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Abstract 

Submarine hydrodynamicists are continually striving to improve submarine manoeu

vring predictions in order to better understand operational limitations. Traditional 

manoeuvring simulations use semi-empirical force estimation methods or captive model 

experiments to predict hydrodynamic forces and moments on the manoeuvring subma

rine. Semi-empirical methods are inexpensive and fast but not consistently accurate. 

Coefficient-based models derived from captive model experiments are more accurate 

but much more expensive. Time-history effects are also difficult to incorporate in 

coefficient-based modelling and are thus often neglected. The effect of the seabed and 

other passing vessels are also not included in traditional models. 

In order to address these issues, an unsteady, six degrees-of-freedom (DOF), 

Reynolds Averaged Navier-Stokes (RANS) submarine simulation approach has been 

developed and applied to simulating the emergency rising manoeuvre and the inter

action between a submarine and a passing tanker. In this method, the 6 DOF motion 

of the full-scale submarine is integrated simultaneously with the RANS solution for 

fluid forces. Coefficient-based modelling is used for the propeller, control-surface de

flections, and ballast blowing in order to achieve economical solutions while account

ing for the important viscous effects. The submarine motion is integrated implicitly 

using a robust predictor-corrector approach that uses a novel application of semi

empirical and coefficient-based models to accelerate convergence at each timestep. A 

combination of sliding interfaces and mesh deformation is used to account for the 
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relative motion between the tanker and submarine. Simulation results reproduce the 

roll-instability observed for buoyantly rising submarines and provide insight on the 

magnitude of the disturbance forces and submarine motions induced by a large tanker 

passing over a diesel-electric submarine. 
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Chapter 1 

Introduction 

1.1 Background 

Manoeuvrability and safety are important considerations in the design and operation 

of a submarine. A primary issue in this regard is maintaining accurate depth control. 

In contrast with airplanes, conventional submarines operate in a layer of fluid that 

is only about three hull lengths thick [1, 2]. Considering that more than 50% of the 

ocean is deeper than 3750 meters ( as cited in [2]), this l".J 300 meter operating limit 

represents a relatively thin layer near the surface. The maximum diving depth is 

limited by the ability of the pressure hull to withstand the increase in hydrostatic 

pressure with depth; the consequence of going too deep can be catastrophic. Careful 

depth control must also be maintained in littoral operation to prevent collision with 

the seabed or a surface ship. Also, in any manoeuvre, extreme roll and pitch angles 

should be avoided for the safety of the crew and proper operation of equipment. 

A safe operating envelope (SOE) is defined for each submarine. The SOE is a 

speed-depth domain in which a submarine is likely to be able to recover from an 

incident such as a leak or a malfunction/jam of the sternplanes (movable tail fins 

that provide pitch control). There is an unacceptably high risk that the submarine 
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Figure 1.1: Schematic of a manoeuvring limitation diagram. Adapted from [3] 

won 't recover if operating outside this region. The SOE is shown on a submarine ma

noeuvring limitation diagram (MLD) , illustrated in Figure 1.1. The SOE boundaries 

restrict the operating speed as a function of depth and sternplane deflection. This is 

to prevent an excursion to excessive depths or broaching ( and losing covertness) in 

t he case of a sternplane jam. In some cases a minimum speed is also required when 

deeply submerged in order to be able to recover from a flooding incident . MLDs of 

specific submarines are generally classified but more details on their characteristics 

can be found in open literature (eg. [2],[4],[5]) . MLD's are based on standard recovery 
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procedures in the case of an incident. Assessing these procedures and defining the 

SOE are important objectives of submarine manoeuvring analysis. 

Hundreds of simulations of different six degrees-of-freedom (DOF) manoeuvres 

( free to translate and rotate in all directions) are needed to generate an MLD for a 

submarine. These simulations account for operator reaction time and assume a stan

dard recovery procedure for each emergency scenario. The trajectory of the submarine 

is evaluated in each simulation to determine if recovery is achieved or not, based on 

a set of criteria, such as maximum allowable depth, pitch, and roll. Simulations are 

repeated by varying speed or depth until pass/fail boundaries of the SOE are found. 

Due to the vast number of simulations required, a computationally fast method is 

needed to create an MLD and optimize recovery procedures. Fast and flexible meth

ods are also needed for submarine design. At the same time, accuracy is also very 

important so that the SOE is not made too large, risking the safety of the operators, 

or too small and overly constraining operations. 

In Canada, Defence Research and Development Canada - Atlantic (D RDC At

lantic) maintains and develops expertise in submarine manoeuvring analysis. An 

overview of their submarine manoeuvring work is shown in Figure 1.2. A primary 

objective of their work is to provide operators with guidance for safe operation. They 

have developed a submarine simulation computer program, DSSP50, which runs faster 

than real time and can quickly generate an MLD for a particular submarine design. 

This program uses a mixture of "coefficient-based" modelling and semi-empirical force 

estimation methods for the hydrodynamic loads on the submarine during a manoeu

vre [6]. As described further below, the semi-empirical estimation methods are good 

for preliminary design but lack accuracy in extreme conditions. Coefficient-based 

models, described in Section 1.4, generally provide realistic predictions for a range 

of moderate submarine manoeuvres. However, it is difficult to account for unsteady 

motion-history effects in coefficient-based models and they have been found to be in-
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Computational 
Fluid Dynamics 

Simulation & Analysis 
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Complex Interactions 
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Figure 1.2: Submarine manoeuvring analysis conducted at DRDC Atlantic. 

adequate for extreme manoeuvres or non-conventional hull forms [7]. The coefficients 

are also normally obtained with model-scale experiments at Reynolds numbers at 

least an order of magnitude lower than full-scale , creating some uncertainty. Finally, 

submarine manoeuvring analysis has traditionally considered the submarine to be far 

removed from other vessels or the seabed. DSSP50, for example, does not incorporate 

bottom clearance or free surface effects, or disturbance loads from passing ships. An 

understanding of these effects is becoming increasingly important due to a shift in 

focus towards more littoral operations [8], in which submarines operate in possibly 

congested seaways. 

All of the above issues cause some uncertainty in the simulations used to set the 

SOE and provide operator guidance. Since safety is an important concern in sub

marine operation, DRDC Atlantic wishes to validate predictions made with DSSP50. 

Free-swimming model experiments, discussed in more detail below, have been identi

fied by the US as their most reliable predictor of full-scale manoeuvres [9]. However, 
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the high cost required to build, maintain, and operate such a facility limits its use

fulness. As an alternative, DRDC has been collaborating with the University of New 

Brunswick (UNB) and ANSYS Canada Ltd. to develop a high fidelity submarine ma

noeuvring simulation capability based on computational fluid dynamics ( CFD). This 

physics-based method evaluates the Reynolds-Averaged Navier-Stokes Equations for 

the flow around the submarine as it simultaneously solves the submarine's 6 DOF 

equations of motion. In this way, important fluid effects are not lost by forcing hy

drodynamic loads to fit a coefficient-based model. The new method can also be used 

for scenarios that can not be simulated with the coefficient-based model currently 

implemented in DSSP50, such as a close encounter with a large surface ship. 

The purpose of the present work is to test and further develop this unsteady 6 

DOF submarine simulation capability with a focus on two scenarios: emergency rising 

manoeuvres and the passing of a large surface ship overhead a submarine. These 

applications will be discussed in Sections 1. 7 and 1.8, respectively, following a general 

review of methods for predicting hydrodynamic loads on a manoeuvring submarine. 

The chapter ends with a statement of project objectives. 

1.2 Predicting Hydrodynamic Loads on Submarines 

An important challenge in simulating submarine manoeuvres is the prediction of hy

drodynamic forces and moments. To understand some of the difficulties in predicting 

hydrodynamic loads, consider the main features of a typical submarine ( from a hy

drodynamics perspective) in the bottom right corner of Figure 1.2. The main body 

is a streamlined hull with a tapered tail. Various appendages are attached to the 

hull, including the sail on the top (dorsal) and four control surface fins on the tail. 

Additional control surfaces are also usually placed either at the bow or on the sail. 

This geometry presents some unique challenges. The fins on a submarine are small 
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relative to the hull. This is in contrast with an airplane, which has large wings to 

support its weight. These are not needed on a submarine which is neutrally buoyant. 

As a result, the hull makes a significant contribution to the overall hydrodynamic 

loads. The hull loads have historically been difficult to estimate as a result of the 

complex flow features around it when there is a cross-flow present. This occurs when 

turning or rising buoyantly. At moderate incidence angles, 5 deg < 8 < 20 deg, the 

crossflow causes flow separation on the leeside, forming two separation sheets that roll 

up into two symmetric vortices of opposite rotation [10], as illustrated in the bottom 

left corner of Figure 1. 2. There are no sharp geometric features to fix the separation 

lines, as is the case for wings, which has historically made this flow separation difficult 

to predict [10]. 

The geometric asymmetry due to the sail presents another challenge. When a 

submarine turns, the local drift angle at the sail generates a lift force (side force 

on the submarine). This has a significant effect on the "in-plane" loads: the axial 

force, lateral force, and yawing moment. Since the point of application of the lift 

force is above the CG, it also generates a rolling moment on the submarine. These 

effects are readily understood and fairly well predicted from wing theory. However, 

there is an interesting secondary effect that tends to push the tail of the submarine 

down, resulting in a pitch-up moment. As described by others ( eg. Watt [1], Bridges 

[11]), these out-of-plane loads are a result of the horseshoe vortex generated by the 

sail shown in Figure 1.3. The top leg of this vortex is shed from the tip of the sail, 

a familiar flow feature in aerodynamics. However, since there is only one "wing", 

the other leg of the horseshoe vortex is bound to the hull. This results in a flow 

circulation around the hull that is equal in magnitude but opposite in direction to the 

sail tip vortex. The cross flow across the hull interacts with this hull-bound vortex 

in such a way that a vertical down force is created. This is analogous to the Magnus 

effect. At moderate to large drift angles, the hull-bound vorticity is shed due to cross-
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flow separation, which reduces the Magnus force [12]. The extent of the shedding of 

circulation has historically been difficult to predict . This effect has important safety 

implications because it can induce a depth change during a manoeuvre. 

Figure 1.3: Circulation generated by the sail of a submarine undergoing constant 
drift. Figure reproduced from [1]. 

Methods used to estimate hydrodynamic loads can be placed in three main cate

gories: analytical / semi-empirical, experimental, and computational. Each method 

has its own strengths and limitations and each provides different insight . As a result, 

it is best to use tools from each category in order to understand the hydrodynamic 

characteristics of a submarine. A brief overview of the different methods is presented 

next to provide context for the current work. A recent review has been given by Ray 

et al. [13]. Watt et al. [14] and Hess et al. [9] have given overviews of the Canadian 

and American submarine hydrodynamics research programs, respectively. 

1.3 Analytical / Semi-Empirical Methods 

Analytical solutions for the flow around the components of a submarine can be ob

tained with some simplifying assumptions and simplified geometry. A good example 

of a successful analytical prediction of an important hydrodynamic load is the added 

inertia of the fluid that an accelerating submarine must overcome. These added mass 

forces and moments depend on the direction of acceleration, and a symmetric 6 x 6 
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matrix of added mass coefficients are obtained from the analysis. Watt [15] shows 

how incompressible, irrotational potential flow theory can be used to estimate added 

mass for an appended submarine by approximating each component with appropri

ately sized ellipsoids for which analytical solutions can be obtained. This works fairly 

well because viscous effects have been found to have only a small effect in accelerating 

flows. However, some uncertainty remains, especially for extreme unsteady manoeu

vres - something that unsteady CFD simulations can assess, as discussed below. 

For other components of forces and moments, the assumption of inviscid (fric

tionless) flow often results in poor predictions. However, reasonable estimates can be 

obtained when inviscid flow solutions are augmented with empirical relations obtained 

from a database for similar submarine ( or submarine component) designs of the past. 

The empirical data provides corrections for viscous effects neglected by the idealized 

models. A "semiempirical method" combines theory with empiricism. Mackay [16] 

describes the semi-empirical models used in DSSP50. 

Semiempirical methods are generally used in a component-based approach, in 

which the submarine is broken down into components for which individual and in

teractive ( effect of individual components on each other) hydrodynamic loads can be 

estimated or measured [6]. Semiempirical methods have been particularly successful 

in estimating the loads on the appendages. Thin-airfoil theory can be combined with 

empirical databases for low aspect ratio control surfaces applicable to submarines, 

such as that of Whicker and Fehlner [17]. Empirical corrections for viscous effects are 

especially important for the tail fins because a relatively large portion of their span 

is immersed in a thick hull boundary layer at the stern of the submarine [14]. 

As discussed in Section 1.4, the forces and moments on the hull have historically 

been more challenging to estimate. Traditional methods are inaccurate for moderate 

to high flow incidence angles, largely due to their inability to model flow separation 

and its effect on the pressure distribution in the tail region [18]. Progress has recently 
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been made in this area by Jeans [19, 20], who developed a new model from a database 

consisting of CFD and experimental data for flow over five different hull forms in 

translation. The resulting model yields significantly better force and moment esti

mates by properly accounting for the propagation of vorticity along the hull. Work 

has also been done to extend this model to account for rotation [21]. 

Theoretical and semi-empirical methods are useful for early stage design and MLD 

development due to low cost and speed. However, they can be unreliable when used 

for untested flow conditions or for shapes that deviate from their database. 

1.4 Captive Model Experiments and Coefficient

Based Models 

Experiments conducted with a scale model of the submarine of interest provide the 

most reliable predictions of hydrodynamic loads on a submarine. There are two 

categories of experiments for manoeuvring predictions: captive model experiments 

( discussed in the present section) and free-swimming model experiments ( described 

in the next section). The main difference between them is that whereas captive model 

experiments impose either a prescribed motion or a fixed orientation and measure the 

resulting forces using an internal balance, free-swimming tests impose a prescribed 

sequence of control commands and measure the resulting position and orientation of 

the model. 

In captive model experiments, the hydrodynamic forces and moments are obtained 

for different forced motions. The test program is usually set up to isolate the coeffi

cients in a coefficient-based model, such as the standard model developed by Gertler 

and Hagen [22]. The model is based on a truncated Taylor series expansion of the 

submarine linear (u, v, w) and angular (p, q, r) velocity components and their deriva

tives. The series is expanded about straight and level flight conditions for a given 
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axial velocity u. Non-linear and cross-coupled terms are accounted for to make it 

applicable for flow incidence angles up to around 18 degrees, normally just in the 

horizontal and vertical planes. Although this is sufficient for the majority of ma

noeuvres of interest, there are some manoeuvres that may exceed this range, such as 

extreme evasive or emergency manoeuvres [23]. The terms in the series were selected 

considering the physics of the flow around a typical submarine geometry - each term 

accounts for a physical force-generating mechanism. The Gertler and Hagen model 

is quasi-steady, meaning that forces and moments only depend on the instantaneous 

motion state of the submarine; no accounting is made for its motion history. This is 

one of the primary limitations of coefficient-based models when applied to extreme 

unsteady manoeuvres. Feldman [24] recognized this limitation and later updated the 

standard model to account for some of these effects. The unsteady model is difficult 

to implement and validate. 

There are many coefficients in this standard coefficient-based model that are to 

be evaluated for each submarine design. They can be classified as steady or unsteady, 

and translational, rotational, or coupled translational/rotational. The Planar Motion 

Mechanism (PMM) [25] was developed to evaluate these coefficients around the same 

time that Gertler and Hagen's model was being developed. The PMM connects a 

model via two pistons to a carriage that moves along a towing tank. The model can 

be towed at a fixed angle of attack or angle of drift, from which the static (steady 

translation) coefficients can be obtained. Alternatively, it can be oscillated in a plane 

while moving forward by activating the two pistons independently. By imparting 

sinusoidal motions of the pistons in the appropriate phase, pure heaving and pure 

pitching motions can be achieved, from which it is possible to extract both the ro

tary and acceleration coefficients. The methodology for performing these tests and a 

description of the apparatus is given by Gertler [25]. 

Rotating arm experiments are also often used in addition to PMM experiments. 
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In these experiments, the model is rotated with relatively large radii in a circular 

basin, yielding more accurate steady-state rotary derivatives than with the PMM. 

In addition, nonlinear, coupled hydrodynamic force and moment coefficients can be 

determined from rotating arm experiments. A description of rotating arm experiments 

conducted in the US is given by Hess et al. [9]. 

The Marine Dynamic Test Facility (MDTF) is a new mechanism for performing 

captive model that was recently developed a part of an ongoing collaboration between 

the National Research Council Canada (NRC) Institute for Ocean Technology (IOT) 

and DRDC [26]. A picture of the MDTF is shown in Figure 1.2. It is similar to the 

PMM in that it oscillates a model as it moves down a towing tank; however, it is 

capable of moving the model in 5 DOF simultaneously, allowing for more complex 

motions than the 3 DOF PMM experiments. It is possible that this apparatus could 

be extended to general 6DOF motions by adding roll actuation. It is designed for 

high amplitude, high rate actuation in order to simulate extreme manoeuvres. A 

description of the MDTF capabilities are provided in Reference [26]. 

1.5 Free-Swimming Model Experiments 

In free-swimming ( or "free-running") model experiments, a remotely-controlled scale 

model of the submarine replicates full-scale submarine manoeuvres. The models are 

equipped with instrumentation to measure all the state variables required to describe 

its six DOF motion, including attitude (roll, pitch, and yaw), linear and angular 

velocities, and accelerations. A description of the free-running model used in the US 

is given by Hess et al. [9], who consider it to provide their most accurate prediction of 

full-scale manoeuvring. However, the comparison between free-running models and 

full-scale manoeuvring is not perfect due to an inability to match all dynamic scales in 

experimental facilities. A good description of the scaling problem is given by Hess et 
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al. [9] and a summary is provided here. To achieve full similarity, two dimensionless 

parameters should be matched: the Froude (Fr) number and the Reynolds (Re) 

number. For a submerged body, the Froude number expresses the ratio of inertial 

forces to gravitational forces (buoyancy) acting on the vehicle while the Reynolds 

number gives the ratio of inertial to viscous forces acting on the fluid. It is not 

possible to match both the Fr and Re numbers in model scale experiments unless a 

fluid with substantially lower kinematic viscosity than water is used. Water is the only 

practical fluid to use for these experiments making it impossible to match both scales. 

The established method is to match the Fr number and run experiments at lower Re 

than full-scale. Since Re affects the flow separation lines on the submarine, which 

in turn affect forces and moments, results for some manoeuvres could be affected by 

scale effects. Though it appears that the effect of not matching full-scale Reynolds 

number is small if Re ~ 107 (based on model length) can be achieved in experiments 

[27], it does create some uncertainty, especially when new geometries are considered. 

For captive-model experiments with deeply submerged models ( such that free-surface 

effects are not important), it is not important to match the Fr number; however 

full-scale Re numbers are not usually obtained in these experiments either. 

Although overall forces and moments are not directly output from free-swimming 

model experiments, it is possible to evaluate coefficients for manoeuvring simulations 

using methods of Recursive Neural Networks (RNN) [28]. This requires performing 

many different manoeuvres and deducing the relation between output motion as a 

function of input changes in control surface deflections. Once a Neural Network is 

trained, it can be used to predict other full-scale manoeuvres that are similar to the 

manoeuvres used in the training. 

For smaller navies, a major limitation for performing free-swimming model exper

iments is the high expense. The cost required to build, maintain, and use the required 

facilities has been estimated to be on the order of millions of dollars [29]. Numeri-
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cal methods described next can provide higher fidelity solutions than semi-empirical 

methods at much lower cost than experiments. However, since experiments are more 

reliable, it is always desirable to validate numerical methods against experiments 

where possible. 

1.6 Computational Fluid Dynamics 

Computational fluid dynamics ( CFD) has become an important tool available to the 

submarine hydrodynamicist. In this approach, the flow field around the submarine 

is evaluated numerically and the hydrodynamic loads are derived from the resultant 

pressure field and shear stress distribution on the submarine boundary. The Navier

Stokes (NS) equations, or some simplification of them, are evaluated along with a 

statement of conservation of mass to determine the motion of the fluid. A set of 

boundary conditions and initial conditions are used to represent the physical problem 

and the fluid pressure and velocity fields are evaluated numerically at discrete points 

in a fluid domain surrounding the submarine. 

It is impractical to solve the N avier Stokes equations directly ( direct numerical 

solution) for the flow around a manoeuvring submarine. This is because current 

computer hardware does not have the capacity to resolve the vast range of length 

and time scales that need to be resolved for this highly turbulent (high Reynolds 

number) flow. However, with some simplifying assumptions, useful predictions for 

hydrodynamic loads can be obtained within practical solution times. Inviscid and 

viscous methods have both been applied to submarine manoeuvring, as reviewed in 

the next two sections, respectively. 
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1.6.1 Inviscid Flow Computations 

One approach is to neglect friction and turbulence altogether by assuming inviscid 

flow, which simplifies the Navier-Stokes Equations to the Euler equation. With the 

further assumption that the flow is irrotational, potential flow methods can be used, 

which greatly reduce computational time because the three dimensional flow field 

can be approximated using a surface grid on the boundary of the submarine instead 

of a volume grid. Solutions based on the Euler equations and potential flow have 

only been used with limited success for submarine dynamics, in comparison with 

aerospace applications. This is because, as discussed in Section 1.2, important flow 

features around a manoeuvring submarine are strongly dependent on viscous effects 

that are not accounted for in inviscid flow solvers. 

Some work has been done to try to account for viscous effects in potential flow 

solutions by inserting point vortices in the flow. The panel method CANAERO was 

used by Mackay and Conway [30] to compute the out-of-plane normal force and pitch

ing moment ( cf. Section 1.2) on a submarine at an angle of drift. Without modelling 

the crossflow separation from the hull, the code significantly overpredicts these loads 

at moderate to high incidence because the shedding of the hull-bound circulation be

hind the sail is not modelled. The CAN AERO code was modified so that it can model 

the crossflow separation if the location of flow separation lines is specified [31]. These 

separation lines had to be determined from a flow visualization study because they 

cannot be determined using inviscid flow analysis. Reasonable agreement in out-of

plane loads was obtained for the computation that included the crossflow vortex sheet. 

Although this method has some value in obtaining a quick estimate of these loads, 

the limitation is that the separation lines are not predicted and viscous dissipation in 

the vortices is neglected. 

Another recent application of potential flow computation in estimating submarine 

loads is the development of a "Multi-Vortex" code at the Naval Surface Warfare 
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Center, Carderock Division (NSWCCD) [9]. This method also accounts for viscous 

effects in two ways: in the streamwise direction, the growth of the boundary layer is 

accounted for by enlarging the body based on the displacement thickness, while in the 

crossflow direction, point vortices are evolved to approximate the viscous wake. The 

forces and moments on the hull are derived based on the shed vorticity while lifting 

line theory is used to determine the lift on appendages. The approximations used 

in this method account for the most important physics of the flow yet the method 

is computationally fast because it decouples a 3D flow problem into a series of 2D 

problems. A detailed description of the methods used in the Multi-Vortex simulation 

or computational results obtained from it could not be found in open literature at the 

time of this writing. 

1.6.2 Viscous Flow Computations 

An alternative method for obtaining practical solutions to the Navier-Stokes equations 

is to retain viscosity and make modelling assumptions for turbulence. One turbulence 

modelling approach is to consider the flow to be composed of random turbulent fluc

tuations superimposed on a mean flow, and solve for the mean flow while modelling 

the turbulent fluctuations. This is done by statistical (Reynolds) averaging of the 

N avier-Stokes equations to produce the Reynolds-averaged N avier-Stokes equations 

(RANS). For steady mean flows, simple time-averaging is used, which leads to the 

steady RANS equations, whereas for time-dependent mean flows, "ensemble averag

ing" is used, which lead to the unsteady RANS (URANS) equations. The URANS 

equations are similar to the instantaneous NS equations but are now expressed in 

terms of the mean flow quantities. With both RANS and URANS, six additional 

terms that contain the product of fluctuating velocities are obtained; these are re

ferred to as Reynolds stresses and they are unknowns. Since there are now more 

unknowns than equations, these Reynolds stresses need to be modelled in order to 
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close the RANS equations. 

Many turbulence models of varying complexity have been proposed for closing the 

RANS equations. They are broadly classified as "first order" or "second order" clo

sure models. First order models, also referred to as Eddy Viscosity Models (EVM), 

are based on the Boussinesq approximation that Reynolds stresses are linked to the 

mean rates of deformation by an eddy viscosity, µt, that is analogous to molecular vis

cosity, µ. A primary assumption in these models is that µt is isotropic, meaning that 

Reynolds stresses are independent of direction. Eddy Viscosity models are further 

classified by the number of partial differential equations that are used for transport

ing turbulent quantities. Various zero equation (algebraic), one equation, and two 

equation turbulence models have been created for different types of flows. 

Second order closure models, also referred to as Reynolds stress models (RSM) 

solve six transport equations, one for each Reynolds stress, and one equation for 

turbulent dissipation rate instead of using the Boussinesq approximation. As a result, 

RSM turbulence models account for anisotropic turbulence at the expense of solving 

additional partial differential equations. Algebraic Reynolds stress models have also 

been developed to account for anisotropy with algebraic equations rather than PDEs. 

Some physics is neglected but the computational expense is reduced. In all turbulence 

models, some empirical correlations are needed. 

Previous studies have investigated the ability of viscous flow solvers to predict hy

drodynamic loads on a manoeuvring submarine. A study by Watt et al. [32) compared 

RANS predictions for normal force and pitching moment on the unappended Series 

58 model 4621 submarine hullform in steady translation with flow incidence angles 

up to 18 degrees. Seven different turbulence models implemented in the commercial 

code ANSYS CFX-10 were compared and it was found that the Shear Stress Trans

port (SST) turbulence model provides the best predictions out of the two-equation 

models and that the BSL-RSM model is superior to the SST model at moderate to 
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large incidence. Both models were within experimental error at an incidence angle, 

8, of 6 degrees but at 8 = 18 degrees, SST and BSL-RSM underpredict normal force 

by 20% and 10%, respectively. Although the RANS predictions were not validated 

by experiments at the higher incidence angles, the authors note that these RANS 

predictions are among the best physics-based predictions of high Reynolds number 

separated flows that are available. 

In a similar study, Jeans et al. [33] compared RANS predictions for hydrody

namic forces and moments on the DRDC-STR and Series 58 model 4621 submarine 

hullforms in steady translation with experiment for flow incidence angles up to 30 

degrees. RANS predictions with the BSL-RSM and the SST turbulence models were 

within experimental uncertainty for up to 25- and 15-degree incidences, respectively. 

Both models underpredict the normal force at the higher incidence angles but the 

modelling error for BSL-RSM turbulence model was about half that of the SST tur

bulence model, agreeing with the earlier study by Watt [32]. An analysis of the flow 

field showed that the BSL-RSM model consistently predicted earlier separation and 

increased energy loss in the leeside vortex, explaining why the normal force predic

tions are higher than SST predictions. The BSL-RSM model also predicts a more 

concentrated vortex. This was confirmed by a separate study in which Phillips et 

al. [34] investigated the influence of turbulence closure models on the vorticity field 

around a bare hull submarine body (the DOR body) undergoing steady drift. Four 

eddy viscosity models and the SSG Reynolds stress model were considered. It was 

found that all eddy viscosity models underpredict the vorticity within the body vortex 

by approximately 50% whereas the SSG Reynolds stress model compares well with 

experiment. The Reynolds stress model has thus been found to be superior to the two 

equation turbulence models at moderate incidence angles; however this comes with 

additional computational cost. 

RANS predictions for hydrodynamic loads on submarine hulls in steady rotation 
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have also been compared with experiment. A study by Sung et al. (35] compared 

RANS predictions lateral force and yawing moment on the SUBOFF, Body 1, Alba

core, and DTMB Model 4156 hullforms with rotating arm experiments performed in 

the David Taylor Model Basin. The accuracy of the RANS predictions with the stan

dard k - w and modified Baldwin-Lomax turbulence models were found to be within 

the 5% experimental uncertainty in most cases. A recent collaborative exercise (36] 

between research groups in seven different countries investigated the ability of RANS 

solvers to predict hydrodynamic loads on the unappended DARPA SUBOFF subma

rine hullform in steady rotation. The agreement with rotating arm experiments was 

considered to be excellent when using Reynolds stress models, with predictions being 

validated within 10% of experiment in many cases. As was seen in the steady trans

lation studies, the SST turbulence model underpredicts the lateral force because the 

vorticity in the body vortex is underpredicted. More details on the Canadian results, 

which also investigate the DRDC STR and Series 58 models in steady rotation, are 

presented in [21]. 

RANS predictions for hydrodynamic loads on appended submarine hulls have also 

shown good agreement with experiments. The SST turbulence model was found 

to agree very well with experiments for hydrodynamic forces and moments on the 

Dutch Walrus submarine model with a sail (but no tail fins) for drift angles up to 15 

degrees (the range used in the experiments) (8]. Some discrepancy was seen for out-of

plane pitching moment; however the relatively large scatter in data suggests that the 

experimental uncertainty was higher for this quantity. The out-of-plane normal force 

was predicted well for the full 15 degree incidence range. In another study (12], good 

agreement was also seen for RANS predictions of loads on the fully appended DRDC 

STR model for low to moderate drift angles, but out-of-plane loads were significantly 

over-predicted for drift angles above 20 degrees. However, the results show some 

significant grid dependence and the authors suggest that grid density in the outer flow 
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should be increased to improve modelling of shed vorticity and out-of-plane forces. 

The above review presents just a small sample of the many studies in literature 

using RANS computations to predict hydrodynamic loads on submarines. The num

ber of such studies has been rapidly growing in recent years, suggesting that RANS 

computations are becoming a well-established and practical tool for submarine hy

drodynamics. Force and moment predictions obtained with RANS computations are 

among the best for non-experimental methods [12]. 

In RANS simulations, all turbulence is modelled as opposed to predicted. An 

alternative approach used in Large Eddy Simulations (LES) involves solving the time

dependent flow equations for the largest turbulence structures in addition to the 

mean flow - only small-scale turbulence is modelled. This is achieved by low-pass 

spatial filtering of the RANS equations. LES has the potential to provide significant 

improvement over RANS simulations because the large eddies contain the most energy 

and have the strongest interaction with the mean flow. Also, turbulence tends to 

become more isotropic as the length scale decreases, making the small eddy more 

amenable to turbulence modelling in principle. LES simulations tend to require much 

finer grids and are typically an order of magnitude more expensive than RANS [37]. 

This has limited its application in submarine hydrodynamics in the past; however, 

advances in computer hardware are now removing this barrier. A recent study by 

Alin et al. [38] compared LES and Detached Eddy simulations (a combination of 

RANS and LES) with RANS for the flow around the fully appended DARPA Suboff 

submarine model while traveling a straight course. All three methods gave similar 

and satisfactory results for averaged quantities compared with experiment but LES 

and DES yield a more detailed flow field prediction. The authors expect that RANS 

will likely continue to be the preferred, and fully sufficient, engineering tool for most 

applications and that DES and LES will be limited to the studies where unsteady 

features are the focus, such as hydroacoustics or extreme manoeuvres, because of the 
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added expense. 

1.6.3 Constrained Motion CFD 

Computational fluid dynamics has been applied to submarine manoeuvring simula

tions using two different approaches, which are analogous to captive-models exper

iments and free-swimming models experiments. The first method, which has been 

referred to as "virtual captive tests", involves simulating prescribed motion conditions 

similar to those used in PMM experiments and extracting coefficients to be used in a 

coefficient-based hydrodynamic model. A recent thesis by Toxopeus [39] demonstrates 

the use of "virtual captive tests" for improving the predictions of ship manoeuvres, 

compared to predictions using coefficients based on semiempirical methods. A similar 

method was used by Racine et al. [40] to determine non-linear hydrodynamic coeffi

cients for the Newport News Experimental Model (NNEMO), an underwater vehicle 

with an unconventional hullform. 

