unknowns

to be generated. In order to match the number of equations and unknowns,

turbulence modeling is performed. This can be accomplished using various

methods, however the most common method uses a two-equation turbulence

model.
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3.2.2 KSKL Turbulence Model

The k −
√
kL Turbulence model (KSKL) [14] is a two equation turbulence

model that solves for the turbulent kinetic energy k and the turbulent length

scale L using two additional transport equations. The k −
√
kL and k − kL

turbulence models were originally created to introduce higher-order velocity

derivatives in the scale equations, thereby increasing the accuracy of the tur-

bulent structures. The k − kL equations was first introduced, and contained

first-order and third-order velocity derivatives. While this was deemed ad-

vantageous over models that did not incorporate higher-order derivatives,

further research was conducted to create a model which included second-

order velocity derivatives. As a result, the k −
√
kL model was introduced

and contained first and second-order derivatives.

The derivation of the two transport equations are not included in this the-

sis, however further details can be found in [14] and the resulting transport

equations for the turbulent kinetic energy and turbulent length scale are:

∂(ρk)

∂t
+
∂(ρV k)

∂y
= Pk − cµ3/4ρ

k3/2

L
+

∂

∂y
(
µt
σk

∂k

∂y
) (3.6)

∂(ρφ)

∂t
+
∂(ρV φ)

∂y
=
φ

k
Pk(ζ1 − ζ2(

L

LvK
)2)− ζ3ρk +

∂

∂y
(
µt
σφ

∂φ

∂y
) (3.7)

In these equations, φ =
√
kL, Pk = µtS

2, S =
√

2SijSij, Sij = 1
2
(∂U
∂y

+ ∂V
∂x

),
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and µt = ρφcµ
1/4.

Several constants found in Equation 3.6 and Equation 3.7 can be seen in

Table 3.3.

Table 3.3: Constant terms in KSKL two equation
model.

cµ ζ1 ζ2 ζ3 σk σφ

0.09 0.8 1.47 0.0288 2/3 2/3

It should also be noted that the turbulent length scale equation introduces a

term called the von Karman length scale, LvK , which introduces Large Eddy

Simulation-like behaviour in the unsteady regions. This is one of the main

advantages of using this turbulent model over various other two-equation

models.

3.2.3 Free Surface Model

To model the air-water interface for all free surface cases within this report, an

additional transport equation is required to be solved in conjunction with the

turbulence, mass conservation and momentum conservation. This transport

equation solves for the volume fraction, α, and is calculated using:

∂α

∂t
+ U·∇α = 0 (3.8)

The notation in this report will set α = 1 for air, α = 0 for water, and follows
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the equation αair + αwater = 1 at every discretized cell.

To help ensure a sharp gradient on the fluid interface, and to prevent ”wig-

gles” from developing on the free surface, the Total-Variation Diminishing

(TVD) scheme with Superbee limiter was used. This non-linear convection

scheme utilizes a flux-limiter to enhance the convergence at the boundary

between the two fluids. This is accomplished by solving for the volume frac-

tion located at the face of the cell by using the average value stored at the

cell center, according to:

αf = αc +
∆xc

2
Ψ(r)(

∂α

∂x
)
u

(3.9)

where αc is equivalent to α in Equation 3.8.

Several terms in Equation 3.9 are further expanded as follows:

∆xc = xf − xu (3.10a)

(
∂α

∂x
)
u

=
αc − αu
xc − xu

(3.10b)

Ψ(r) = max[0,min(2r, 1),min(r, 2)] (3.10c)

r =
αD − αC
αC − αU

(3.10d)
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where subscripts D, U and C corresponds to the upwind, downwind, and

present cell centre, respectively, while subscripts f and u correspond to the

upwind and downwind cell faces, respectively. The Superbee limiter function,

Ψ(r), can be visually seen on Figure 3.2.

Figure 3.2: Visual description of the TVD Superbee Limiter function.

Furthermore, the air volume fraction is coupled with the momentum equa-

tions through the density and viscosity terms due to the change in fluid above

and below the free surface. Two volume fractions, therefore, are used for air

and water:

ρ = αρair + (1− α)ρwater (3.11)

µ = αµair + (1− α)µwater (3.12)

where ρair and ρwater corresponds to the density of air and water, respectively,

while µair and µwater correspond to the dynamic viscosity of air and water,

respectively.
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The dynamic viscosity is introduced into Equation 3.5 through the kinematic

viscosity term, where:

ν =
µ

ρ
(3.13)

3.3 Grid Generation and Computational Setup

The computational domain was created using PDC GridPro, a structured

multi-block grid generation software, surrounding a scaled model of a generic

Joubert BB2 Submarine. PDC Gridpro is a top-down software that recog-

nises patterns in complex multi-block grids and automatically generates a

corresponding mesh. An advantage of PDC Gridpro is the ability to skew

blocks during the automation process, which ensures block faces properly

enclose the CAD geometry and ensures a proper cell growth from the sub-

marine to the farfield. This inevitably reduces numerical uncertainty and

computation time during simulations. Figure 3.3 shows the grid generated

on the main appendages used in all simulations correlated to this report.
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(a) Sail and sailplane (b) Tail and ACS

Figure 3.3: Grid details on the main BB2 submarine appendages.

The mesh pictured in Figure 3.4 was created using GridPro from a previous

mesh created by Maarten Kerkvliet of a generic Joubert BB1 Submarine

operating at deep depth. The original mesh did not incorporate the sailplanes

and included BB1 aft control surfaces. For these reasons, a modified mesh

was created for the BB2 submarine which added the sail planes, included the

larger BB2 rudders, shifted the sail location, and created two planes above

the submarine which enclosed the free surface when tested at different free

surface heights.
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(a) Submarine Mesh Generation (b) Grid Generation

Figure 3.4: Computation grid created for BB2 submarine with free surface
refinement.

Using GridPro, a half-cylinder mesh was initially created; it was then mir-

rored, scaled to the experimental model scale size, and clustered around the

submarine body to achieve a y+ value below the mixing layer regime. Sev-

eral different geometrically-similar meshes were then created with a varying

number of cells. In each mesh, the refinement around the body was well

maintained to ensure proper resolution of the shear layer to reduce force and

moment errors. The benefit of this approach is the similarity of the computa-

tional grids it will produce and consistency of grid quality, which is valuable

for optimization and comparative analysis, as is included in this study.

The list of the grids created can be seen in Table 3.4 in Section 3.4. It

should be noted that the primary grids used in this research was a fine grid

which contains 31 million cells, and a coarse grid which contains 3.2 million
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cells. The other grids are used for the grid sensitivity study. As previously

stated, a scaled model of the BB2 submarine is simulated, where the scaling

factor used between the full scale submarine and the model-scale submarine

is λ = 18.348. Additional geometric parameters of the BB2 submarine found

in Appendix A correspond to the full-scale BB2 Submarine geometry.

The computational domain is a multi-block structured O-O grid with the

tail of the submarine placed at the centre of the cylinder. The radius of the

cylinder is 3Loa, and a height of 3Loa can be seen above and below the origin.

The symbol Loa in these measurements corresponds to the overall model scale

length of the Joubert BB2 (Loa = 3.826m). The Cartesian coordinate system

is placed such that the x-axis opposes the onset flow field, the y-axis points in

the starboard direction, and the z-axis points towards the theoretical ocean

floor. Figure 3.5 helps visualize the dimensions listed above.

(a) 2D Domain View (b) 3D Domain View

Figure 3.5: Domain features and dimensions used in research.
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Boundary Conditions Four sets of boundary conditions were implemented

depending on the manoeuvre in question. All methods incorporated a wall

boundary condition for the BB2 submarine and a Symmetry boundary con-

dition on the top of the domain. The main differences are found when

examining the Farfield and Bottom boundary conditions. The drift angle

and straight flow cases at depth use the autodetect boundary condition on

the farfield (which detects whether an inflow or outflow boundary condition

should be applied along the domain depending on the given inflow veloc-

ity), and a symmetry condition on the bottom. The straight and drift angle

cases incorporating a free surface used a pressure boundary condition on the

bottom, while the other conditions remained unaltered. The yaw rotation

case using the moving grid approach (at deep depth and near the free sur-

face) had pressure boundary conditions for the farfield and bottom, while the

top remained as a symmetry boundary condition. Finally, the yaw rotation

manoeuvre using the rotating frame of reference approach used an inflow

boundary condition at the farfield, while the other boundary conditions are

identical to the moving grid approach. The four sets of boundary conditions

are shown in Figure 3.6.
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(a) Straight flow and drift cases at depth (b) Straight flow and drift cases with free

surface

(c) Yaw rotation case with moving grid (d) Yaw rotation case with rotating frame of

reference

Figure 3.6: Boundary conditions used for the various maneuvers used in this
research.
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3.4 Verification and Validation

As with any CFD simulation, a certain amount of uncertainty and error is

associated with published data. Uncertainty accounts for flaws in a CFD

simulation caused by a lack of knowledge, while error accounts for flaws in

a CFD simulation not caused by a lack of knowledge [23]. Examples of

uncertainty can include inaccurate geometric models, boundary conditions,

and flow field characteristics due to a lack of information given. Errors consist

of numerical, coding, and user errors [23]. For this reason, uncertainty should

be minimized before a simulation is conducted, while error can be estimated

after a simulation is completed.

In the realm of CFD, quantifying numerical error has become a vital tool

when verifying results. Verification is a procedure completed to ensure that

equations are solved correctly, and should not be confused with validation.

Validation is an additional procedure completed to ensure that the right

equations are solved [16], which is examined in Section 4.3.1 when comparing

CFD simulations to solutions obtained with a potential flow code.

Three types of numerical error include round-off error, iterative convergence

error, and discretization error. Round-off error is the error associated with a

computers finite precision, and is also known as the machine error. Fortrans

double precision format (16 significant figures) is used for all the simulations

in this report, and therefore round-off error is negligible and ignored. It-
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erative convergence error results from the difference between the iterative

solution and the exact solution, and is a consequence of the non-linear equa-

tions solved in CFD. Discretization error is the error that results from the

approximations made from transforming partial differential equations into

finite equations [4]. This error can be reduced by increasing the amount of

cells within a grid, and can be evaluated by comparing geometrically similar

grids of different sizes. Table 3.4 shows the grids used to determine this error.

Table 3.4: Series of grids used in discretization error
calculation.