An advantage in the constrained-motion CFD computations over captive-model 

experiments is that complications due to support interference is eliminated. Con

strained motion CFD simulations with and without supports can also be useful for 

estimating the effect of support interference in experiments. It should be noted that 

constrained motion CFD simulations can be combined with experimental data in 

building a coefficient-based model. 

1.6.4 CFD Coupled to Vehicle Motion 

The second approach to using CFD for submarine manoeuvring simulation involves 

allowing the hydrodynamic loads to determine the motion of the submarine in an 

unconstrained ( or only partially constrained) manoeuvre, similar to free-swimming 

model experiments. In this approach, the hydrodynamic loads in a 6 DOF manoeu

vring simulation come from an unsteady CFD solution, which is solved simultaneously 
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with the rigid body equations of motion for the submarine. This motion-coupled ap

proach provides a more comprehensive accounting of the unsteady hydrodynamic loads 

because information is not lost in the process of making CFD results fit a coefficient

based model. The disadvantage is that motion-coupled CFD simulations are much 

more expensive than coefficient-based simulations. However, in the "virtual captive 

test" approach, expensive computations for the fluid solution are done up-front in the 

process of generating the coefficients. Thus the total computation cost may actually 

be less with motion-coupled simulations if only a few 6 DOF simulations are desired. 

However if many computations are required, such as in the establishment of the SOE, 

motion-coupled simulations are not feasible and a computationally fast approach like 

coefficient-based modelling is required. 

In contrast to free-swimming model experiments, the computational approach has 

the advantage that simulations can be performed at full-scale Reynolds numbers. A 

second advantage of a CFO-based approach over experiments is that the entire flow 

field around the manoeuvring submarine is output at every timestep in the solution, 

providing a wealth of information for understanding the fluid mechanics involved. It 

is very difficult to obtain high resolution flow field measurements around a submarine 

performing unsteady manoeuvres. 

The motion-coupled CFD approach is taken in this work because the objective 

is to validate coefficient-based simulations for extreme manoeuvres and investigate 

new scenarios where unsteady effects may be important. Other research groups have 

developed codes for simulating submarine manoeuvres using CFD coupled to vehicle 

motion. In the 1990s, a team of researchers from the Engineering Research Center at 

the Mississippi State University and the Applied Research Laboratory at the Penn

sylvania State University collaborated to develop a six DOF submarine manoeuvring 

simulation capability in which the RANS equations are coupled to vehicle motion. 

This work, sponsored by the office of Naval Research (ONR), appears to be the first 
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of its kind. A comprehensive report [7] details the early development and validation, 

including the development of the incompressible RANS flow solver for the simulations, 

which they called UNCLE. Dreyer et al. [41] describe the explicit coupling of the UN

CLE flow solver with a vehicle dynamics solver. The fluid solution is first integrated 

over a timestep and the hydrodynamic loads updated by integration of pressure and 

shear over the submarine. These loads are then used by the vehicle dynamics solver 

to integrate the 6 DOF equations and kinematic relations over the same timestep to 

update submarine motion. The process is then repeated in the next timelevel. 

Pankajakshan et al. [42] used the UNCLE code to simulate control-surface induced 

overshoot manoeuvres of the O NR Body 1 Radio Controlled model. Their simulations 

incorporate deflecting control surfaces and a rotating propeller within the RANS so

lution, which is solved on a structured multiblock dynamic grid. A sliding interface 

is used to handle propeller rotation while control surface deflections are handled by 

regenerating the grid in the deformation zone by interpolating between a sequence 

of volume spanning the range of deflection. The simulated submarine motion agreed 

very well with a free-swimming model experiment. A similar study was conducted by 

Venkatesan and Clark [43] with a different flow solver, COMET. They also included 

a rotating propeller using a sliding interface but accounted for rudder deflection with 

local mesh deformation and smoothing at each timestep. Very good agreement with 

experiment was obtained for in-plane motion during the horizontal overshoot manoeu

vre. There was discrepancy in the out-of-plane pitch and depth change, but this could 

partially be attributed to the fact that the simulations used fixed sternplanes while 

there was some sternplane motion in the experiments. Both studies show promise for 

6 DOF motion-coupled URANS predictions of submarine manoeuvres. 

The original UNCLE code has been evolving in terms of its capabilities. It was 

extended to include multiphase CFD modelling for high speed underwater flows and 

called UNCLE-M. In an interesting study by Lindau et al. [44], UNCLE-M was used 
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to simulate the 6 DOF motion of a supercavitating underwater vehicle. In a sepa

rate modification, a new code, OVER-REL, was developed from the UNCLE code 

by researchers at ARL Penn State [45]. The primary change was the addition of an 

overset grid capability. Overset grids, also referred to as Chimera grid systems, are 

composed of multiple body-conforming grids placed in the near vicinity of the body. 

For an appended submarine, separate grids can be made for the hull and each of 

the appendages. These grids, which can overlap each other, are overset on a fixed 

grid encompassing the entire fluid domain. Interpolation is needed to exchange in

formation between the multiple mesh systems since a one-to-one connection is not 

enforced between them, as was the case for the block structured grids used in the 

original UNCLE code. This has been found to greatly simplify the meshing process 

for multi-component vehicles, such as an appended submarine, and allows a versatile 

method of handling relative motion between multiple bodies. A description of the im

plementation of the overset grid capability in OVER-REL and a demonstration of its 

use in predicting forces and moments on three underwater vehicle geometries is found 

in [45]. This code was recently extended to handle the six DOF motion of multiple 

bodies and renamed OVER-REL-TCURS [46]. It was used to perform model-scale 

simulations of a tanker overtaking a submarine with different initial clearances and 

relative velocities. Simulation results for submarine pitch and displacement in the 

case where control surfaces were fixed (no compensation for the tanker disturbance) 

agreed well with free-running model scale experiments conducted at the Naval Surface 

Warfare Center, Carderock Division (NSWC-CD). This study is described further in 

Section 1. 8 below. 

Other research groups have applied a similar method to simulating six DOF ma

noeuvres of surface ships. One of the most impressive examples is the study by 

Carrica et al. [47] of a surface combatant, ONR Tumblelhome, broaching in waves. 

This scenario involves the ship turning broadside to the waves and experiencing large 
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roll angles and violent accelerations. Simulations were conducted using the CFD code 

CFDShip-Iowa v4.0. Moving rudders and rotating propellers are explicitly incorpo

rated in the CFD solution using dynamic overset grids and the free surface is mod

elled using a single-phase level set approach. A mesh with 21 million grid points and 

detached eddy turbulence modelling were used for the simulations, which required ap

proximately 4 weeks of wall clock time on 195 processors running in parallel. Results 

for the ship's motion compared well with experiment. The simulations were used to 

assess different autopilots and it was found that slight improvements to the autopilot 

can prevent broaching under identical conditions that previously cause broaching. 

In general, manoeuvring simulations using CFD coupled to vehicle motion have 

shown good agreement with free-running model experiments. This shows promise for 

this technique being a valuable tool in simulating extreme submarine manoeuvres. In 

most cases, URANS modelling was used, but the recent DES study of a broaching 

surface ship show that it may not be long before more advanced turbulence modelling 

will gain more widespread use. 

1. 7 The Emergency Rising Manoeuvre 

The first application studied in the present work is the emergency rising manoeuvre. 

This manoeuvre is performed whenever the submarine must surface quickly, such as 

in the case of a fire or flood. The typical protocol in this situation is to pitch the 

nose of the submarine up, increase propeller power, and empty the main ballast tanks 

using compressed air in order to drive the submarine to the surface with buoyancy. It 

has been observed that small-to-medium sized submarines can suddenly develop large 

roll angles just before surfacing, as depicted in Figure 1.4. Free-swimming model 

experiments with a model of a French nuclear submarine found that roll angles of 

up to 30 degrees were induced during the last meters of recovery when rising with a 

24 



recommended pitch angle of 25 degrees [48]. In this same study, extreme roll angles up 

to 50 degrees were observed in cases where the pitch angles were reduced just before 

surfacing. This phenomenon was found to be unpredictable , with quite different roll 

angles observed for similar runs. Watt et al. [23] describe full-scale trials of the 

emergency rising manoeuvre that show a similar roll instability for two submarines in 

the 1000-1500 tonne range and one submarine in the 2000-3000 tonne range. In one 

run with one of the smaller boats , the roll angle exceeded the 40 degree sensor limit 

sometime between the emergence of the nose and that of the sail. Watt also describes 

how the large roll angle that develops prior to surfacing gets amplified on the surface 

because the submarines temporarily lose static stability until water has drained from 

the sail and deck casing. 

Yo 

Rudder 
Stemplane 

Inertial 
Coordinates 

Sail 

Rising 
Velocity 

Vertical line 
projected onto 
y-z plane 

Ocean Surface 

Figure 1.4: Schematic of the emergency rising manoeuvre showing the development 
of a large underwater roll angle, ¢. 

Watt [49] performed a 1 DOF roll stability analysis for a rising submarine. He 

derives a stability limit that shows that instability is caused by the destabilizing hydro

dynamic rolling moment on the sail overcoming the static righting moment (resulting 

from the center of gravity being below the center of buoyancy) as the submarine is 

25 



accelerated upwards by buoyancy. He also shows that the standard coefficient-based 

model of Feldman, underpredicts the nonlinear hydrodynamic rolling moment, espe

cially at high incidence angles, 8, that are obtained in the rising manoeuvre. This 

is because the standard model was created for low incidence ( up to a maximum of 

8 = 18 degrees) and breaks down when extrapolated to higher incidence because 

the forces become very nonlinear. He creates a more accurate rolling moment model 

based on experiments with flow incidences up to 30 degrees. However, despite the 

more accurate hydrodynamic model, his quasi-steady stability limit still appears to 

predict that roll instability would occur later than is observed in the experiments. 

Watt and Bohlmann [23] later performed a 3 DOF stability analysis for which they 

find a numerical solution. This more comprehensive analysis shows that Watt's earlier 

1 DOF analysis gives a good estimate of the roll instability while also discovering 

several other modes of instability. However, it still appeared that the onset of roll 

instability occurred earlier in some of the trials than predicted by the 3 DOF quasi

steady analysis. 

Watt further investigated the roll instability phenomenon by conducting full six

DOF simulations of the emergency rising manoeuvre [29]. For these simulations, he 

created a coefficient-based hydrodynamic model based on Feldman's standard model, 

but expanded to account for high-incidence translation. His model is quasi-steady 

in that unsteady effects due to the time lag associated with vorticity to travelling 

from the sail to the tail of the submarine are not included. Unsteady inviscid effects 

are accounted for using added mass coefficients but other components of loads are 

based only on the instantaneous velocity state of the submarine without considering 

its motion history. Watt discovered a strong sensitivity of the emergence roll angle 

to a small initial lateral offset in the CG of the submarine, yc
0

• Without this lateral 

offset, the emergence roll angle is small in the simulations ( order of 2 degrees) - much 

smaller than observed in the experiments. However, with Yc
0 

equal to about 1 cm, 
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which induces a realistic initial heel (roll) angle of 2 degrees, the magnitude of the roll 

angles seen in the trials was reproduced. This seems to provide a plausible explanation 

for the roll behavior, which was not explained by the earlier stability analyses. This 

strong sensitivity to initial conditions may also explain the larger variation in roll 

behaviour observed for repeated free-swimming model rising manoeuvres with the 

French submarine model [48). 

No unsteady 6 DOF CFD-based simulations of the emergency rising manoeuvre 

could be found in open literature before the present study, which will be described in 

later chapters and has partially been published in Computers & Fluids [50). This is a 

good first application for the unsteady RANS capability because of the extreme un

steady nature. It provides a means to assess whether Watt's quasi-steady coefficient

based simulations are missing any important unsteady effects or if the large under

water roll angles in trial can be attributed to initial heel angles on the order of 2 

degrees. 

1.8 Tanker-Submarine Interaction 

Another application of interest to DRDC Atlantic is the effect of a large surface ship 

passing over a submarine. Since 2000, there have been at least 5 incidents reported 

in the media involving a collision between a submarine and a surface ship [51). It is 

uncertain whether or not hydrodynamic issues played a role in these incidences. Since 

the hydrodynamic influence of a tanker is not included in DRDC's submarine simula

tion program DSSP50, and experiments for this scenario are difficult and expensive, 

these scenarios could not be simulated by DRDC without the six DOF simulation 

used in the present study. 

During the course of this project, another computational study of a tanker over

taking a submarine was presented at the 28th Symposium on Naval hydrodynamics 
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[46]. The OVER-REL RANS code described in Section 1.6.4 was used for this study. 

In some simulations, no action is taken to compensate for the tanker disturbance 

and the control surfaces were held fixed in their position for straight and level flight 

with no disturbance. Other scenarios investigated the ability of an autopilot con

troller to handle the disturbance. To achieve reasonable simulation run times, body 

force models were used for control surfaces and the propulsor rather than explicitly 

incorporating them in the mesh. The results were compared with 2009 free-running 

model experiments conducted at the Naval Surface Warfare Center, Carderock Divi

sion (NSWC-CD). Very good agreement was achieved for the locked-fin cases where 

the auto-pilot was turned off. Some discrepancies were observed for the cases with 

the autopilot, which were attributed to the controller gains apparently not being the 

same for the computational model and the physical model. The study identified the 

interaction time scale, which is inversely proportional to the speed differential be

tween the two vessels, to be a key parameter in determining the magnitude of depth 

excursions experienced by the submarine. Larger amplitude motions were experienced 

for scenarios with longer interaction times. Without autopilot control, the submarine 

experienced a pitch-up motion and depth reduction near the start of the interaction, 

when the surface ship's bow was above the submarine tail. This is followed by a 

pitch-down attitude and depth increase. Motions were much less severe with autopi

lot control, however in some of these latter simulations, the submarine experienced 

significant upward motion near the end of the interaction when it was below the stern 

of the surface ship. This indicated a potential risk of collision. A similar trend was 

observed in the experiments; however, in this case it was less severe, believed to be due 

to an inconsistency in the computational and experimental control models. Although 

the trends for the results are shown in [46], the values on the axes were omitted and a 

detailed description of the physical models was not provided. This study showed "the 

very first comparisons between URANS predictions and tow tank measurements of a 
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controlled, free-running vehicle operating in close proximity to a second vehicle". No 

other unsteady RANS simulations of a tanker overtaking a submarine could be found 

at the time of this writing. The good agreement for the fixed-controls case shows 

that 6 DOF RANS simulations can provide realistic predictions. It should be noted 

that this study appears to involve a large nuclear submarine, based on the relatively 

small sail in relation to the hull. Simulations in the present thesis will focus on the 

interaction between a smaller diesel-electric submarine and, relatively, a much larger 

surface ship, and they will be conducted at full-scale Reynolds numbers rather than 

model scale. 

1.9 Objectives 

The objective for this thesis, discussed briefly above, is to complete the development 

and testing of a six DOF unsteady RANS submarine simulation capability that can 

be used to perform maneuvering simulations that are currently of interest to Defense 

Research and Development Canada - Atlantic. The simulation capability should be 

able to do the following: 

1. Model the effects of control surface deflections, ballast blowing, propeller thrust 

and torque. 

2. Simulate realistic operational and extreme single body manoeuvres. Provide 

validation for quasi-steady coefficient-based simulations of emergency rising ma

noeuvres. 

3. Simulate a set of two body interaction problems, including the passing of a 

tanker over a submarine. 

4. Run at full-scale Reynolds numbers. 
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The goal is to demonstrate this capability for two manoeuvring scenarios. In the 

first scenario, the submarine rises buoyantly to the surface by blowing ballast and 

controls its pitch and adjusts propeller thrust through a sequence of commands. The 

objective of this study is to investigate the roll instability that develops for small-to

medium sized submarines during buoyant ascent. This work also serves to verify the 

results obtained by Watt using a coefficient based model [29]. In the remaining simu

lations, a large surface ship passes over a submarine. The objective is to demonstrate 

the use of the six DOF RANS submarine simulation approach for performing this type 

of two-body problem, and quantify the influence of a large, 300 meter long tanker on 

the trajectory of a 70 meter long diesel electric submarine for a few scenarios. In the 

first scenario, the tanker overtakes the submarine with various relative velocities for 

different submarine depths. In the second scenario, the submarine is heading North 

when a tanker heading West passes over it. A comprehensive parametric study is 

beyond the scope of the present study and is left for future work. 

1.10 Outline of Thesis 

The theory and mathematical formulation for unsteady RANS-based simulations of 

6 DOF submarine manoeuvres will be presented in Chapter 2. This is followed by a 

description of the specific numerical method used in this work in Chapter 3. A steady

translation validation study is presented in Chapter 4 to demonstrate the accuracy 

of hydrodynamic load predictions for the RANS solver and grids used in this work. 

This is followed by unsteady RANS simulations of the emergency rising manoeuvre 

in Chapter 5 and of a tanker passing over a submarine in Chapter 6. The thesis ends 

with conclusions and recommendations for future work in Chapter 7. 
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Chapter 2 

Mathematical Formulation 

In this chapter, the mathematical formulation for six DOF, unsteady RANS simula

tions of a manoeuvring submarine is presented. The governing rigid body equations 

of motion for the submarine are presented first, followed by the governing fluid equa

tions used to obtain hydrodynamic loads. The two sets of equation are dependent on 

each other and must be integrated together in time. The method used to resolve this 

coupling and obtain a numerical solution is presented in Chapter 3. 

2.1 The Submarine Equations of Motion 

The standard submarine equations of motion described by Gertler and Hagen [22] 

and updated by Feldman [24] are used extensively in underwater vehicle maneuvering 

simulations. These equations use Newton's second law to relate the momentum of the 

submarine to the external loads applied to it. They are formulated in a body-fixed 

coordinate system, which is convenient because the hydrodynamic loads acting on 

the submarine are intuitively described in the submarine's own axes. An additional 

benefit of using this coordinate system is that the moments of inertia for a submarine 

of fixed mass are unchanging with submarine rotation. The body-fixed coordinate 

system used in this work is shown in the Nomenclature, and reproduced in Figure 2.1 
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Figure 2.1: Body-fixed coordinate system. 

for convenience. The x-axis points forward through the nose, the y-axis to starboard, 

and the z-axis through the keel. The submarine equations of motion can be expressed 

in this non-inertial body-axis coordinate system as follows: 

Ms=(f-b) (2.1) 

where s is a vector of submarine translational ( u, v, w) and rotational (p, q, r) veloci

ties, Mis the mass matrix, f is the vector of external loads applied to the rigid body, 

and b is an inertial coupling vector that arises because the equations are formulated 

in the non-inertial body-axes coordinate system. The components of each term in 

Equation (2.1) are as follows: 

Velocity state vector: 

s = [u,v,w,p,q,rr 

Mass matrix: 

m 0 0 0 mzc -myc 

0 m 0 -mzc 0 mxa 

0 0 m myc -mxa 0 
M= 

0 -mzc myc Ix -Ixy -fzx 

mzc 0 -mxa -Ixy ly -Iyz 

-myc mxa 0 -fzx -Iyz lz 
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where m is submarine mass, Ix, ly, lz are the moments of inertia, lxy, lzx, lyz are the 

products of inertia. The center of mass (CG) and center of buoyancy (CB) are located 

in the body axis coordinate system by (xc, Ye, zc) and (xB, YB, zB), respectively. 

Inertial Coupling Vector: 

b= 

m[wq - vr - xa(q2 + r 2
) + ycpq + zcpr] 

m[ur - wp - Yc(r 2 + p2
) + zcqr + xaqp] 

m[vp - uq - zc(p2 + q2
) + xarp + ycrq] 

(Iz - ly)qr + lzxPq + lyz(r2 
- q2

) + lxyPr + m[yc(vp - uq) - zc(ur - wp)] 

(Ix - lz)rp - lxyqr + lzx(P2 
- r 2

) + lyzqp + m[zc(wq - vr) - xa(vp - uq)] 

(Iy - lx)pq - lyzrp + lxy(q2 
- p2

) + lzxrq + m[xa(ur - wp) - Yc(wq - vr)] 

External load vector: 

f= 

-(W - B) sine+ XH(t, s, s) 

(W - B) cos e sin¢+ YH(t, s, s) 

(W - B) cos e cos¢+ zH(t, s, s) 

(ycW - YBB) cos e cos¢ - (zcW - ZBB) cos e sin¢+ KH(t, s, s) 

-(xaW - xBB) cosecos¢- (zcW - zBB) sine+ MH(t, s, s) 

-(xaW - XBB) cosesin¢ + (ycW - YBB) sine+ NH(t, s, s) 

The six rows of the load vector f correspond to the following components: the 

axial force in the x-direction, X, the lateral force in the y-direction, the normal force 

in the z-direction, Z, the rolling moment about the x-direction, K, the pitching mo

ment about they-direction, M, and the yawing moment about the z-axis, N. There 

are three types of forces and moments acting on the submarine: weight W, hydrostatic 

buoyancy B, and hydrodynamic forces and moments Ftt = (XH, YH, ZH, KH, MH, NH). 

These forces and moments are transformed to the body-axis directions based on the 
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roll, ¢, pitch, (), and yaw, 'l/; angles of the submarine ( defined below). The weight of 

the submarine includes the floodwater in the ballast tanks, which is assumed to move 

with the same rigid body motion as the submarine. The buoyancy is equal to the 

volume of the submarine contained in the external hydrodynamic envelope multiplied 

by the density of seawater. Its point of application is at the center of buoyancy, which 

is located at the centroid of the appended submarine. The equations used to evaluate 

FH are presented in Section 2.2. With the exception of the modelling assumptions 

that go into the evaluation of the hydrodynamic loads, the above equations are exact 

for a rigid body with constant mass properties. In the simulation of the emergency 

rising manoeuvre in this work, the mass properties of the submarine change with time 

because water is blown out of the ballast tanks using compressed air. The mathemat

ical model used to evaluate the rate at which water is expelled from the ballast tanks 

is described by Watt [29] and summarized in Appendix A. In these simulations, terms 

containing rates of change in mass, dm / dt and in moments and products of inertia, 

dl / dt are needed to exactly describe the rates of change in submarine momentum in 

Equation (2.1). However, following Watt [29], these terms are neglected. This was 

justified because the total change in mass is small (less than 10% of the total mass) 

and mass changes occur relatively slowly. Mackay [16] also found that the effect of ne

glecting these terms was very small in his coefficient-based simulations of a submarine 

rise with ballast blowing. 

A full description of the submarine state includes its position and orientation in 

inertial space. The 6 DOF momentum equations above do not, by themselves, provide 

this information. An inertial (Earth-fixed) coordinate system needs to be defined for 

this purpose. In this work, the inertial coordinate system is oriented with the x 0 axis 

pointing North, the y0 axis to the East, and the z0 axis towards the center of the 

Earth. The position of the submarine is given by (x0 , y0 , z0 ) and the orientation is 

defined using roll ( ¢), pitch ( B), and yaw ( 'ljJ) Euler angles. These angles are defined 
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as follows: if the initial orientation of the body axes is co-incident with the inertial 

coordinate system, the final orientation is found by 1) yawing by the angle 'I/; about the 

z-axis, 2) pitching about the intermediate y-axis by the angle(), and rolling about the 

x-axis by the angle ¢, where the order is important. A set of six auxiliary equations 

are needed to determine the Euler angles and position of the submarine [22]. These 

auxiliary equations are kinematic relations that transform the submarine's linear and 

angular velocities expressed in body-axes directions to rates of change in position and 

Euler angles: 

x0 =u cos () cos 'I/; + v ( sin ¢ sin () cos 'I/; - cos ¢ sin 'I/;) 

+ w ( sin ¢ sin 'I/; + cos ¢ sin () cos 'I/;) 

iJo =u cos () sin 'I/; + v ( cos ¢ cos 'I/; + sin ¢ sin () sin 'I/;) 

+ w ( cos ¢ sin () sin 'I/; - sin ¢ cos 'I/;) 

z0 = - u sin () + v cos () sin ¢ + w cos () cos ¢ 

¢ =p + ( r cos ¢ + q sin ¢) tan () 

() =q cos ¢ - r sin ¢ 

r cos ¢ + q sin ¢ 
cos() 

(2.2a) 

(2.2b) 

(2.2c) 

(2.2d) 

(2.2e) 

(2.2f) 

Equations (2.1) and (2.2) can be combined together to form a set of 12 first-order, 

ordinary differential equations that have the following implicit form: 

Ay = g(t, y, y) (2.3) 

where A is a 12 by 12 coefficient matrix that is composed of the 6 by 6 mass matrix 

in the upper left corner and a 6 by 6 identity matrix in the lower right corner and 
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zeros elsewhere, and y is the submarine state vector: 

y = [u, v, w, p, q, r, xo, Yo, zo, cf>, B, 'ljJf 

Equation (2.3) can be integrated numerically to solve for the state of the subma

rine, y, as a function of time. Note that equation (2.3) is in an implicit form in which 

y appears on both sides. It is not possible to place these equations in the standard 

explicit form for initial value problems in which the function on the right hand side 

does not depend on y. This is because the unsteady component of hydrodynamic 

loads can not be explicitly extracted out of the computational fluid dynamics solution 

for hydrodynamic loads. This is in contrast to the coefficient-based simulations of 

Watt [29] in which the unsteady fluid forces are described explicitly using the concept 

of added mass. In order to handle the implicit nature of (2.3), a predictor-corrector 

integration scheme is used in which (2.3) is solved iteratively with the fluid equation of 

motion ( described next) at each timelevel. This resolves the fluid-rigid body coupling. 

The details of this numerical integration scheme are described in Chapter 3. 

2.2 Evaluating Hydrodynamic Loads 

In the previous section, the hydrodynamic loads F H acting on the manoeuvring sub

marine are presented as unknown functions. The modelling and evaluation of these 

loads is a primary challenge in 6 DOF submarine manoeuvring simulations. This is 

also what distinguishes the various 6 DOF submarine simulation methods from each 

other and dictates the accuracy of the solution. 

As discussed in Chapter 1, reduced order coefficient-based models, such as those of 

Gertler and Hagen [22] and Feldman [24], have been the traditional way of representing 

hydrodynamic loads. In this work, the hydrodynamic loads are evaluated primarily 

using the unsteady Reynolds-averaged Navier Stokes (URANS) equations; however, 
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some coefficient-based modelling is retained to account for the effect of the propeller 

and control surface deflections. These effects could be evaluated directly within the 

URANS solution by incorporating deflecting appendages and a rotating propeller, 

as was done, for example, by Pankajakshan et al. [42]. This level of complexity is 

valuable in some manoeuvring scenarios such as the crashback manoeuvre, where the 

propeller is reversed and there are complex interactions between the propeller and its 

own wake [52]. It is also needed for detailed examination of the trailing wake and noise 

generation. Since these are not objectives of the present work, the complexity and 

computational requirements for the CFD solution (which is orders of magnitude more 

computationally intensive than solving a coefficient-based model) are reduced by mod

elling the effect of the propeller and tailfin deflection analytically /semi-empirically. 

These loads are superimposed on hydrodynamic loads obtained from a CFD solution 

for a submarine with fixed tailfins and no propeller. The important interaction effects 

are accounted for in the propeller and appendage deflection models. These models 

have been discussed in detail by Watt [29] and are summarized in Appendix A. 

To summarize, the hydrodynamic loads are broken down as follows in this work: 

Xe +XP + XcFD 

Ye+ YcFD 

FH = 
Zc + ZcFD 

(2.4) 
Kp+KcFD 

Mc+McFD 

Nc+NcFD 

where Fe = [Xe, Ye, Zc, Kc, Mc, Ncf are the modelled control forces due to ap

pendage deflection, Xp and Kp are the modelled propeller thrust and torque, and 

FcFD = [XcFD, YcFD, ZcFD, McFD, NcFD]T are the hydrodynamic loads obtained 

from the URANS solution. Note that the tailfin deflection model does not provide 
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roll-control (Kc= 0). This is because the tailfins are in a symmetric'+' configuration 

that does not deflect differentially. The evaluation of the coefficient-based models in 

Appendix A is straightforward and computationally fast; it simply requires substitut

ing the current submarine motion state, y, into algebraic equations. The focus of this 

section is to describe the mathematical formulation of the URANS equations. 

2.2.1 Fluid Equations of Motion 

Before presenting the URANS equations, it should be noted that they can be ex

pressed in different frames-of-references. A careful selection of a frame-of-reference 

can help simplify the solution. The choice depends on the application. For example, 

in problems involving a single rigid body far removed from any other surfaces, the 

fluid equations of motion are conveniently solved in the body-axis frame of reference, 

as is done with the rigid body equations of motion. This eliminates the need to move 

or deform the computational fluid grid surrounding the rigid body; a single rigid grid 

can be used for the entire simulation. In simulations with multiple bodies, such as 

the submarine-tanker interaction problem, mesh motion is needed to handle the rel

ative motion between the two bodies regardless of the frame-of-reference selected. In 

these scenarios, an inertial frame of reference is a more likely choice. In this case, the 

boundaries of the rigid bodies ( and the mesh nodes located on them) move through 

a stationary fluid domain and methods for mesh deformation, sliding interfaces, or 

overset grids are used to account for the relative motion between boundaries in the 

fluid domain. The body-axis and inertial frames of reference are not the only two that 

can be selected. It may be convenient to use a frame-of-reference that is accelerating 

in only some of the 6 degrees of freedom. For example, a frame-of-reference that 

moves with the submarine in the x0 and y0 directions, but is stationary in the remain

ing 4 DOF, was found to be convenient in the simulation of the tanker-submarine 

interaction problem because it simplifies the description of mesh motion. The effect 
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of frame-of-reference and mesh motion on the fluid equations of motion is described 

in this section, while details of the numerical implementation and choice of coordinate 

systems are described in Chapter 3. 

A general form of the continuity and URANS equations are used, which account for 

the motion of the computational mesh. It is referred to as the arbitrary Lagrangian

Eulerian (ALE) formulation and is expressed in tensor notation as follows: 

(2.5) 

The mean and fluctuating components of the instantaneous fluid velocities are denoted 

as Ui and u~, respectively, p is the density, µ is viscosity, and P is the mean component 

of the instantaneous pressure. The velocity of the mesh is denoted by U mj. The 

Reynolds stress term, pu~uJ, arises due to Reynolds averaging. As in any RANS 

simulation, a turbulence model is needed for this term in order to close the equations. 

In this work, Menter's shear stress transport (SST) model [53] is used primarily, as it 

is a well-established model that has been found to model flow separation in adverse 

pressure gradients well [53, 54]. As reviewed in Section 1.6.2, steady-state RSM RANS 

have been shown to give slightly better results at high incidence conditions. At low 

incidence, SST performs equally well at less computational expense. The BSL-RSM 

turbulence model, described below, is used for comparison in a few cases. The SST 

model uses a k-w formulation near solid boundaries but blends to a k- E model in the 

outer-regions away from the wall using a blending function, F1 . The k-w formulation 

allows the model to be used stably down through the viscous sublayer and the switch 

to the k - E model eliminates the problem of the k - w model being overly sensitive 

to free-stream conditions. The transport equations for the SST turbulence model are 
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written in ALE form as follows: 

a(pk) a(pk(Uj-Umj))_ a [( µt)ak] n /3'k -- + - - µ + - -- + .Lk - p w 
at ax j axi ak axi 

(2.7) 

(2.8) 

where k is the turbulent kinetic energy per unit mass, Pk is the shear production 

of turbulence, w is the turbulence frequency, and a 1, /31, /3', aw, and ak are closure 

coefficients. The unknown Reynolds stress tensor, pu~uj, is modelled in the SST 

turbulence model with the following equation for eddy viscosity: 

(2.9) 

where a 1 is a constant, Sis an invariant measure of the strain rate and F2 is a blending 

function. 

RSM turbulence models solve a transport equation for each of the six Reynolds 

stresses and one equation for turbulent dissipation. The BSL-RSM turbulence model 

uses the following omega-based transport equation for the Reynolds stresses [55]: 

apuiuj a (UkPUiUj) _ n 2/3, k~ <I> a ( ( µt) auiUj) --- + - .r ij - - pW Uij + ij + - µ + - ---
at axk 3 axk ak axk 

(2.10) 

where ~j is the production tensor and <I>ij is the pressure-strain correlation. In the 

BSL-RSM model, the equation for turbulent dissipation uses a blend between an w

based model and an E-based model, transformed to aw formulation in a similar way 

that was done for the SST turbulence model in Equation 2.8 [55]. 

The body force on the right hand side of Equation (2.6), FB, is included to allow 
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the URANS equations to be solved using a non-inertial frame of reference. It is 

referred to as an "apparent" body force because it is simply a kinematic relation 

that relates the acceleration of fluid particles in the non-inertial frame of reference to 

their acceleration in the inertial frame-of-reference. It is needed because the URANS 

equations, which are based on Newton's second law, are only valid in an inertial-frame

of reference. The apparent body force term in the URANS equations is analogous to 

the inertial coupling vector, b, in the rigid body equation of motion (Equation 2.1). 

For a URANS solution expressed in a frame of reference that is free to accelerate in 

all six DOF, such as the body axis of the submarine, the apparent body force contains 

four terms: 

(
d

2
Ro dr>. ) 

Fs = -p dt2 + dt X r1 + 0. X (0. X r1) + 20. X Ui (2.11) 

In this expression, derived in [56], Ro is the position vector locating the submarine 

with respect to the inertial coordinate system, n is the angular velocity vector of the 

body coordinate system ( n = pex + qey + rez, where ex, ey, and ez are unit vectors in 

the x, y, and z directions respectively), and r1 = xex+yey+zez is the position in the 

fluid domain relative to the body axis origin, expressed in body axis coordinates. The 

terms in Equation 2.11 account for apparent linear, angular, centripetal, and Coriolis 

accelerations, respectively, all of which depend on quantities directly calculated from 

Equation 2.1. The linear acceleration term can alternatively be written as follows 

when referenced to the body axes: 

d2 Ro = U' + n X u 
dt2 

(2.12) 

where U = uex+vey+wez is the velocity vector of the body and U' = uex+vey+wez. 

When a six DOF simulation of a single rigid body is solved using the body axes 

frame of reference, no mesh motion is required and the mesh velocity terms in the 

41 



URANS equations, Umj, all go to zero. Alternatively, when an inertial frame of 

reference is used, the apparent body force, FB, goes to zero and the motion of the 

rigid body is handled completely with the mesh velocity terms in the ALE formulation 

of the URANS equations. If, for example, the frame of reference translates with the 

submarine but does not rotate with it, the last three terms of FB go to zero. In this 

case, mesh motion handles the rotation of the submarine but the submarine does not 

translate within the computation fluid domain. 

In simulations where the boundaries of the rigid body /bodies move in the com

putational fluid domain, the mesh deforms to handle the relative motion between the 

rigid bodies and between the individual bodies and the stationary ( with respect to 

the frame of reference used in the fluid solution) far-field boundaries. The mesh defor

mation is computed in this work by solving the following partial differential equation 

for mesh displacement: 

__f_ (r ax~ ) = o 
8x· 8x· J J 

(2.13) 

where x~ = xi - x? is the mesh displacement and r is a diffusion coefficient, analogous 

to a spring stiffness, that can be changed to affect the way the deformation is diffused 

into the domain. In regions of high stiffness (large r), the mesh moves as a rigid 

body and there is very little distortion. For this reason, the stiffness is generally 

set high near the surface of solid boundaries to preserve the mesh quality in these 

regions. A challenge with using mesh deformation is that severe mesh distortion can 

occur during a simulation. If displacements and/ or rotations become too large, the 

mesh will collapse in some regions, ending a simulation. One way to deal with large 

displacements is create an interface where mesh elements on either side can slide across 

each other. Interpolation is employed at this sliding interface to exchange information 

across it. Sliding interfaces are used in conjunction with mesh deformation in the 

tanker-submarine interaction simulations and is discussed further in Chapter 3, along 

with other details on obtaining a numerical solution based on the governing equations. 
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Chapter 3 

Numerical Method 

The governing equations of motion for a rigid free-swimming submarine and the sur

rounding fluid were given in Chapter 2. In this chapter, the numerical method used to 

solve this coupled system of equations is presented. The time integration of the rigid 

body equations of motion will be discussed in the first section without considering 

the details of the fluid solution. This is followed by a description of the numerical 

discretization of the fluid equations in Section 3.2 and then the implementation of 

a computational procedure for iteratively solving the rigid body and fluid equations 

within a well-established commercial flow solver environment in Section 3.3. The spe

cific grid topology, boundary conditions, and simulation parameters used to simulate 

the emergency rising manoeuvre and the passing of a tanker over a submarine are 

presented in Sections 3.4 and 3.5, respectively. The chapter ends with a summary of 

computational requirements for the simulations. 
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3.1 Integrating the Rigid Body EOM 

3.1.1 Overview of the Predictor Corrector Method 

A set of 12 first order ordinary differential equations describing the rigid body motion 

of a submarine moving through a fluid were presented in Chapter 2. For convenience, 

the form of this equation set is reproduced here: 

Ay = g(t, y, y) (2.3) 

The objective is to integrate these equations to obtain the motion state of the sub

marine, y, as a function of time given the initial conditions y0 at time t0 . An im

plicit predictor-corrector time integration method was selected to numerically inte

grate these equations in a manner consistent with the flow solution. A schematic of 

the predictor-corrector integration procedure is shown in Figure 3.1. 

Three main steps are performed at each discrete time level in the solution: a 

predictor step ( P), an evaluation step ( E), and a corrector step ( C). The solution for 

the "new" time level, ti+l, begins with the predictor step, in which a prediction is made 

for the submarine state, yJ~1, and state derivative, yJ~1 , using the known state and 

state derivative of the submarine at previous equally-spaced time levels ti, ti-I, ... , ti-k. 

Note that subscripts will be used throughout this section to indicate the time level 

while superscripts in square brackets indicate the iteration, j. The predictor acts as an 

initial condition for subsequent evaluation and corrector steps, which are performed 

iteratively M times each time level. A useful mnemonic for describing the procedure 

is P(EC)M, which indicates that one predictor step is performed followed by M 

Evaluation and Corrector steps at each time level. The evaluation step consists of 

evaluating the coefficient matrix A and g(t, y, y) in Equation 2.3. A summary of 

the evaluation of the individual components of g(t, y, y) using a combination of CFD 
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Figure 3.1: Predictor-Corrector solution procedure. 

g 

and coefficient-based models is shown in Figure 3.1. The evaluation step is by far 

the most computationally expensive step in the procedure and will be discussed in 

further detail in later sections of this chapter. In the corrector step, the state of the 

submarine is "corrected" in a process of solving and integrating Equation 2.3 with an 

implicit method described below. 

3.1.2 Predictor 

The purpose of the predictor is to provide a good initial guess for the subsequent 

iterative solution. If sufficient corrector steps are used to achieve convergence at each 
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time level, the integration scheme used in the predictor step has no influence on the 

accuracy of the solution; the accuracy is completely determined by the integration 

scheme used in the corrector. However, the accuracy of the predictor affects the 

number of iterations required and thus influences the efficiency of the method. A 

predictor based on the assumption of constant submarine acceleration was found to 

provide a good initial guess at each time level. Since the first six components of y are 

accelerations whereas the remaining six components are velocities, they are treated 

separately in order to approximate constant acceleration. Acceleration components 

are held constant while velocity components are linearly extrapolated: 

0 [OJ [1 6] - 0 

Yi+1 - - Yi 

0 [OJ [7 12] - 2 ° 
0 

Yi+1 - - Yi - Yi-1 

(3.la) 

(3.lb) 

All 12 components of the predicted submarine state yJ~1 are obtained by using the 

above prediction for yJ~1 in the second order backward differentiation formula (BDF): 

[OJ _ / / / • [OJ Yi+i - 4 3yi - 1 3Yi-1 + 2 3~t Yi+1 (3.2) 

where ~t is the timestep size. Equations 3.1 and 3.2 constitute a predictor step. 

The backward difference formula is normally associated with implicit time integra

tion; however its use in the predictor is explicit because yJ~1 is calculated directly 

using known values of the submarine state in Equations 3.1. The backward difference 

formula was selected to be consistent with the time integration of the fluid equations 

of motion in ANSYS CFX. 

3.1.3 Corrector 

The objective of the correction iterations is to converge on a solution for the inte

grated submarine state Yi+l at each fixed time level. Note that the implicit nature 

46 



of Equation 2.3 requires that a converged solution for Yi+I be obtained at each time 

level as well. The relationship between Yi+I and Yi+l is fixed at each time level by the 

integration method. As with the predictor step, the second order BDF was selected 

for the corrector integration method to be consistent with the transient integration 

scheme of the flow solver, except this time it is applied in an implicit manner: 

[j+l] - 4/3 1/3 2/3 A • [j+l] 
Yi+1 - Yi - Yi-1 + ut Yi+1 (3.3) 

Thus by Equation 3.3, yJ:i1l can be found directly from yf+i1l or vice-versa. The 

relationship in Equation 3.3 is used to eliminate the direct dependence of Equation 

2.3 on y so that it can be written as a direct function of only y at the fixed time level 

ti+1 so that at convergence: 

(3.4) 

Note that the coefficient matrix A depends on the state of the submarine in scenarios 

with mass change due to ballast blowing. The procedure at each corrector iteration 

is to first solve Equation 3.4 for yJ:i11 , then substitute yf+il] into Equation 3.3 to 

calculate yJ:i11 . Equation 3.4 is an implicit non-linear equation that can be solved 

with one of two commonly-used methods: fixed point iteration or Newton iteration. 

The two methods, described next, have their respective advantages and limitations 

and both were used in this work. 

3.1.3.1 Fixed Point Iteration 

To use fixed point iteration, which is also referred to as the method of successive 

substitutions, Equation 3.4 must be placed in the following form: 

y = F(y) (3.5) 
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This can be done by setting 

F(y) = [A (y)r1 g (y) 

Fixed point iteration is defined by the following recursion relation: 

(3.6) 

The solution of Equation 3.6 is initiated with an initial guess for y provided by the 

predictor. Fixed point iteration is guaranteed to converge to a unique value for an 

arbitrary starting point if the function F (y) satisfies a Lipschitz condition 

IIF (y) - F (y*)II ~ L lly - y*II (3.7) 

for ally, y*, where the Lipschitz constant L satisfies O ~ L < 1 ([57], pg.12). Here, 

y* is the value of y that satisfies equation 3.5. If F (y) is a differentiable function, the 

above Lipschitz condition is equivalent to requiring the absolute value of the derivative 

dF / dy to be greater or equal to zero but less than 1 in the region of interest. There are 

cases where the Lipschitz condition of Equation 3. 7 cannot be satisfied and fixed point 

iteration will not converge. For the rigid body equations of motion applied to the fully 

submerged DRDC standard submarine considered in this work, it turns out that this 

Lipschitz condition is not met and the solution diverges with standard fixed point 

iteration. The large unsteady hydrodynamic loads due to submarine acceleration, the 

so-called "added-mass" forces, were found to be the primary cause. This is explained 

by a simple example in Appendix B, in which it is shown that if the ratio of the added 

mass to the mass of the submarine has a magnitude greater than 1 (in any of the six 

DOF), fixed point iteration will diverge. 

Although standard fixed point iteration was found to diverge, stable solutions can 
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be obtained by using the following modification of standard fixed point iteration: 

yU+1J = (1 _ 'Y) yUl + ( 'Y) p (yUl) (3.8) 

where 'Y is a relaxation parameter that blends the old value of y with the function 

evaluation. When 'Y is 1, Equation 3.8 reduces to standard fixed point iteration. An 

under-relaxation parameter in the range O < 'Y < 1 dampens the oscillations that 

occur from iteration to iteration, and if 'Y is set to a value smaller than a critical 

value, the oscillations are completely eliminated. However, making 'Y too small will 

provide excessive damping and slow the convergence down too much. It was found 

that 'Y = 0.5 provides a good level of damping for the scenarios and timestep sizes 

considered in this work. 

For the simulations of the submarine-tanker interaction study, the modified fixed

point iteration of Equation 3.8 was replaced with Newton iteration, described below. 

A comparison of the two methods was done with one of the emergency rising scenarios 

and it was found that the converged results for the two methods were consistent with 

each other. 

3.1.3.2 Newton iteration 

Newton iteration, also referred to as the Newton-Raphson process, is a well known 

procedure for solving scalar non-linear equations of the form F (y) = 0. It uses the 

first derivative of the non-linear function, F', to guide convergence according to the 

following recursive relation: 

( Ul) U+il - Ul - F y 
y - y F' (yUl) 
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Equation 3.9 is applied to the system of equations to be solved (Equation 3.4) as 

follows [57]: 

(3.10) 

where 

p (ylil) = [ A (ylil)] yf]1 _ g (ybl) (3.11) 

and Jp (yli+ll) = (8F/8y)lyl1+1J is the 12x 12 Jacobian matrix of F (ybl) with respect 

toy. Rather than invert the Jacobian matrix, Equation 3.10 is rearranged as follows 

for solution using LU decomposition (see for example [58]): 

(3.12) 

where L'.iyJ11 = yJ:-1
/

1 - yJ11 is the increment to be added to the old iterate to correct 

it. Equation 3.12 is evaluated at every iteration j for yf +1], which is used in Equation 

3.3 to update yf+ll according to second order BDF integration. The solution of 

Equations 3.12 and 3.3 constitute a corrector step using Newton iteration. Note that 

the right hand side of Equation 3.12 is the imbalance between the right and left hand 

sides of the submarine equations of motion. At convergence, this imbalance goes to 

zero as does the correction L'.iyf1• 

An advantage of Newton iteration over fixed point iteration ( or modified fixed 

point iteration) is that a second order convergence rate is achieved in the former 

while only first order convergence is obtained in the latter. Thus less iterations are 

required to achieve a certain level of convergence. This benefit, however, is achieved at 

the expense of evaluating the Jacobian matrix at each iteration. In practice a modified 

Newton iteration is employed, in which the Jacobian matrix is not updated at every 

iteration, or even every timestep, in order to save on computational effort. This can 

be done because the Jacobian matrix need not be exact, since at convergence L'.iyJ11 

goes to zero; slight errors in J F affect the convergence rate but not the converged 
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solution. Updates for J F can be delayed until convergence is poorly affected or until 

convergence cannot be achieved in a timestep. This is fortunate because the most 

important terms in J F are the derivatives of the URANS-based hydrodynamic loads, 

which cannot be expressed analytically or solved exactly; an approximation needs to 

be made for the 36 derivatives of 8FcFD/8y. 

An approximation from theory can provide an affordable estimate for the Jaco

bian matrix. In this work, Watt's [29] coefficient-based hydrodynamic model for the 

DRDC-STR submarine is used to estimate Jp. It should be noted that some of the 

most important terms in J F are added mass coefficients, which can be estimated from 

theory reasonably accurately. Also, the derivatives of most hydrodynamic loads in 

the coefficient based model have simple analytical expressions. The static loads are 

an exception because they are expressed with relatively complicated functions of flow 

incidence angle 8 and flow orientation angle <I> in Watt's coefficient-based model [29]. 

It is not difficult to obtain these derivatives using symbolic math software, however 

it adds complexity to the code that was found to be unnecessary because the static 

derivatives are less critical than the added mass coefficients. The code was simplified 

by approximating the derivatives of static ( steady translation) hydrodynamic loads 

using a numerical evaluation of the slopes at 8 = 0. All components of J F ( except 

the static derivatives) are updated at each corrector iteration since it is inexpensive 

to do so. 

In this work, a comprehensive coefficient based model for the submarine geome

try of interest provides a good economical estimate for the components of J F· If a 

coefficient-based model is not available, a linearized J F can be obtained by perform

ing captive model CFD computations (see Section 1.6.3) before performing motion

coupled simulations. 
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3.1.4 Convergence 

One way of performing predictor-corrector integration is to allow iterations to continue 

until the change in submarine state from one iteration to the next falls below a 

specified tolerance. In this mode of "correcting to convergence" , the total number of 

corrector iterations M for a timestep is not known in advance because it depends on 

the solution. The problem with this mode is that the solution can hang at a timestep 

if the convergence criteria can not be met. For this reason, it is common practice to 

specify Min advance, where Mis typically set to a small number, such as 1 or 2 [57]. 

When using a small number of corrector iterations, the accuracy of the solution may 

be influenced by the predictor. An analysis by Lambert [57] shows that if the order of 

accuracy of the predictor is one less than the corrector, as is the case in this work, then 

if only one corrector step is performed ( M = l), the principal local truncation error 

(PLTE) at each time level is affected by the PLTE for the predictor but the overall 

order of accuracy will be that of the corrector. If M > l then both the PLTE and the 

overall order of accuracy are that of the corrector alone. At least two corrector steps 

are used in all simulations performed in this work and thus the time integration is 

second order accurate, and the PLTE is that of the backward differentiation formula 

used in the corrector. 

For simulations with Newton iteration, it was found that the residual ly[Hl] - yUl I 

drops by about an order of magnitude with each iteration. A test comparing a simula

tion with M = 2 against an otherwise identical simulation with M = 3 showed results 

were identical to plotting accuracy, indicating that two corrector iterations were suf

ficient when using Newton iteration. However, in some extreme rising manoeuvres, 

M had to be set to 3 because it was found that a tighter convergence was needed to 

maintain ·stability in the solution (growing spurious oscillations developed for M = 2 

but not for M ~ 3). When using modified fixed-point iteration, M was set to 10. In 

all cases, the maximum residual for any time level during a simulation was typically 
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below 10-6 Ls for positions (where Ls is the submarine length) and 10-4 radians for 

Euler angles. 

Note that the numerical solution of the fluid equations of motion performed during 

the evaluation step at each iteration j also requires an iterative solution. The fluid iter

ations are nested within the corrector iterations and are referred to as "coefficient-loop 

iterations", k. For each corrector loop, N coefficient-loop iterations are performed, 

making the total number of coefficient-loop iterations performed at a time level equal 

to M x N. It was found that it takes about five coefficient-loop iterations for fluid 

solution to give steady hydrodynamic loads at the start of the solution for a timestep. 

For simulations with modified fixed-point iteration, N was set to 1. This means that 

the first corrections in submarine state are based on a poorly converged solution of the 

hydrodynamic loads. For stability, the relaxation parameter, in Equation 3.8 had to 

be set to a smaller value for the first few corrector steps and then later increased to 

0.5 by iteration 5. After about 10 coefficient-loop iterations, the state of the subma

rine and hydrodynamic loads converge to steady values. For simulations with Newton 

iteration, N was set to 5 and the position of the submarine is corrected based on 

better converged hydrodynamic loads. This was done because it is likely that Newton 

iteration would diverge when using poorly converged hydrodynamic loads since an 

adjustable relaxation parameter is not used as in the case with modified fixed point 

iteration. 

Some trial and error is needed to determine a good overall relaxation parameter 

that works well for the entire system of equations ( unless a different , is used for each 

equation). In a loose sense, Newton iteration uses an "optimum" , for each equation 

via the Jacobian matrix. For this reason, Newton iteration is the preferred method 

in this work. 
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3.2 Discretizing the Fluid Equations of Motion 

In order to obtain a numerical solution to the URANS equations presented in Chapter 

2, they are discretized and solved using the commercial RANS solver ANSYS CFX 

v12.1. The discretization method is described in this section, while the solution pro

cedure is given in Section 3.3. The specific mesh topologies and boundary conditions 

used to solve the fluid equation in each manoeuvring scenario are described in Sections 

3.4 and 3.5. 

ANSYS CFX uses a finite element-based finite volume method. It combines the 

important conservation properties of the finite volume method with the geometric 

flexibility of finite element methods. This method is summarized here; additional 

details are given in the ANSYS CFX user manual [55]. 

As in any finite volume method, ANSYS CFX generates control volumes from a 

mesh that fills the computational fluid domain. All meshes used in this work are 

three dimensional; however, for simplicity, the method used by AN SYS CFX will be 

described by considering only two dimensions. 

Figure 3.2 shows a typical two-dimensional mesh. All fluid solution variables and 

fluid properties are stored at the mesh vertices, which are referred to as nodes. A 

control volume is constructed around each of the nodes using the median dual, which 

is defined by lines joining the centers of the edges and the centers of the elements 

surrounding the node. The integration points on any sub-face of the control volume 

are used to approximate fluxes of mass and momentum in and out of control volumes, 

as discussed below. 

The finite volume method involves integrating the differential equations for mass 

(Equation 2.5) and momentum (Equation 2.6) over the control volume. These equa

tions can be written as follows, when using Gauss's divergence Theorem to convert 

volume integrals involving divergence and gradient operators to surface integrals: 
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i ( p dV + ( p (Uj - Umj) dnj = 0 
dt J v(t) ls 

i1 pUdV+jp(U· -U ·)Udn · = 
dt i J mJ i J 

V(t) s 

- p dnj + µ eff _ i + __ J 1 1 (au. au.) 
s s axj axi 

(3.13) 

(3.14) 

where V and s denote volume and surface integrals , respectively, dni are the dif

ferential Cartesian components of the outward normal surface area vector, µ eff is 

the effective viscosity (sum of the molecular and turbulent viscosities), and Sui is a 

momentum source term, consisting of the apparent body force term (Equation 2.11) 

and any additional contributions arising out of the viscous stress tensor associated 

with a Newtonian fluid. In many simulations considered in this work, the control 

55 



volumes move and deform to account for the motion of the submarine (and tanker). 

The advection terms (second term in Equations 3.13 and 3.14) take into account 

the mesh velocity Umj in determining the net advective transport across a moving 

control-volume face. The transient terms account for the rate of change of storage 

in the deforming control volume. Using the Leibnitz rule, the transient terms can be 

written as follows: 

d
d f ¢ dV = { 8

8
¢ dV + { ¢ Umi dni 

t lv(t) lv t ls 

where ¢ is a solution variable ( ¢ 

conservation of momentum). 

p for conservation of mass and ¢ 

(3.15) 

The Geometric Conservation Law ( GCL) must also be satisfied in deforming mesh 

simulations. The GCL states that, "for each control volume, the rate of change of 

volume must exactly balance the volume swept due to the motion of its boundaries" 

(55]: 

d
d { dV = { Umi dni 
t Jv(t) ls (3.16) 

The GCL is satisfied by using the same volume recipe for swept volume calculations 

as for the control volume, rather than approximating the swept volumes using mesh 

velocities [ 55] . 

The integral equations, Equations 3.13 and 3.14 are discretized and applied to each 

control volume in the domain. The surface integrals are converted to discrete form 

by evaluating them at integration points ( abbreviated ip), which are illustrated for 

two dimensional elements in Figure 3.2. In three dimensions, the integration points 

are located at the center of each surface segment of the control volume. Note that 

since integration points are shared by adjacent control volumes, the flux that leaves 

one control volume is exactly equal to the flux entering the adjacent control volumes. 

As a result, local and global flux conservation is guaranteed, which is an important 
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feature of finite volume methods. 

The discretized form of the integral equations (Equations 3.13 and 3.14) are ex

pressed in terms of integration point values as follows: 

V ~t G (p) - 2(p)
0 + ~ (p)°°) + LPUmjtlnj + Lmip = 0 

ip ip 

(3.17) 

(3.18) 

where 

(3.19) 

l:!:..t is the time step size, and the superscripts O and 00 represents values at old timelevels 

ti and ti-l, respectively (quantities without a superscript correspond to timelevel ti+1). 

The ip summations are over all integration points for the control volume. The use of 

the second order backward difference formula for the transient term is consistent with 

the time integration scheme used for integrating the six DOF equations (Equation 

3.2). 

Several terms in Equations 3.17 and 3.18 need to be approximated at the integra

tion points. The advection, pressure gradient, and diffusion terms are each treated 

separately, as described below. For several quantities, ANSYS CFX uses finite element 

shape functions to approximate quantities at integration points based on the values 

at the mesh nodes. Shape functions describe the variation of a variable ¢ within an 

element as follows: 
Nnode 

q>= L Nnc/>n (3.20) 
n=l 

where Nn is the shape function for node n, and ¢n is the value of¢ at node n. Equation 
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3.20 applies to all the flow variables (velocity, pressure, etc.), as well as coordinates. 

The shape functions Nn vary as linear functions of parametric coordinates (s, t, u) for 

each mesh element. The shape functions depend on the element type. ANSYS CFX 

supports hexahedral, tetrahedral, wedge, and pyramid elements; the tri-linear shape 

functions for each of these elements are given in [55]. 

The derivatives of velocity in the diffusion terms and the pressure gradient term 

are approximated by interpolating from surrounding nodes using standard shape func

tions. The shape functions could be evaluated at the integration points, in which case 

tri-linear interpolation is employed. However, it has been found that solution robust

ness is increased if the shape functions for these terms are evaluated at the location 

where each ip surface intersects the element edge rather than at the integration points 

[55]. In this case, linear-linear interpolation is used instead of true tri-linear interpo

lation. Linear-linear interpolation is the default for these terms and has been used for 

all computations in this work. 

For the advection term, the integration point values of Ui ( only the term that 

is outside m; the discretization of m is given below) are approximated using nodal 

values of Ui as follows: 

U.. = U· + cv7u. · ~r Zip Zup ~ Z (3.21) 

where Uiup is the value of Ui at the upwind node, ~ is a blend factor, and r is the 

vector from the upwind node to the ip. The blend factor ~ can be set to any value 

between zero and 1, and can vary from node-to-node as discussed below. For schemes 

in which the same constant for ~ is selected for all nodes, the gradient v7Ui is set to 

the average of the adjacent nodal gradients. 

The first order upwind differencing scheme results when ~ = 0. This is a very 

robust scheme but it generates false diffusion that smears sharp spatial gradients, 

and as a result, is not considered suitable for accurate flow computations [59]. The 

term ~v7Ui · ~r in Equation 3.21 can be considered an anti-diffusive correction applied 
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to the upwind scheme [55). When ~ is set to 1, the advection discretization scheme 

is second-order accurate and better captures sharp spatial gradients. This choice is 

used in this work for all computations using fully-structured meshes ( composed of 

hexahedral elements only). 

The advection scheme with ~ = 1 is unbounded and may cause non-physical 

oscillations in regions of rapid flow variations. In order to address this, ANSYS 

CFX has a "High Resolution Scheme" for the advection term, which uses a nonlinear 

recipe for ~ at each node that "sets ~ as close to 1 as possible without introducing 

new extrema" [55). In this scheme, the advective flux is evaluated using values of ~ 

and v'Ui from the upwind node. The High Resolution Scheme is used in this work 

for all computations employing hybrid meshes ( which contain hexahedral as well as 

various unstructured element types). 

The use of a co-located grid layout in combination with a linear interpolation of 

the pressure gradient can lead to decoupled pressure field that can exhibit a spurious 

"checkerboard" pattern. In order to avoid this decoupling, a similar strategy as that 

was proposed by Rhie and Chow [60) and modified by Majumdar [61) is used to 

discretize mass flows (Equation 3.19). In this method, the advecting velocity (Uj in 

Equation 3.19) is discretized as follows: 

- ( op I op I ) ui,ip = ui,ip + fip a. . - ox· . 
Xi ip i ip 

(3.22) 

where 
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where A is an approximation to the central coefficient of the momentum equation, 

excluding the transient term, and overbars indicate averaging of adjacent vertex values 

to the integration point. 

The discretized conservation equations for mass and momentum can be written as 

a linear system of equations having the following form: 

L afb</Jrb = bi (3.23) 
nbi 

where ¢ is the solution, b is the right hand side, and ai are the coefficients. The 

subscript i refers to the node ( or corresponding control volume), and nb refers to the 

neighbours of node i as well as the central coefficient for node i itself. Equations for 

mass and momentum are coupled together and solved for¢= [uJ, VJ, WJ,Pf, where 

UJ, VJ, and WJ are the Cartesian components of fluid velocity. This is evaluated as a 

part of a broader solution procedure for evaluating the motion of the submarine as a 

function of time, as described next. 

3.3 Computational Solution Procedure 

The overall predictor-corrector procedure for integrating the equations of motion for 

the submarine was presented in Section 3.1, in which the evaluation of the fluid 

equations of motion were considered to be a subroutine that is performed at each 

corrector iteration to obtain hydrodynamic loads. This is considered to be the most 

intuitive way to describe the solution process and it is consistent with the perspective 

taken in previous work using coefficient-based models of hydrodynamic loads. An 

alternative perspective is to make the solution of the fluid equations of motion the 

primary focus and consider the evaluation of the rigid body motion of the submarine 

to be a subroutine that is called to adjust boundary conditions and momentum sources 

in the fluid solution as it proceeds to convergence. This second perspective is taken 
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when implementing the solution procedure in a computational algorithm. The main 

reason for taking this approach is that the CFX flow solver has a flexible framework 

whereby user subroutines can easily be connected at many points in the flow solution. 

The predictor and corrector steps described in Section 3.1 are thus easily embedded 

in the fluid flow solution as subroutines. Also, the majority of the computational 

effort goes into solving the fluid equations so it makes sense from a computational 

point-of-view to make it the primary focus. 

A preliminary implementation of the solution procedure was done by ANSYS 

Canada in an initial collaboration with DRDC-Atlantic [56]. This implementation has 

been modified slightly in the present work to be consistent with the predictor-corrector 

time integration presented in Section 3.1. A schematic of the final computational 

solution procedure is shown in Figure 3.3. The procedure on the left side of this figure 

shows the basic steps done by CFX in a transient simulation. User Fortran code is 

used to perform the specific tasks related to 6 DOF submarine simulations shown on 

the right hand side of the figure. This Fortran code is connected at several points 

in the fluid solution. At the start of a simulation, the submarine state information 

is provided by an input file. Next, the timestep loop begins. At the start of every 

timestep loop, the control model presented in Appendix A is used to adjust the 

propeller load and deflection of the submarine tailfins. A predictor step (cf. Section 

3.1) is also performed to provide an initial guess for the state of the submarine at 

the current (new) time level, i + 1. Next, the so-called coefficient loop iterations 

begin. In each coefficient loop iteration, the mesh displacement equations are first 

solved, followed by the momentum equations for u1, v1 , w1 and finally the turbulence 

equations. Note that the subscript "f" will be used through the remainder of this 

chapter to distinguish fluid quantities from rigid body quantities. The solution of 

each of these three equations sets consist of two computationally intensive operations: 

1. Coefficient Generation: The non-linear equations are linearized and assembled 
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sources 
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Calculate hydrodynamic 
loads on submarine If k = Ni ( where i is a positive integer 1,2, ... ) then: 

1. Evaluate modeled propeller and tailfin loads. 
2. Evaluate mass changes due to ballast blowing. 
3. Update submarine state using Corrector. 

Otherwise hold submarine state constant. 

Iteration parameters: 
N = number of coefficient loop iterations per corrector. 
M = number of correctors. 
kmax = NM= # of coefficient loop iterations per timestep. 

Figure 3.3: Computational solution procedure. 
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into the solution matrix. 

2. Equation Solution: The linear equations are solved using an Algebraic Multigrid 

method [62]. 

The hydrodynamic ( u f, v f, w f, p) equations are solved as a single system using a cou

pled solver [63, 64] and the Additive Correction [65] Algebraic Multi-grid [62] proce

dure is used to accelerate the solution. 