Grid Grid Size (# Cells) Coarsening Factor Maximum y+ Value

bb2 conf4 0.400 3,262,298 0.400 2.207

bb2 conf4 0.500 7,138,322 0.500 1.688

bb2 conf4 0.600 12,454,336 0.600 1.401

bb2 conf4 0.700 20,663,440 0.700 1.112

bb2 conf4 0.800 31,382,458 0.800 0.9477

bb2 conf4 0.900 46,026,020 0.900 0.8018

bb2 conf4 1.000 64,320,142 1.000 0.6981

The procedure of analyzing the iterative and discretization error was applied

to the straight flow cases without the inclusion of a free surface, while another

study examined just the discretization error for a BB2 submarine sailing at

an 8 ◦ drift angle with and without a free surface. The straight flow cases

at depth were analyzed using an approach which utilized all 7 grids, while
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the drift angle cases were analyzed using an approach which only utilized 3

grids. In this study, the three grids used consist of the coarse 3.2 million cell

grid, the medium 31.4 million cell grid, and the fine 64 million cell grid. The

following sections show the results of the error study.

3.4.1 Iterative Error

In the method developed by Eca and Hoekstra [7], the iterative error is

not simply defined by the L∞ norm or the Lrms value, which compare the

current solution with the previous iteration’s solution. While these iterative

error indicators are commonly used in numerous error estimates worldwide,

studies have found that the error calculated using these methods are not

overly reliable, especially when dealing with a small rate of convergence.

Eca and Hoekstra [7] developed an improved method to overcome this issue,

where instead of simply using the L∞ norm or the Lrms value, a geometric

sequence is developed and is defined as follows:

L(∆φ)|n = L(∆φ)|no10−q(no−n) (3.14)

where L(∆φ) corresponds to the L∞ norm or the Lrms value (depending on

user input), n corresponds to the current iteration, no corresponds to the

previous iteration, and q is an unknown quantity related to the convergence

rate.
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This geometric sequence was linearized by applying the logarithm on each

side of Equation 3.14 to yield one equation with two unknowns, which can

be described by:

log(L(∆φ)|n) = log(L(∆φ)|no)− q(no − n) (3.15)

where the unknowns are L(∆φ)|no and q, respectively.

Equation 3.15 can be solved using the solution from the current and previous

iteration, however this would imply that the convergence is smooth, which

is not always true in a given simulation. Therefore, the root mean square

technique was incorporated on Equation 3.15 which utilizes the L∞ value

or the Lrms value from the previous m + 1 iterations to solve for the two

unknowns, L(∆φ)|no and q. As these values are now being solved using a line

of best fit from a set of data, and may no longer equal the values calculated

from the previous and current iteration, the values have been renamed to

L(∆φ)|nof
and qf , respectively. These quantities are calculated as follows:

qf =
(m+ 1)

∑no

i=no−m iL(∆φ)|i − (
∑no

i=no−m L(∆φ)|i)(
∑no

i=no−m i)

(m+ 1)
∑no

i=no−m i
2 − (

∑no

i=no−m i)(
∑no

i=no−m i)
(3.16)

log(L(∆φ)|nof
) =

∑no

i=no−m L(∆φ)|i − qf
∑no

i=no−m i

m+ 1
− qfm (3.17)
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Given these two quantities, the extrapolated iterative error estimate is cal-

culated as follows:

L(∆φ)| =
L(∆φ)|nof

1− 10qf
(3.18)

In the various validation simulations, the change in X (dX), Z (dZ), and

M (dM) between iterations were found to stagnate after a short period of

time instead of continuously decreasing. This stagnation corresponds to a

slight oscillation in the force and moment values, which can be common for

complex geometries and simulations. Figure 3.7 shows the iterative error

associated with the 31 million cell case after it has undergone a restart that

had not previously converged. This figure shows the percent error, Q =

L(∆φ)| ∗ 100%, associated with the forces in the X and Z-direction, as well

as the pitch moment M. The graphs on the right hand side show the error

decreasing and then quickly stagnating. The graphs on the left hand side are

magnified to the area where the error is decreasing and where a best fit line

was applied. In this analysis, X, Z, and M were chosen as the magnitude of

these forces and moments are significantly greater than Y, K, and N.
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(a) Iterative Error of X

(b) Iterative Error of Z

(c) Iterative Error of M

Figure 3.7: Iterative error in dominant force and moment orientations.

These static residual values match very similarly to the values of the other

grid sizes, which are all in the order of 10−5. The error values were also found

to be over two orders of magnitude smaller than the discretization error, and
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therefore no further analysis of the iterative error needs to be discussed.

3.4.2 Discretization Error in Straight Flow at Depth

The method of calculating the discretization error was also developed by

Eca and Hoekstra [7]. This method is common in the CFD field, and uses

Richardson Extrapolation to estimate the exact solution of a given variable,

φ, using a series of solutions calculated from various finite grid sizes. Gener-

ally, this process would require solutions from simulations based on 3 different

grid sizes. To try to improve the accuracy of the estimated exact solution,

however, this method uses the least squares root approach which allows more

than 3 grids to be used in the analysis. The least squares root approach is

described in detail in [6], but is derived through minimizing the following

equation:

S(φo, αj, pj) =

√√√√ ng∑
i=1

(
φi −

(
φo +

nj∑
j=1

αjhj
Pj

))2

(3.19)

where φo is the estimated exact solution, φi is the solution for a given grid

size, αj is a constant for a given grid solution, hj represents the relative grid

size, ng is the total number of grids used in the analysis, and pj is the order of

accuracy of a method. Minimizing Equation 3.19 is completed by calculating

the partial derivative of S(φo, αj, pj) with respect to φo, αj, and pj, and then

by setting the corresponding equation equal to zero.
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Through the derivation process described in [7], values of αj, Pj and a more

accurate value of φo can be calculated and used to solve for the uncertainty

of the estimated exact solution using:

Qφ = |φo − φ∗o| (3.20)

where Qφ is the uncertainty in the estimated exact solution, phio is the

estimated exact solution, and φ∗o is an unknown solved using:

φi = φ∗o + β1hi
l + β2hi

l+1 (3.21)

where β1 and β2 are additional unknowns solved using multiple equations

and multiple unknowns, and l is calculated using:

l = max(int(P ), 1) (3.22)

In a straight flow case, the analysis of the discretization error in X is the most

scrutinized. Figure 3.8, therefore, show the discretization error associated

with the pressure force, friction force, and total force in the x-direction. This

error is calculated using all six meshes shown in Table 3.4.
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(a) Discretization error of X due to pressure (b) Discretization error of X due to friction

(c) Discretization error of total X

Figure 3.8: Discretization error calculated using the resistance force X.

In these figures, Q is the percent error in the estimation of the exact solution

using Richardson Extrapolation, p is the order of accuracy of the curve fit,

and the relative step size is a comparison between the fine mesh and all other

meshes, and is calculated as follows:

relativestepsize = (n1/ni)
(1/3) (3.23)

Where n1 is the total grid count in the finest mesh, and ni is the grid count

of the mesh being examined.
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As can be seen in Figure 3.8, there is a larger error associated with the

pressure component of X than the frictional component. Nevertheless, as

the pressure component is much lower than the friction component (and less

dependent on the grid density), the total error in this direction only amounted

to 1.5%. A summary of the discretization error can be seen in Table 3.5.

Table 3.5: Summary of discretization error in
prominent force and moment data.

Item φ0 φ1 Qφ p

Xf −1.65× 10+1 −1.64× 10+1 1.1% 1.50

Xp −2.74× 10+0 −2.90× 10+0 15.8% 2.00

Xtot −1.92× 10+1 −1.93× 10+1 1.5% 2.00

Zf 2.72× 10−2 2.23× 10−2 28.1% ∗ 1,2

Zp −1.53× 10+0 −1.33× 10+0 42.8% ∗ 1,2

Ztot −1.51× 10+0 −1.31× 10+0 42.9% ∗ 1,2

Mf 1.00× 10+0 9.77× 10−1 3.4% 1.43

Mp 2.94× 10+0 3.05× 10+0 10.4% 1.00

Mtot 3.97× 10+0 4.03× 10+0 4.2% 1.00

∗ 1,2 Fit was made using first and second order exponents

Due to the input parameters of the given simulations, the theoretical order

of convergence of these simulations is second order. This implies that the

force and moment values will converge at a specific force/moment value after

an appropriate refinement level is applied. The overall behaviour should
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act as an asymptotic function with all values on the best fit curve. This

unfortunately does not occur with all values, but can be associated with the

grid properties and parameters used in the set up files.

As shown in Table 3.5, the error found in Z and M were larger than the

error in X at 42.9% and 4.2%, respectively. However, as they are much lower

values than X, slight deviations in force and moment values can lead to large

errors. Additionally, smaller grids were used that may not have resolved the

flow physics accurately and therefore may have skewed the data. Regardless,

it can be observed that the resistance force has 2nd order accuracy, Z has

accuracy within 1st and 2nd order, and the pitching moment has 1st order

accuracy. When a property has accuracy within 1st and 2nd order (as is the

case with Z), a factor of safety of 3 is applied to all errors. This also helps

explain why the error in Z is so large.

To examine the error associated with each grid, the difference between the

calculated solution and the estimated exact solution of the total X force was

analyzed. This value was again chosen due to its’ importance in a straight

sailing maneuver. Errors of 0.48%, 0.60%, 0.54%, 0.69%, 0.82%, 1.33%, and

2.69% were found, respectively, on the 64-million, 46-million, 31-million, 20-

million, 12-million, 7-million, and 3-million cell grid. As can be seen, all grids

have a relatively low error when compared to the estimated exact X, where

grids over 12 million nodes had an error below 1%. As the error in all grids

were found to be quite small, the 31-million cell grid was eventually chosen
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due to the fact that the y+ value was below 1 for every cell on the grid,

which meant that the boundary layer could be solved directly in the nodes

adjacent to the submarine.

3.4.3 Discretization Error with Side Slide and Free

Surface

The follow subsection shows the method to calculate the discretization error

for the three grids used in the 8◦ drift angle maneuver at depth and near the

free surfce. Unlike the method used to calculate the discretization error for

the straight maneuvers, a slightly different approach was used. While this

method is much simpler in application, it does not utilize Richardson Ex-

trapolation to solve for the discretization error, as Richardson Extrapolation

requires the mesh family to have a consistent growth ratio [17] between each

mesh. The method used in this section was developed by Roache in 1998,

which utilizes three grids with an inconsistant growth ratio.

To begin, a grid refinement ratio, rij, must be defined between two consecu-

tive grids:

rij = hi/hj (3.24)

where h1 corresponds to the grid size of the coarsest grid, h2 corresponds to

the grid size of the medium grid, and h3 corresponds to the grid size of the
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finest grid.

Furthermore, any variable of interest, such as the resistance force, side force,

vertical force, or any of the given moments, is defined using the variable f .

The difference between the variable f calculated using two grid sizes, which

is termed fij, is calculated using:

fij = fi − fj (3.25)

Where, unlike the variable h, f1 refers to the variable of interest calculated

using the finest mesh, f2 refers to the variable of interest calculated using

the medium mesh, and f3 refers to the variable of interest calculated using

the coarsest mesh.

After fij is calculated between the fine and medium mesh, as well as between

the medium and coarse mesh, an arbitrary variable s can be calculated using:

s = sign
(f32

f21

)
(3.26)

Using s, rij, and fij, the order of convergence, p, and a function with respect

to the order of convergence q(p) can be calculated iteratively using:

p =
|ln|f32/f21|+ q(p)|

ln(r21)
(3.27)
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q(p) = ln
(r21

p − s
r32

p − s

)
(3.28)

This iterative approach requires q(p) to be initially set to 0 to solve for p,

which can then be used to solve for q(p). This can be repeated until both p

and q(p) have converged to steady values.

Using the order of convergence, the estimated exact solution, f21
∗, can be

calculated using:

f21
∗ =

r21
pf1 − f2

r21
p − 1

(3.29)

Once the estimated exact solution is known, the percent error between a given

grid and the estimated exact solution can be calculated. Table 3.6 shows the

resulting quantities found in Equation 3.24 through until Equation 3.29 for

the β = 8◦ drift angle case at depth.
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Table 3.6: Calculation of the estimated exact
solutions for an 8 degree drift angle maneuver at

depth.

X ′ Y ′ Z ′ M ′ K ′ M ′

Coarse Grid -0.0012877 0.0107994 0.0025837 0.0003652 0.0004890 0.0028538

Medium Grid -0.0012386 0.0107417 0.0024257 0.0003597 0.0004869 0.0027797

Fine Grid -0.0012534 0.0106474 0.0024665 0.0003616 0.0005106 0.0028100

f32 -0.0000491 0.0000577 0.0001579 0.0000055 0.0000022 0.0000741

f21 0.0000148 0.0000943 -0.0000407 -0.0000020 -0.0000237 -0.0000303

s -1 1 -1 -1 -1 -1

p 1.2777 0.4686 1.5302 1.0268 0.7053 0.8335

q(p) 1.6931 1.5529 2.1089 1.2899 0.8032 0.9917

f ∗21 -0.0012543 0.0105975 0.0024678 0.0003618 0.0005166 0.0028154

Using the estimated exact solution found in Table 3.6, the percent error of

all forces and moments can be calculated when compared to the estimated

exact solution. The percent error for all forces and moments at each grid size

can be observed in 3.7.

Table 3.7: Percent error of the forces and moments
for an 8 degree drift angle maneuver at depth.

Percent Difference % Diff in X’ % Diff in Y’ % Diff in Z’ % Diff in K’ % Diff in M’ % Diff in N’

Coarse Grid 2.665 1.905 4.696 0.920 5.340 1.364

Medium Grid 1.249 1.361 1.704 0.598 5.756 1.266

Fine Grid 0.069 0.471 0.053 0.058 1.166 0.192

When examining Table 3.6, it can be observed that the order of convergence,
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p, does not reach second order in all cases. In fact, for some variables, such

as Y ′, K ′, and M ′, the order of convergence is below one. While this is

undesired, the resulting estimated exact solution in each case is found to be

very similar to the fine grid results.

When comparing the estimated exact solution to the solutions obtained from

the three grid sizes, it can be seen that the percent difference for the coarse

grid is up to 5.3 %, while the maximum percent difference for the medium and

fine grids is up to 5.7 % and 1.166 %, respectively. While the medium grid

had a higher maximum percent difference than the coarse grid, the majority

of the forces and moments had a much lower percent difference. Furthermore,

a percent difference of 5.7 % was deemed allowable in this study.

Similarly, the estimated exact solution and the resulting percent difference

for an 8 ◦ drift angle maneuver at a free surface height of 1.074 m can be

observed in Table 3.8 and Table 3.9, respectively.
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Table 3.8: Calculation of the estimated exact
solutions for an 8 degree drift angle maneuver at FSH

= 1.074 m.

X ′ Y ′ Z ′ M ′ K ′ M ′

Coarse Grid -0.0015 0.0128 0.0018 0.0004 0.0005 0.0031

Medium Grid -0.0014 0.0125 0.0019 0.0004 0.0006 0.0031

Fine Grid -0.0014 0.0125 0.0019 0.0004 0.0006 0.0031

f32 -0.0001 0.0002 -0.0001 0.0000 -0.0001 0.0000

f21 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

s 1 1 1 -1 1 1

p 3.8949 3.2407 3.2846 1.6113 2.1541 0.8652

q(p) 6.0852 5.1129 5.1775 2.2435 3.5627 1.9568

f ∗21 -0.0014 0.0125 0.0019 0.0004 0.0006 0.0031

Table 3.9: Percent error of the forces and moments
for an 8 degree drift angle maneuver at FSH = 1.074

m.

Percent Difference % Diff in X’ % Diff in Y’ % Diff in Z’ % Diff in K’ % Diff in M’ % Diff in N’

Coarse Grid 6.001 2.128 5.314 0.252 11.682 0.315

Medium Grid 0.367 0.208 0.503 0.085 2.490 0.170

Fine Grid 0.0000543 0.0001355 0.0002968 0.0022107 0.0189829 0.0239157

With the free surface present, the estimated exact solution was found to be
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quite comparable to the results of the fine grid. Furthermore, in this case

the medium grid had much lower percent differences than the coarse grids

for all forces and moments when compared to the estimated exact solution.

It was found that the maximum percent difference for the coarse, medium,

and fine grid were 6.0 %, 2.49 %, and 0.0239 %, respectively.

58



Chapter 4

Straight Flow Maneuver

Results

In the following chapter, the results found for all straight flow maneuvers are

presented. This involves straight flow at depth, as well as straight flow at

FSH = 0.845 m, 0.921 m, 1.074 m and 1.457 m. The initial location of the

free surface relative to the submarine can be seen in Figure 3.1. Emphasis in

this section will be placed on the effect of the free surface with regards to the

forces and moments acting on the submarine. Furthermore, the free surface

profiles analyzed in this report are due to the interaction with the submarine

body, and not due to any other external forces.
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4.1 Results at Depth

The BB2 submarine has been tested by several research groups with dif-

ferent grids and CFD solvers for a straight flow maneuver at depth. This

steady-state simulation is therefore used to gain further confidence in the

CFD results, and to ensure no major uncertainties are found within the grid.

Table 4.1 shows the non-dimensional forces, X ′ and Z ′, as well as the non-

dimensional pitch moment M ′ for two previous computational simulations

conducted at MARIN at an onset velocity of 1.6309 m/s (Re = 6.16 million)

and the current study at an onset velocity of 1.201 m/s (Re = 4.60 million).

Table 4.1: Straight flow maneuver at depth - forces
and moments.

Simulation Type X ′ · 103 Z ′ · 103 M ′ · 106 Re

Reference - SHWG (ReFRESCO −KSKL) -1.73 -0.111 87.51 6239823

Reference - SHWG (ReFRESCO − SST ) -1.75 -0.142 97.92 6239823

Current Results (ReFRESCO −KSKL) -1.83 -0.124 99.91 4595026

As Table 4.1 suggests, there is a strong correlation between the non-dimensional

force and moment values for all simulations conducted, even with the change

in Reynolds number. These results show the expected behavior for a straight

flow simulation. X ′ directly opposes the motion of the submarine, Z ′ is at-

tempting to push the submarine to surface, and M ′ is positive; indicating a

bow-up (or stern-down) moment. Simulations in this report show a slightly

larger resistance force and pitch moment than the previous two cases, while

60



the magnitude of Z ′ is between the two previous cases. A 5.4% difference

in X ′ was found between the current results and the previous cases, while

a 14.0% and 12.3% difference was found for Z ′ and M ′, respectively. This

force and moment data was also compared with other results obtained by the

SHWG with a good agreement. The additional data obtained by the SHWG,

however, is currently confidential while the SHWG creates a report of their

findings.

4.2 A Comparison of various Input Parame-

ters on Free Surface Simulation Results

The introduction of a free surface, especially in simulations with complex ge-

ometries, can cause additional difficulties with regards to convergence. Con-

vergence issues were present at the early stages of testing, however changes in

the pressure and momentum relaxation parameters corrected these issues to

various degrees. While convergence was obtained in all cases, the force and

moment values were found to oscillate around a given mean value in a perfect

sine wave fashion, as mentioned in Section 3.4.1. Additionally, non-physical

”wiggles” were found in the free surface far before the inflow had reached

the bow of the submarine. The magnitude of these oscillations and wiggles

were found to be influenced by the order of the time scheme selected, the free

surface model used, and the use of farfield damping. To test which settings

provided the best results, multiple setting were tested on the straight flow
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maneuver at FSH = 1.074 m. The mean and oscillation amplitude of the

resulting unsteady forces and moments are present in Table 4.2.

Table 4.2: Force and moment oscillations comparison
due to input parameters.

Case

Free

Surface

Model

Time

Scheme

Order

Damping
Frequency

[HZ]

X’ * 1000

(Amplitude)

X’ * 1000

(Mean)

Z’ * 1000

(Amplitude)

Z’ * 1000

(Mean)

M’ * 1000

(Amplitude)

M’ * 1000

(Mean)

1 REFRICS 2nd Yes 0.317 0.1373 -2.0971 0.2229 1.9968 0.1234 0.0943

2 TVD - SUPERBEE 1st Yes 0.333 0.0081 -2.1037 0.0112 1.9779 0.0037 0.0965

3 TVD - SUPERBEE 1st No 0.308 0.0074 -2.1038 0.0172 1.9777 0.0031 0.0967

4 TVD - SUPERBEE 2nd Yes 0.345 0.1810 -2.1007 0.3366 1.9939 0.0998 0.0941

To determine the primary cause of these free surface wiggles and force oscil-

lations, the first parameter tested was the free surface model. REFRICS was

originally chosen due to its’ highly compressive nature, and FROMM’s TVD

Scheme with a SUPERBEE limiter was chosen due to its’ fast convergence

properties. As presented in Table 4.2, the difference in free surface scheme

(when examining Case 1 and Case 4) had a minor influence on the overall

oscillations in the forces and moments, as well as the wiggles produced in

the farfield. The REFRICS free surface model shows less oscillation for X’

and Z’, but a larger oscillation in M. Overall, however, the simulations which

incorporated the TVD Scheme with a SUPERBEE limiter were found to

converge much faster. For this reason, the REFRICS scheme was excluded

from subsequent simulations.

The next parameter investigated was the time scheme order. Originally, all
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cases were preformed with a second order time scheme. This was chosen to

try to achieve higher accuracy flow field characteristics. The time scheme

order was found to be the primary influence of the wiggles in the free surface

and oscillations in the forces and moments. The cases which used a 2nd order

time scheme were found to have larger fluctuations than the same case which

incorporated a 1st order time scheme (as portrayed by the variation in Case

2 and Case 4).