In order to solve the mesh displacement equation, the locations of the submarine 

and tanker (in scenarios with a tanker) boundaries need to be updated based on the 

current state of the submarine. These motions are relative to the frame-of-reference 

selected for the fluid solution. In simulations with the submarine alone (no tanker) 

and a frame of reference that translates and rotates with the submarine, the submarine 

boundary does not move relative to the fluid frame and there is no mesh motion. In 

this case the solution of the mesh displacement equation is not needed. In the other 

simulations, the boundaries of the submarine move in a way that depends on the frame 

of reference selected for solution. The specifics for each case are described in Sections 

3.4 and 3.5. Similarly, boundary conditions and momentum source terms need to be 

updated based on the current state of the submarine and the details of this are specific 

to each scenario simulated. After the mesh displacement, momentum, and turbulence 

equations are solved, the pressure and shear stress distributions on the submarine 

boundary are integrated to calculate the hydrodynamic loads, FcFD· At the end of 

a coefficient-loop iteration, the state of the submarine may or may not be corrected 

using the corrector described in Section 3.1, depending on the coefficient-loop iteration 

k. As described Section 3.1.4, the fluid solution is not well converged after only one 

coefficient-loop iteration, thus N coefficient-loop iterations are performed between 

each corrector application, where N can be adjusted based on the desired converged of 

the hydrodynamic loads when correcting the submarine state. It was found that N = 5 

provides sufficient convergence of hydrodynamic loads for use with Newton iteration 
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for the rigid body equations of motion. With fixed-point iteration, sufficient relaxation 

is used that N is set to 1 and the submarine state is corrected every coefficient 

loop iteration. Whenever it is time to correct the submarine state, the coefficient

based models for propeller thrust and torque, tailfin loads, and ballast blowing are 

evaluated. It was found that the solution is converged well after kmax = 10 coefficient 

loop iterations, at which point, the solution steps in time (in some simulations 15 

coefficient loop iterations were used at each timestep for tighter convergence). The 

procedure shown in Figure 3.3 is used for all simulations; however, the grids, boundary 

conditions, and momentum source terms are specific to each scenario as described 

next. 

3.4 Emergency Rising Manoeuvre 

The emergency rising manoeuvre and associated roll instability were introduced in 

Chapter 1. As described in the literature review, Watt [29] performed a series of 

rising simulations using a coefficient-based model for hydrodynamic loads. Three of 

these coefficient-based simulations (Sl, S8, and S9) were reproduced in this work 

using the unsteady RANS simulation method described in this chapter. In all three 

rising simulations, the submarine begins with straight and level flight at a depth of 

100 meters and a speed of 3 m/s. At time t0 = 0, the horizontal sternplanes are 

deflected to pitch the submarine up, ballast blowing of all four main ballast tanks 

(MBT) is initiated, and the commanded speed of the propeller is increased to 6 m/s. 

Throughout the rise, the commanded setpoints for sternplane deflection angle are 

adjusted at different times in order to attain and maintain a certain pitch angle. 

The way in which the propeller RPM increases and the sternplanes move in response 

to commands is dictated in an open-loop way by the control model presented in 

Appendix A. Watt [29] determined a command sequence for sternplane deflections 

64 



that achieves the desired pitch angle in the coefficient-based simulations. The same 

sequence is used in the RANS-based simulations for consistency so that the results 

of two methods can be compared. Note that since there is no feedback control in 

the sternplane deflection model, the actual pitch angles achieved in the RANS-based 

simulations are slightly different than Watt's pitch angles because of differences in the 

RANS-based and coefficient-based evaluation of hydrodynamic loads. The specific 

control parameters for each scenario will be presented in Chapter 5. 

3.4.1 Submarine Geometry 

All simulations are based on the fully-appended DRDC-STR submarine geometry, 

shown in Figure 3.4. This submarine has an axisymmetric hull with a length-to

maximum diameter ratio of 8. 75 and consists of three profile sections: a Riegels type 

D2 profiled nose, a circular cylinder mid-body region, and a parabolic profile tail 

region. The sail has a NACA 0020 profile with a chord length of 1.5D and span of 

6 /7 D, where D is the maximum hull diameter. There are also four identical tailplane 

appendages attached to the tail section of the hull in a symmetrical '+' configuration. 

The radius of the hull, r, as a function of axial position is defined in reference [66]. 

3.4.2 Initial Conditions 

Rising simulations begin with the submarine in equilibrium conditions for steady, 

level flight at zero incidence. Equilibrium is achieved by offsetting the hydrodynamic 

pitching moment with an initial sternplane deflection, 680 , the hydrodynamic normal 

force with a weight trim, Wt = W - B, and the drag with propeller thrust, Xp. At 

zero incidence, the behind-the-boat advance ratio for the propeller, Jb, relates the 

submarine speed to the rotation rate of the propeller, n as follows [29]: 

(3.24) 
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Figure 3.4: DRDC-STR submarine geometry (hull-sail-tail configuration). Repro
duced from [66]. 

where D is the propeller diameter. As described in more detail by Watt [29], the 

drag coefficient at zero incidence determines the required self-propulsion behind-the

boat propeller advance ratio, Jbs, for equilibrium. These trim constants are slightly 

different for the RANS solution than Watt's coefficient-based solution. A steady 

RANS simulation with the submarine moving straight ahead at 3 m/s is used to 

determine Jbs, 880 , and Wt = W - B. This steady RANS simulation is also used as 

initial conditions for the URANS solution. 

Two frames-of-reference are used for the URANS solution in these si;mulations: 

the body axis frame of reference and a frame that translates with the submarine but 

does not rotate with it. The boundary conditions used for these two types of fluid 

solutions are presented next. 
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3.4.3 Fluid Solution in Body Axis Frame of Reference 

All three emergency rising scenarios are simulated using the frame of reference of the 

submarine (body axis frame of reference) for the fluid solution. Since the fluid domain 

translates and rotates with the submarine, the required apparent body force source 

term described in Chapter 2 contains all four terms for these simulations: 

(3.25) 

3.4.3.1 Fluid Domain and Boundary Conditions 

The computational fluid domain is set up as shown in Figure 3.5. The external 

boundaries of the fluid domain form a large rectangular box around the submarine 

geometry. The clearance between the submarine and external boundaries is at least 

2.5 submarine lengths at all points. The fluid coordinate system is the same as the 

body axis coordinate system: the origin of the fluid coordinate system (x1, YJ, z1) is 

at the centroid of the submarine hull; the x raxis points through the nose, the YJ axis 

points to starboard, and the ZJ axis points through the submarine keel. As a result, 

the hydrodynamic forces and moments computed in the fluid solution can be used 

directly in the rigid body equations of motion without transformation. 

In setting boundary conditions, it is assumed that the submarine is far removed 

from any other solid bodies. Also, since the objective is to understand the underwater 

roll instability rather than the process of breaking through the ocean surface, the 

effects of the free surface are not included in the simulations. It is assumed that 

the submarine is always deeply submerged in a quiescent ocean with no waves. The 

hydrostatic pressure gradient with depth due to gravity is not included in the fluid 

solution directly. Under the assumptions of constant fluid density and submarine 

volume, the hydrostatic pressure gradient is linear and imposes a constant buoyancy 

force on the submarine equal to the product of the submarine volume and the density 

67 



Figure 3.5: Fluid domain boundaries for emergency rising simulations. The submarine 
length L is 70 m. 

of seawater. The fluid solution is simplified by removing gravity and adding the 

hydrostatic buoyancy force to the hydrodynamic loads ( as shown in the presentation 

of the rigid body equations of motion). 

Boundary conditions are applied to the 7 boundaries in the computational fluid 

domain - the submarine surface and the six external boundaries (faces of the box). 

The external faces are described by their location relative to the submarine; the +x 
I 

boundary is in front of the submarine and the -x boundary is behind it , the +y and 

-y boundaries are to starboard and port , respectively, and the +z and - z boundaries 

are below and above the submarine, respectively. The following boundary conditions 

are applied in simulations using the body-axis frame of reference: 

• Submarine: Hydrodynamically smooth no-slip wall (uf =VJ= WJ = 0). 

• External boundary -x: Outlet with zero average static pressure (Pave = 0). 

• External boundaries +x, +y, -y, +z, - z : Velocity specified according to Equa-
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tion 3.26 below, turbulent intensity and eddy viscosity ratio set to 5%. 

The velocity at the +x, +y, -y, +z, and -z boundaries is specified using the as

sumption that the ocean velocity is undisturbed by the submarine at these far-field 

boundaries. Since the ocean is assumed to be quiescent ( no ocean current), this is 

equivalent to setting the inertial-frame fluid velocity to zero. The following kinematic 

relation is used to account for the rigid body motion of the fluid domain (which trans

lates and rotates with the submarine) when expressing this far-field velocity condition 

in the fluid frame of reference: 

(3.26) 

where U f = [u1, VJ, w1JT is the velocity of a fluid particle at the boundary in the 

body-fixed frame of reference, Uinert = [uinert, Vinert, WinertJT is the far field velocity 

of the ocean in the inertial frame, U = [u, v, w]T is the velocity of the submarine, 

n = [p, q, r]T is the angular velocity of the submarine, and rB = [xB, YB, zB]T is the 

position of the fluid particle on the boundary measured in the body axes coordinates. 

Under the assumption that the submarine is moving in a quiescent ocean, Uinert is 

set to zero. Note that the boundary conditions are updated every time that the 

submarine state y changes. 

The fluid velocity varies spatially at the external boundaries due to submarine 

rotational velocity n in Equation 3.26. In general, flow can be entering a boundary 

at one location and leaving it at another. Since the submarine velocity U always has a 

large positive component in the x-direction, the fluid at the -x boundary was found 

to always be leaving the domain in the simulations, allowing the outlet boundary 

condition to be used there. There is a fairly strong constraint on mass flow into and 

out of the domain since velocity is specified on 5 out of 6 external boundaries. The 

pressure and velocity fields were analyzed at several instants during the solution to 
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determine if this combination of boundary conditions is suitable for a domain of this 

size. In all cases, the pressure transitions smoothly to zero in the far-field and the 

fluid velocity goes to zero when converted to the inertial-frame. There are some very 

minor spurious pressure and velocity disturbances around the corners, however they 

were limited in magnitude to less than 1 % of the submarine stagnation pressure at all 

times in the simulations. Since they were confined to the external boundary corners, 

they had no significant impact on the hydrodynamic loads on the submarine. 

3.4.3.2 Mesh Topology 

Two volume meshes were created by ANSYS Canada to discretize the fluid domain; a 

coarse mesh having 2.1 million nodes and a refined mesh with 4.4 million nodes. These 

meshes are compared in Figure 3.6, which emphasizes the mesh topology employed in 

the vicinity of the submarine and the special attention to resolving near wall velocity 

gradients. Both of the meshes transition from a structured to an unstructured grid 

away from the submarine and extend out to large rectangular box shown in Figure 

3.5. The mesh refinement in the second mesh was confined to a region close to the 

submarine surface without changing the height of the first cells above the submarine 

surface. Simulation results indicate that the average near wally+ values range from 30 

at the start of rising simulations (when the submarine is moving at 3 m/s) to 80 at the 

end of simulations (when the submarine is moving at 8 m/s). Wall functions are used 

to determine the near wall velocity gradients because resolving the flow down into the 

viscous sublayer (y+ < 1) would require substantially more grid cells. Also, it was 

found that the submarine geometry needs to be defined more accurately in the region 

where the tail appendages meet the hull in order to create the very high aspect ratio 

cells required to resolve the viscous sublayer. Steady simulations results in Chapter 4 

show that relatively good predictions of hydrodynamic loads are achieved using wall 

functions with y+ around 30. 
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Figure 3.6: Symmetry plane and lateral y-z plane cross-sections of t he fluid mesh in 
the vicinity of the submarine for the 2.1 million node mesh ( a and b) and t he 4.4 
million node mesh ( c and d) used for emergency rising simulations. 

3.4.4 Fluid Solution in a Translating Frame of Reference 

Emergency rising simulations are also conducted using a frame-of-reference t hat trans

lat es with the submarine but does not rotate with it. In the remainder of t his 

t hesis, t hese simulations will be referred t o as the "translating-frame simulations" 

while the simulations of Section 3.4.3 will be referred to as "body-frame simulations" . 

Translating-frame simulations use mesh motion to account for submarine rotation 

while momentum source terms account for linear acceleration. This is in contrast 

with t he body-frame simulations, which only use moment um source terms t o handle 

bot h rotation and t ranslational acceleration; t here is no mesh motion. The purpose of 

comparing these simulation methods is to validat e the use of mesh motion in the ALE 
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form of the URANS equations (Equation 2.6) against the rotational momentum source 

terms. This is important because mesh motion must be used for tanker-submarine 

interaction simulations. 

3.4.4.1 Fluid Coordinate System and Momentum Source 

In translating-frame simulations, the fluid x f, YJ, z1 coordinate directions are always 

aligned with the inertial x 0 , y0 , z0 coordinate directions and the origin of ( x f, y f, z f) 

is always at the origin of the body-axis coordinate system. The same domain (Figure 

3.5) and coarse mesh (Figure 3.6) are used in the translating-frame simulations as in 

the body-axis frame simulations. Since mesh motion ( described below) accounts for 

submarine rotation in translating-frame simulations, only the translational terms are 

used in the apparent body force: 

(3.27) 

3.4.4.2 Boundary Conditions and Mesh Motion 

The external boundaries are initially normal to the body axis directions and are 

described with a similar convention used in Section 3.4.3.1; the +xi boundary is 

initially directly in front of the submarine and normal to the body x-axis, the + z f 

boundary is initially below the submarine and normal to the z-axis, etc. Note that 

once the submarine rotates during the manoeuvre, the external boundaries are no 

longer normal to the body axes because the submarine boundary (and attached body 

axis) rotate while the external boundaries are held fixed. The ±x f boundaries are 

always normal to the inertial x 0 direction while the ±y f and ±z f boundaries are always 

slanted with respect to the y0 and z0 directions by the small initial submarine roll 

angle, ¢0 ( this initial roll angle is accounted for by rigidly rotating the entire mesh 

by ¢0 when setting up the problem, so that the fluid coordinate system is aligned 
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with the inertial coordinate system). The following boundary conditions are applied 

in translating-frame simulations: 

• Submarine: Hydrodynamically smooth no-slip wall. Boundary mesh nodes move 

based on the rigid-body rotation of the submarine, as described by Equations 

3.29 - 3.31 below. The fluid velocity is zero relative to the velocity of the 

boundary mesh nodes. 

• External boundary -x1: Outlet with zero average static pressure (Pave= 0). 

• External boundaries +x1, -z1: Velocity specified according to Equation 3.28 

below, turbulent intensity and eddy viscosity ratio set to 5%. 

• External boundaries +YJ, -yf, +z1: Static pressure= 0. Velocity gradient per

pendicular to the boundary= 0. 

As in the body-frame simulations, the flow is always leaving through the -x f 

boundary behind the submarine and it is given an outlet boundary condition with 

zero average static pressure. In the translating-frame simulations, the undisturbed 

far-field velocity does not vary spatially over the external boundaries because there is 

no domain rotation. The velocity specified on boundaries +x f and - z f is set using 

Equation 3.26 with n = 0: 

VJ= Uinert - U (3.28) 

The inertial-frame far-field ocean velocity Uinert is again set to zero under the assump

tion of a quiescent ocean. Note that the submarine is moving forward (in the +x0 

direction) and rising (in the -z0 direction) throughout the entire emergency rising 

manoeuvre ( except around t = 0 when it is moving with level flight). As a result, 

flow is always entering through the +x f and - z f boundaries ( except it is tangent 

to the -z1 boundary at the start of the simulation), making the velocity-specified 

boundary condition an appropriate choice for these boundaries. There is relatively 
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little submarine motion in the lateral y0 direction during the rising manoeuvre. The 

flow is thus predominantly tangent to the side ( ±y 1) boundaries throughout the sim

ulation and it is unknown in advance whether there will be inflow or outflow. The 

pressure-specified boundary condition with zero velocity gradient allows flow to en

ter or leave the domain depending on the solution. A pressure-specified boundary 

condition was also used for the bottom ( + z 1) boundary because flow is leaving this 

boundary throughout most of the simulation due to the submarine's rising velocity. 

Simulation results show that the pressure and inertial-frame fluid velocity transition 

smoothly to zero in the far-field (within less than 1 % of the stagnation pressure and 

free-sream velocity). 

A no-slip boundary condition is again used for the submarine surface, however 

it now rotates using mesh motion. The angular displacement of the submarine is 

handled by moving the submarine boundary nodes ( which are fixed to the submarine 

boundary) relative to the fluid frame every time the submarine state is updated within 

the solution. The new position of a node on the submarine boundary expressed in 

the fluid coordinate system, r 1, is found by transforming the position of that node in 

body axis coordinates, rb, using the following transformation matrix: 

(3.29) 

where 

cos () cos 'ljJ sin ¢ sin () cos 'ljJ - cos ¢ sin 7/J sin ¢ sin 7/J + cos ¢ sin () cos 'ljJ 

[C] = cos() sin 7/J cos¢ cos 'ljJ +sin¢ sin() sin 7/J cos¢ sin() sin 7/J - sin¢ cos 'ljJ 

- sin() cos() sin¢ cos() cos¢ 

(3.30) 

The transformation matrix C transforms a vector expressed in body axis directions to 

inertial coordinate directions ( the fluid coordinate system is aligned with the inertial 
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coordinate system). The body axis coordinates, rb, of every node on the submarine 

boundary never change because the body is assumed to be rigid. They are computed 

once at the start of the simulations by transforming the initial positions of the bound

ary nodes expressed in the fluid coordinate system, r 10 , to the body axis using the 

transpose of transformation C along with the initial Euler angles of the submarine, 

c/Jo, Bo, 'l/Jo: 

(3.31) 

This process of updating the position of the boundary nodes ensures that the roll

pitch-yaw Euler angles of the submarine in the fluid domain are always consistent 

with the solution of the 6 DOF rigid body equation of motion (Equation 2.3). The 

boundary velocity is derived by CFX from changes in mesh location from one timestep 

to the next. 

Note that the hydrodynamic forces and moments evaluated by integrating surface 

shear stress and pressure must also be transformed from the fluid coordinate sys

tem to the body-axes coordinate system before using them in the corrector equation 

(Equation 3.8 or 3.12). This is done using the same relation in Equation 3.31: 

(3.32) 

where FcFD and FcFD,J are the hydrodynamic loads expressed in the body axis 

coordinate directions and the fluid coordinate directions, respectively. 

The external boundaries of the fluid domain are fixed relative to the frame of 

reference used in the fluid solution and thus there is no mesh motion there. They 

must be held fixed because solution errors will occur in ANSYS CFX if the external 

mesh nodes are moved normal to inlets, outlets or openings [54). The mesh must 

deform to account for the rotation of the submarine boundary relative to the fixed 

external boundaries. The mesh displacement equation, Equation (2.13), is used to 
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diffuse this submarine boundary displacement throughout the domain. The mesh 

stiffness coefficient was made to vary inversely with the distance to the boundaries to 

the power of 5. This preserves the mesh quality in the vicinity of the submarine while 

larger cells far from the body account for most of the deformation. 

3.5 Tanker-Submarine Interaction Study 

The second group of simulations performed in this work involve a tanker passing 

above a submarine. Two types of scenarios are investigated. In the first, both the 

submarine and tanker are moving North along the same path and the tanker overtakes 

the submarine. In the second, the tanker is heading West and the submarine passes 

under it while heading North. Slightly different methodologies are used for these two 

scenarios and thus they are described separately in Sections 3.5.1 and 3.5.2 below. 

However, common assumptions for both scenarios are described here first. As with 

the emergency rising simulations, the DRDC-STR submarine model, scaled to the 

full scale length of 70 meters, was used in all cases. The surface ship considered in 

this work is the SSPA720 tanker [67], shown in Figure 3.7. It is scaled to a length of 

Lt = 300 meters for the simulations. 

The purpose of the present study is to demonstrate the use of unsteady RANS 

simulations for computing the influence of the tanker on a diesel submarine as the 

tanker passes over the submarine and observe the magnitude of resultant submarine 

motion in the limit that no compensation is made. The complications of using differ

ent manual or autopilot control schemes to compensate for the disturbance are not 

included in this initial study. The submarine settings for control surface deflection, 

weight trim, and propeller speed are fixed throughout the simulations at the values 

needed to maintain straight and level flight when far away from the tanker. Future 

work is planned for evaluating autopilot control in these scenarios. It is also assumed 
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Figure 3. 7: SPPA 720 geometry. The axial locations for the offset diagram are shown 
in the top view. 

in these simulations that the submarine does not influence tanker mot ion because of 

the large 54: l tanker-to-sub displacement ratio (tanker displacement is 161 ,000 tonnes; 

submarine displacement is 3,000 tonnes). The tanker moves at constant velocity with 

a constant keel depth throughout the si1:11ulation. Also, the free surface of the ocean 

is modelled with a symmetry plane, which neglects wave generation by the tanker. 

This assumption has been made by others [46] . It is justified by a low tanker Froude 

number (Fr ~ 0.1 - 0.2) and the relatively large depth of the submarine, which is 

always below the tanker keel depth. 

3.5.1 Tanker Overtaking Submarine 

3.5.1.1 Simulation Parameters 

In the first set of simulations involving a tanker overtaking a submarine, the submarine 

is initially submerged to a depth z00 and is traveling North with straight and level 

flight at speed Vs
0

• The tanker is directly behind the submarine and traveling in 
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the same direction at a faster speed, Vt. The initial vertical clearance between the 

tanker keel depth and the tip of the submarine sail, c0 , is related to the depth of the 

submarine as follows: 

C0 = Zo
0 

- 28.8m, (3.33) 

which is based on a tanker keel depth of 17.9 meters and a vertical distance from the 

center of buoyancy to the sail tip of 10.9 meters. A tanker speed of 7 m/s is considered 

in all cases, while submarine speeds of 3 m/s and 5 m/s and initial sail tip clearances c0 

ranging from 2 meters to 16 meters are considered in the simulations. The simulation 

parameters for each scenario will be presented in Chapter 6. The common boundary 

conditions and coordinate systems used in each simulation are presented next. 

3.5.1.2 Fluid Domain 

The fluid domain used for the overtaking simulations is shown in Figure 3.8. The 

centerlines of the submarine and tanker are aligned with each other and a symmetry 

plane is used to simulate only the flow on the port side of the submarine and tanker, 

reducing computational requirements by half. Submarine motion is simulated for 

only 3 degrees of freedom: translation in the x - z plane and pitch. Due to geometric 

symmetry, the lateral force, rolling moment, and yawing moment are theoretically 

zero (unless there is significant asymmetric vortex shedding, which is not expected for 

these streamline bodies for the flow incidence angles encountered). A large domain 

having overall dimensions of lOLt North-South by 2Lt East-West by~ 2Lt depth was 

created so that the fluid is undisturbed at the outer boundaries. The fluid domain 

is divided into a tanker domain and a submarine domain, with a horizontal interface 

between them at a 1 meter depth below the tanker keel, as shown in Figure 3.9. This 

interface is referred to as a general grid interface (GGI). The tanker domain covers 

the layer of fluid from the free surface down to the GGI and the submarine domain 

extends from the GG I down to the bottom of the overall domain. The overall extent 
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of both domains is the same in the horizontal plane. A separate mesh is created for 

each domain, as will be described below. The GGI allows these dissimilar meshes to 

be connected without requiring a 1: 1 connection of nodes across t he interface. This 

allows most of the relative motion between the tanker and submarine to be handled 

by sliding tanker mesh nodes and submarine mesh nodes past each other rather than 

wit h mesh deformation (which would become excessive) . The GGI connection in CFX 

uses a control surface approach that ensures strict conservation of all fluxes for all 

equations across the interface and can account for different frames of reference on the 

two sides of the interface [55]. 
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Figure 3.8: Top and side views of the overall fluid domain used for simulations in 

which the tanker overtakes the submarine. The position of the tanker corresponds to 

the very start of the simulation, t = 0 s. The GGI is a horizontal interface between 

the tanker domain and the submarine domain. 
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Figure 3.9: Fluid domain in the region of the submarine and tanker . 

3.5.1.3 Frame-of-Reference and Boundary Conditions 

In order to further reduce the extent and complexity of mesh motion, a non-inertial 

frame-of-reference was selected that translates with the submarine in the x 0 (North) 

direction and is inertial in the other directions. The fluid x f , y f, z f coordinate system is 

always aligned with the inertial x 0 , y0 , z0 directions. The origin of the fluid coordinate 

system is coincident with the submarine body axes origin when the simulations start 

but the submarine body axes translate vertically and pitch relative to the fluid frame 

during the simulation due to the influence of the tanker. This frame of reference is 

used for both the submarine and tanker domains. The required apparent body force 

in this case contains only one term: 

(3 .34) 

The far field North, South, West , and bottom boundaries are fixed relative to the 

fluid frame of reference ( though mesh motion is permitted tangent to these boundaries 

as will be discussed below). The North boundary of both the submarine and tanker 

domains is set to an inlet with the following velocity components specified, assuming 
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a quiescent ocean: 

Uf = -±0 , VJ= WJ = 0 (at inlet) (3.35) 

The West boundary for both the submarine and tanker domains, and the bottom 

boundary of the submarine domain, are set to "openings for entrainment", with static 

pressure set to zero. The South boundary for both domains is set to an outlet with 

zero static pressure. 

3.5.1.4 Mesh Motion 

As was done for the rising simulations of Section 3.4.4, mesh deformation is used to 

handle the motion of the submarine and tanker boundaries relative to the other fixed 

boundaries in the domain. In the tanker-submarine interaction simulation, special 

care is needed to preserve mesh quality during deformation since the two solid bound

aries are moving relative to each other in close proximity. The use of the general grid 

interface described above helps in this regard by reducing the extent of mesh shearing 

in the horizontal plane. The strategy used to handle the large horizontal displace

ments of the tanker boundary and the vertical motion of the submarine is described 

in this section without considering the specific mesh topology, which is described in 

the next section. 

For the translating fluid frame-of-reference employed, the submarine boundary 

does not move in the x f = x0 direction. All of the relative horizontal motion between 

the vessels is handled by translating the tanker boundary. The submarine's verti

cal translation and rotation in pitch are accounted for by displacing the submarine 

boundary mesh. The tanker does not displace vertically because the passing subma

rine is assumed to have negligible effect on it; all of the mesh motion in the tanker 

domain is thus confined to the x 0 direction. Three mesh regions are created for the 

tanker domain, as illustrated in Figure 3.10. Each region spans the width and depth 

of the tanker domain, but each covers a different portion in the x 0 direction. The 
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center region contains the tanker boundary and ranges from 0. 75 Lt aft of the tanker 

stern to 0. 75Lt in front of the tanker bow and experiences no mesh deformation. This 

portion of the mesh translates rigidly with the tanker boundary, which moves with 

the following velocity relative to the submarine in the x 0 direction: 

(3.36) 

where xo,t is the inertial frame speed of the tanker and x0s ( t) is the time varying 

inertial frame speed of the submarine in the x 0 direction. The end mesh regions 

behind and in front of the center region expand and contract, respectively, as the 

tanker moves forward. The external North and South boundaries are fixed because 

external mesh nodes are not permitted to move normal to the boundaries . The mesh 

velocity in the expansion and contraction zones varies linearly from Vt;s at the center 

mesh zone to zero at the North and South boundaries. The mesh velocity does not 

vary with depth in the tanker domain; the mesh slides tangent to the Symmetry plane , 

the free surface, the GGI, and the West boundaries. 

TOPVIEW t = Os. 
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MESH ZONE MESH ZONE MESH ZONE North-(translates with tanker) ---
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-----------------IOL,----------------

Figure 3.10: Tanker mesh zones for simulation in which the tanker overtakes the 
submarine. Filled arrows indicated mesh velocities. 

The submarine mesh boundary translates and rotates with velocit ies i 0 and e = q, 

respectively. As shown in Figure 3.11 , a fluid subdomain was created for a mesh 

inflation region surrounding the submarine surface. This layer is approximately 1 
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meter thick everywhere except at the top of the sail, where it is reduced to around 0. 7 

m. This subdomain translates and rotates with the submarine boundary as a rigid 

body in order to prevent any mesh deformation in the critical boundary layer region 

around the submarine. The coordinates of the submarine boundary and surrounding 

inflation layer are updated every time the submarine state is corrected using the 

following transformation: 

r1 = [C]rb + [O, 0, Zo - Zo0 f (3.37) 

where the transformation matrix [C] is defined in Section 3.4.4. This consists of 

a rotation about the submarine body axis, followed by a vertical shift to account 

for the depth change of the body axis origin relative to the start of the simulation, 

z00 - z00 . The body axis coordinates of the submarine boundary and surrounding 

inflation layer, rb, do not change in a simulation. They are computed once at the 

start of the simulation using the transpose of [ C], as described in Section 3.4.4 for the 

translating-frame rising simulations. 

The mesh outside the inflation subdomain deforms so that there is no mesh motion 

normal to the GGI at the GGI, or any mesh motion on the far field North, South, West, 

and Bottom boundaries of the submarine domain. Since the submarine domain mesh 

can not penetrate into the tanker domain, the submarine and surrounding inflation 

layer are confined to be below the GG I. The GG I was placed near the edge of the 

tanker boundary layer in order to allow for as much vertical submarine motion as 

possible. It is not desirable to move the GGI further toward the tanker keel where 

there are large boundary layer velocity gradients because the numerics used for the 

GGI are spatially first order accurate whereas the solution elsewhere is second order 

accurate. With the GGI placed at 1 meter below the tanker keel, the theoretical 

limit for the minimum vertical clearance, c, between the submarine sail tip and a 

plane at the tanker keel depth is approximately 1.7 m (1 m tanker-GGI clearance 
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+ 0. 7 m submarine inflation layer). This clearance is considered to be essentially 

zero for a 70 meter submarine, from a practical safety point-of-view. However, the 

actual minimum clearance achievable depends on the mesh deformation in the region 

between the sail tip and the GGI. A primary challenge in this regard is the angular 

mesh distortion between the sail tip and GGI due to submarine rotation in pitch. 

This is minimized by making the mesh nodes slide on the GG I interface above the 

submarine sail. Specifically, the x 0 velocity of submarine mesh nodes at the GG I 

interface above the sail is set equal to the x 0 velocity component of the corner of the 

inflation layer that is offset from the leading edge of the sail tip, as shown by Figure 

3.11. The velocity of this point, ±o,tip, is calculated as follows: 

(3.38) 

where rtip and B1 are defined in Figure 3.11. This tangential mesh velocity at the 

GGI above the sail tip is made to transition to zero at the far-field submarine domain 

boundaries using the following exponential function: 

Xam (x f, Yt) = Xo,tip e -a( (if)'+(¥,-)') (3.39) 

where the constants are set to a= -0.005, b1 = 50 m, and b2 = 20 m, and the velocity 

is clipped to exactly zero at the far field boundaries. 

3.5.1.5 Force and Moment Transformation 

Since the submarine boundary translates and rotates within the fluid domain, a similar 

transformation as was used in the translating-frame rising simulations (Section 3.4.4) 

is needed to place the CFD hydrodynamic forces in the body axes directions: 

FcFD = [crFcFD,f (3.40) 
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C Domain Interface ( GGI) 

Figure 3.11: Definitions of variables used for calculating mesh velocity on the subma
rine side of the General Grid Interface. 

The hydrodynamic moments are computed about the origin of the fluid coordinates 

system in the flow solution. Since there is a vertical shift between the body axis origin 

and the origin of the fluid coordinate system equal to z0 - z00 , the moments must 

first be transformed to the origin of the body axis before using the transformation in 

Equation 3.40: 

F cFD,![4 - 6] = ro x F cFD,fl[4 - 6] ( moment components) (3.41) 

where r0 is the position of the body axis origin measured in the fluid coordinate 

system, F CFD,fl [4 - 6] are the hydrodynamic moments on the submarine expressed 

about the fluid coordinate origin in the x f , y f, z f directions , and F CF DJ [4 - 6] are the 

hydrodynamic moments about the body axis origin in the x f , y f , z f directions. In these 

simulations, the body axis only shifts vertically in the fluid domain and r0 = z0 - z00 . 

3.5.1.6 Starting Method and Prescribed Motion Simulations 

All simulations are started from a steady state simulation in which the tanker and 

submarine are both moving at the nominal ( undisturbed) submarine speed, with the 
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tanker's nose positioned 475 meters (1.58 tanker lengths) behind the submarine's 

body axis origin, as was shown in Figure 3.8. Since the frame of reference translates 

with the submarine, neither of t he submarine or tanker boundaries move during this 

initialization. In the next phase of the solut ion, the tanker is accelerated at a constant 

rate until it reaches its final steady speed for the simulation. During the acceleration 

phase, t he tanker moves 25 meters. In the t hird phase , t he tanker moves at a constant 

speed unt il it is positioned 260 meters behind the submarine CB , as shown in Figure 

3.12. At this point , t he submarine, whose motion had been held fixed at straight and 

level flight , is allowed to start responding to the hydrodynamic loads . The start-up 

phase allows a nearly steady flow field to develop around the tanker and submarine 

before they start interacting. The tanker 's influence on the submarine is small at 

the end of the start-up phase because the two vessels are still relatively far apart. 

This results in a smooth start with a gradual change in submarine motion when it is 

allowed to start responding to the hydrodynamic loads. 

--I 0. 87 LJ----
(260 m.) 

Start of force-coupled submarine motion 

Figure 3.12: Posit ion of the tanker relative to t he submarine when the motion of the 
submarine begins to be coupled to the hydrodynamic loads. 

In some preliminary simulations, the submarine was not allowed to respond to 

the influence of t he tanker. In these prescribed motion simulations, the submarine 

moves at a constant speed with straight and level flight as the tanker passes. This 

was done to compute the magnitude and frequency of t he disturbance hydrodynamic 

loads caused by t he tanker in the limit t hat the submarine can perfectly compensate 

to maintain a steady course. 

86 



3.5.1. 7 Mesh Topology 

ANSYS Canada Ltd. provided initial block-structured grids for the submarine and 

tanker fluid domains. Some modifications to the initial grids were made with ICEM 

Hexa vl2.1 during preliminary testing for this work in order to achieve good conver

gence. The mesh for the submarine domain was also refined using a grid refinement 

ratio of v'2 in each coordinate direction, in order to produce 2 geometrically similar 

grids containing 3,465,402 and 9,751,602 nodes, respectively (for the port-side half 

domain). The 0-0 mesh topology used for the submarine domain mesh is shown 

for the coarser mesh in Figure 3.13. The near body mesh has a similar topology as 

the meshes used for the rising simulations. However, the far field mesh is entirely 

structured in this case. This provides good quality hexahedral cells in the region 

adjacent to the domain interface under the tanker boundary. The first node spacing 

was set to 1 x 10-5 Ls for the coarse mesh and 7 x 10-5 Ls for the refined mesh, giving 

average y+ values on the submarine surface of around 50 and 35, respectively, when 

the submarine is moving 3 m/s (Re= 175 x 106
). The grid shown in Figure 3.13 and 

its refined counterpart have a clearance of 8 meters between the sail tip and the GGI 

(giving a clearance between sail tip and tanker keel of c = 9 m.), which is used is 

most of the simulations. A slightly refined variant of the coarser grid with 4,767,022 

nodes was used for the case where the clearance between the sail tip and the GGI was 

c=4m. 

Similarly, two geometrically similar tanker domain grids were created with the 

same v'2 grid refinement ratio for the purposes of assessing discretization errors. 

There are 2,207,350 and 6,252,616 grid nodes in the coarser and refined tanker domain 

meshes, respectively. The coarser grid is shown in Figures 3.14 and 3.15 to show the 

0-0 topology used. The inflation layer around the tanker hull has a thickness of 1 

m., with the exception of the region below the tanker where it is compresses because 

of the GG I plane located 1 meter below the keel. The first node spacing was set to 
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SYMMETRY PLANE - OVERALL SUBMARINE DOMAIN 

SUBMARINE SURFACE MESH 

3.47 x 106 node mesh 

Domain Interface (GGI) ~ 

Figure 3.13: Mesh topology used for the submarine domain. The symmetry plane 
mesh is shown for the overall submarine domain (top) and for a near-submarine 
region (bottom left). An axial cross section of the mesh near the submarine at the 
maximum submarine sail thickness is shown on the bottom right. 

88 



Domain Interface (GGI) ____/ 

TOP VIEW-OVERALL TANKER DOMAIN 

Tanker Bow 

TANKER SURFACE MESH 

2.2 x 106 node mesh 
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ELEVATION VEIW 
Domain Interface (GGI) 

Figure 3.14: Mesh topology used for the tanker domain. A top view of t he mesh 
on the ocean surface is shown at the top of t he figure. The elevation views show a 
portion of the mesh in the vicinity of the tanker bow and stern. 
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Surface (symmetry plane) 

Domain Interface (GGI) 

Figure 3.15: Rear view of the 2,207,350 node tanker mesh showing a cross section of 
the volume mesh at x0 = 0.85Lt aft of the tanker nose as well as a rear view of the 
tanker surface mesh. 

Lt= 300 m 

1.5 m {0.5%) cut off stern 

with plane normal to x-dir 

/ 

Figure 3.16: Modifications made to the SSPA720 tanker geometry for meshing. 
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1 x 10-5 Lt for the coarse mesh and 7 x 10-7 Lt for the refined mesh to give average y+ 

values of 43 and 30, respectively, when the tanker is moving 7 m/s (Re= 1.75 x 109). 

Another point to note about the mesh is that it is refined in a broad region around the 

hull below which the submarine passes. This is to ensure that there are not excessively 

large cell length ratios across the GG I and to provide sufficient flow refinement above 

the submarine duration the entire simulation. Some minor modifications were made 

to the tanker geometry in order to create a quality 0-0 type grid around it. As shown 

in Figure 3.16, some slight rounding was done at the top of the bow (where it meets 

the free surface) and at the stern. This prevented excessively small angles in the mesh 

where the cells wrap around the stern without altering the geometry significantly. In 

order to perform the rounding at the stern, the tanker was truncated by 0.5% of the 

tanker length using a plane normal to the hull axis at (xt/ Lt = 0.995), where Xt is 

the distance back from the tanker nose along the hull axis. A fillet with a constant 

150 mm radius was used to smoothly join the hull with the flat stern created with the 

cut plane at 0.995 Lt. A fillet with a radius of 120 mm was used to round the bow at 

the free-surface intersection region. 

3.5.2 Perpendicular Crossing 

The second tanker-submarine interaction scenario involves a submarine passing below 

the tanker while they are heading in perpendicular directions. For this case, the 

submarine speed is 3 m/s North (in the x 0 direction) and the tanker speed is 7 m/s 

West (in the -y0 direction). The initial positions of the vessels are such that the 

submarine's body axis origin would pass below the tanker centerline at 0. 75Lt aft of 

the tanker nose if the submarine's motion were not disturbed by the tanker. The 

initial sail tip clearance is c0 = 9 m. 

The fluid domain for the perpendicular crossing simulations at t = 0 is shown 

in Figure 3.17. The same basic solution strategy and mesh topology described for 
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simulating parallel motion (Section 3.5.1) is used for perpendicular crossing. However, 

in this case, flow symmetry can not be used to simulate flow on only the port ( or 

starboard) half of the vessels. The coarse mesh shown in Section 3.5.1.7 was mirrored 

and mesh was added to fill the domain extents shown in Figure 3.17. Also, the 

hydrodynamic forces and moments on the submarine will have components in all six 

DOF and thus the full 6 DOF response of the submarine is simulated. As in the 

parallel motion case, the frame of reference selected for the fluid solution translates 

with the submarine in the horizontal plane, but in this case, the frame motion has a 

component in the y0 direction as well as the x 0 direction. The apparent body force 

applied is: 

FB = -p(io + iio) (3.42) 

The fluid coordinate directions, x f, YJ, z1, are again always aligned with the inertial 

x 0 , y0 , and z0 directions and the submarine body axis origin is coincident with the 

fluid coordinate system at the start of simulations. 

A GG I interface is again placed 1 meter below the tanker keel to separate a tanker 

domain from a submarine domain, which have the same overall dimensions in the 

horizontal plane. As shown in Figure 3.17, the same types of boundary conditions are 

used in the far field as for the case of parallel motion, with the exception of the East 

face, which is now an opening with static pressure set to zero instead of a symmetry 

plane. The inlet velocity is also changed to account for lateral motion of the submarine 

in the East-West direction: 

UJ = -x0 , VJ = -y0 , WJ = 0 (at Inlet) (3.43) 

3.5.2.1 Mesh Motion 

The relative motion between the tanker and submarine in the horizontal plane is 

accounted for by the motion of the tanker boundary, as illustrated in Figure 3.18. The 
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Figure 3.17: Top and side elevation views of the overall fluid domain used for simu
lations in which the tanker and submarine are moving perpendicular to each other. 
The position of the submarine and tanker corresponds to t he start of the simulation, 
t = 0 s. 
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Figure 3.18: Tanker mesh zones used for simulations in which the tanker and sub

marine are moving perpendicular to each other. The position of the submarine and 

tanker corresponds to the start of the simulation, t = 0 s. 

tanker domain consists of a central zone around the tanker boundary, surrounded by 

8 buffer zones. The central zone is a block of refined mesh that translates with the 

tanker at the following horizontal velocity relative to the submarine: 

. . . 
Yot;s = Yot - Yos 

(3.44a) 

(3.44b) 

The 8 buffer zones expand and contract uniformly such that there is no mesh 

motion normal to the external boundaries at the boundaries. The nodes slide tangent 

to the external boundaries and the GG I such that there is no angular distortion in 

the mesh (because it is structured) . 

In the submarine domain , the submarine boundary translates in the z0 direction 
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and rotates in roll, pitch, and yaw about the fluid coordinate axes. The surrounding 

inflation layer subdomain (Figure 3.9) moves with the submarine boundary as a rigid 

body so as to preserve the near body mesh quality. The tangential velocity on the 

GGI is again specified using Equations 3.38 and 3.39 in order to reduce angular mesh 

distortion due to a combination of large pitch angle and decreases in submarine depth. 

As in the parallel motion simulations, a start-up phase of the solution is needed 

to bring the submarine and tanker up to their steady speeds and stabilize the fluid 

solution before coupling the submarine motion to hydrodynamic loads. The perpen

dicular crossing simulations start with the submarine and tanker at rest at time t = 0. 

Starting at t = 0, they are both given a constant acceleration until t = 24 seconds, 

at which point they reach their respective steady state speeds. The speed for the 

submarine and tanker are then held fixed until t = 60 seconds, at which point the 

motion of the submarine begins to be coupled to the hydrodynamic loads. The tanker 

nose is located 0.6Lt to the North and 0.463Lt to the East of the submarine body axis 

origin when coupling is initiated. 

3.6 Computational Requirements 

The simulations were performed on two systems. One is an SGI Altix 4700 ma

chine using Intel Itanium II (IA64) 1.6GHz/18MB dual core processors running in 

a shared memory SuSE Linux environment. This machine is owned by Defence Re

search and Development Canada - Atlantic. The second is a Sun x4600 / Sun x2200 

AMD Opteron (dual-core) linux cluster, "Fundy", maintained by the Atlantic Com

putational Excellence Network (ACEnet). The tanker-interaction simulations were 

primarily run on the SGI machine and the rising simulations were all run on the Sun 

cluster. To give an indication of the computational requirements, it took 5 days and 

10 hours to run a 440 timestep simulation of the tanker overtaking the submarine 
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(CASE 4 with 5.67 x 106 mesh nodes) using 50 cores in parallel on the SGI machine. 

This corresponds to approximately 17. 7 minutes per timestep. For a rising manoeu

vre simulation on the Sun cluster, it typically took 10.5 minutes per timestep for 

the coarser mesh (2.1 x 106 grid nodes) when using 50 cores in parallel, requiring 

approximately 90 hours per simulation. 
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Chapter 4 

Steady Translation Validation 

Study 

Before presenting the results for unsteady submarine manoeuvres, steady RANS pre

dictions for steady hydrodynamic loads are validated for grids similar to those used 

in the unsteady simulations. General concepts of verification and validation are in

troduced in Section 4.1 and then applied to the steady translation validation study 

in the remainder of this chapter. 

4.1 Verification and Validation 

Verification and validation studies are very important for estimating the accuracy of 

numerical simulations. The uncertainty of the CFD computations can be broadly 

divided into numerical errors and modelling errors. Numerical errors are a measure 

of the difference between the numerical solution and the exact solution of the gov

erning equations whereas the modelling error is a measure of how well the governing 

equations represent reality. The process of estimating numerical error is referred to 

as verification, whereas assessing modelling errors is called validation. 

There are three main sources of numerical error: round-off error, iterative error, 
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and discretization error. Round-off errors arise due to the finite precision used by the 

computer in solving the equations. Double precision was used for all final computa

tions in this work, and a comparison with single precision for a test case indicated 

that round-off errors are insignificant. 

Iterative errors are a measure of the imbalance between the left and right hand sides 

of the equations being solved, at the end of the iterative procedure. It is theoretically 

possible to reduce iterative errors to machine accuracy; however, for complex flows 

this is often not feasible. It is suggested in [68] that the iterative error should be two 

to three orders of magnitude smaller than the discretization error to have a negligible 

influence in the estimation of the numerical error. 

The discretization error is a result of the approximations used in the discretization 

scheme that transforms the governing equations to a set of algebraic equations. These 

errors decrease as the mesh spacing is reduced, at a rate determined by the order of 

accuracy of the method. For RANS computations, the discretization errors are gener

ally the largest of the numerical errors; however, the magnitude of the discretization 

errors can be estimated using a grid-refinement study based on Richardson extrap

olation, as discussed later in this chapter (Section 4.5.2). The iterative and spatial 

discretization errors are assessed for all types of simulations presented in this work. 

For some unsteady simulations presented in Chapters 5 and 6, the temporal discretiza

tion errors due to the use of a finite timestep are also assessed with the same method 

as spatial discretization errors, except in this case, the timestep size is the relevant 

"mesh spacing" quantity that is varied. 

A primary source of modelling error in RANS computations is turbulence mod

elling. The turbulence modelling errors for the SST and BSL-RSM turbulence models 

are assessed in this chapter by comparing RANS predictions with experiment. This 

can only be done if the numerical and experimental uncertainties are known, as will 

be discussed in Section 4.6. 
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4.2 Steady Translation Experiments 

In the late 1980's and early 1990's, a comprehensive set of steady wind tunnel ex

periments were conducted on a 6 meter long model of DRDC's standard submarine 

(described in Section 3.4.1) using the Static Test Rig (STR) model test facility in 

the Institute for Aerospace Research 9 m wind tunnel in Ottawa. The hydrodynamic 

forces and moments were measured [69] on the submarine for flow incidence angles 8 

of up to 30° at 30 degree increments of flow orientation angle, <I>. These angles are 

shown in Figure 4.1 and defined as follows: 

8 = arctan ( v'v2 + w2/u) 

g? = arctan c~:) 

u 

Figure 4.1: Definition of flow incidence, 8, and flow orientation, <I>, angles. 

( 4.1) 

(4.2) 

For cases with vertical plane or horizontal plane motion, the results are presented 

in this work using the more traditional angle of attack, a, and angle of drift, /3, 

respectively. These angles are defined as follows: 

a = arctan ( w /u) 

j3 = arctan (-v /u) 

(4.3) 

(4.4) 

The measurements were corrected for tare and interference from the model sup

ports [70] and were used by Watt [29] to determine steady hydrodynamic coefficients 
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as functions of 8 and <I> for his coefficient-based model. Force and moment coeffi

cients are made non-dimensional throughout this thesis using the overall length of the 

submarine, as follows: 

X' Y' Z' = X, Y, z 
' ' !PU2L2 

(4.5) 

K' M' N' = K,M,N 
' ' !PU2L3 

(4.6) 

4.3 Meshes 

Five different meshes are used for the RANS predictions, as summarized in Table 

4.1. The hybrid meshes, HybCrs and HybMed, are the unaltered grids used for 

emergency rising simulations. Since the steady validation is done at model scale 

Reynolds number, the average y+ value for the first grid nodes off the submarine 

surface is reduced from the full scale value of around 30 down to 3. In order to 

validate the use of y+ values in the range used for full scale simulations, the three 

structured grids, StrCrs (3.8 x 106 nodes), StrMed (10.8 x 106 nodes), and StrFine 

(30 x 106 nodes) were created. StrCrs and StrMed are identical to the coarse and 

refined grids used for the submarine domain mesh in the submarine-tanker interaction 

study, except the domain size is altered as shown in Figure 4.2 and the inflation layer 

block was scaled so that the model scale y+ values and mesh expansion rate at the 

wall are the same as for full scale simulations. The fine mesh, Str Fine, was created 

by refining Str Med using a refinement ratio of v'2 in all grid directions - the same 

ratio used between StrMed and StrCrs. With each grid refinement, the first node 

spacing for each of the blocks in the grid was scaled by ~. The mesh distribution of 

the structured meshes on the submarine surface is summarized in Table 4.2 and the 

details of the inflation layer block are shown in Table 4.3. Note that the expansion 

rate in the inflation layer varies from a maximum at the wall to a minimum at the 
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outer edge of the inflation layer , as listed in Table 4.3. 

+ 
..c y ave at Full Mesh Count 

,;fl 
(1) 6 
~ Name To2olog~ (element type) Re = 23 xlO Nodes Elements 

StrCrs 0-0 Structured (hexahedral) 52 3841336 3753970 
2 StrMed 0-0 Structured (hexahedral) 37 10767369 10593392 
3 StrFine 0-0 Structured (hexahedral) 26 31090873 30737316 
4 HybCrs Hybrid (hexa, tetra, prism,pyramid) 3 2137707 4120602 
5 H~bMed H~brid (hexa, tetra, 2rism,2~ramid) 3 4387436 7583078 

Table 4.1: Summary of meshes used for the steady translation validation study. 

Figure 4.2: Structured grid StrCrs used for the steady translation validation study. 
Only half of the 3.8 x 106 node mesh is shown. 
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Number of Cells Normalized Max. S~ce {%} 
Direction StrCrs StrMed StrFine StrCrs StrMed StrFine 
Circwnference 166 230 332 1.6 0.91 0.64 
Length 173 245 346 2.3 1.6 1.0 
Sail Chord 49 70 98 6.6 4.4 3.3 

Sail Span 23 33 46 6.6 4.4 3.3 

Tail Chord 50 70 100 7.6 5.4 3.9 
Tail Span 16 23 32 15 11 7.7 

Table 4.2: Distribution of nodes on the submarine surface (fully structured meshes). 

Inflation Layer Mesh StrCrs StrMed StrFine 

Nodes 21 29 41 

First node spacing (10
6 

y1 / L) 66.4 47.0 33.2 

Expansion rate at wall 1.266 1.185 l.126 

Outer Spacing ( I 03 
y2 / L) 2.306 1.672 1.178 

Outer expansion rate 1.176 1.121 1.082 

Table 4.3: Mesh spacing parameters used in the inflation layer of the fully structured 
meshes. Spacings are normalized by the submarine length, L. 

4.4 RANS Simulations 

Steady RANS predictions using the SST and BSL-RSM turbulence models and the 

grids summarized above are compared with the experiments conducted at a Reynolds 

number (based on length) of 23 x 106 . Two main sets of data are considered. In the 

first, the angle of drift is varied from zero to 20 degrees with the angle of attack fixed 

at zero, while in the second, the angle of attack is varied from -20 degrees to +20 

degrees with the angle of drift fixed at zero. For simulations in which the angle of 

attack is varied at zero angle of drift, half-meshes are used with a symmetry boundary 

condition. In all other cases, the full mesh must be used since flow symmetry no 

longer applies. The RANS predictions for the angle of attack sweep and drift sweep 

are compared with experiment in Figures 4.3 and 4.4, respectively. The agreement 

is considered to be excellent for most flow incidence and orientation angles. The 

comparison is discussed in a quantitative manner in the following verification and 
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validation analysis of the RANS results. This is followed by another validation study 

that is particularly relevant to the emergency rising simulations. 

0.08 

~ 0.04 

8 
- 0.00 

-0.04 

0.0 

>< 
8 -

-0.1 

-
0

·
08 

-30 -20 -10 0 10 20 30 
-0.2....._ ___ ..........._ ___ ..........._ ___ __,__ ___ __._ ___ __._ ___ ~ 

-30 -20 -10 0 1 0 20 30 

a. (degrees) a. (degrees) 

2 -----------------------...---....-------T""------.---.....-----........ -----.---, 

N 
8 0 -

Experiment 

Fit to Experiment 

0 SST, HybCrs 

-1 D SST, HybMed 

V SST, StrCrs 
~ SST, StrMed 

+ RSM, StrMed 

-2 
-20 -10 0 10 20 

a. (degrees) 

Figure 4.3: Comparison of RANS predictions with experiment for steady translation 
for angles of attack a up to 20 degrees. Re = 23 x 106

. The solid lines are the 
least-squares fits to experiment, corresponding to Watt's coefficient-based model for 
translation [29]. The details of each mesh used are given in Table 4.1. 

103 



0.5 6 

0.4 5 

0.3 4 

~ 0.2 ;:... 3 
0 0 
0 0 
,...... 0.1 ,...... 2 

0 

-0.1 0 

-0.2 -1 
0 5 10 15 20 25 0 5 10 15 20 25 

~ (degrees) ~ (degrees) 

1.5 0.2 

N 1< 0.1 
0 0 
0 0 
,...... 0.5 ,...... 

0 
0 

0 5 10 15 20 25 0 5 10 15 20 25 
~ (degrees) ~ (degrees) 

0.3 

0.3 

0.2 

- 0.2 
~ ~ 
0 0 

0 0 ,...... ,...... 0.1 
0.1 

0 0 

0 5 10 15 20 25 0 5 10 15 20 25 
~ (degrees) ~ (degrees) 

· Experiment, Positive p V SST, StrCrsY+52 X BSL-RSM, StrCrsY+52 o SST, HybCrsY+3 
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- Fit to experiment o SST, StrFineY+26 

Figure 4.4: Comparison of RANS predictions with experiment for steady drift an
gles /3 up to 20 degrees. Re = 23 x 106

. The solid lines are the least-squares fits 
to experiment, corresponding to Watt 's coefficient-based model for translation [29]. 
(Note: The experimental uncertainty bars for lOOY' were increased from the error 
analysis value of 0.078 to 0.24 in order to account for bias error, which is apparent 
when comparing negative /3 data with positive /3 data). 
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4.5 Verification 

4.5.1 Iterative Convergence 

The convergence criterion for the steady RANS simulations was set to 10-5 for maxi

mum (L00 norm) normalized residuals for fluid variables UJ, VJ, WJ,P· It was observed 

that the hydrodynamic forces and moments are generally converged to 5 significant 

figures if this criteria is met. However, this strict convergence criteria could only 

be met in some cases. For moderate to large flow incidence angles, the maximum 

residuals would often stagnate at a level between 10-2 and 10-1. However, the root

mean-square (RMS) residuals would typically be at least two orders of magnitude 

lower than the maximum residual. This occurs because there are a few localized re

gions of high residuals in the flow domain while the residuals are very low in the rest 

of the domain. Even in cases where the maximum residuals stagnated at relatively 

high levels, the forces and moments were often found to converge to steady values, 

unchanging to 3 or 4 significant figures. 

The convergence behaviour for the HybCrs simulation with /3 = 18 degrees is 

shown in Figure 4.5 as an example. The L00 norm residuals (maximum residuals in 

the domain) stagnate at different levels for each flow quantity after 30-50 iterations: 

10-2 to 10-1 for velocity, 4 x 10-4 for pressure, 10-2 for turbulent kinetic energy, 

and 3 x 10-3 for turbulent frequency, w. The root-mean-square residuals are at least 

two orders of magnitude smaller than the L00 residuals. The location of high velocity 

residuals (rvel = Jr~
1 
+ r~1 + r;1) are shown in the bottom of Figure 4.5. It can be 

seen that velocity residuals in the majority of the domain are below 10-5 but there 

are a small number of cells with residuals greater than 10-3
. These small regions of 

higher residuals do not have a significant effect on the hydrodynamic loads, which are 

the quantities of interest in manoeuvring simulations; the loads converge to steady 

values after around 70 iterations. The convergence of loads are also plotted based 
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Figure 4.5: Convergence characteristics for HybCrs simulation of f3 = 18 degrees. 
~Fis the change in hydrodynamic load (F = X, Y , Z , K , M, N) between successive 
iterations and F end is the hydrodynamic load at the end of the simulation. 
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on the changes between subsequent iterations normalized by the final values. The 

variations from iteration to iteration drop down to 10-5 by the end of the simulation. 

Note that this level of convergence for forces and moments is on the same order as 

the precision that this data is written for these simulations ( 5 significant figures). 

In all cases, the hydrodynamic forces and moments were monitored and the maxi

mum variation of each component during the last 10% of the simulation iterations was 

used to estimate the iterative uncertainty. The maximum variation is defined as the 

maximum value minus the minimum value in the entire set of values during the last 

10% of the simulation. This is more conservative than using the maximum change 

between values at subsequent iterations because it accounts for any drifting of values 

over a long number of iterations. These maximum variations, normalized by the value 

at the end of the simulation, are shown in Tables 4.4 and 4.5 along with the RMS and 

maximum residuals for fluid velocity and pressure. In most cases, the fluctuations in 

forces and moments were well below 1 % and often at least two orders of magnitude 

less than discretization uncertainty ( described in Section 4.5.2). However, the itera

tive uncertainty is a significant contributor to the overall uncertainty for a few cases 

(shown in bold in Tables 4.4 and 4.5): StrCrs/SST and StrMed/SST at a = -10 

degrees, StrMed/SST at f3 = 15 degrees, and StrCrs/BSL-RSM at f3 = 10 degrees. 

With the exception of StrMed/SST at a= -10 degrees (discussed below), the esti

mated iterative uncertainty for these cases is still less than 3% for all components of 

the hydrodynamic loads. 

For any case where all force and moment components were not converged better 

than +/- 0.5%, unsteady simulations were conducted using a timestep equal to 2% 

the time required for the submarine to move one body length ( time to move one 

body length = 7
3° s.). The (poorly converged) steady simulations were used as initial 

conditions for the unsteady simulations, which were run long enough for the submarine 

to move at least 1.5 body lengths. Unsteady simulations are indicated in Tables 4.4 
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and 4.5 by parethenses surrounding the number of iterations, which in this case is the 

number of timesteps for the simulation. 

Most unsteady simulations came to a nearly steady solution with oscillations less 

than + /- 1 % . The notable exception is the Str Med simulation at an angle of attack 

of -10 degrees. In this case, the pitching moment and normal force oscillated with 

a period of 16.8 seconds for the 70 meter submarine translating at 3 m/s, which 

corresponds to around 70% of the time for the submarine to translate a body length. 

As shown in Figure 4.6, the amplitude for pitching moment and normal force were 

approximately +/-15% and +/-3%, respectively. The behaviour persisted when the 

timestep size was reduced to half, partway through the computation. Also, loads were 

converged to 3 significant figures at the end of each timestep, using 5 coefficient-loop 

iterations per timestep. It was found that the oscillations in the overall force and 

moment are a result of pressure fluctuations on the horizontal tailfin and a section of 

the hull in the tail region. The same behaviour was seen with the coarse structured 

mesh at a= -10 degrees, except the period was shorter (11.8 sec.) and the amplitude 

was a tenth that of the medium grid simulation. It appears to be isolated to flow 

incidence angles around 10 degrees since well converged steady simulations could be 

obtained at smaller and larger angles. It is interesting to note that there is a sharp 

change in both the experimental and computational results for pitching moment at 

a = -10 degrees. A detailed analysis of this phenomenon is beyond the scope of the 

present work and is left for future study. It would be interesting to see if a similar 

oscillation is observed for unsteady fine grid solutions at /3 = 10 degrees and a = + 10 

degrees. Unsteady loads were not measured in the experiments and the average forces 

and moments from the unsteady RANS simulations are compared with experiment in 

Figures 4.4 and 4.3. 
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Max. variation(%), last lliter /10 iterations 

p lliter Res:iduaL max(u ,v ,w ,p) 100 X IFmax - Fminl / Fend 

{deg} (llts) RMS Max. K M N X y z 
SST, Grid StrCrs 

5 842 lxlO.s lxl0-6 0.00 0.00 0.01 0.00 0.00 0.00 

10 (102) lxl0
4 

2xlff
2 0.00 0.01 0.01 0.01 0.00 0.01 

15 499 2xlff
5 lxlff2 0.00 0.00 0.00 0.00 0.00 0.00 

20 (600) 2xl0
4 3xlff

2 0.00 0.00 0.01 0.00 0.00 0.00 

SST, Grid StrMed 

15 (78) 2xlff
5 

lxlff
2 0.05 0.01 1.73 0.30 0.33 0.04 

20 568 5xlff
7 

2x10
4 

0.00 0.01 0.14 0.01 0.02 0.00 

SST, Grid StrFine 

20 781 2xlff
5 lx10·2 0.00 0.01 0.01 0.03 0.00 0.01 

SST, Grid HybCrs 

8 188 2x104 lxlff
1 

0.00 0.00 0.00 0.01 0.00 0.00 

12 150 2xl0
4 

8xlff
2 0.00 0.00 0.00 0.23 0.00 0.00 

18 189 2xl0
4 9xlff2 0.01 0.00 0.00 0.01 0.00 0.00 

SST, Grid HybMed 

8 193 6xlff
5 4xlff

2 0.00 0.01 0.00 0.01 0.00 0.00 

12 139 5xlff
5 

5xlff
2 0.00 0.01 0.00 0.35 0.01 0.00 

18 188 6x10·5 
4xlff

2 0.01 0.01 0.01 0.00 0.00 0.00 

BSL-RSM, Grid StrCrs 

5 (235) lxlff5 4xlff
3 0.02 0.13 0.19 0.03 0.07 0.08 

10 (185) 3xlff
5 2xlff

2 0.26 0.24 1.79 0.94 0.47 0.14 

15 566 lxlff
5 

2xlff
3 

0.06 0.02 0.02 0.03 0.03 0.07 

20 608 2x10·5 4xlff
3 

0.05 0.02 0.03 0.02 0.03 0.08 

BSL-RSM, Grid StrMed 

15 705 4x10-6 lxlff
3 0.01 0.05 0.19 0.02 0.04 0.02 

20 508 7x10.{j 2xlff
3 0.01 0.02 0.02 0.00 0.01 0.01 

Table 4.4: Iterative convergence for steady drift computations. 
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ResiduaL Max. variation (% ), ResiduaL Max. variation (% ), 

a niter max{u,v,w, )2) last niter I IO a niter max(u,v,w,E) last O. l11i1er/ 10 

(de nts RMS Max. M X z de ) (nts RMS Max. M X z 
SST, Grid StrCrs SST, Grid StrMed 

-20 156 4xlff9 lxl0-6 0.00 0.01 0.00 -20 473 2xlff9 lxl0-6 0.08 0.02 0.00 

-14 153 4xlff9 lxl0-6 0.00 0.00 0.00 -10 (300) 2x10-6 lxlff3 30.65 2.34 6.05 

-10 (380) 4xlff7 lx104 2.91 0.11 0.67 -8 2402 2x10-8 lxl0-6 0.01 0.00 0.00 

-5 320 6xlff9 lxl0-6 0.00 0.00 0.00 -6 1480 5xlff9 lxl0-6 0.00 0.00 0.00 

-2.1 160 7xlff9 lxl0-6 0.00 0.00 0.00 -5 368 5x10·9 lxl0-6 0.01 0.00 0.01 

1.85 204 5xlff7 lxl0-6 0.00 0.00 0.00 -4.1 282 5x10·9 lxl0-6 0.01 0.00 0.00 

3.8 216 8xlff9 lxl0-6 0.01 0.00 0.01 -2.1 201 2xlff9 lxl0-6 0.00 0.00 0.00 

4 292 4xlff10 lxlff
7 0.00 0.00 0.00 0 315 lx10·7 3xlff5 

0.00 0.00 0.01 

5.8 2311 lxl0-6 3x10
4 0.25 0.10 0.13 1.85 221 lxlff9 lxl0-6 0.00 0.00 0.00 

14 426 3xlff9 lxl0-6 0.00 0.00 0.00 4 279 4x10·9 lxl0-6 0.00 0.00 0.00 

20 191 3x10·9 lxl0-6 0.00 0.00 0.00 5.8 1420 2x10-8 lxl0-6 0.01 0.00 0.00 

SST, Grid HybCrs 20 342 2x10-8 lxl0-6 0.00 0.00 0.00 

-20 150 2x104 8x10·2 0.03 0.07 0.00 SST, Grid HybMed 

-15 829 2x104 3xlff2 0.00 0.01 0.00 -20 401 7x10·5 2xlff2 0.00 0.07 0.00 

-10 175 3xl04 8xlff2 0.07 0.01 0.01 -10 418 lxl0
4 5x10·2 

0.00 0.00 0.00 

-5 150 3x104 7xlff2 0.01 0.00 0.00 0 549 lxl0
4 

5xlff2 
0.o7 0.01 0.24 

0 200 3xl04 8x10·2 0.01 0.00 0.13 10 434 lxl0
4 5xlff2 0.00 0.01 0.00 

5 150 4x104 9x10·2 0.00 0.00 0.00 20 150 lxl04 5xlff2 0.07 0.02 0.00 

10 321 2xl04 5xlff2 0.00 0.01 0.00 BSL-RSM, Grid StrMed 

15 605 2x104 5xlff2 0.00 0.02 0.00 -20 650 5x10·9 lxl0-6 0.00 0.00 0.00 

20 228 2xl04 5xlff2 0.00 0.04 0.00 20 1300 5x10-6 5xlff3 0.05 0.12 0.00 

Table 4.5: Iterative convergence for steady computations at various angles of attack. 
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Figure 4.6: Unsteady normal force and pitching moment for the unsteady RANS 
simulation with mesh Str Med at the angle of attack a = -10 degrees. 
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4.5.2 Discretization Error 

Discretization errors are estimated by using the Grid Convergence Index ( GCI) de

fined by Roach [71]. In this method, the estimated discretization error is found by 

multiplying the Richardson extrapolation estimate by a safety factor, FS. When com

paring two grids with different levels of refinement, the GCI estimated discretization 

error for the coarser mesh, U c 1 , and finer mesh U c 2 are given as follows: 

U, = F S x rP (f 1 - h) 
G2 rP - 1 

U, = F S x (f 1 - h) 
G1 rP - 1 

Coarse Mesh 

Fine Mesh 

(4.7a) 

(4.7b) 

where Ji and h are solutions from the refined and coarse meshes, respectively, p = 2 

is the order of accuracy for spatial discretization, and r = h2/ h1 is the ratio of average 

mesh cell edge lengths between the coarse and refined grid ( the grid refinement ratio). 