The final parameter tested was the use of farfield damping. Farfield damp-

ing is a user-setting in ReFRESCO which attempts to alleviate unphysical

disturbances in the air-water interface, which is present due to the overpredi-

tion of motion within the interface of free surface models. This, however, was

also found to have an insignificant impact on the force oscillations and free

surface wiggles. The use of damping provided a smaller oscillation for Z, but

a larger amplitude for X and M. Nevertheless, the average force and moment

values were very similar in all cases, which shows confidence in the results of

the various input parameters. As a result of this analysis, the configuration

chosen for all maneuvers was Case 3.

4.3 Free Surface Simulation Results

When analyzing forces and moments acting on the body of the submarine,

it is important to examine how the vicinity to the free surface affects the

forces and moments, and how the steady-state free surface profile varies with
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submarine depth. Four straight sailing maneuvers were analyzed at FSH =

0.845 m, FSH = 0.921 m, FSH = 1.074 m and FSH = 1.457 m. In each

of these four maneuvers, five x-z slices were created above the sail of the

submarine at the location of the free surface. These slices were placed at

y = −0.5232 m , −0.2616 m, 0 m, 0.2616 m, and 0.5232 m, where y = 0

m corresponds to the mid-plane of the submarine and y = +/ − 0.5232 m

corresponds to slices placed a half breadth beyond the port and starboard

edge of the submarine. Figure 4.1 shows the location of the five free surface

slices.

(a) 3D View. (b) 2D Front View.

Figure 4.1: Free surface slice location for 5 analyzed slices.

Figure 4.2 shows the steady state free surface profiles along the length of the

submarine on each of these slices for the given straight maneuver. In these

plots, the onset flow is moving from right to left, where the area above the

curve representing the free surface corresponds to air and the area below the
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curve corresponds to water. A free surface height of 0 m corresponds to the

initial resting free surface height.
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(a) FS profile at slice 1 (y = 0 m). (b) FS profile at slice 2 (y = 0.2616 m).

(c) FS profile at slice 3 (y = 0.5232 m). (d) FS profile at slice 4 (y = −0.2616 m).

(e) FS profile at slice 5 (y = −0.5232 m).

Figure 4.2: Free surface profiles for a straight flow case at various free surface
depths
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In these images, the origin of the coordinate system is located at the center

of gravity, which is 0.253 m forward the midship location. For this reason,

the dimensionless x-axis ranges from -0.54 to 0.46, where -0.54 corresponds

to the location of the stern of the submarine and 0.46 corresponds to the bow

of the submarine.

One feature that is clearly shown in Figure 4.2 is that the free surface heights

for the FSH = 1.074 m and FSH = 1.457 m simulations show typical os-

cillatory behavior, while free surface heights for the FSH = 0.845 m and

FSH = 0.921 m simulations show erratic behavior. For the FSH = 0.921 m

simulation, the initial free surface is located slightly above the BB2 subma-

rine. However, after the simulation has reached steady-state, the free surface

drops along the sides and trailing edge of the sail. For the FSH = 0.845

m simulation, the sail protrudes the initial free surface, and therefore the

presence of the sail and sailplane have a significant effect on the free surface

profile. It was found that the straight flow maneuver with a free surface

located FSH = 0.845 m above the keel produced the largest wave magni-

tude at the front of the sail, but the FSH = 0921 m simulation produced the

largest displacement at the rear area of the sail, as is clearly observed in Slice

1. After the large initial wave generated on the trailing edge of the sail in the

FSH = 0.921 m and FSH = 0.845 m simulations, the waves dissipate faster

along the remainder of the submarine, resulting in a lower wave amplitude

than the FSH = 1.074 m simulation for the remainder of the length of the
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submarine. This is due to a breaking wave that forms in front of the sail,

and the trailing wake dissipates quickly afterwards.

Figure 4.3 shows a three-dimensional image of the resulting free surface pro-

files for all cases at steady state. These images are present to aid the un-

derstanding of the erratic free surface patterns in the FSH = 0.845 m and

FSH = 0.921 m simulations.

Also shown in Figure 4.3 is the pressure distribution on the submarine sur-

face. Areas of high pressure on the bow of the submarine are a strong indica-

tion of the areas of high drag. These areas require the flow to be significantly

redirected in all directions in order to maintain the velocity of a given maneu-

ver. All pressures are illustrated in the form of a non-dimensional pressure

coefficient, CP , which is calculated using:

CP =
P − PHydroStatic

1
2
ρU∞2

(4.1)

where PHydroStatic corresponds to the hydrostatic pressure and is calculated

using:

PHydroStatic = ρgh (4.2)

where g is the acceleration of gravity and h is the height of the submarine

surface below the undisturbed free surface.
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(a) FS profile during straight maneuver at

FSH = 1.457m

(b) FS profile during straight maneuver at

FSH = 1.074m

(c) FS profile during straight maneuver at

FSH = 0.921m

(d) FS profile during straight maneuver at

FSH = 0.845m

Figure 4.3: Free surface profiles at various free surface heights.

The introduction of a free surface also introduces the concept of wave-making

resistance. As the submarine displaces the fluid surrounding it, some of

the fluid is pushed upwards to the surface of the water resulting in wave
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generation. For slow moving vehicles, the generation of waves provides a

significant contribution to the overall drag on the vehicle. This can be seen in

Figure 4.3, where larger pressures can be seen on the top of the sail when the

submarine is near the free surface. When the submarine is far from the free

surface, such as when FSH = 1.457 m, the high pressures are concentrated

at the front of the sail and an almost negligible effect is identified as a result

of the free surface.

Potential flow theory suggests that, for a vessel that is far above the ocean

floor, the submarine body should produce a Kelvin wedge of 19.47 degrees

when in motion as shown in Figure 4.4. Figure 4.5 shows the top view of the

free surface profile at the four free surface heights, which would be expected

to match the theoretical value closely.

Figure 4.4: Theoretical Kelvin wedge angle when a vessel is sailing straight.
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(a) Top view of wave profile at FSH = 1.457

m

(b) Top view of wave profile at FSH = 1.074

m

(c) Top view of wave profile at FSH = 0.921

m

(d) Top view of wave profile at FSH = 0.845

m

Figure 4.5: Top view of the free surface profiles at various free surface heights.

For both the FSH = 0.845m and FSH = 1.074m case, the CFD results

matched the theoretical Kelvin wedge angle quite accurately. Conversely, the

wave profile is difficult to measure for both the FSH = 1.457m and FSH =
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0.921m cases which is a result of two separate reasons. For the FSH =

1.457m case, the BB2 maneuver was far enough from the free surface that

the free surface was minimally impacted, with maximum wave amplitudes

only reaching 9 mm. These waves diffused so rapidly along the domain that

a proper wake angle could not be measured. For the FSH = 0.921m case,

however, the free surface was impacted greatly by the BB2 submarine right

around the sail location, and a breaking wave was produced. The interaction

with the wave produced by the hull and the sail, along with the breaking

wave, caused the wave field to dissipate quickly after passing the sail of

the submarine. This again made it quite difficult to measure a wake angle

accurately.

Table 4.3 shows the measured wake angle in each simulation, as well as a

measurement of the free surface wavelength along the symmetry plane of the

submarine. Potential flow theory suggests that the phase velocity of a wave,

Vc, is a function of both the wavelength and gravity, and can be calculated

using:

Vc =

√
λg

2π
(4.3)

where λ is the wavelength taken downstream of the submarine. Using the

phase velocity and the estimated Kelvin wedge angle, the onset velocity can

be estimated using:
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U∞ =
Vc

cos (2βKW )
(4.4)

where βKW corresponds to the prior mentioned Kelvin wedge angle.

In Table 4.3, the estimated velocity corresponds to the estimated onset ve-

locity calculated using Equation 4.4 which can be directly compared to the

simulation speed of U∞ = 1.201 m/s. As can be seen, the velocity is under-

predicted at FSH = 0.845 m, over-predicted at FSH = 1.074 m, but could

not be calculated at FSH = 0.921 m and FSH = 1.457 m. This deviation

from the onset velocity is the result of two primary factors. The first is that

there are significant viscous effects occurring when the submarine is near

the free surface, which can not be calculated in the potential flow theory

equation. Furthermore, the wavelength is generally measured far behind the

submarine wake, however this was not possible due to the grid resolution in

the farfield. Overall, the maximum percent difference between the estimated

and theoretical value is 17.3 %, which is observed in the FSH = 1.074 m

case, while the minimum percent difference at FSH = 0.845 m was found to

be 2.75 %
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Table 4.3: CFD comparison with potential flow
theory.

Free Surface

Elevation [m]

Measured

Wave Angle [deg]

Theoretical

Wave Angle [deg]
Wavelength [m]

Estimated

Velocity [m/s]

Simulated

Velocity [m/s]

0.845 19.5 19.47 0.583 1.168 1.201

0.921 - 19.47 0.555 - 1.201

1.074 19.5 19.47 0.848 1.409 1.201

1.457 - 19.47 0.969 - 1.201

The resulting forces and moments acting on the submarine are presented in

Figure 4.6. These figures show the result of a deep simulation for both a fine

and coarse grid (31 million cells and 3.2 million cells, respectively), as well

as a free surface simulation for each grid. In these figures, it is clear that

as the submarine moves further and further away from the free surface, the

simulation becomes very similar to the deep depth case. One main difference

can be observed, however, when examining the pitching moment and vertical

force. As the submarine approaches the free surface, it experiences a bow-

down moment and downwards force, which was previously a bow-up moment

and upwards force when the free surface was not present. This is due to two

primary reasons, which will be further explained in the following paragraphs.
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(a) Non-dimensional X-force on submarine

(b) Non-dimensional Z-force on submarine

Figure 4.6: Total forces and moments acting on a BB2 Submarine in a
straight flow simulation at various free surface heights: fig. a-b.
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(c) Non-dimensional pitch moment on submarine

Figure 4.6: Total forces and moments acting on a BB2 Submarine in a
straight flow simulation at various free surface heights: fig. c.

In cases where the submarine is nearer to the free surface, the absolute value

of the wave resistance, vertical force, and pitching moment are considerable

higher. This remains true until part of the sail is protruding past the water

surface, which occurs at FSH = 0.921 m and FSH = 0.845 m. For these

cases, the forces opposing the submarine motion (X) is expected to decrease

because part of the sail is now exposed to air, which has a much lower density

than water. This trend is observed for both the fine and coarse grid. When

the submarine is far from the free surface (FSH = 1.457 m), the resistance

force, vertical force, and pitching moment are very similar to the deep depth

results.

A slight difference can be observed when examining the resistance force re-

sults of both the coarse and fine mesh. The reason for the difference is due

to the fact that friction is dominating the flow in this direction. As the max-
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imum y+ number of the fine grid is 0.9477, and the maximum y+ number

for the coarse grid is 2.207, different physics is being incorporated at the

boundary layer for each case. Therefore, a slight difference in force values

are expected.

Two distinctive features can be seen when examining the total vertical force

and total pitch moment. Both forces are at a maximum when the submarine

is near the free surface, and decrease as the submarine goes deeper into the

water. Additionally, both terms change sign as the submarine approaches the

free surface. In 1996, Tolliver, J [20] found that the presence of a free surface

causes a suction-up force at the tail of the submarine. However, he was only

examining the submarine hull without any appendages. In this study, the

suction-up force can also be seen at the tail of the submarine, however the

significant contributor to the pitching moment was found to be the sail and

sailplanes.

Figure 4.7 shows the influence of the various appendages on the submarine’s

pitching moment when undergoing a straight maneuver at various depths. In

this figure, the disturbed pitching moment is plotted on every cell face along

the surface of the submarine. The integration of all of these pitching moments

results in the total pitching moment on the submarine. As mentioned earlier,

the most significant effects were found when examining the sail and sailplanes.

At depth, a large pitching moment is produced at the top of the sail, however,

as simulations are conducted closer to the free surface, this positive pitching
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moment becomes negative. Additionally, a large pitching moment is also

produced due to an upwards lift force on the sail planes at FSH = 1.457

m and FSH = 1.074 m. This lift force becomes insignificant at simulations

closer to the free surface, resulting in a bow-down pitching moment on the

submarine.

Figure 4.7: Influence of various submarine appendages on overall non-
dimensional pitching moment.
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4.3.1 A Comparison of Viscous Free Surface Predic-

tions to Potential Flow

As mentioned in Section 2.2.1, RAPID is a non-linear potential flow solver

which can calculate wave elevations and wave-making resistance coefficients.

Due to the short period of time required to run a potential flow problem,

a magnitude of simulations were conducted at various Froude numbers and

free surface heights. These simulations were conducted by Maarten Kirkvliet,

who was a supervisor at MARIN. Unfortunately, these simulations were not

performed with a Froude number of 0.196, which was the Froude number

used in this study. Therefore, the most significant simulations incorporate

a Froude number of 0.19 and 0.20, which both border the CFD simulations

which incorporate a Froude number of 0.196.

RAPID struggles in situations where the vessel pierces free surface, which

occurs for both the FSH = 0.921 m and FSH = 0.845 m simulations at

moderate to high velocities. Therefore, divergence issues occurred at both of

these free surface heights, and no comparisons could be drawn at Fr = 0.196.

Nevertheless, the FSH = 1.074 m and FSH = 1.457 m simulations both

converged for a wide range of Froude numbers. Based on the assumption

that a straight and level maneuver is perfectly symmetric, a half domain was

used for all RAPID simulations. For this reason, the free surface was only

extracted at 3 x-z slices located at y = 0 m, y = 0.2616 m, and y = 0.5232 m.

Figure 4.8 and Figure 4.9 show the difference in these slices when compared
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to a CFD simulation. In these figures, the ”CFD” label corresponds to the

CFD simulations, while RAPID correspond to the potential flow simulations.
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(a) Free surface profile at Slice 1: y = 0 m.

(b) Free surface profile at Slice 2: y = 0.2616 m.

(c) Free surface profile at Slice 3: y = 0.5232 m.

Figure 4.8: ReFRESCO and RAPID predictions of the free surface profile
for FSH = 1.457 m.
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(a) Free surface profile at Slice 1: y = 0 m.

(b) Free surface profile at Slice 2: y = 0.2616 m.

(c) Free surface profile at Slice 3: y = 0.5232 m.

Figure 4.9: ReFRESCO and RAPID predictions of the free surface profile
for FSH = 1.074 m.
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As expected, the CFD results conducted at Fr = 0.196 are bounded by

the potential flow simulations conducted at Fr = 0.19 and Fr = 20. Fur-

thermore, it can be observed that the CFD results have a slight increase in

amplitude when comparing to the RAPID results. This is again expected as

the RAPID results do not account for the friction forces on the submarine,

which would increase the wave-making resistance slightly.

Figure 4.10 shows the potential flow based wave-making resistance as a func-

tion of the initial free surface elevation for various Froude numbers. Though

numerous sets of data are included in this figure, attention should be focused

on the CFD results, as well as the Fr = 0.19 and Fr = 0.20 results.
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Figure 4.10: Wave-making resistance coefficient plotted as a function of free
surface elevation for various Froude numbers.

As can be seen in Figure 4.10, the RAPID results predict a much lower

wave-making resistance coefficient. For FSH = 0.921 m, the RAPID results

predict a wave-making resistance coefficient that is 28.1% lower than the CFD

results, while the difference at FSH = 1.457 m was not calculated due to the

RAPID results being so close to zero. Regardless, both the CFD results and

the RAPID results show a similar trend until the free surface is located at
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FSH = 0.921 m above keel. At this free surface height, the RAPID results

diverge due to the submarine piercing through the free surface. This is one

of the limitations of RAPID, and therefore the wave making resistance could

not be calculated.
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Chapter 5

Drift Angle Maneuvers

Two sets of simulations were conducted to examine the effects of drift an-

gles and free surface locations on the hydrodynamic behaviour of a BB2

submarine. The first set of simulations consists of a free stream speed of

U∞ = 1.201m/s at drift angles of β = 2, 4, 6, 8, and 10◦. These simula-

tions were completed at depth and for a free surface height at FSH = 1.074

m above the keel of the submarine using the fine (32-million-cell) grid, and

were completed at all free surface heights using the coarse (3-million-cell)

grid. The coarse grid was analyzed due to time constraints, but ideally all

simulations would be conducted on the fine (32-million-cell) grid. The cur-

rent results of this set of simulations are shown in Section 5.1. Another set

of simulations further examined an 8 degree drift angle maneuver at free

surface heights of FSH = 1.457 m, FSH = 1.074 m, FSH = 0.921 m and

FSH = 0.845 m. This is again completed for both the fine and coarse mesh,
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and the results of these simulations can be found in Section 5.2.

5.1 Varying Drift Angles at Constant Free

Surface Height

Figure 5.1 shows the non-dimensional forces and moments acting on the

submarine at a deep depth condition and at a free surface height of FSH =

1.074 m for the fine grid, as well forces and moments at all free surface

heights for the coarse grid. These simulations were also compared to a set

of simulations conducted by Maarten Kerkvliet and the SHWG [21] with an

onset flow speed of U∞ = 1.6309 m/s.
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(a) X ′ values (b) K ′ values

(c) Y ′ values (d) M ′ values

(e) Z ′ values (f) N ′ values

Figure 5.1: Non-dimensional forces and moments acting on a BB2 submarine
at various drift angles
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As can be seen by Figure 5.1, there is a strong agreement between the deep

depth cases conducted by the SHWG [21] and the deep depth simulations

conducted in this study, even with a different mesh geometry, a different

mesh size, and a different Reynolds number. These two curves are essentially

overlapping in each figure, with a slight deviation in X’ for all cases. A

maximum percent different in X’ was found to be 13% at a drift angle of 10◦,

while all other deviations fall below 7.0%. This gives further confidence in

both the grid and selected input properties to the CFD solver.

When comparing the results of the fine and coarse mesh at FSH = 1.074

m, good agreement can be observed in nearly all forces and moments. In

fact, essentially all forces and moments are identical when comparing the

fine and coarse grid results. The outlier in this set of data, however, can

be observed when examining the resistance force. At small drift angles, the

coarse grid overestimates (negatively) the resistance force acting on the sub-

marine. Through investigating this discrepancy, the difference was found to

be primarily due to the difference in resistance force acting on the submarine

hull, sail and sailplanes.

Hydrodynamic forces and moments were found to increase with the addition

of the free surface (when examining the absolute value) and as the submarine

was placed closer to the free surface. This increase is expected due to the

addition of the wave-making resistance, which would act on both X’ and Y’

due to the given drift angle. When the submarine is near the free surface,
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the displaced water above the submarine causes a (negative) increase in Z.

This trend is observed until the free surface height is FSH = 0.921 m and

FSH = 0.845 m. At this point, Z increases positively quite drastically.

A large increase can be seen when examining the non-dimensional forces

and moments for FSH = 0.845 m and FSH = 0.921 m maneuvers when

compared to the FSH = 1.074 m and FSH = 1.457 m maneuvers, where

the sail is directly interacting with the free surface. As the submarine is

placed deeper, such as the FSH = 1.074 m and FSH = 1.457 m maneuvers,

the submarine behaves much like a deeply submerged submarine.

Similar to the straight flow cases, the free surface profile was also analyzed

at 5 x-z slices along the length of the submarine. These slices were placed

at the same locations as in the previous section, so additional details can be

seen in Section 4.3.
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(a) Free surface height at Slice 1: y = 0

m.

(b) Free surface height at Slice 2: y =

0.2616 m.

(c) Free surface height at Slice 3: y =

0.5232 m.

(d) Free surface height at Slice 4: y =

−0.2616 m.

(e) Free surface height at Slice 5: y =

−0.5232 m.

Figure 5.2: Free surface profiles at 5 x-z slices for various drift angle maneu-
vers at a FSH = 1.074 m.
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These figures show both a change in amplitude of the wave height and an

axial shift in location of the given wave profile with a varying β. For slices

on the port side of the submarine, an increase in drift angle will cause the

wave height amplitude to decrease and be shifted towards the stern of the

submarine. For slices on the starboard side of the submarine, an increase in

drift angle will cause the wave height amplitude to increase and be shifted

towards the bow of the submarine. Erratic behavior isn’t present in these

cases because the free surface height is far enough from the submarine that

the sail does not protrude the free surface.

Figure 5.3 shows the top view of the free surface location for the various drift

angle simulations on the fine grid. For this set of simulations all wake angles

are quite visible and therefore accurate wake angle measurements were deter-

mined for all cases. Similar to the straight sailing cases, and the wavelength

was extracted from a x-z slice taken along the length of the submarine. This

case essentially shows a shifted wake when compared to a straight sailing

submarine with a FSH = 1.074 m.

92



(a) Top view of wave profile for β =

0◦

(b) Top view of wave profile for β =

2◦

(c) Top view of wave profile for β =

4◦

(d) Top view of wave profile for β =

6◦

(e) Top view of wave profile for β =

8◦

(f) Top view of wave profile for β =

10◦

Figure 5.3: Top view of the free surface profiles at various drift angles for
fine simulations with FSH = 1.074 m.
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Table 5.1 shows the resulting wavelength, Kelvin wedge angle, and theoretical

velocity based on the given wavelength. A slight correction was applied to

the estimated velocity based on the incoming drift angle due to the wave cuts

being taken along the length of the submarine. This was corrected as the

wave cuts were made along the midplane of the subarine and not along the

center of the resulting wake. The correction was made by simply multiplying

the estimated velocity by the cosine of the incoming drift angle.

Table 5.1: CFD comparison with Kelvin’s method.