For the structured grids StrCrs, Str Med, and Str Fine, r str = v'2 between each of the 

grids. For the hybrid grids, refinement was concentrated in the near-body structured 

portion and was not done uniformly in all directions. Therefore, the meshes are not 

completely geometrically similar and it is more difficult to define a grid refinement 

ratio. An estimate for the refinement ratio for the hybrid meshes is the cube root of 

the ratio of hexahedral cells (which are all located near the submarine) in each grid: 

,..,_,, 3 Nhex,med =3650444 ,..,_,, 1 3 
rhyb ,..,_,, N -1669704 ,..,_,, . . 

hex,crs-

Roach [71] suggests that a 95% confidence interval can be achieved by setting 

F S to a value between 1 and 3. Since the order of convergence was not verified and 

iterative errors could not be completely eliminated, F S is set to a conservative value of 

3. When three grids are used, each grid can be compared with either of the other two 

grids to estimate its discretization uncertainty. In these cases, the uncertainty is taken 

to be the maximum of the two comparisons. For many flow incidence angles, the coarse 

and medium grids are compared, for both the structured and hybrid grids. Using a 
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factor of safety of F S = 3 in Eq.4. 7b, a conservative estimate for the 95% confidence 

interval for the discretization error for the medium hybrid mesh is estimated to be 

4.5 times the difference between results with the coarse and medium grids. For the 

structured grid, which has a larger refinement ratio, a conservative estimate is 3 times 

the difference between medium and coarse results. Using this approximation, it can 

be seen in Figures 4.3 and 4.4 that the largest discretization uncertainty is for Mand 

Z at /3 = 20 degrees. The results for the discretization uncertainty analysis for the 

three structured grids used for SST simulations at /3 = 20 degrees is shown in Table 

4.6. A similar analysis is performed for the StrCrs and StrMed grids results for BSL

RSM computations at /3 = 20, as shown in Table 4.7. The estimated discretization 

uncertainties for the fine mesh SST simulation is less than the experimental error for 

all components of force and moment. The StrMed mesh uncertainty for the BSL-RSM 

simulation at /3 = 20 degrees is comparable to experimental uncertainty ( up to 10% for 

some components) while the uncertainty for the StrMed SST simulation is about twice 

as large as experiment for M, N, and Z. Note that this appears to be a worst case 

since the uncertainty at /3 = 15 degrees is much less for these components, suggesting 

that finer grids are needed at high drift angles to achieve the same uncertainty as 

for smaller angles. The overall level of discretization uncertainty for hydrodynamic 

loads is considered acceptable for the purposes of the simulations in this work. The 

discretization uncertainties determined in this section are required in the validation 

procedure, described in Section 4.6. 

It should be noted that an alternative procedure based on a least-squares version 

of the Grid Convergence Index proposed by Ec;a et al. [72, 73] could have been used to 

perform a more rigorous uncertainty analysis. Time did not permit for the building 

of the extra grids required by this method. The use of a large safety factor with 

solutions on three grids is felt to be adequate for the purposes of the present work. 

Analysis with the least-squares version of the GCI is left for future work. 
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Mesh 100K' 100M' 100N' lOOX' lOOY' lOOZ' 

Absolute DEcretization Uncertainty, 100 UG 

StrCrs 0.005 0.046 0.042 0.008 0.182 0.211 

StrMed 0.003 0.039 0.035 0.007 0.160 0.198 

StrFine 0.001 0.015 0.018 0.001 0.080 0.059 

Experiment 0.015 0.018 0.021 0.036 0.237 0.087 

Relative Uncertainty, UG / F' exp,(/J=200) x lCXl°/o 

StrCrs 4% 22% 16% 2% 5% 19% 

StrMed 2% 19% 14% 2% 5% 18% 

StrFine 1% 7% 7% 0.3% 2% 5% 

Experiment 11% 9% 8% 11% 7% 8% 

Table 4.6: Estimated discretization uncertainty for SST predictions at /3 = 20 degrees, 
compared with experimental uncertainty 

Mesh 100K' 100M' IOON' lOOX' lOOY' lOOZ' 

Absolute Discretization Uncertainty, 100 UG 

StrCrs 0.010 0.042 0.016 0.005 0.063 0.187 

StrMed 0.005 0.021 0.008 0.003 0.031 0.093 

Experiment 0.015 0.018 0.021 0.036 0.237 0.087 

Relative Uncertainty, UG / F'exp,(/J=20°) x 100% 

StrCrs 7% 20% 6% 2% 2% 17% 

StrMed 3% 10% 3% 1% 1% 9% 

Experiment 11% 9% 8% 11% 7% 8% 

Table 4. 7: Estimated discretization uncertainty for BSL-RSM predictions at /3 = 20 
degrees, compared with experimental uncertainty. 
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4.6 Validation 

The comparison error between CFD results and experiment is defined as: 

E=S-D (4.8) 

where Sis the result from the CFD computation and Dis the experimental measure

ment. The comparison uncertainty is estimated as follows [39]: 

(4.9) 

where U D is the experimental uncertainty, U CFD is the numerical uncertainty in the 

CFD prediction, and Uinput is the uncertainty in input parameters (geometry, fluid 

properties, etc.). The estimation of uncertainty in input parameters is beyond the 

scope of this work and is assumed to be negligible. Also, assuming that round-off 

error is zero, the numerical uncertainty in the CFD prediction is the summation of 

the discretization error, U a, and convergence error, UI: 

(4.10) 

The discretization uncertainty was estimated in the previous section. The iterative 

uncertainty is taken to be the maximum fluctuation in the quantity of interest during 

the last 10% of each simulation. For almost all cases, the iterative uncertainty is 

negligible relative to the discretization error. 

If the difference between the CFD prediction and experimental measurement, E, 

is larger than the comparison uncertainty, Uval, then modelling errors are present at 

a level of at least Uval. If E is less than Uval, then the numerical prediction is said to 

be validated to the level of the comparison uncertainty. In this case, the modelling 

error is contained within the noise of the experimental and numerical uncertainties. 
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4.6.1 Validation of hydrodynamic loads 

Tables 4.8 and 4.9 show the validation for SST and BSL-RSM hydrodynamic load 

predictions, respectively, at /3 = 20 degrees. All force and moment components are 

validated for the BSL-RSM turbulence model, with the exception of yawing moment N 

(though Eis very close to Uval in this case). This comparison is considered excellent, 

considering the comparison uncertainty is 11 % or less for all components of forces 

and moments. With the SST turbulence, the normal force Z and pitching moment 

M are significantly over-predicted by 14.5% ± 9.6% and 27% ± 11 %, respectively. The 

BSL-RSM clearly gives improved predictions for these out-of-plane loads at large drift 

angles; this will be explained with reference to flowfield results in Section 4.6.2 below. 

Looking at Figures 4.3 and 4.4, it is clear that the RANS predictions are validated 

by the experiment for almost all force and moment components for the full range 

of angles of drift and angles of attack considered in the validation study ( up to 20 

degrees). The exceptions include: 

• SST prediction for Z at /3 > 15 degrees 

• SST prediction for M at /3 >~ 12 degrees 

• RSM prediction for Mat /3 = 15 degrees 

• RSM and SST prediction for M at a > + 10 degrees 

Note that M' is relatively small over the full range of angles of attack, as com

pared, for example, to the out-of-plane pitching moment at moderate angles of drift. 

This is because the undeflected sternplanes are designed to largely counteract the 

pitching moment on the hull, making the overall pitching moment close to zero. This 

is indicated by the relatively large error bars. However, data for M' versus a obtained 

for the same geometry in two other experimental facilities [66] agrees better with the 

RANS predictions in the range 10 < a < 20 degrees than with STR measurements 
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100K' 100M' lOON' lOOX' lOOY' lOOZ' 

Experiment 0.1424 0.2089 0.2597 0.3223 3.5274 1.()()17 

CFD (StrFine) 0.1415 0.2644 0.2351 0.2933 3.3287 1.2501 

E =CFD- Expt -0. ()()()CJ 0.056 -0.025 -0.029 -0.199 0.158 

E (% Expt) -0.6% 26.6% -9.5% -9.0% -5.6% 14.5% 
2 2 

Uva1 = sqrt(UExpt + Ucrn )) 0.015 0.024 0.028 0.036 0.250 0.105 

Uva1 (%Expt.) 10.6% 11.3% 10.6% 11.2% 7.1% 9.6% 

Validated? Yes No Yes Yes Yes No 

Table 4.8: Validation, fine structured grid simulations at /3 = 20 degrees using the 
SST turbulence model. 

100K' 100M' 100N' lOOX' lOOY' lOOZ' 

Experiment 0.1424 0.2089 0.2597 0.3223 3.5274 1.()()17 

CFD (StrMed) 0.1447 0.2349 0.2361 0.3024 3.3715 1.1210 

E =CFD- Expt 0.002 0.026 -0.024 -0.020 -0.156 0.029 

E (% Expt) 1.6% 12.5% -9.1% -6.2% -4.4% 2.7% 
2 2 

Uva1 = sqrt(UExpt + Ucrn )) 0.016 0.028 0.023 0.036 0.239 0.128 

Uva1 (%Expt.) 11.1% 13.3% 8.7% 11.2% 6.8% 11.7% 

Validated? Yes Yes No Yes Yes Yes 

Table 4.9: Validation, medium structured grid simulations at /3 = 20 degrees using 
the BSL-RSM turbulence model. 

and at /3 = 20 the RANS predictions are bounded by measurements at two different 

facilities. It appears that there could be additional bias error that is not accounted 

for in the error analysis for this quantity and thus the discrepancy in M' at large 

positive a is not considered significant. 

The hybrid mesh results with Y:ve = 3 agree well with the results for the structured 

mesh results with average y+ values in the range of 26-52. This validation study 

demonstrates that good predictions for hydrodynamic loads can be obtained when 

using the log law of the wall in conjunction with a first node spacing around 30, as is 

done in the full scale simulations. Another conclusion that can be drawn is that there 

appears to be little advantage in using the more computationally-expensive BSL-RSM 
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turbulence model instead of the SST turbulence model unless angles of drift over 15 

degrees are expected. This is not the case in the types of manoeuvres considered in 

this work and thus the SST turbulence is used for almost all unsteady manoeuvring 

simulations. 

4.6.2 Flow-field Validation 

Total pressure measurements around the DRDC-STR submarine are also available 

[74] for validating the RANS predictions. Figure 4.7 compares experiment with RANS 

predictions for total pressure in the propeller plane of the submarine, just aft of the 

tailplanes, for f3 = 20 degrees. RANS predictions for the vorticity field around the 

submarine at this plane are also shown in Figure 4.8. A good description of the 

primary flow features has been given by Watt and Knill [12]; this is reiterated here 

for the purposes of the present discussion. The sail tip trailing vortex can be seen in 

the top right corner of these plots, approximately two hull diameters away from the 

hull centerline. There is also a lower hull separation vortex located about one hull 

diameter to the right of the hull. It can be seen in Figure 4.8 that this hull separation 

vortex is rotating in the opposite direction as the sail tip vortex. This is because the 

hull separation vortex contains the image circulation from the sail tip vortex. For 

low incidence angles, this image circulation remains bound to the hull afterbody but, 

for larger drift angles, it gets shed with the lower body separation vortex. When 

the circulation is bound to the hull, it interacts with the crossflow to generate the 

out-of-plane loads (Z and M in Figure 4.4): the Magnus effect. The shedding of 

hull-bound circulation at larger drift angles causes a reduction in the Magnus effect, 

and consequently a reduction in the out-of-plane loads relative to the theoretical case 

where the circulation remains bound to hull to the end of the body. 

Figure 4. 7 shows that both the SST and BSL-RSM turbulence models capture the 

main flow features and that the predictions improve with grid refinement. However, 
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Figure 4.7: Comparison of SST and BSL-RSM predictions for the total pressure at 
x/ L = 0.957 for structured grid simulations with /3 = 20 degrees. 
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Figure 4.8: Comparison of SST and BSL-RSM predictions for the vorticity field at 
x/ L = 0.957 for structured grid simulations with /3 = 20 degrees. 
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Figures 4.7 and 4.8 show that the BSL-RSM turbulence model predicts more con

centrated vortices with larger total pressure depreciation in the cores than the SST 

predictions. A similar result was found in a study by Jeans et al. [33] with unap

pended submarine hulls. The prediction of a stronger lower hull separation vortex 

with the BSL-RSM turbulence model explains why it predicts smaller out-of-plane 

loads at f3 = 20 degrees, which are in better agreement with experiment. 

4. 7 Validation Relevant to Rising Simulations 

A third set of data was considered in which the flow orientation was varied from zero 

to 30 degrees. This study is particularly relevant to the analysis of the roll instability 

in the emergency rising manoeuvre. It is important that the rate of change in rolling 

moment with respect to roll is predicted well for the flow incidence angles experienced 

during the rise, since this is what determines the hydrodynamic instability in roll, as 

will be discussed further in the next chapter. It was found by Watt [29] that the 

flow incidence angles experienced by the submarine at the time that roll instability 

occurs are in the range of 12 to 24 degrees, depending on the pitch used in the rise. 

Before roll instability, the flow orientation angle <I> is approximately zero. When the 

rolling motion begins, <I> changes at approximately the same rate as the roll angle, 

¢. Thus if ~~ is predicted well for 12 < 8 < 24, then the destabilizing rolling 

moment derivative in the rising simulations is also likely to be predicted well in the 

rising simulations. The comparison of RANS predictions for rolling moment as a 

function of <I> at 8 = 12, 18, 24 degrees is compared with experiment in Figure 4.9. 

The experimental curves are the best fit curve through data at <I>= 0, 30, 60, and 90 

degrees. The RANS predictions for the roll derivative ( slope of K' vs. <I> in Figure 

4.9) agrees very well with experiment for each of the flow incidence angles considered. 

This provides some validation for the emergency rising simulations presented in the 
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next chapter. 

The rolling moment on the submarine is primarily caused by lift generated by 

the sail. However, trailing vorticity from the sail can interact unevenly with the tail 

planes to generate a tail rolling moment , Ktail· This component was estimated exper

imentally by subtracting the rolling moment on a fully appended submarine model 

(hull+sail+tail) with the rolling moment on a model that had the tailplanes removed 

(hull+sail). RANS predictions for the rolling moment on the tail can be obtained by 

integrating pressure and shear distributions over the tailplanes. The RANS predic

tions for Ktail are compared with experiment in Figure 4.9 for flow incidence angles 

ranging from O to 30 degrees at a flow orientation angle of <P = 30 degrees. The RANS 

predictions for Ktail are validated to within the experimental uncertainty over the full 

range. The tail rolling moment is of interest because it results in unsteady effects that 

are difficult to predict using coefficient-based modeling of unsteady manoeuvres , as 

discussed further in Chapter 5. 
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Figure 4.9: RANS predictions using the SST turbulence model ( circles: HybCrs , 
squares: HybMed) for the variation of K' with respect to flow orientation <P (left) and 
the tail rolling moment for <P = 30 degrees (right) . The solid lines are the best fit to 
experimental data and dashed lines show the experimental uncertainty. 
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4.8 Summary 

The verification and validation study presented in this chapter is an important step 

in a wider process of assessing the uncertainty in unsteady RANS predictions of six 

DOF manoeuvres. Some important conclusions can be drawn from the comparison 

with steady translation experiments, in which flow incidence angles were varied up to 

20 degrees, unless otherwise noted: 

• The medium meshes used for simulations are sufficiently refined for discretiza

tion errors to be reasonably small for the purposes of this work. 

• Results for meshes having an average first node y+ value in the range of 26 to 

52 were found to agree well with experiment for a broad range of flow incidence 

and orientation angles of interest in this work. 

• Results with the SST turbulence model are validated to within combined exper

imental and numerical uncertainty for all force and moment components except 

for out-of-plane pitching moment and normal force when /3 >= 15 degrees. 

• The BSL-RSM turbulence model results are validated except for out-of-plane 

pitching moment at an angle of drift around 15 degrees; however the agreement 

with experiment is still relatively good at this point because the comparison 

error is very close to the comparison uncertainty. 

• It was found that there is no significant improvement in steady force and moment 

predictions for the BSL-RSM turbulence model over the SST turbulence model 

except in the prediction of out-of-plane normal force and pitching moment at 

large angles of drift (/3 > 15 degrees). 

• The destabilizing hydrodynamic rolling moment derivative, i~ is predicted well 

using the SST turbulence model at flow incidence angles relevant to the emer

gency rising manoeuvre. 
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• The component of overall rolling moment induced by the tail is validated within 

experimental uncertainty for SST predictions at <I> = 30 degrees for 5 < 8 < 30 

degrees. 

Unfortunately no unsteady experimental data for the DRDC-STR model was avail

able for comparison. However, the excellent agreement between RANS predictions and 

steady experiments provides some important validation for the prediction of hydro

dynamic loads in the unsteady RANS simulations of submarine manoeuvres, which 

will be discussed next. 
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Chapter 5 

The Emergency Rising Manoeuvre 

In Chapter 4, it was shown that good predictions of steady hydrodynamic loads are 

obtained for the appended DRDC-STR submarine model in steady translation. This 

provides some validation for the force prediction in the unsteady RANS-based sim

ulations of the emergency rising manoeuvre in the present chapter. The unsteady 

RANS rising simulations are compared against Watt's [29] coefficient-based simu

lations, which provides a means to verify the implementation of submarine-specific 

models in Appendix A and the predictor-corrector time integration scheme. 

5.1 Simulation Parameters 

Unsteady RANS simulations were conducted for three of Watt's rising scenarios, 

named as Sl, S8, and S9. All three simulations begin with the 3000 tonne submarine 

moving in straight and level flight with a forward speed of 3 m/s at a depth of 100 m. 

In order to achieve equilibrium, the drag is offset by the thrust of the propeller. Using 

the CFO-computed drag in Watt's propeller model results in a propeller advance ratio 

of Jbs = 1.100 at full-scale Reynolds number (Re = 240 x 106
) or Jbs = 0.9822 at a 

model-scale Reynolds number of (14 x 106). The difference is due to the reduction in 

drag coefficient at higher Reynolds numbers. Note that for Watt's coefficient-based 
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simulations (Re = 23 x 106
) Jbs = 0.9783. The submarine is also trimmed to offset 

the pitching moment and normal force acting on it. The pitching moment is offset 

with a small sternplane deflection, 8st, and the asymmetric normal force generated by 

8st and the sail is compensated for by adding a very small weight trim, Wt: 

(5.1) 

where W0 is the initial weight of the submarine. The propeller torque generates a 

small heel (roll) angle which can be compensated for with a lateral shift in CG using 

onboard trim tanks; however this is not done in the current simulations so that a 

small initial roll angle is present, as is typical in practice. 

The initial conditions and control sequence for the three simulations are shown in 

Tables 5.2 and 5.1, respectively. Simulation Sl follows a procedure commonly used 

during emergency rises. At t = 0, the sternplanes are deflected to pitch the nose of the 

submarine up, all four MBTs are blown normally (keeping an emergency air supply in 

reserve), and the commanded forward speed is increased from 3 m/s to 6 m/s. During 

the rise, sternplane control is employed in order to obtain and maintain a pitch angle 

of approximately 20°. This is achieved by following the sequence of set point changes 

listed in Table 5.1. Rising scenario S8 is identical to Sl except that the submarine 

is given a larger, yet still realistic, initial roll angle of 2° by shifting the CG laterally 

off-center by a distance Yc
0

• Simulation S9 is the same as S8 except that the pitch 

angle is limited to about 10 degrees throughout the maneuver. 

5.2 Verification Using the Coefficient-Based Model 

In order to verify the implementation of auxiliary models for the propeller, tailfin 

loads, ballast-blowing, and the control model, Watt's coefficient-based hydrodynamic 

model was added as a subroutine to the code for running unsteady RANS submarine 
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6s Uc 

Simulation commanded commanded 
(deg.) (m/s) Characteristics 

Sl -20@t = 0 6@t = 0 Small initial heel angle, control 
-l@t = 17 sequence for 68 is set to maintain a 
3@t = 38 pitch angle of around 20 degrees. 

S8 -20@t = 0 6@t = 0 S 1 except the magnitude of the initial 
-l@t=17 heel angle ¢0 is increased to 2 degrees 
3@t=38 with a lateral offset in CG, Yc

0 

S9 -9@t = 0 6@t = 0 S8 except the sternplanes limit the 
O@t=16 pitch angle to about 10 degrees 
3@t=40 throughout the maneuver. 

Table 5.1: Command sequence for the rising simulations. 

Simulation Ost (deg)* <l>o {deg) y Go (m) W, Jhs 

SI 

Coefficient-based 0.813 -0.142 0 1.64( 10
4

) B 0.9783 

URANS {full scale 2 0.20* -0.103 0 3.66(10-
52 B 1.1000 

S8 and S9 

Coefficient-based 0.813 -2.00 -0.0114 1. 64( 10
4

) B 0.9783 

URANS (full scale) 0.20* -2.00 -0.0116 3.66(10-5
) B 1.1000 

URANS {model scale 2 0.24* -2.00 -0.0114 5.11{10-52 B 0.9822 
*For URA NS simulations, Dst jumps from the values shown to 0.813 deg at t = 0. 

Table 5.2: Initial conditions for the emergency rising simulations. 

manoeuvres in CFX ( described in Chapter 3). This subroutine can be called to get 

hydrodynamic loads from the coefficient-based model instead of solving the RANS 

equations. The results for Watt's rising simulations were reproduced to plotting ac

curacy using this mode of operation. This verified that the auxiliary models used 

in the unsteady RANS simulations are consistent with Watt's coefficient-based sim

ulations. This ensures that the differences between the two prediction methods (i.e. 

RANS and coefficient-based) are entirely due to the way each method models FH. It 

also showed that the second order predictor-corrector time integration described in 

Chapter 3 gives the same solution as the high-order Runge-Kutta time integration 
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used by Watt. 

The coefficient-based model was also useful for testing the convergence character

istics and order of accuracy of the predictor-corrector integration scheme described in 

Chapter 3. The convergence within a timestep was tested for both Newton iteration 

and fixed point iteration using simulation Sl. With Newton iteration, the effect of 

uncertainty in the Jacobian matrix on the convergence was investigated by scaling all 

components of the Jacobian matrix for hydrodynamic loads by 0.5 in one case and 2.0 

in another. This test is important because the Jacobian matrix for the RANS-based 

simulations (presented later) has some uncertainty since it is approximated by the 

coefficient-based model. For the coefficient-based model, the Jacobian matrix is exact 

( to machine round-off error) for all components of hydrodynamic loads, except for 

steady translation, which is a complicated function of flow incidence and flow orienta

tion. The steady translation components were approximated by a numerical solution 

for these force and moment derivatives at zero incidence. Figure 5.1 shows that excel

lent convergence is obtained for Newton iteration when the Jacobian matrix is very 

accurate; the residual drops by more than an order of magnitude with each iteration. 

Note that the residual is defined as the change in the variable with respect to the 

previous corrector iteration, divided by the converged value in this section. Machine 

accuracy is obtained after 10 corrector steps for a timestep size of 0.2 seconds. The 

convergence was slower, but still good, when the error in the Jacobian matrix terms is 

as large as -50% or+ 100%. This is an important result because it shows that only a 

crude approximation of the Jacobian is needed to achieve convergence for these types 

of simulations. 

For modified fixed-point iteration (cf. Section 3.1.3.1), three relaxation parameters 

were tested: 'Y = 0.75, 0.5, and 0.25 (smaller values indicate larger under-relaxation). 

With 'Y = 0. 75, fixed-point iteration diverged at t = 33.8 seconds, causing the simula

tion to crash due to a floating point overflow. The simulations with more relaxation 
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Figure 5.1: Iterative convergence of Newton iteration at t = 47.4 seconds in the 
predictor-corrector integration of coefficient-based simulation S 1. The convergence 
when the actual Jacobian matrix is used (top) is compared with cases in which all 
terms in the Jacobian matrix for hydrodynamic loads are scaled by 0.5 (bottom left) 
and 2.0 (bottom right). 
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were successful and the convergence for each at the final timestep in the simulation is 

shown in Figure 5.2. The performance with ry = 0.5 is similar to using Newton itera

tion with the Jacobian terms under-predicted by 50%, while slower convergence was 

obtained for ry = 0.25. Note that the residual are normalized by ry to give consistent 

starting values. 
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Figure 5.2: Iterative convergence of modified fixed point iteration at t = 47.4 seconds 
in the predictor-corrector integration of coefficient-based simulation Sl , using relax
ation parameters of 0.5 (left) and 0.25 (right). The legend in Figure 5.1 applies to 
these plots. 

All the results discussed thus far were for a timestep size of f::..t = 0.2 seconds. 

A simulation with a large t imestep of f::..t = 2 seconds was attempted. Convergence 

was obtained with Newton iteration, even when using the large uncertainties in the 

Jacobian matrix. However , the simulations using fixed point iteration with ry = 0.5 

and 0.75 diverged. This indicates that more relaxation is needed in modified fixed

point iteration as the timestep size is increased. Note that when convergence is 

obtained, both methods produce the same solution. 

The order of accuracy for the predictor-corrector method was tested by performing 

several coefficient-based simulations of Sl using t imestep sizes ranging from 0.2 to 
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0.0125 seconds. The effect of timestep size on the submarine roll¢ and angular velocity 

pat the end of Sl is shown in Figure 5.3 . The results show that the error reduces with 

(~t)2 , verifying that the predictor-corrector time integration is second order accurate. 

Also, the results converge to the Runge-Kutta time integration performed by Watt to 

4 significant digits. 
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2 -2.2409 -0.35363 9.8% 12% 

0.2 -2.043451 -0.3170161 0.12% 0.15% 

0.1 -2.041640 -0.3166507 0.029% 0.037% 

0.05 -2.041198 -0.3165632 0.0074% 0.0095% 

0.025 -2.041085 -0.3165406 0.0019% 0.0024% 

0.0125 -2.041058 -0.3165352 0.00057% 0.00070% 

0 (ExtraQ.) -2.041046 -0.3165330 0 0 

Watt,RKF45 -2.040912 -0.3165055 -0.0066% -0.0087% 

Figure 5.3: Effect of timestep size on ¢ and p at t = 47.4 seconds in the coefficient
based simulation Sl using the second order backward difference formula (BDF) 
predictor-corrector time integration scheme, compared with Runge-Kutta time in
tegration [29]. 

5.3 Unsteady RANS Simulations 

The predictor-corrector method and auxiliary models for submarine subsystems were 

verified in the previous section and are now applied to the unsteady RANS simulations 
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of the emergency rising manouvre. Multiple simulations of the three rising scenarios 

were conducted in order to verify several aspects of the RANS simulations, including: 

• Timestep sensitivity 

• Mesh sensitivity 

• Frame-of-reference for the fluid solution (body-axis vs. translating) 

• Convergence of iterative method (Newton and fixed point iteration) 

• Reynolds number (full scale vs. model scale) 

• Turbulence model (SST vs. RSM-BSL) 

In total, 9 RANS simulations were conducted, as shown alongside coefficient-based 

simulations in Table 5.3. All simulations are run using a 70 meter-long submarine, 

with the DRDC-STR hull-sail-tail geometry. For full-scale simulations, the fluid prop

erties were set to that of seawater p = 1025 kg/m3 andµ= 8.899 x 10-4 ~~, whereas 

for the model-scale simulation, the viscosity was increased to µ = 0.0156~ to make 

the Reynolds number 23 x 106 when the submarine is moving 5 m/s. All CFD simu

lations were run at full-scale except the model-scale simulation S9e. The 2.1 million 

node mesh, referred to as HybCrs in the steady validation of Chapter 4, was used for 

all cases except S8d in which the 4.4 million node mesh (HybMed) was used. Also, 

the SST turbulence model is used in all cases except for S9f, which uses the BSL

RSM model. Simulations S 1 and S8 use a body-axis frame of reference ( described in 

Section 3.4.3), while the body-axis and translating frame of reference ( described in 

Section 3.4.4), are compared for S9. The simulations using fixed-point iteration use a 

relaxation parameter of,= 0.5. 