Drift Angle

Beta [deg]

Measured

Wave Angle [deg]

Theoretical

Wave Angle [deg]
Wavelength [m]

Estimated

Velocity [m/s]

Corrected

Velocity [m/s]

2 19.4 19.47 0.912 1.462 1.440

4 19.1 19.47 0.933 1.481 1.460

6 19.3 19.47 0.928 1.476 1.453

8 19.3 19.47 0.994 1.528 1.503

10 19.3 19.47 1.021 1.548 1.524

This table shows that the Kelvin wedge is relatively unaffected by the change

in drift angle, where the centerline of the wedge is simply shifted by the

incoming drift angle. Furthermore, these cases also show that potential flow

theory over-predicts the onset speed for all drift angles, with a maximum

percent difference between the estimated and theoretical velocity of 26.9%.
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5.2 Constant Drift Angle at Varying Free Sur-

face Heights

The analysis preformed on the β = 8◦ drift angle cases for varying free surface

heights is very similar to analysis of the straight flow simulations found in

Section 4.3, where all simulations in this section are conducted on the fine 31

million cell grid. Figure 5.4 shows the free surface profiles of the submarine at

the four free surface heights at 5 different slices. These slices are at the same

location as Section 4.3, and show very similar results. The erratic behavior

begins when the free surface is located at FSH = 0.921 m and FSH = 0.845

m above the submarine, which is again due to the sail protruding the free

surface. Unlike Section 5.1, no changing horizontal shift in the wave pattern

is observed. It can therefore be assumed that this shift is due to the change

in drift angle, and not the vicinity to the free surface.
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(a) Free surface height at Slice 1: y =

0 m..

(b) Free surface height at Slice 2: y =

0.2616 m.

(c) Free surface height at Slice 3: y =

0.5232 m.

(d) Free surface height at Slice 4: y =

−0.2616 m.

(e) Free surface height at Slice 5: y =

−0.5232 m.

Figure 5.4: Free surface profiles for various x-z slices at β = 8◦ and at various
free surface heights. 96



These results are also found to be quite similar to Figure 4.2, with the largest

wave trough magnitude observed on Slice 2: y = 0.2616 m in the case where

the free surface is located at FSH = 0.921 m, and the largest wave crest

can be observed on the FSH = 0.845 m maneuver. Additionally, a breaking

wave was formed at the front of the sail in the FSH = 0.845 m case. Figure

5.5 examines the wave formation around the sail for both the FSH = 0.921

m and the FSH = 0.845 m cases.It is clearly shown that the generated

wave pierces the sides of the sail in the FSH = 0.845 m case, but remains

completely above the sail for the FSH = 0.921 m case. When examining

Slice 2 in the previous figure, this what causes the sudden drop in the free

surface profile in the FSH = 0.845 m case, while the drop is more gradual

in the FSH = 0.921 m case.

(a) Wave around Sail with Free Surface

0.845 m above Keel

(b) Wave around Sail with Free Surface

0.921 m above Keel

Figure 5.5: Waves generated by sail at various free surface heights.
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Figure 5.6 shows the top view of the free surface location for the β = 8◦

simulation at various free surface heights. The Kelvin wedge angle was ex-

tracted from these figures and can be seen in Table 5.2. The wavelength was

again taken along the length of the BB2 submarine, and therefore the cosine

of the 8 degree drift angle was multiplied by the estimated free stream speed

to calculate a corrected free stream speed.
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(a) Top view of wave profile at 1.457 m (b) Top view of wave profile at 1.074 m

(c) Top view of wave profile at 0.921 m (d) Top view of wave profile at 0.845 m

Figure 5.6: Top view of the free surface profiles at various free surface heights.
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Table 5.2: CFD comparison with Kelvin’s method for
8 degree drift angle cases.

Free Surface

Elevation [m]

Measured

Wave Angle [deg]

Theoretical

Wave Angle [deg]
Wavelength [m]

Estimated

Velocity [m/s]

Corrected

Velocity [m/s]

0.845 19.1 19.47 1.003 1.537 1.521

0.921 18.4 19.47 1.083 1.603 1.589

1.074 19.3 19.47 0.964 1.504 1.488

1.457 - 19.47 0.979 - -

This table also shows very similar results to the straight maneuver at each

free surface height. A crude Kelvin wedge angle was extracted for a free

surface height of FSH = 0.921 m, and the Kelvin wedge angle could not be

extracted for the FSH = 1.457 m case due to the generated wave amplitude

being so small. Furthermore, the wavelength extracted from Figure 5.4 all

over-predicted the freestream speed, which has a maximum percent difference

of 32.3% from the simulation speed of U∞ = 1.201 m/s.

The proximity to the free surface was again found to directly correlate to the

magnitude of the forces and moments. This is shown in Figure 5.7.
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(a) Total X-force on submarine (b) Total roll moment on submarine

(c) Total Y-force on submarine (d) Total pitch moment on submarine

(e) Total Z-force on submarine (f) Total yaw moment on submarine

Figure 5.7: Forces and moments acting on a BB2 submarine β = 8◦ in the
presence of a free surface.
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Unlike the results found in Section 4.3, the direction of the pitch moment

does not change with the presence of a free surface when β = 8◦. For a

standard drift case at depth, it is expected to see a positive roll moment due

to the presence of the sail, a large positive Y-force due to the port of the

submarine now being exposed to the flow, and a positive yaw moment due

to the geometry of the submarine (as the sail is rotated closer to the bow).

These trends are shown in Figure 5.7, where the primary difference between

the deep cases and the free surface cases is the magnitude of the forces and

moments.

In order to examine which appendages are primarily effecting the force and

moment behavior observed in Figure 5.7, additional graphs were created in

Figure 5.8 depicting the change in non-dimensional forces and moments on

the appendages for the various free surface height simulations. The values

shown in these figures use the FSH = 1.457 m maneuver as a reference, and

simply measure the change in force and moment values between the various

free surface maneuvers and the 1.457 m maneuver. Linear behavior in the

appendage forces/moments would correlate to the asymptotic behavior seen

in several of the graphs in Figure 5.7. Conversely, appendages not following

this linear behavior would be the source of the deviation from this asymptotic

behavior, which can also be seen in several graphs in Figure 5.7.
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(a) Change in X’ on submarine appendages (b) Change in K’ on submarine appendages

(c) Change in Y’ on submarine appendages (d) Change in M’ on submarine appendages

Figure 5.8: Change in forces and moments acting on the appendages of a
BB2 submarine in a drift case at 8 degrees: fig. a-d.
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(e) Change in Z’ on submarine appendages (f) Change in N’ on submarine appendages

Figure 5.8: Change in forces and moments acting on the appendages of a
BB2 submarine in a drift case at 8 degrees: fig. e-f.

Figure 5.8 shows that both the sail and the hull of the submarine have

the largest influence on the overall submarine hydrodynamics. Additionally,

when examining the sail in Figure 5.8, the change in the force and moments

do not follow a linear trend like many of the other appendages. This is due to

the sail penetrating the free surface in the shallow cases, which will cause far

different behavior than when it is located far below the free surface. Once the

sail begins to protrude the free surface, the slope of the change in pitching

moment acting on the sail decreases.
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Chapter 6

Yaw Rotation Maneuvers

Results

The final investigation in this study is a submarine undergoing a yaw rota-

tion in the vicinity of the free surface. These simulations incorporate non-

dimensional rotation rates of r′ = 0.1, 0.2, 0.3, and 0.4, and are conducted

both at depth and at a free surface height of FSH = 1.074 m. Unsteady

simulations were completed over a 2π-radius turn and hydrodynamic forces

and moment were extracted at the end of the simulation once steady state

had been reached.

At depth, the yaw rotation maneuver was completed using two different

methods. One method applied a Moving Grid (MG) technique, where the

entire grid rotated and translated around a given point at a defined radius,
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and the other applied a Rotating Frame of Reference (RFR) technique, where

the spatially varying free surface velocity throughout the CFD domain is

based on the specified non-dimensional yaw rotation rate. Figure 6.1 and

Figure 6.2 help visualize the two methods used in this study. In these images,

R corresponds to the radius of the turn about point P . The non-dimensional

rotation rate, r′, is calculated using Equation 3.1.

Figure 6.1: Illustration of a yaw rotation maneuver using the Moving Grid
(MG) technique.
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Figure 6.2: Illustration of a yaw rotation maneuver using the Rotating Frame
of Reference (RFR) Technique.

Figure 6.3 shows the non-dimensional forces and moments acting on the

submarine for a deep depth condition and for a free surface height of 1.074

m. These simulations were again compared to a set of simulations conducted

by the SHWG [21] for an incoming flow speed of V∞ = 1.6309 m/s (Re = 6.2

million). Deep cases were conducted using the prior mentioned moving grid

and rotating frame of reference approach. Free surface simulations, however,

were only conducted using the moving grid approach.
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(a) X’ acting on BB2 (b) K’ acting on BB2

(c) Y’ acting on BB2 (d) M’ acting on BB2

(e) Z’ acting on BB2 (f) N’ acting on BB2

Figure 6.3: Non-dimensional forces and moments acting on a BB2 submarine
in a yaw rotation maneuver.
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When examining Figure 6.3, numerous trends can be observed in the hy-

drodynamic forces. When examining the resistance force, X, it can be seen

that the deep results using the RFR and MG techniques have a very similar

agreement, with the main difference found at r′ = 0.1. At the given rota-

tion rate, the percent difference was found to be 3.88%. When comparing

the deep case RFR and MG results with the reference case provided by the

SHWG, it can be seen that the current study differs from the reference case

by 7.55% and 11.9%, respectively. With the addition of the free surface, the

absolute value of the resistance force increased at all rotation rates, with a

maximum increase of 11.4%.

For the side force, Y, the deep RFR results were found to have a near-perfect

similarity with the SHWG results. When looking at the deep MG results,

the results compare quite close with the other deep results, with the largest

percent difference of 26.4% found at r′ = 0.1. With the addition of the

free surface, the side force decreases at all rotation rates, with a maximum

difference of 23.5% found at r′ = 0.2. When looking at the vertical force, the

deep RFR results were identical to the reference at r′ = 0.1 while the MG

results of the MG simulation over-predicted the absolute value. At r′ = 0.2

and r′ = 0.3, the deep MG results matched the deep RFR results, while the

SHWG results under-predicted the vertical force at each rotation rate. At

r′ = 0.4, the deep RFR, deep MG, and SHWG results all tended towards

the same value. With the addition of the free surface, the absolute value of
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Z was found to increase significantly, with a maximum percent increase of

578% found at r′ = 0.1 when compared with the various deeply submerged

cases. This large difference is due to the vertical force being quite small at

depth, but becomes quite substantial when near the free surface.

When analyzing the moments in Figure 6.3, similar trends can be observed.