The results for the unsteady RANS simulations are compared with the coefficient

based simulations in Figures 5.4 to 5.11. All simulations show a rapidly growing roll 
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Swmna!}'. of Rising Simu1ations 
C Mesh Fluid Fluid 0 .i 

Hydro. 
6 

Ncxles Integration Corrector Corrector Ncoer Frame of "3 ReL x 10 
e 

X 10
6 

v.i Model @U=5m/s 8t {s} Scheme Method St~ per 8t Reference 

Sia Coef. 23 RKF45 
Sib Coef. 23 BDF2 
Sic SST 400 2.1 0.05 BDF2 Fixed pt. 10 10 Body-axis 

S8a Coef. 23 RKF45 
S8b SST 400 2.1 0.1 BDF2 Fixed pt. 10 10 Body-axis 

S8c SST 400 2.1 0.05 BDF2 Fixed pt. 10 10 Body-axis 

S8d SST 400 4.4 0.05 BDF2 Fixed pt. 10 10 Body-axis 

S9a Coef. 23 RKF45 
S9b SST 400 2.1 0.1 BDF2 Fixed pt. 10 10 Body-axis 

S9c SST 400 2.1 0.1 BDF2 Fixed pt. 10 10 Translating 

S9d SST 400 2.1 0.1 BDF2 Newton 3 15 Translating 
S9e SST 23 2.1 0.1 8DF2 Newton 3 15 Translating 

S9f RSM 400 2.1 0.1 BDF2 Newton 3 15 Translating 

Table 5.3: Summary of Rising Simulations. 

angle at the end of the simulations, when the submarine has reached the theoreti

cal ocean surface ( as discussed in Chapter 3, surface effects are not included in the 

simulations). Also, the unsteady RANS results show that a much larger roll angle 

develops for 88 and 89 than 81, confirming the roll angle sensitivity to a slight shift 

of the submarine CG off of the symmetry plane, which was discovered by Watt with 

the coefficient-based simulations. The roll instability is examined further in Section 

5.4 below. In the remainder of this section, the results are discussed in terms of the 

verification of the unsteady RANS results. This is important for distinguishing the 

effect of hydrodynamic modelling (URANS versus coefficient-based) from numerical 

uncertainty. It also serves to verify features of the unsteady RANS simulations that 

are also used in the tanker-interaction simulations presented later. 
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5.3.1 Iterative Convergence 

The typical iterative convergence of the submarine state at a fixed timelevel for New

ton iteration and fixed-point iteration is shown by plotting the variation of angular 

velocity p and rolling moment K near the end of simulation S9 in Figure 5.12. It 

can be seen that a steady value of p is approached at the end of the corrector steps 

for both fixed-point iteration and Newton's method. Note that the predicted value is 

very close to the converged solution. Since the difference between predicted and final 

corrected values is used as an error estimate in some predictor corrector schemes (see 

for example [57]) (though not done here), this is an indicator that the timestep is small 

enough that the temporal discretization errors are small. The timestep sensitivity is 

discussed further below. Looking at the results for fixed point iteration, the solution 

initially moves away from the predicted value and then back to it. This is because 

the first corrections are made based on a poorly converged fluid evaluation. It ap

pears that it would make more sense to hold the submarine state constant for several 

fluid coefficient-loop iterations before making corrections, as was done with Newton 

iteration. As shown in the plot of rolling moment in Figure 5.12, when the submarine 

state is held fixed during coefficient-loop iterations, the hydrodynamic loads approach 

a steady value for the given state of the submarine. After a correction is made to the 

submarine state, a new steady value is approached. The changes get smaller with each 

correction, indicating that the solution is converging to a combination of submarine 

state and hydrodynamic loads that satisfy the rigid body equations of motion. The 

same convergence behaviour is seen for the other components of hydrodynamic loads 

as well. The convergence of hydrodynamic loads is used to evaluate the convergence 

of the fluid solution rather than the fluid residuals for u1, v1, w1, PJ because these 

residuals stagnate after a couple iterations due to a few very localized high residuals 

that are consistently on the order of 0.1 for the entire simulation. This makes the 

RMS fluid residuals stagnate at a level around 4 x 10-4 after the third coefficient 
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loop iteration, which persists until the end of the timestep. The hydrodynamic loads 

continue to converge, however, and it was shown in the steady validation RANS sim

ulations with the same grid that hydrodynamic loads converge to very steady values 

even though the fluid residuals stagnate. 
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Figure 5.12: Convergence behaviour for fixed-point iteration (top left) and Newton 
iteration ( top right) for p at t = 50 seconds in rising simulations S9c and S9d, respec
tively, along with the convergence of hydrodynamic rolling moment K for Newton 
iteration at the same timestep (bottom). 

The overall convergence error is judged based on the changes in submarine state 

vector, y, since this is the desired output of the simulations. Convergence of the 
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submarine state implies convergence of the fluid solution since they depend on each 

other through the hydrodynamic loads. The convergence error for a single timestep is 

approximated by the magnitude of the last corrector for submarine state components. 

The total iterative convergence error for the entire simulation is estimated to be the 

summation of all the iterative errors for each timestep. The absolute values are used 

in the summation so that cancellation of errors is not considered. The iterative error 

estimates for S9 simulations with Newton iteration are shown in Table 5.4. The 

iterative error estimates are well below the line width used in the plots of simulation 

results (approximately 0.5% of the ordinate axis range), with the exception of q at the 

end of the simulations, which is estimated to have a cumulative iterative uncertainty 

of 1.5% of the range of q during the simulation, which is equivalent to about 3 times 

the width of the lines used in the plot of q vs t. Positions and Euler angles are 

converged particularly well, with the maximum residual for a timestep always being 

below 10-5 meters for positions and 2 x 10-5 degrees for Euler angles. 

Maximum Variable Cumulative 
iterative error range for Iterative Error 
for a timestep simulation (% of range) 

u (mis) 2.E-06 3.9 0.004% 
V (mis) 2.E-05 0.7 0.11% 
w (mis) 5.E-05 2.6 0.11% 
p (rad/s) 2.E-04 3.3 0.33% 
q (rad/s) 4.E-04 0.8 1.4% 

r (rad/s) 4.E-05 0.6 0.34% 

Xo (m) 2.E-06 194.6 0.000°/o 

Yo (m) 8.E-07 5.0 0.001% 

Zo (m) 9.E-06 85.1 0.000°/o 

<I> (deg) 2.E-05 13.8 0.005% 
e (deg) 2.E-05 13.0 0.006% 
~ (deg) 2.E-06 5.4 0.002% 

Table 5.4: Estimates for iterative error in simulation S9d, which employed Newton 
iteration with a total of 10 fluid coefficient-loop iterations per timestep. 
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It is expected that the iterative convergence errors of simulations using fixed point 

iteration is larger than those using Newton iteration because only 10 coefficient-loop 

iteration are used instead of 15. However, Figures 5.10 and 5.11 show that results 

with fixed point iteration (S9c) agree to plotting accuracy with a simulation using 

Newton iteration (S9d), confirming that iterative errors are negligible. 

5.3.2 Effect of Fluid Frame-of-Reference 

By comparing results for S9b and S9c in Figures 5.10 and 5.11, it can be seen that the 

same result is obtained for fluid solutions in the body-axis and translating frames

of-reference. A small deviation in results can be observed for yaw and r, however 

the differences are on the same order of magnitude as the iterative convergence er

ror estimate. Also, the grid in the translating-frame simulations deforms to account 

for submarine Euler angles, as shown for pitch in Figure 5.13. Since the mesh is 

changing in the translating-frame simulation, the spatial discretization errors may be 

slightly different from the body-axis simulations. It will be shown later that results 

for yaw and r are the most sensitive to mesh refinement. Note that the translating 

frame simulations terminated a few timesteps before the submarine reaches the the

oretical ocean surface because the mesh collapsed due to excessive distortion from 

the rapidly increasing roll angle. This shows the advantage of using the body-axis 

frame-of-reference; however, this advantage is lost in multi-body simulations since the 

bodies need to be displaced in the computational fluid domain to account for the 

relative motion of the bodies, regardless of the frame-of-reference used. The agree

ment between the body-axis frame solution and translating frame solution indicate 

that using the rotational terms in the apparent-body force (Equation 2.11) gives the 

same solution as the mesh motion terms that arise in the ALE formulation of the 

RANS equations presented in Section 2.6. This is an important verification for the 

tanker-submarine interaction study since mesh motion is required in that case. As a 
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final note for this section, the translating-frame simulations could have been set up in 

such a way that the mesh surrounding the submarine rotates as a rigid body with it, 

in which case there would be no mesh deformation or possibility of mesh collapse. In 

this case, mesh nodes would move at the outer boundaries. Mesh motion normal to 

the external boundaries is not recommended for CFX; however, this can be avoided 

by using a spherical domain, in which case mesh motion would be tangent to the 

outer boundaries. This was not tested in the current work since a second objective 

for using the translating domain was to test mesh displacement equations, which are 

needed in the tanker-submarine interaction study. 

5.3.3 Discretization Uncertainty 

The effect of timestep and mesh refinement are shown in the results for S8 simulations 

in Figures 5.6 and 5. 7. A comparison of results with b..t = 0.05 seconds (S8c) and 

b..t = 0.1 seconds (S8b) show that the temporal discretization error at b..t = 0.1 

is smaller than the plotting accuracy. This is not surprising considering that the 

submarine state was predicted to 3 significant digits using b..t = 0.1 seconds for 

the predictor-corrector integration of the coefficient-based simulations in Section 5.2. 

However, the verification with the unsteady RANS simulations shows that temporal 

discretization errors are also negligible for the unsteady fluid effects that are neglected 

in the coefficient-based simulations. 

The comparison of S8 results with the 2.2 x 106 node and 4.4 x 106 node meshes 

shows that most components of the submarine motion are insensitive to mesh re

finement. The one exception is the yaw angle and related angular velocity r. Note, 

however, that these quantities are small when compared to roll and pitch motions. 

As discussed in Section 4.5.2, the uncertainty due to discretization errors can be es

timated by multiplying the difference between the refined ( 4.4 x 106 node, HybMed) 

and coarse (2.1 x 106 node, HybCrs) mesh solutions by 1.5 times a factor of safety, 
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Figure 5.13: Near-body mesh cross section at YJ = 0 for t = 0 (top) and after the 
submarine achieved a pitch angle of approximately 12 degrees (bottom) in translating
frame simulation S9c. 
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F S. The error bars in Figure 5.6 show the estimates for the discretization uncertainty 

in the refined grid using a very conservative F S = 3. This shows that the pitch angle 

is insensitive to grid refinement while there is some grid dependence in roll at the end 

of the simulation when it is changing quickly, and there is a significant amount of 

uncertainty for yaw. However, this is not of major concern because yaw is small and 

not of primary interest in these simulations. Since the uncertainties due to timestep 

size and iterative convergence were found to be very small, the total numerical uncer

tainty in the unsteady RANS simulations can be approximated by the discretization 

errors. 

5.3.4 Hydrodynamic Modelling Errors 

Unfortunately, no free-swimming model experiments were available to assess the mod

elling errors in the numerical predictions. However, the above estimation of numeri

cal uncertainty makes it possible to compare the solutions using different modelling 

assumptions for the hydrodynamic loads. One comparison is between the SST tur

bulence model and the BSL-RSM turbulence model. This can be seen by comparing 

results for S9e and S9f in Figures 5.8 and 5.9. The only difference between these two 

simulations was the turbulence model. The BSL-RSM prediction matches the SST 

prediction to within the width of the lines used in the plots ( which corresponds to 

approximately 0.5 % of the variable range during the simulation) for all components 

of the submarine motion except yaw and r. However, the relatively large discretiza

tion uncertainty in these quantities makes it difficult to determine if these differences 

are significant. From a practical point-of-view, the BSL-RSM and SST predictions 

of the submarine motion in rising scenario S9 are identical. This indicates that ei

ther both models have the same error with respect to reality or that the modelling 

errors for both are very small. The excellent agreement with steady translation data 

( cf. Section 4.4) suggests that the hydrodynamic loads are predicted reasonably well. 
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Other studies have also demonstrated that the SST and particularly the BSL-RSM 

models give good predictions for hydrodynamic loads on a submarine hull in rotation 

[36]. However, the magnitude of the modelling errors cannot be known for certain 

unless these results are validated against free-swimming model experiments, in which 

case the error in the comparison would also include modelling assumptions for the 

propeller, the model for forces due to tailfin deflection, and mass changes with ballast 

blowing. 

Since the facilities for free-swimming model experiments were not available, one of 

the main purposes of the unsteady RANS simulations in the current development is to 

validate predictions made using the computationally fast coefficient-based simulations. 

Most of the unsteady RANS predictions are done for full-scale conditions so as to best 

represent reality. However, Watt's coefficient-based model is largely based on model

scale experiments conducted at Re = 23 x 106
. In order to investigate the effect of 

Reynolds number in the range from model-scale to full-scale, one unsteady RANS 

simulation of rising scenario S9 was conducted at Reynolds numbers in the range 

of 23 x 106 . This simulation is compared with the full-scale simulation in Figures 

5.8 and 5.9. The observed Reynolds number effect is small for all components of 

submarine motion, especially for roll, which is the primary variable of interest in this 

study. There were some minor changes in the pitch, trajectory, velocity w, and flow 

incidence 8 in the second half of the manoeuvre that move the CFD predictions 

closer to the coefficient-based model results. However, the Reynolds number effect 

does not fully account for the difference between unsteady RANS simulations the 

coefficient-based simulations. One difference is in the submarine pitch angle after 

about t = 15 seconds. The unsteady RANS simulations predict that a 10% larger 

pitch angle is achieved than the coefficient based model for all three rising scenarios. 

This could be a result of uncertainty in the hydrodynamic loads due to rotation in 

the coefficient-based model, which are largely estimated using semi-empirical methods. 
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Also, unsteady viscous effects, discussed in the next section, are neglected in the quasi

steady coefficient-based model. Regardless of the differences, the agreement between 

the coefficient-based model and unsteady RANS is still considered to be very good. 

Watt's [29] conclusions about the effect of pitch angle and lateral offset of the CG on 

the magnitude of the rolling motion are validated by the unsteady RANS simulations. 

The roll instability is now discussed in more detail. 

5.4 Examination of the Instability 

For the purposes of analyzing the roll instability phenomenon in each rising scenario, 

the Euler angles, flow incidence angles, and flow orientation angles for Sl, S8, and 

S9 are plotted together in Figure 5.14. A rapidly increasing roll rate was observed 

at the end of each simulation, suggesting that the submarine is unstable in roll. 

This behaviour can be explained from a stability analysis. Watt [49] performed a 

quasi-steady, 1 DOF analysis of the rolling moment equation in the coefficient-based 

hydrodynamic model and found the following roll stability limit for a buoyantly rising 

submarine: 

BB G cos () - ~ pL 
3 
U

2 ~!' I ,i,=o > 0 for stability (5.2) 

where the first term is the static stability derivative ( BG is the distance the CB is 

above the CG) and ~!' is the hydrodynamic stability derivative that is responsible 

for the roll instability. The hydrodynamic stability derivative was shown in Figure 

4.9 in the presentation of steady translation validation results, which showed that 

~!' is insensitive to <I> and strongly dependent on the flow incidence 8, increasing by 

almost a factor of three as 8 is increased from 12 degrees to 24 degrees. It was also 

shown that the RANS predictions for ~!' l<I>=O agree closely with experiment. In the 

rising simulations presented above, the point at which Eq. 5.2 becomes zero is used 

to indicate when the submarine becomes unstable in roll; this is shown by the vertical 
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lines in F igures 5.4 to 5.10, and by the circles in Figure 5.14. 

Eq. 5.2 is also rearranged to define the following velocity stability index, Us, which 

provides a measure of how close the submarine is to instability: 

Us= 
BBGcosB 

1 8K'I -U>O, 
2PL3 ~ c:I>=O 

for stability (5.3) 

where Us is the additional velocity needed for the submarine to become unstable, all 

else being equal. It is plotted in Figures 5.5, 5.7, 5.9, and 5.11. 

An additional measure of the state of roll stability is the 'equilibrium' roll an

gle , <PE, which is defined as the roll angle that zeros the net rolling moment on the 

submarine (right hand side of the third equation in matrix Equation 2.1) assuming 

all accelerations and angular velocities are zero but keeping the current mass dis-
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Figure 5.14: Comparison of rising simulation results for Euler angles and flow inci
dence angles. 
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tribution, propulsive and control states, pitch and yaw angles, and the translational 

velocity (±0 , y0 , z0 ) constant. Flow orientation <I> and roll angle ¢ are adjusted in the 

coefficient based model to find ¢E· In the current context, the difference between ¢E 

and ¢ is a measure of roll-inducing nonequilibrium that is seen to precede instability. 

The rolling moments acting on the submarine during the Sl and S8 RANS sim

ulations were plotted as a function of time in Figure 5.15 to determine the source of 

the roll instability. In Figure 5.15a and 5.15c, it can be seen that there is a growing 

destabilizing hydrodynamic moment KH tending to overturn the submarine through

out the rise for Sl and S8, respectively. This destabilizing moment competes with a 

static restoring moment, Kstatic, that arises because the CB is above the CG: 

Kstatic = (Ye - YB) cosBcos¢- (zcW - zBB) cosBsin¢ (5.4) 

The rising maneuver takes place in three phases with the first, the stable-equilibrium 

phase, lasting until t t"v 38 s. During this phase, Knet is approximately zero so that 

change occurs slowly enough that the submarine maintains a near-equilibrium roll 

angle, as shown in Figs. 5.4 and 5.6. This initial roll angle can be approximated 

by the following expression, derived from the rolling moment equation (Fourth row 

of matrix Equation 2.1) under the assumption that y0 is small so that <I> t"v ¢ and 

YB, zc,P, r, and the accelerations are negligible [29]: 

(5.5) 

where the denominator is an approximation to the roll stability of the submarine. The 

hydrodynamic stability derivative, ~~, is always positive while the static stability 

derivative, zBB, is always negative because ZB is negative. The magnitude of the 

denominator decreases throughout the rising maneuver prior to instability so that 

roll angle growth is effectively an amplification of the numerator which is determined 
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Figure 5.15: The unsteady RANS rolling moment predictions during simulations Slc 
(a and b) and S8d (c and d). The vertical lines indicate the time at which the 
submarine becomes unstable in roll according to Equation 5.2 

by the propeller torque and Ye, the extent to which the submarine is out-of-trim. 

The shift in CG in S8 produces a larger numerator than in Sl, resulting in the larger 

initial roll angle and growth in roll before the instability. In both Sl and S8, the 

denominator in Equation 5.5 is the same because the velocity and incidence angle are 

approximately the same throughout both simulations. 

The second stable-nonequilibrium phase occurs from t rv 38 s until the point of 

instability at t = tu = 41.8 s. During this phase, the stability of the submarine, as 

measured by Us in Figures 5.4 and 5.6, decreases rapidly and the equilibrium roll 

angle ¢E departs quickly from the actual roll angle of the submarine because the net 

rolling moment is negative. The roll rate grows faster in S8 than in S 1 as one would 

expect from Equation 5.5, although increasing accelerations and angular velocities 

mean Equation 5.5 is now an oversimplification of the dynamics. 
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The final unstable phase is from t = 41.8 seconds to the end. The rate of in

crease of the destabilizing hydrodynamic moment with ¢ surpasses that of the static 

restoring moment at t = 41.8s, resulting in rapid growth in Knet which accelerates 

the submarine in roll. The equilibrium roll angle goes towards 180 degrees in the 

unstable phase; however, the magnitude of the roll angle that develops is limited by 

the short time that the submarine is unstable in roll since the instability occurs near 

the surface. 

The magnitude of the rolling moments that develop in S8 are almost an order of 

magnitude larger than those in Sl because of the larger initial roll, as determined by 

the Kp and Ye terms in the numerator of Eq. 5.5. In Figure 5.15b and 5.15d, the 

overall hydrodynamic rolling moment on the submarine during Sl and S8, respectively, 

is decomposed into its three main components: rolling moment on the sail, Ksail, 

rolling moment on the tail, Ktail, and the propeller torque, Kp. Note that the rolling 

moment on the hull was found to be insignificant throughout all simulations because 

of its axisymmetric shape. Up to around t = 20 seconds, Ksail and Ktail are small and 

Kp is the main contributor to the overall hydrodynamic rolling moment, especially for 

Sl. Beyond t = 20 seconds, Ksail begins to grow very quickly whereas Kp levels off. 

At the time instability occurs and beyond, Ksail dominates. In Sl, Ktail remains close 

to zero for the entire simulation, but in S8 after the instability occurs it moderates 

the roll slightly because of viscous damping at the tail. 

The strong rolling moment generated by the sail occurs because it is an effective 

lifting device. When the submarine is rising with a roll angle, the flow past the 

sail has a crossflow component which induces a lift force on the sail which rolls the 

submarine. This lift force is generated by the asymmetric surface pressure contours 

shown at t = 38 seconds in Figure 5.16; the low pressure region here is larger on the 

port than on the starboard side of the sail. 

The main elements of the above discussion for the roll instability observed in Sl 
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Figure 5.16: Pressure distributions on the submarine and surrounding the sail for sim
ulation S8d at t = 38 s. Pressure is normalized by ~ pU2

, where U is the instantaneous 
translational speed of the submarine at t = 38 s. 
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and S8 also apply to S9. The only difference between S9 and S8 is that the submarine 

maintains a pitch angle of 10 degrees instead of 20 degrees during the rise. This 

results in a shallower trajectory and increased time to rise. It also results in larger 

flow incidence angles, which increase the destabilizing hydrodynamic derivative, ~!' 
and cause the submarine to be unstable longer, which increases the emergence roll 

angle from ¢ = 10 degrees for S8 to ¢ = 18 degrees for S9. This comparison shows 

that rising with a substantial pitch angle is beneficial for getting to the surface faster 

and minimizing both the magnitude of the flow incidence and the time it has to act 

on the submarine. 

5.5 Unsteady Viscous Effects 

An advantage of unsteady RANS over conventional coefficient-based simulations is 

that unsteady viscous effects are accounted for in the solution. The coefficient

based simulations do account for inviscid unsteady hydrodynamic forces and moments 

through the use of added mass coefficients [28]; however, unsteady viscous effects as

sociated with the growth and convection of vorticity downstream to the tail are not 

accounted for. At any instant during the coefficient-based simulations, the vorticity 

generated at the sail is assumed to be instantaneously convected to downstream infin

ity, as though the submarine had been translating at the current velocity for sufficient 

time for the flow to reach steady state. As such, the coefficient-based simulations are 

quasi-steady. In reality it takes some time ( rv 10 seconds) for the vorticity generated 

at the sail to reach the tail. This trailing vorticity is potentially important in the 

rising stability of a submarine because it interacts with the tailplanes to produce a 

rolling moment on the tail, as was shown in the steady simulations (Figure 4. 9). 

From the close comparison between the unsteady RANS and coefficient-based 

simulations, it appears that unsteady viscous effects are small. In particular, the 
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agreement with the small emergence roll angle for S 1 suggested that there are no 

surprising unsteady effects that are important relative to the strong roll instability 

caused by the lift generated by the sail. This was confirmed by an analysis of the 

unsteady viscous component of rolling moment on the tailfins, presented in [50]. In 

this analysis, the unsteady viscous rolling moment on the tail was found to be less 

than 5% of the overall rolling moment on the submarine after around t = 25 seconds, 

confirming that the effect of neglecting these effects in the coefficient-based model is 

small for this manoeuvre. Errors in the steady rotational coefficients in the coefficient

based model may be more substantial than the unsteady viscous effects, since they 

are estimated using semi-empirical methods. 
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Chapter 6 

Tanker-Submarine Interaction 

The simulations of a buoyantly rising submarine in Chapter 5 verified some important 

aspects of the unsteady RANS simulations of a manoeuvring submarine that are ap

plied again in the tanker-submarine interaction study of the present chapter. These 

include the verification of the order of accuracy and convergence of the predictor

corrector time integration scheme, and the verification of the ALE formulation of the 

RANS equations. For the predictor-corrector scheme, it was found that the conver

gence of Newton iteration is superior to fixed-point iteration, especially when using 

large timesteps. A relatively small timestep was used in the rising simulations for 

verification purposes. A larger timestep and tolerance for uncertainty for time dis

cretization is used in the present study in order to have practical simulation run-times. 

Temporal discretization errors are still estimated by comparing different timestep sizes 

for one case. Preliminary tanker-submarine interaction simulations found that the so

lution diverges with fixed-point iteration at these larger timestep sizes unless a large 

amount of under-relaxation and many coefficient-loop iteration are used. In fact, 

it was at this point in the project that Newton iteration was developed and tested 

using the rising simulations of Chapter 5. Fixed-point iteration was dropped for the 

more efficient and robust Newton iteration in the present tanker-submarine interaction 

157 



study. 

In the submarine rising simulations, it was possible to compare with coefficient

based simulations; however, this is not possible in the present study because DRDC's 

coefficient-based model cannot account for the disturbance caused by a passing sur

face ship - more information (theoretical, experimental, or numerical) is needed to 

incorporate this effect into the hydrodynamic model. The unsteady RANS simulation 

method, verified to a large extent with the emergency rising manoeuvre, can account 

for the unsteady tanker disturbance loads without performing very expensive experi

ments. The capability of this method is first demonstrated for a tanker overtaking a 

submarine heading in the same direction in Section 6.1, followed by a scenario where 

a submarine heading North passes under a tanker heading West in Section 6.2. 

For overtaking simulations, two limits are considered: 1) perfect compensation and 

2) no compensation. In the former, the submarine's control system is assumed to be 

able to compensate perfectly for all tanker disturbance loads, such that it maintains 

straight and level flight at constant speed throughout the entire interaction. This 

shows the magnitude and frequency of the disturbance force, for which the submarine 

is assumed to be able to compensate using its control system. Simulations performed 

in this manner are referred to as "prescribed motion" simulations because there is no 

coupling between the motion of the submarine and the hydrodynamics. The predictor

corrector integration scheme is not needed in this case; standard unsteady RANS 

simulations are preformed with fixed boundary conditions at each timestep. 

In the case of "no compensation", all of the submarine control surfaces and pro

peller rotation are held fixed at the values needed to maintain straight-and-level flight 

when fully submerged in undisturbed waters. In these simulations, the motion of 

the submarine is coupled to the hydrodynamic loads, as was done in the rising sta

bility simulations of Chapter 5. For simulations in which the tanker overtakes the 

submarine, it is assumed that the geometric symmetry planes of the two vessels are 
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coincident. Under the assumption of flow symmetry, there will be no submarine rota

tion in roll or yaw, or translation in the lateral y0 direction. Only the 3 DO F motion 

of the submarine in pitch, vertical displacement, and in the x 0 direction are simulated, 

as was described in Section 3.5.1. This allows half-meshes to be used in combination 

with a symmetry boundary condition, which cuts the computational requirements 

in half. For the perpendicular crossing case, symmetry no longer applies and the 

full six DOF motion of the submarine is simulated for a "no-compensation" case. 

The methodology and boundary conditions used for this simulation were presented in 

Section 3.5.2. 

Table 6.1 lists the parameters used for the tanker-submarine interaction sim

ulations. The 70-meter long DRDC-STR submarine model and a 300-meter long 

SSPA 720 tanker are considered for all simulations. Full-scale Reynolds numbers are 

simulated by setting the properties of the fluid to sea water (p = 1025 kg/m3 andµ= 

1.23 x 10-3 
~). For all simulations, the tanker is assumed to follow a straight and 

level course at constant speed, unaffected by the submarine. Three parameters are 

varied in the overtaking simulations: the tanker speed, Vt, the initial submarine speed, 

Vs 0 , and the initial depth of the submarine, z00 • From these three parameters, two 

additional useful parameters can be derived: the initial sail tip clearance and the 

interaction time. The sail tip clearance, c, is defined as the shortest vertical distance 

from any point on the sail to a horizontal plane at the tanker keel depth. The inter

action time is defined as the nominal time that any part of the submarine is below 

the tanker: 

Lt+ Ls 
tint= ~ _ V. 

t So 

(6.1) 

Note that the actual time that the submarine is under the tanker deviates somewhat 

from tint in no-compensation simulations because the submarine speeds up and slows 

down in response to the tanker disturbance. 

All "no compensation" simulations use Newton iteration for corrector steps, which 
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are applied after every 5 fluid coefficient loop iterations. The effects of timestep 

size, mesh refinement, and iterations within a timestep are verified for the overtaking 

scenario C3. 

s: Vessel 
0 -~ 
t,:s Speed Grid Nodes 

"3 (mis) lint Co Zoo L1t Tanker Submarine s 
No. in v, Vs!l (s) (m) (m) (sec) 1int / .L\t Ilcoef Domain Domain Total 

Tanker Overtakes Submarine, Prescribed Motion 
1 Pl 7 3 92.5 2 30.8 0.5 185 10 2,273,414 4,364,420 6,637,834 
2 P2 7 3 92.5 4 32.8 0.5 185 10 2,273,414 4,767,022 7,040,436 

3 P3 7 3 92.5 8 36.8 0.5 185 10 2,273,414 4,840,222 7,113,636 
4 P4 7 3 92.5 16 44.8 0.5 185 10 2,273,414 5,389,222 7,662,636 

Tanker Overtakes Submarine, Motion Coupled to Loads, Fixed ControJs 
5 Cl 7 3 92.5 4 32.8 0.5 185 10 2,273,414 4,767,022 7,040,436 
6 C2 7 3 92.5 4 32.8 0.5 185 10 2,273,414 8,890,830 11,164,244 
7 C3a 7 5 185 9 37.8 2 93 10 2,207,350 3,465,402 5,672,752 
8 C3b 7 5 185 9 37.8 1 185 10 2,207,350 3,465,402 5,672,752 

9 C3c 7 5 185 9 37.8 0.5 370 10 2,207,350 3,465,402 5,672,752 

10 C3d 7 5 185 9 37.8 0.5 370 15 2,207,350 3,465,402 5,672,752 
11 C3e 7 5 185 9 37.8 0.5 370 10 9,751,602 6,252,616 16,004,218 

Perpendicular crossing, Motion Coupled to Loads, Fixed ControJs 

12 C5 7 3 22.9 9 37.8 0.5 46 10 10,149,306 6,913,740 17,063,046 

Table 6.1: Summary of tanker-submarine interaction simulations. 

6.1 Tanker Overtakes Submarine 

6.1.1 Perfect Compensation Simulations 

Four prescribed-motion simulations were performed with the submarine and tanker 

moving 3 m/s North and 7 m/s North, respectively, with sail tip clearances of c = 

2, 4, 8, and 16 m. The results for the hydrodynamic loads acting on the submarine 

during these perfect-compensation simulations are shown in Figure 6.1. The loads are 

plotted against time as well as the normalized position of the tanker with respect to 

the submarine, x~/s: 

X~/s = (xt,nose - Xs,tail) /(Lt+ Ls) (6.2) 
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where Xt,nose is the position of the tanker nose (at the waterline), Xs,tail is the position 

of the submarine tail ( after perpendicular), and Lt and Ls are the lengths of the tanker 

and submarine, respectively. The nose of the tanker is directly above the submarine 

tail when x~/s = 0 and the tanker has just fully passed the nose of the submarine 

when x~/s = 1. These points in time are shown by solid vertical lines in Figure 6.1. 

The dashed vertical line indicates the time that the submarine begins to be coupled 

to hydrodynamic loads in the no-compensation simulations, which will be described 

later. 

The plots in Figure 6.1 begin at t = 12.5 seconds, which is the end of the start-up 

tanker acceleration phase described in Section 3.5.1.6. The tanker does not affect the 

hydrodynamic loads on the submarine significantly until it is about one submarine 

length ( or 20% of the interaction length, Lint = Lt + Ls) away from the submarine 

tail. At this point, the submarine begins to experience a rapidly increasing thrust 

in the positive x direction, a positive normal force Z tending to push the submarine 

down, and a positive pitching moment tending to pitch the submarine up. This can 

be explained by the pressure gradient surrounding the tanker, which is shown for 

t = 120 seconds for simulation P2 in Figure 6.2. When the bow of the tanker is above 

the tail of the submarine, the high pressure stagnation region surrounding the tanker 

bow imposes a high pressure on the top of the submarine tail, which would tend to 

push the tail down and pitch the submarine up. Also, the higher pressure in the 

stern of the submarine relative to the bow causes the forward thrust, and the higher 

hydrodynamic pressure on the top of the submarine relative to the bottom tends to 

push it down. 

In a similar manner, the oscillation in forces and pitching moment at later stages 

can be explained by the variation in the pressure field below the tanker in Figure 6.2. 

The initial positive forces and pitching moment peak and then change sign when the 

submarine's tail enters the low pressure region beneath the tanker, just aft of its bow. 
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Figure 6.1 : Effect of depth on the hydrodynamic loads acting on the submarine moving 
with prescribed straight and level flight at 3 m/s while being overtaken by the tanker 
moving at 7 m/s. Loads are normalized using submarine length Ls and velocity Vs. 
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A large negative peak in pitching moment occurs when the submarine is at x~/s ~ 0.2; 

this is because the nose of the submarine experiences a downward force due to the local 

negative tanker-disturbance pressure gradient in the ( downward) z0-direction while the 

submarine's tail experiences an upward force due to the surrounding positive tanker

disturbance pressure gradient in the z0-direction. The axial force on the submarine 

also peaks at this time at a magnitude up to seven times the drag (for the case with 

c = 2 m). While the submarine is beneath the midbody of the tanker, it experiences 

a sustained upward disturbance force and, for the most part , a negative pitching 

moment. Then, just as the tanker has nearly over-taken the submarine, the submarine 

experiences a large pitch-up moment and forward thrust when its tail is beneath the 

rear stagnation region of the tanker and its nose is beneath a low pressure region. 