For the roll moment, K, the deep MG and RFR results have a near perfect

correlation. When comparing the SHWG with the other two results, it can be

seen that the SHWG results predict a higher roll moment by up to 5.79% at

r′ = 0.2. The addition of the free surface caused an increase in absolute value

of the roll moment by up to 37.7%. When examining the pitching moment,

M, the deep RFR results and the deep MG results had essentially the same

results, with a slightly larger (absolute) pitching moment at r′ = 0.1. When

compared to the SHWG results, the deep results had a similar value at r′ =

0.1 and r′ = 0.2, but predict a lower moment at r′ = 0.3 and r′ = 0.4. The

addition of the free surface causes interesting results in the pitching moment,

M. At r′ = 0.1, the pitching moment decreased by 32.4% when compared to

the deeply submerged results. At r′ = 0.2, r′ = 0.3 and r′ = 0.4, the pitching

moment became negative, because the moment increased negatively as the

rotation rate increased.

The top view of the wave profile, as well as the resulting pressure distribution

along the BB2 submarine, is presented in Figure 6.4. This Figure also shows

the free surface profile for all rotation rates after a full 2π-radius turn was
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completed. This figure shows the severeness of the turning for each non-

dimensional rotation rate. As can be seen, a rotation rate of r′ = 0.1 shows

a very wide turn which produces a wake with a flat curvature, while r′ = 0.4

shows a very narrow turn which produces a wake with a sharp curvature.

When examining the free surface height, it can be seen that the amplitude of

the resulting waves are relatively unaffected by the turning rate, where each

simulations exhibit a similar maximum and minimum free surface height

irregardless of the turn rate.
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(a) Top view of wave profile at 0.1 rota-

tion rate

(b) Top view of wave profile at 0.2 rota-

tion rate

(c) Top view of wave profile at 0.3 rota-

tion rate

(d) Top view of wave profile at 0.4 rota-

tion rate

Figure 6.4: Top view of the free surface profiles at various rotation rates.

When examining pressure distributions in Figure 6.4, it can be seen that as

the non-dimensional yaw rotation rate is increased (and the turning radius

decreases), the stagnation point on the hull shifts towards the starboard
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bow, while the stagnation region on the sail shifts towards the same relative

location on the sail. Furthermore, the low pressure region on the port bow,

as well as the low pressure region on the rudders located on the port quarter,

becomes more severe as the turning rate increases.

Much like the straight and drift maneuvers, the free surface profile was ana-

lyzed at five x-z slices along the length of the submarine and the results are

shown in Figure 6.5. These slices were placed at the same locations as in

the previous sections, so additional details can be seen in Section 4.3. In all

slices, it can be seen that the wave profile is shifted based on the yaw rota-

tion rate, where larger rotation rates cause a lag in the wave profile (when

remembering that X − Coordinate/Loa = 1 corresponds to the bow of the

submarine and X − Coordinate/Loa = 0 corresponds to the tail). Further-

more, it can be seen that rotation rates of r′ = 0.1 and r′ = 0.2 have very

similar wave profiles, while r′ = 0.3 and r′ = 0.4 also have very similar wave

profiles.
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(a) Free surface height at Slice 1: y =

0 m.

(b) Free surface height at Slice 2: y =

0.2616 m.

(c) Free surface height at Slice 3: y =

0.5232 m.

(d) Free surface height at Slice 4: y =

−0.2616 m.

(e) Free surface height at Slice 5: y =

−0.5232 m.

Figure 6.5: Free surface profiles at 5 x-z slices for various yaw rotation rates
at FSH = 1.074 m.
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The magnitude of the waves are found to be largest at r′ = 0.1 and r′ = 0.2,

and found to be smaller at r′ = 0.3 and r′ = 0.4 on Slices 2, 3, 4, and 5. This

holds true when examining all Slices, and at all waves peaks, except for the

first initial wave peak located at the sail location (at each wave slice). At

this location, the wave magnitudes do not seem to have a direct comparison

with the rotation rate. On Slice 1, the magnitude of each wave seem to be

very similar, with little difference between the various rotation rates. In this

slice, the horizontal shift in the wave profile seems to be the most prominent.
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Chapter 7

Horizontal Stability of a

Manoeuvring BB2 Submarine

As mentioned in Section 2.3, the horizontal stability of the BB2 Submarine

can be analyzed using the Yaw Stability Index, or the Stability Index for

horizontal plane motion. These indices can be calculated using the force and

moment results from various drift angle and horizontal rotation maneuvers.

For the Yaw Stability Index, the results from the yaw-rotation maneuvers

are used to calculate the stabilizing arm, while the results of the drift angle

maneuvers are used to calculate the destabilizing arm. To calculate the Yaw

Stability Index, the stabilizing arm and destabilizing arm curves have to be

extrapolated for a non-dimensional rotation rate of 0, and a drift angle of

0 degrees. Therefore, the destabilizing arm value at β = 0 is subtracted

from the stabilizing arm at r′ = 0. Figure 7.1 shows the curves used to
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calculate both the Stabilizing Arm and Destabilizing Arm, and Table 7.1

shows the resulting Yaw Stability Index calculated for the maneuvers at depth

in the current study and for the SHWG results, as well as the maneuvers

incorporating a free surface of 1.074 m above keel for the current study.

(a) Destabilizing Arm

(b) Stabilizing Arm

Figure 7.1: Stabilizing and Destabilizing Arm for various drift angle and
horizontal rotation maneuvers.
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Table 7.1: Yaw stability indices for deep and free
surface maneuvers.

N ′r
′−m′xg ′r′
Yr′
′−m′r′

Nv
′

Yv ′
C ′

SHWG -Deep 0.2963 0.3626 0.0663

Current - Deep 0.2964 0.3369 0.0404

FS = 1.074 0.2854 0.3323 0.0468

The Stability Index for horizontal plane motion is calculated by first lineariz-

ing the forces and moments, and again extracting the values at β = 0 and a

rotation rate of r′ = 0. Once the linearized forces and moments are extrap-

olated, the resulting values are inputted into Equation 2.6 to calculate the

resulting Stability Index for Horizontal Plane Motion. Figure 7.2 shows the

curves used to calculate the linearized force and moment values extracted

at β = 0 and r′ = 0, while Table 7.2 shows the resulting Stability Index

for Horizontal Plane Motion for the maneuvers conducted again at depth

in the current study and for the SHWG results, as well as the maneuvers

incorporating a free surface of 1.074 m above keel for the current study.

118



(a) Linearized side force during drift maneu-

vers

(b) Linearized yaw moment during drift ma-

neuvers

(c) Linearized side force during horizontal

turning maneuvers

(d) Linearized yaw moment during horizon-

tal turning maneuvers

Figure 7.2: Linearized forces and moments during drift and yaw rotation
maneuvers.
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Table 7.2: Stability Index for Horizontal Plane
Motion for deep and free surface maneuvers.

All Cases Nr′
′ Nv

′ Yr′
′ Yv

′ G′

SHWG -Deep -0.00611 0.0205 0.0737 0.00536 0.233

Current - Deep -0.00542 0.0203 0.0738 0.00555 0.167

FS = 1.074 -0.00550 0.0230 0.0865 0.00310 0.103

When looking at the yaw stability index in Table 7.1, it can be seen that the

cases performed by the SHWG were found to be the most stable, followed by

the deep depth results of my study, and finally the free surface maneuvers

were found to be the least stable. When looking at the Stability Index for

Horizontal Plane Motion in Table 7.2, it can be seen that my deep depths

results were found to be the most stable, followed by the results by the

SHWG, and finally the free surface results were found to be the least stable.

The differences between the SHWG and my deep depth results are assumed

to be due to the different grid used, the different Reynolds number, and the

different numerical inputs into the CFD solver. While the free surface results

were found to be the least stable, it was still found to be a stable submarine

under the given conditions which is a promising result.

While stability was found in all cases, it is important to know what range

of stability is considered ideal. When a submarine is highly stable in the

horizontal plane, the submarine will lack maneuverability and therefore the
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submarine will struggle to make rapid turns. When a straight sailing sub-

marine is marginally stable, any horizontal disturbance will change the di-

rectory of the submarine, and the submarine will not return to the original

state unless advanced control systems or manual controls are used. Jerome

P. Feldmen determined that a Gh value around 0.2 provides a good dynamic

performance in the horizontal plane [8]. While Feldman did not specify val-

ues which indicate a marginally stable and highly stable nature, it can be

assumed that values greater than 0.2 give a highly stable submarine, values

between 0 and 0.2 give a marginally stable submarine, and values around 0.2

give an ideal stability.

Using the value provided by Feldman as a guideline, and comparing it to the

Stability Index for Horizontal Plane Motion results from this study, it can be

seen that the deeply submerged simulations in this study have good dynamic

behavior in the horizontal plane with Gh = 0.167. While this value implies

that the submarine is classified more as marginally stable than highly stable,

the value still lies quite close to the desired Gh = 0.2 value. When examining

the results obtained by the SHWG, it can be seen that these results also

show that the BB2 submarine has good dynamic behavior, while their value

also indicates that the BB2 submarine is more highly stable than marginally

stable at depth. When looking at the free surface results, it can be seen

that the submarine lies in the marginally stable zone. This might indicate

that the operators of the BB2 will have to manually correct the trajectory
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of the BB2, or use advanced control systems to correct the trajectory, in the

inopportune event that the submarine goes off course.
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Chapter 8

Conclusions and

Reccomendations

This report encompassed a wide range of maneuvers for a generic Joubert

BB2 Submarine at depth and near the free surface. These maneuvers include

a yaw rotation maneuver which incorporated a non-dimensional rotation rate

of r′ = 0.1, 0.2, 0.3, and 0.4, a drift angle maneuvers which incorporated drift

angles of β = 2, 4, 6, 8, and 10◦, and a straight flow maneuver. The straight

flight maneuver at depth was used for a grid sensitivity test, where encour-

aging results were found. Additionally, a set of simulations were conducted

to examine the influence of the free surface location on the resulting forces

and moments acting on the submarine. These tests were completed for a

straight flight maneuver, and for a drift angle maneuver of β = 8◦, for free

surface located 0.845 m, 0.921 m, 1.074 m, and 1.457 m above the keel of the
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BB2 submarine for a fine grid, and drift angles of β = 2, 4, 6, and 8◦ (at all

free surface heights) for a coarse grid. All other drift angle maneuvers that

were completed at depth were also completed with a free surface of 1.074 m,

however multiple free surface heights were not analyzed for any drift angle

except β = 8◦. The predominant flow characteristics being analyzed in all

cases were the forces and moments acting on the submarine, the horizontal

stability of each individual case, and the resulting free surface profile.

Main conclusions about the results

1. A grid uncertainty study was provided which proved that the iterative

error was negligible for all deeply submerged simulations, and that the

discretization error was also quite small when examining the total X

force. The primary grid selected for the current study was the 31-

million cell grid as all cells around the BB2 submarine had a y+ value

below 1.

2. After non-dimensionalizing the forces and moments, the straight flow,

drift angle, and yaw rotation maneuvers yielded very similar deep-depth

results when compared to other simulations conducted at MARIN. The

cases used in this study incorporated a different mesh geometry, a dif-

ferent inflow velocity, and various different input parameters. The vast

majority of the resulting non-dimensional forces and moments were

found to be essentially identical to the SHWG results, while numer-

ous results slightly were over predicted when compared to the SHWG
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results. While the current force and moment results over-predict the

SHWG results in minimal cases, the maximum difference between the

current results and the SHWG results was found to be 13.0% for all

sets of yaw rotation, drift, and straight maneuvers.

3. Regardless of the time scheme, turbulence model, and free surface

model used, a slight oscillation is found in the forces and moments

around the submarine in all maneuvers incorporating a free surface.

These oscillations can be greatly reduced by decreasing the time scheme

to first order, however the turbulence model, the free surface model,

and the use of farfield damping all had a small effect on the oscillations.

With research, it was found that the SUPERBEE limiter could only

be used with a second order time scheme when the CFL number was

at or below 1/6 [1]. As the CFL reached up to 5 in the current study,

a second order time scheme was disallowed.

4. Using potential flow theory, the theoretical Kelvin wake angle was com-

pared to the measured wake angle found in both the straight and drift

angle maneuvers. It was found that all simulations incorporating a free

surface located at 1.074 m and 0.845 m had a very similar wake angle

when compared to the theoretical value of 19.5 degrees, while simula-

tions incorporating a free surface located at 1.457 m and 0.921 m had

a poor comparison, or no comparison at all. At 1.457 m, the maximum

wake amplitude was found to be 9 mm, where the wake diffused un-
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usually quickly due to grid resolution. For this reason, the wake angle

could not be extracted when using this free surface height. At 0.921

m, the interaction between the free surface and the sail was so severe

that a breaking wave was produced. The interaction with the break-

ing wave and the waves off of the sail/sailplane caused the free surface

to again diffuse quickly, which prevented an accurate wake angle from

being calculated.

5. Using the resulting wake profile, as well as potential flow theory, the

velocity of the submarine could be calculated using the distance be-

tween wake crests. For straight maneuvers, it was found that potential

flow theory under-predicts the velocity when the submarine is piercing

the surface, but provides a good estimate when the submarine is deeper

in the water. For the drift angle maneuvers, a good agreement with

potential flow theory and the actual freestream velocity of 1.201 m/s

was found at all free surface heights.

6. When comparing the straight flow results (with a free surface) between

the CFD simulations in this study and the RAPID potential flow code,

a slight under-prediction in the RAPID results was found when exam-

ining the wave making resistance coefficient. At a free surface height of

0.921 m, the RAPID results under-predicted the CFD results by 28.1%,

while the 1.457 m case could not be compared due to the RAPID results

being so close to zero. For the 0.921 m and 0.845 m case, the RAPID
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results diverged due to the submarine piercing the free surface. When

examining the free surface profile in each case, a good agreement was

found. Slight deviations the free surface profile could be due to the ab-

sence of viscous effects in the RAPID results, as well as the free surface

resolution on the CFD simulations.

7. For straight flow and drift angle cases with a free surface, a typical

oscillatory pattern was observed for all slices when the free surface

was located at 1.457 m and 1.074 m above keel. As the submarine

approaches the free surface further (such as the 0.921 m and 0.845

m case), the free surface is greatly effected by the sail, and the free

surface profile becomes more unpredictable. This situation significantly

impacted the force and moment values acting on the submarine.

8. For both the straight flow and drift angle cases with a free surface, sim-

ilar results in the force and moment values were found. The resistance

force (X-force), the sway force (Y-force), the roll moment (K-moment),

and the yaw moment (N-moment) were found to be lowest at deep

depth, and increase exponentially until the sail protrudes the free sur-

face. At this instant, these force/moment values are at the maximum

absolute value, and the waves around the submarine are also at a max-

imum. As the sail begins to further protrude the free surface, such as

the 0.845 m case, the absolute value of these forces and moments begin

to decrease, or remain at the same value as the 0.921 m case. For the
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case of the buoyant force (Z-force) and the pitch moment (M-moment),

the values do not reach a peak when the sail protrudes the free surface,

but continues to increase in magnitude once the sail extends above the

free surface.

9. One key difference between the straight flow and drift angle cases is how

the pitch moment changes with the introduction of a free surface. In a

straight flow maneuver, the introduction of a free surface changes the

moment from a bow-up (stern-down) at depth to a bown-down (stern-

up) moment with a free surface. However, in a drift angle maneuver at

8 degrees, the moment remains a bow-up (stern-down) regardless if a

free surface is present or not.

10. The two methods used for a yaw rotation maneuver at depth (the mov-

ing grid approach and rotating frame of reference approach) had a sig-

nificant impact on the forces and moments, with a maximum difference

of 37.7% being observed in the vertical force at r′ = 0.1. Neglecting

the difference in the side and vertical force at r′ = 0.1, however, shows

the maximum percent different of all forces and moments being 8.2%.

When comparing the RFR and MG results with the results from the

SHWG, the forces and moments deviated by up to 45% (again ob-

served in the vertical force at r′ = 0.1). If the vertical and side force

at r′ = 0.1 were ignored, however, a maximum percent difference of

11.9% could be observed when comparing the RFR and MG results
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with the results from the SHWG. When adding a free surface to these

simulations, the side force (Y-Force) was found to decrease by up to

23.5%, while all other forces and moments were found to increase by

up to 578% observed in the vertical force.

11. The horizontal stability was calculated using two different methods.

One method calculated the yaw stability index, while the other method

calculated the stability index for horizontal plane motion. Both meth-

ods showed a stable submarine at depth, at at a free surface height

of 1.074 m, for the given set of maneuvers. The stability index for

horizontal plane motion showed that the submarine had a good dy-

namic performance in the horizontal plane at depth, but only showed

a marginal stability when near the free surface.
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Chapter 9

Future Work

The following recommendations are presented if an individual intends to fur-

ther investigate the effect of a free surface on the BB2 submarine. These

topics are split between short term recommendations and long term recom-

mendations. Short term recommendations consist of simulating the BB2

submarine at higher drift angles, conducting additional simulations at free

surface heights around 0.921 m, and conducting simulations with a combina-

tion of drift angles and rotation rates. Long term recommendations consist

of adding a propeller to the BB2 submarine and repeating the simulations

conducted in this study, varying the turbulence model and repeating the

simulations conducted in this report, and conducting drift/yaw rotation ma-

neuvers (using the fine grid) at all drift angles/all rotation rates and at all

free surface heights.

130



9.1 Short Term Recommendations

The following list elaborates on the short term recommendations:

• One short term recommendation includes simulating additional ma-

neuvers at larger drift angles. Simulations incorporating larger drift

angles are important for low speed maneuvering with high side cur-

rents. These simulations could help investigate the influence of the

forward submarine appendages, such as the sail and sailplanes, on the

aft submarine appendages, such as the aft control surfaces, at higher

drift angles. High-drift-angle free surface simulations could also be

conducted to investigate the influence of the free surface on the various

submarine appendages.

• In this report, the main free surface height analyzed was located 1.074

m above the keel of the submarine. This free surface location was cho-

sen due to previous simulations conducted at MARIN, where the free

surface had an evident effect on the BB2 submarine, while the subma-

rine did not pierce the free surface at the chosen Reynold’s number.

When conducting other free surface heights, however, interesting char-

acteristics were found at a free surface located 0.921 m above keel. At

this height, the submarine sail pierces the free surface upon reaching

steady state. Another short term recommendation, therefore, involves

conducting additional maneuvers at free surface height slightly greater

and smaller than 0.921 m. These simulations could be used to achieve
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more refined force and moment data, and could aid in the understand-

ing of problematic free surface heights (which maximize the force and

moment data), which can then be avoided.

• The final short term recommendation is to conduct simulations which

incorporate both drift angles and yaw rotation rates. In a realistic

setting, a turning maneuver will always incorporate a given drift angle.

This is due to the fact that, in a steady turn, the aft control surfaces

are directed towards the center of rotation. This causes the submarine

to rotate, which then causes the bow of the submarine to point into

the turn [26]. The advantage to conducting these simulations, aside

from the increased authenticity in the maneuver and results, is that

the resulting force and moment data can be combined with the pure

drift and pure rotation results to calculate a more accurate stability

index.

9.2 Long Term Recommendations

The following list elaborates on the short term recommendations

• A long term recommendation would be to add a propeller to the sub-

marine simulations to examine the free surface effects on the propeller

blades and wakes, and therefore the effect on the thrust and torque

coefficients. This could help identify the additional power required to
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maneuver the submarine in the vicinity of the free surface. Free-running

simulations near the free surface have been relatively unexplored in the

past, and therefore incorporating the propeller into the simulations

could yield invaluable findings for the marine industry.

• An additional long term recommendation includes analyzing the effect

of free surface/turbulence models on free surface simulations. Though

all tested schemes converged to roughly the same force/moment values,

the difference in the free surface profiles were not analyzed as the free

surface model and turbulence model was varied.

• The final long term recommendation includes expanding the current

list of simulations so the five aforementioned drift angles, as well as

the four aforementioned yaw rotation rates, are simulated at all four

free surface heights using a fine grid. Completing this expanded list

of simulations would allow for the creation of a stabilization index vs.

free surface height curve, which would help show how the stability of

the submarine is affected by the free surface height.
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Appendix A

BB2 Main Particulars

Table A.1: Submarine main particulars at full scale.

Description Symbol Measurement Unit

Length overall Loa 70.20 m

Breadth max. moulded B 9.60 m

Depth from keel to casing D 10.60 m

Depth from keel to tip of sail Dsail 16.20 m

Height sail Hsail 5.60 m

Chord length sail Csail 11.15 m

Displacement volume hull ∇ 4365.2 m3

Wetted surface area total Swa 2095.6 m2

Wetted surface area hull Swa 1866.6 m2

Wetted surface area sail Swa 138.7 m2

Wetted surface area single stern fin Swa 16.1 m2

Wetted surface area single sailplane Swa 13.0 m2

Position centre of buoyancy forward of midship xB 4.00 %Loa
Position centre of buoyancy above keel KB 5.26 m

Block coefficient (∇/(LoaBD)) Cb 0.605 -

Fullness parameter (∇/(Loa π4B
2)) Cq 0.850 -

Length-Breadth ratio L/B 7.313 -

Breadth-Depth ratio B/D 0.906 -

Length-Depth ratio L/D 6.623 -

139



Vita

Brodie Stephen Torunski

University of New Brunswick

Bachelor of Science in Mechanical Engineering
May 2016

Publications: None

Conference Presentations: Brodie Torunski, Horizontal Stability Analysis of a
BB2 Submarine Maneuvering Near the Free Surface, Mechanical Engineering
Graduate Student Society Conference, Fredericton, New Brunswick, March
2018