CASE P2: 
Tanker Vel. = 7 mis 
Submarine. Vel. = 3 m/s. 
Submarine Depth = 32 
Sail Tip Clear., c = 4 
Prescribed Motion 

t = 120 s. 

p 
Cp = 2 

o.5 P (? [m/s]) -0.1 -0.08 -0.06 -0.04 -0.02 

Figure 6.2: Pressure contour on the symmetry plane at t = 120 seconds in prescribed
motion simulation P2. Pressure is normalized using the tanker speed. 

Note that the forces and moments in Figure 6.1 are normalized using the length 

and velocity of the submarine rather than the tanker. This makes it possible to 

compare the magnitudes with other force and moment data for the submarine, such 

as that shown for steady translation in Chapter 4. However , this means that the 

results only apply to the special case where the tanker is moving 7 m/s. Also , the 

loads shown in Figure 6.1 include the drag , pitching moment , and normal force on the 
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submarine due to its forward motion of 3 m/s, in addition to the tanker disturbance 

loads. Under the assumption that these two components are linearly superimposed 

on each other, the tanker disturbance loads, Xdist, Zdist, and Mdist can be found by 

subtracting off the load when the submarine is far from the tanker; this is equivalent 

to shifting the curves in Figure 6.1 vertically such that they are zero at the start of 

the simulation. For Z' and M', the shift is negligible; however, for X' the shift is 

equal to the magnitude of the drag, l:!:..X' ~ 10-3
. From dimensional analysis, the 

magnitude of the pressure gradients around the tanker is expected to increase with 

tanker velocity squared, suggesting that the magnitude of the tanker disturbance loads 

on the submarine would also increase with \1t2 . Future work is needed to verify this 

simple relationship because it neglects the interaction between submarine and tanker 

pressure fields, which may become particularly important when the two bodies are 

close together. 

In Figure 6.1 the magnitude of the pitching moment has been expressed in terms 

of the required sternplane deflection angle to offset the tanker disturbance loads. 

Significant plane angles, up to 17 degrees for the point where the submarine tail is 

below the stagnation region behind the tanker, are needed for the case where the 

tanker is moving 7 m/s and sail-tip clearance is only 2 meters (1/4 the submarine hull 

diameter). For a larger sail tip clearance of 16 meters (2 submarine hull diameters), the 

peak required sternplane deflection angle is reduced to 8 degrees. These peak values 

assume a perfect control system that is fast enough to followed the required sternplane 

deflection angles. In reality, there would be some delay in the operator/ autopilot 

response. 

If it is assumed that the tanker disturbance pitching moment on the submarine 

increases with tanker velocity squared, and that the sternplanes stall at 20 degrees, 

then a perfect submarine controller could offset disturbance pitching moments using 

the sternplanes alone for tanker velocities up to Vt = 11 m/s with c = 16 meters 

164 



or Vt = 7.6 m/s with c = 2 meters. These estimates are specific to a submarine 

speed of 3 m/s because sternplane control increases as the submarine speed increases; 

larger pitching moments can be offset with higher submarine speed. Note these are 

crude estimates that are based on the above assumptions that need to be verified with 

additional simulations and/ or experiments before using it for operator guidance. The 

purpose of this analysis is to demonstrate the order-of-magnitude of the disturbance 

moment in practical terms. 

The relative magnitude of the vertical disturbance force on the submarine has been 

shown as a fraction of the submarine buoyancy in Figure 6.1. It can be seen that Zdist 

reaches a peak magnitude equal to approximately 0.5% of the submarine buoyancy, 

when the clearance between the submarine and tanker is small and is reduced to 

0.3% B when c = 16 meters. This vertical disturbance force, along with normal force 

due to sternplane deflection, would need to be compensated by some combination of 

weight trim and foreplanes. The analysis of how well the real submarine systems can 

compensate is left for future study. 

The effect of depth on the magnitude of the tanker disturbance loads is shown 

more clearly by the plot of peak positive disturbance loads versus sail tip clearance 

in Figure 6.3. The forces and moments appear to decay according to exponential 

functions when clearance is increased, as indicated by the good fit of these functions 

to the data in Figure 6.3. 
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6.1.2 No Compensation Simulations 

The next phase of the tanker-interaction study investigated the motion response of 

the submarine in the case where no compensation is made for the tanker disturbance. 

The results for the four overtaking cases, Cl - C3, are presented in Figures 6.4 to 

6.6. The verification of discretization and iterative errors are shown for case C3 

in Figure 6.6. It is noted that the results do not change much when the mesh is 

refined with a r = v'2 refinement ratio in all mesh directions for both the tanker and 

submarine mesh domains. Also, the insensitivity to increasing the timestep size from 

f::t.t = 0.5 seconds to f::t.t = 1 seconds indicates that the temporal discretization errors 

are small in these simulations. The simulation with 15 coefficient loop iterations (3 
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corrector steps) agreed to plotting accuracy for all variables with the simulation using 

10 coefficient loops (2 corrector steps), indicating that the iterative convergence errors 

are negligible. The results for each case are now discussed in turn. 

Simulation C 1, shown in Figure 6.4, has the same initial conditions as perfect

compensation simulation P2 (Vt = 7 m/s, Vs
0 

= 3 m/s, and c0 = 4 m ). However in 

this case, the submarine is allowed to respond to the loads. The observed motion 

makes sense based on the tanker disturbance loads observed in simulation P2. In the 

first phase, the submarine begins pitching up when the bow of the tanker passes over 

its tail, in response to the high pressure on the top of the tail relative to the nose. At 

the same time, the submarine begins to get pushed down due to tanker stagnation 

pressure creating a high pressure on the top of the submarine relative to the bottom 

of it. A peak pitch angle of 5.2 degrees is achieved at t = 130.5 seconds, after which 

the submarine begins to pitch down. Note that the peak pitch angle lags the peak 

pitching moment in Figure 6.1 by 10 seconds. This is expected because it takes time 

for the submarine to respond to the loads according to its inertial (mass) properties 

in each DO F. Another factor that increases the time lag is the increase in forward 

speed of the submarine, which peaks at 3.22 m/s. This reduces the relative velocity 

between tanker and submarine making it take longer for the bow of the tanker to 

reach the submarine than in the perfect-compensation case. 

In the second phase of submarine motion in Cl, the submarine pitches down 

m response to the negative pitching moment experienced when the tail is in the 

low pressure region just aft of the tanker bow and the nose is below the tanker 

stagnation pressure region. This helps drive the submarine away from the tanker, 

resulting in a depth increase of 10 meters by the time the tanker's midbody is over 

the submarine. The submarine experiences a peak negative pitch angle of almost -5 

degrees while under the midbody. The submarine depth becomes nearly constant 

for the period of time that it is under the tanker, even though the submarine is 
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underway with a negative pitch angle on the order of -4 degrees and an increasingly 

negative angle of attack. This negative angle of attack should impose a positive 

normal force on the submarine ( cf. Figure. 4.3) that forces the submarine down. 

Also, the propeller thrust now has a downward component. It is the suction below 

the tanker that keeps the submarine from diving down deeper. The suction becomes 

even stronger when the submarine is below the tanker contraction region in the stern, 

which causes the submarine to get sucked upward towards the tanker keel. Once 

the stagnation pressure region behind the tanker passes over the submarine tail, the 

submarine pitches back upwards towards level flight and the submarine stops rising. 

Shortly after the tanker has fully passed, the submarine regains nearly straight and 

level flight at the starting speed. However, it's depth is now about 3 meters below 

the starting depth. The downward force caused by the tanker bow stagnation region, 

coupled with the development of a negative submarine pitch angle below the tanker, 

resulted in an increase in the clearance between the bodies and prevented a collision 

without autopilot control or operator intervention. 

Simulation C2 is the same as Cl, except the submarine velocity is increased from 

3 m/s to 5 m/s. This reduces the nominal relative velocity between the vessels from 4 

m/s to 2 m/s, effectively doubling the interaction time. The results for simulation C2 

are shown in Figure 6.5. The first thing to note is that the simulation could not be 

run to completion. This is because, in contrast to Cl, the submarine actually moves 

upward while beneath the tanker bow stagnation pressure region. The simulation 

crashed due to mesh collapse when the rigid inflation layer mesh around the submarine 

reaches the domain interface (GGI). By extrapolating the pitch angle and upward 

motion, it appears that a collision will occur between the submarine sail and tanker 

bow. 

In order to further investigate the upward motion observed with Vt = 7 m/s and 

"\1s
0 

= 5 m/s, C2 was repeated using a larger initial clearance of c0 = 9 meters in 
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simulation C3. The results for submarine state are as shown in Figure 6.6 and the 

pressure contour on the symmetry plane and submarine motion relative to the tanker 

are shown for several instants in time in Figure 6. 7. In this case, the submarine 

continues to pitch up and rise towards the tanker. The sail tip clearance reduces to 

just 2 meters when the submarine is below the tanker bow but then the submarine 

quickly reverses pitch and is sent down to a depth of 65 meters, almost 27 meters 

below the starting depth. 

The submarine's response has clearly been amplified relative to Cl. This makes 

sense because the submarine is now exposed to the tanker disturbance loads for twice 

as long as a result of the smaller relative velocity between the vessels. The tanker 

speed is the same in both cases, so it expected that the disturbance loads are very 

similar in magnitude. The upward displacement of the submarine is a result of the 

large positive pitch angle that now has time to develop because the tail is below the 

tanker stagnation region for longer. The 9.3 degree peak pitch angle in C3 is around 

80% larger than that experienced in Cl. The upward pitch results in a positive angle 

of attack of up to almost 8 degrees, which results in a negative normal force Z on 

the submarine, which has a vertical component equal to Z cos() that tends make the 

submarine rise. In addition to this, the propeller thrust has a vertical component 

equal to XP sin() that drives the submarine up. This upward force competes against 

the downforce due to the tanker pressure gradient below the tanker stagnation region. 

A similar positive pitch angle was achieved in Cl, however in that case, the upward 

force due to positive a and propeller thrust were smaller relative to the disturbance 

down force. This is because the submarine was moving more slowly. The upward 

force due to angle of attack (resulting from pitch) scales with the square of submarine 

velocity while the downforce due to tanker pressure gradient is the approximately the 

same in both cases because the tanker velocity is the same. This shows that the speed 

of each vessel, and the relative velocity between them, have an important effect on 
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the submarine motion. In one case, the submarine was pushed away from the tanker 

bow and in the other, it came so close that it can essentially be considered a collision. 

The close proximity of the submarine to the tanker can most clearly be seen in the 

symmetry pressure contour at t = 268 seconds in Figure 6.7. The frames in Figure 6.7 

are shown in the frame-of-reference used for the fluid solution, demonstrating how the 

horizontal relative velocity between tanker and submarine is accounted for by moving 

the tanker boundary, while the relative vertical motion and pitch are accounted for 

by moving the submarine boundary. These contours also show a relatively smooth 

variation of pressure across the GGI, consistent with sufficient mesh refinement on 

either side of this interface. 

Although larger amplitude motions have been simulated for cases where the inter

action time is longer, these scenarios also give the operators or autopilot more time 

to compensate. An indication of the response time required to avoid a collision is the 

time between the point when the submarine pitch or depth change becomes noticeable 

and the time of minimum sail tip clearance (which is considered a virtual collision for 

case C3 when accounting for a margin of error). If, for example, a 2 degree change 

in pitch angle is detectable and the point when c < 3 meters is considered collision, 

then there is about 30 seconds from detection to collision in case C3. 

Simulation C3 has also tested the limits of the sliding interface/deforming mesh 

technique used in this work because the submarine sail tip comes very close to the 

theoretical limit imposed by the restriction that mesh can not cross the GGI. The 

simulations with the refined mesh and largest timestep failed just before the point of 

minimum clearance between the submarine and tanker ( explaining why these curves 

end suddenly in Figure 6.6). Figure 6.9 shows how the initial submarine mesh, shown 

in Figure 6.8, is deformed during simulation C3d. A closeup of the mesh around the 

sail in Figure 6.9 shows how compressed the mesh elements become at the point of 

minimum clearance. It can also be seen in Figure 6.9 that a good mesh quality is 
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preserved at a later t ime in simulation C3d despite the large mesh expansion and 

submarine rotation. This was not the case for a test case with an old version of the 

mesh that was not as smooth and had larger expansion rates in the region between 

the sail and the GGI. 

Figure 6.8: The undeformed 5.67 x 106 node mesh on the symmetry plane in the 
vicinity of the submarine just before the motion of the submarine becomes coupled 
to the hydrodynamic loads in simulation C3d. 
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t = 348 s. 

TANKER 

Figure 6. 9: Symmetry plane mesh distort ion for simulation C3d at t = 268 s (top) 
and t = 348 s (bottom), which correspond approximately wit h the minimum sail t ip 
clearance and largest negative pitch angle, respectively. 
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6.2 Perpendicular Crossing 

The 3 DOF simulations of a tanker overtaking a submarine were extended to simulat

ing 6 DOF submarine motions during a perpendicular crossing scenario. In this case, 

full submarine and tanker grids were needed. They were adapted from the coarse grid 

used for simulating C3, however the total node count was increased by a factor of 

about 3 instead of two. This is because a larger region of the submarine and tanker 

meshes had to be refined so that there is always a reasonable ratio of cell lengths 

across the GGI in the region above the submarine and below the tanker. This re

quired adding cells beside the tanker in the tanker mesh and in front of and beside 

the submarine in the submarine mesh. Only one perpendicular crossing simulation 

was performed using this 17 million node mesh because of time and resource con

straints. In this simulation, the tanker is moving 7 m/s West while the submarine is 

traveling 3 m/s North at a depth of 37.8 meters, giving a sail tip clearance of c = 9 

meters. The initial position of the vessels is such that the body axis of the submarine 

is on course to pass under the tanker hull axis at 0. 75Lt aft of the tanker nose. By 

referring to the pressure contour plots in Figures 6.2 and 6.7, it can be seen that this 

corresponds to the second region of low pressure below the tanker, in the stern region. 

In this simulation, the submarine control surfaces and propeller rotation are fixed at 

levels needed for self-propulsion in undisturbed waters; no compensation is made for 

the tanker disturbance. 

Figure 6.10 shows the position of the submarine relative to the tanker at various 

instants during this simulation and the submarine motion is plotted versus time in 

Figure 6.11. The simulations shows almost no roll or pitch motion for this scenario; 

both of these angles staying within 1 degree of zero. The primary effect of the tanker 

on the submarine is a depth change. The submarine is lifted up by a total of around 5 

meters due to the upward suction from the low pressure below the tanker. However, 

the reduction in depth is less than 3 meters during the time that the submarine's sail 

180 



is below the tanker and it appears that there is little risk of collision for this scenario 

with an initial sail tip clearance of 9 meters. However , note that the submarine 

initially sinks by almost a meter before it begins to rise. If there was an attempt 

made to correct for this , the submarine could already be moving upward when it 

passes through the suction, in which case its depth decrease could potentially be 

worse than in the no-compensation case. The interaction is much shorter in t his case 

t han the overtaking scenarios, which may make it harder for the operators to respond. 

TOP VIEW 

ELEVATION VIEW SURFACE 

CASE5 

Figure 6.10: Position and orientation of t he submarine relative to the tanker at seven 
instants for crossing scenario C5. The tanker is heading West at 7 m/s and t he 
submarine is nominally heading North at 3 m/s . The initial clearance between the 
sail tip and tanker keel is 9 m. 
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Figure 6.11: Simulation results for tanker crossing simulation C5, in which the tanker 
is moving West at 7 m/s and the submarine is nominally heading North at 3 m/s. 
The vertical dashed lines correspond to the snapshots of submarine position and 
orientation relative to the tanker in Figure 6.10 
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6.3 Discussion 

In this chapter, the 6 DOF unsteady RANS simulation capability was used to simulate 

the hydrodynamic disturbance of a large 300 meter long tanker on a 70 meter long 

submarine. This scenario could not be simulated with an available coefficient-based 

model because additional information is needed to determine the unsteady loads due 

to the tanker. The simulations presented above comprise the first study of tanker dis

turbance on DRDC's STR submarine model (representing a diesel electric submarine) 

in the open literature. 

The perfect-compensation and no-compensation scenarios described above were 

useful for investigating the magnitude of tanker disturbance loads and estimating the 

motions that could be expected in the limit that nothing is done to compensate. 

In reality, some compensation would be made by the operators or autopilot, but it 

would not be perfect. It is expected that the real response would be bound by the 

perfect- and no-compensation cases, under the assumption that compensation can be 

made fast enough that the motions are not actually amplified. The feed-back control 

response of the system is needed to assess more realistic scenarios in a future study. 

Also, the focus of the discussion to this point has been on a collision between the 

submarine and tanker. However, a collision with the bottom could also be of concern 

if the submarine is operating in shallow waters. This may be a common scenario since 

submarine-tanker encounters are most likely to occur in congested waters near ports, 

where the water tends to be relatively shallow. The simulation with Vt = 7 m/s and 

Vs = 5 m/s showed a very large depth increase, which may be of concern. It would 

be interesting to investigate different ocean depths in future simulations. 

The use of a sliding interface and moving mesh was found to be adequate to 

cover the range of submarine motions of interest in this study. The sliding interface 

imposed a f'.J 2 meter limit for the minimum clearance between the submarine and 

tanker, which is not considered a serious limitation because, from a practical safety 
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point-of-view, this is close enough to be considered a collision. 

It should be noted that other techniques have been developed using overset grids 

that could help make performing these types of simulations easier and more versatile. 

As the name implies, overset grids can overlap each other and do not require the grids 

around each of the bodies to conform to an interface between them. The grids sur

rounding each of the bodies move rigidly with the body, on top of a background grid 

that conforms to the fluid domain boundaries. Interpolation is done where the indi

vidual grid systems overlap. Meshing is made simpler by eliminating the requirement 

that the individual grids conform to a common interface between them, and concerns 

about mesh collapse are eliminated. This could save time in the present simulations 

since extra effort was needed to create a smooth grid, with small expansion rates in 

the region between the submarine and the GGI. It was also always uncertain when a 

simulation was started if excessive mesh distortion or collapse would occur. Overset 

grids could also be used to simulate more general motions between multiple bodies. 

Scenarios where the submarine comes up beside the tanker and moves all around it, 

for example, could be simulated with overset grids. Other researchers have found the 

overset mesh technique ( also referred to as the Chimera technique) to be very useful 

for similar applications, see for example the tanker submarine interaction study of 

Dreyer and Boger [46] or the simulations of a ship broaching in waves [47]. Overset 

grids could not be used in this work because this capability has not been implemented 

in ANSYS CFX vl2.l. 

Although overset grids help with versatility and ease of application, they are not 

expected to provide an improvement in accuracy of the simulations presented in this 

work because interpolation still needs to take place between overlapping grid systems. 

The accuracy using overset grids may actually be less if the interpolation between 

mesh systems is done in the submarine and tanker boundary layers when the bodies 

are close together. However, the potential reduction in time required to make grids 
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is attractive since that was a considerable portion of the total time requirement for 

the present study. The overset mesh capability appears to be a versatile technique for 

multibody simulations with moving boundaries and thus it is recommended that it be 

incorporated in the present 6 DOF simulation capability during future development. 

Additional recommendations and conclusions are presented in the next chapter. 
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

A URANS-based 6 DOF submarine simulation capability was developed to improve 

submarine manoeuvring predictions, with the goal of improving safe operating limits 

and providing operator guidance. This method evaluates the hydrodynamic loads 

on the submarine by coupling a well established URANS solver, ANSYS CFX, to 

the 6 DOF equations of motion for the submarine. It provides more comprehensive 

hydrodynamic modelling than traditional semi-empirical and coefficient-based meth

ods, especially for unsteady motion-history effects, while being more affordable than 

experimental methods. The present work built upon a previous collaboration be

tween DRDC-Atlantic, ANSYS Canada Ltd. and the University of New Brunswick 

[56], in which the URANS-based 6 DOF submarine simulation was first developed 

for single body simulations. In this work, an implicit predictor-corrector integra

tion scheme was implemented for integrating the rigid body equations of motion in 

time. This method, based on the second order backward difference formula and New

ton iteration, was found to be stable for large timesteps, allowing the timestep size 

to be selected based on the required accuracy rather than stability. Good iterative 
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convergence of the submarine state was also achieved at each timelevel by using a 

coefficient-based hydrodynamic model to economically estimate the Jacobian matrix 

of hydrodynamic loads, which is needed for Newton iteration corrector steps (Section 

3.1.3.2). The simulation capability was also extended to handle two-body interaction 

scenarios such as a tanker overtaking a submarine. 

In Chapter 4, RANS predictions for static hydrodynamic loads on the DRDC-STR 

submarine model ( used for all simulations) were validated against wind tunnel data 

for angles of attack in the range - 20 deg < a < 20 deg and angles of drift ranging 

up from zero to 20 degrees. The agreement between RANS predictions with both 

the SST and BSL-RSM turbulence models is considered excellent for all force and 

moment components up to 15 degrees incidence. The only significant discrepancy 

was an over-prediction of the out-of-plane normal force and pitching moment with 

the SST turbulence model at angles of drift angles greater than 15 degrees. The 

hydrodynamic roll stability derivative, ~1g,', was also found to agree very well with 

experiment for flow incidence angles encountered in the emergency rising manoeuvre 

(12 < 8 < 24). The rolling moment induced on the submarine tail due to trailing 

vorticity from the tail was also found to agree with experiment within experimental 

uncertainty for a flow incidence angle of 8 = 30 degrees. This study provided some 

validation for hydrodynamic load predictions in the 6 DOF URANS simulations. 

The 6 DOF URANS simulation capability was applied to simulating the emergency 

rising manoeuvre in which the submarine blows ballast at depth and rises buoyantly 

to the surface. Full-scale rising simulations were conducted for the 70 meter long 

DRDC-STR submarine model (representing a diesel-electric submarine) following a 

standard recovery procedure. The simulations predict a rapidly increasing roll angle 

just prior to surfacing, which has been observed in full-scale trials. However, with only 

a small initial roll angle, the magnitude of the roll angle at the time of emergence was 

predicted to be only 2 degrees, which is almost an order of magnitude smaller than 
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that measured in full-scale trials and too small to be of concern. However, when a 

realistic initial heel (roll) angle of 2 degrees is imposed by a slight lateral asymmetry 

in submarine mass, a roll instability occurs at the same time as the scenario with a 

perfectly trimmed submarine, but the predicted emergence roll angle was increased 

to 10 degrees, which is in much better agreement with trials. A third scenario was 

simulated in which the submarine maintains a pitch angle of 10 degrees instead of 

20 degrees during the rise with, again, an initial roll angle of 2 degrees. In this 

case, it was found that an even larger roll angle emergence roll angle of 18 degrees 

develops and the time-to-rise has increased by 12 %. This validates the coefficient

based simulation result [29] that using a substantial roll pitch angle lessens the risk of 

experiencing a roll instability. The differences between predictions using the SST and 

BSL-RSM turbulence models for this manoeuvre are insignificant, with all submarine 

state variables being at all time within about 1 % of their respective ranges for the 

simulation. 

The largest difference between URANS and coefficient-based simulation results 

is the development of a 10 % larger pitch angle in the URANS simulations for all 

scenarios. This difference is expected to be within the uncertainty of the rotary 

hydrodynamic coefficients in the coefficient-based model because they are estimated 

using semi-empirical methods. The URANS simulations also predict a slightly steeper 

trajectory and shorter time to rise. A URANS simulation was conducted at model

scale Reynolds number to better compare with the coefficient-based model, which is 

based largely on model-scale experimental data. It was found that scale effects only 

have a minor influence on the trajectory of the submarine and do not account for 

the difference in submarine pitch angle. The URANS results for roll agree well with 

the coefficient-based simulations, suggesting that the roll behaviour is determined 

largely by quasi-steady hydrodynamic effects, since unsteady time-history effects are 

not accounted for with the coefficient-based model. An analysis of the URANS results 
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confirm that the primary cause of the instability is the development of lift on the 

sail, which points into a crossflow as the submarine rises. Unsteady viscous effects 

due to the timelag in induced rolling moment on the tail from trailing sail vorticity 

were detected in the URANS simulations but they were found to be less than 5 % 

of the overall hydrodynamic rolling moment on the submarine during the time that 

the submarine is unstable. These simulations demonstrate the use of the six DOF 

URANS simulations for validating the coefficient-based simulations. They also served 

to validate components of the URANS simulation that are used again in simulations 

of a tanker over-taking a submarine, include the predictor-corrector time integration 

scheme and the ALE formulation of the URANS equations. 

The 6 DOF URANS submarine simulation capability was extended to handle the 

passing of a tanker by incorporating a sliding interface and using mesh deformation 

to handle the relative motion between the two vessels. The 70 meter long DRDC

STR submarine model was used again in these simulations and a 300 meter long 

SSPA 720 tanker model was considered for the surface ship. Most of the simulations 

consider scenarios where the submerged submarine is over-taken the tanker while 

both vessels are traveling in the same direction, with the submarine keel directly 

below the tanker keel. Prescribed-motion simulations were conducted to determine 

the tanker disturbance loads on the submarine in the limit where the submarine 

compensates perfectly so as to maintain straight and level flight. It was found that 

the disturbance loads decay according to an exponential function as the clearance 

between the submarine sail tip and the tanker keel, c, was increased from 2 meters to 

16 meters. For a tanker speed of 7 m/s and a submarine speed of 3 m/s, it was found 

that the peak tanker disturbance pitching moment on the submarine was equivalent 

to a 17 degree sternplane deflection, <5sreq, for the case with the smallest clearance 

( c = 2 meters). This decreased to <5sreq = 8 degrees for c = 16 meters. From these 

results, it appears that the submarine can compensate for pitch in the limit of an 
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infinitely fast control system. Further work is needed to analyze the effect of time 

delays in the submarine response. The flow field around the tanker also imparts a 

vertical force on the submarine, which peaks at ±0.5 % of submarine buoyancy for 

the case with c = 2 meters. This peak reduced to ±0.3 % B when c = 16 meters. 

Without further analysis, it is uncertain whether the submarine can compensate for 

this disturbance in vertical force. 

The motion response of the submarine was simulated for the same scenario (Vt
0 

= 

7m/s, Vs
0 

= 3m/s) with c = 4 meters. It was found that the submarine gets pushed 

down by the stagnation pressure region surrounding the tanker bow while achieving 

a peak nose-up pitch angle of 5 degrees. The submarine pitch angle quickly changed 

direction to a nose down pitch of - 5 degrees while under the tanker mid-body and 

then returns to level flight very soon after the tanker has passed. The maximum 

depth increase for the submarine is predicted to be 10 meters when under the tanker 

midbody, but the submarine rises back up by 7 meters while under the tanker keel, 

resulting in a net depth change of 3 meters during the interaction. The upward motion 

at the end of the interaction is disconcerting; however, the pressure field at the bow 

of the tanker was sufficient to separate the bodies enough in the first phase of the 

interaction to prevent a collision between the submarine sail and tanker stern. The 

simulation was repeated with a the submarine speed increased from 3 m/s to 5 m/s 

while the tanker speed was held at 7 m/s. In this case, the pitch angle and vertical 

displacement of the submarine was amplified. More importantly, the submarine now 

experiences a depth decrease when it is below the bow of the tanker because the 

pitch-up angle is now increased to almost 10 degrees, which is sufficient to drive the 

submarine up against the tanker bow pressure gradient that tends to push it down. 

The simulations predict there will be a collision between the submarine sail and tanker 

keel when the initial clearance is c0 = 4 meters and a very near miss when c0 was 

increased to 9 meters. In the c0 = 9 meter case, after the sail tip comes within about 
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2 meters of the tanker keel, the submarine pitches down to -9 degrees and gets driven 

down to a depth that is about 27 meters below the starting depth by the end of 

the interaction. The larger motions in the scenario with the faster submarine speed 

are attributed to the interaction time being double that of the first case. This gives 

the submarine more time to respond to the tanker disturbance loads. However, the 

increased interaction time would also give the operators more time to compensate for 

the motions. These results indicate that significantly different motions can result, 

depending on the speeds of each vessel. 

A third tanker-passing scenario was simulated, but this time the tanker was moving 

West at 3 m/s while the submarine was moving North at 7 m/s and the submarine 

CB passes below the tanker keel at a point approximately 3 / 4 the tanker length aft of 

the tanker nose. This simulation considers the full 6 DOF response of the submarine. 

No significant pitch or roll angle are predicted for this scenario but the submarine 

experiences a 5 meter depth decrease. Nearly half of the depth decrease occurs after 

the submarine sail has passed the tanker; it appears that there is not enough time 

for the submarine to respond for there to be a collision risk in this case with an 

initial clearance of c0 = 9. However the unplanned depth change may be hard to 

compensate for in this scenario because it occurs relatively quickly, with most of the 

change occurring in about 15 seconds. Also there is a slight depth increase just before 

the depth decrease, which may be problematic if compensation is being made for the 

downward motion at the time that the submarine gets sucked up towards the tanker. 

It is concluded from these simulations that the 6 DOF URANS submarine sim

ulation capability is a valuable tool that can complement traditional submarine ma

noeuvring analysis. However, there are some suggestions for improving this simu

lation capability and further understanding the tanker-submarine interaction prob

lem. Also, the simulations provided some insight into emergency rising manoeuvre 

and tanker-submarine interaction but additional work is needed, particularly for the 
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tanker-interaction problem, as described next. 

7.2 Recommendations 

The following recommendations are made for improving the 6 DOF URANS. subma

rine simulation capability described in this thesis: 

• The simulations conducted in this work model the effects of the propeller and 

sternplane deflection using coefficient-based modelling. This was felt to be ade

quate for the purposes of the present study. However, with added computational 

expense, these effects can be directly simulated in the URANS simulations to 

further improve accuracy. 

• Autopilot ( or operator) control should be incorporated in the simulations to help 

further understand the ability of a submarine to compensate for disturbance 

caused by passing surface ships. 

• An overset grid capability would help reduce the meshing overhead for complex 

geometries like a fully appended submarine and allow more general multi-body 

simulations to be conducted. This would eliminate complications of severe mesh 

distortion and possible element collapse during simulations. 

• More comprehensive turbulence modelling using large eddy simulation or de

tached eddy simulation approaches are recommended for extreme manoeuvring 

scenarios where unsteady fluid effects may be important. It is recommended 

that the rising stability simulations be run with LES or DES with fine grids in 

the future, when sufficient computational resources are available, to determine 

if there are any unsteady effects that are not detected with URANS simulations. 

It would also be interesting to use more advanced turbulence modelling or exper

iments to further investigate the unsteady pitching moment on the DRDC-STR 
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submarine model that was predicted with a fine grid URANS simulation at an 

angle of attack of 10 degrees in Chapter 4. 

• A comparison between 6 DOF URANS simulations with free-swimming model 

experiments should be done to further validate the method, if possible. 

• The simulations in this work are for a generic submarine model with a bare hull. 

A more accurate representation of an actual submarine could be used in future 

simulations by incorporating a deck on the hull. 

• Work should be done to try to optimize the computational efficiency of the 

simulations in order to reduce run times since each simulation requires on the 

order of 2 weeks to complete. 

In addition to the above recommendations, more submarine-tanker simulations 

should be conducted in order to better understand the effect of different parameters, 

including: 

• Tanker velocity 

• Submarine velocity 

• Size of the tanker 

• Clearance between tanker and submarine 

• Autopilot controller or operator response strategies 

• Model the sea floor for realistic locations 

A tanker propeller or body-force representation of one should also be incorporated 

in future simulations to determine its effect on the pressure field and resulting sub

marine motion near the tanker stern. More theoretical analysis should also be done 

to further understand the tanker-submarine interaction problem. The development of 
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fast predictive methods for this problem would also be beneficial in order to be able 

to quickly simulate many different scenarios. 

The URANS based simulation method used in this work can be viewed as a general

purpose tool for difficult-to-model manoeuvres and could be useful for the following 

applications: 

• Improving autopilot control under waves while snorkeling 

• Obstacle avoidance 

• Shallow water scenarios 
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Appendix A 

Auxiliary Models for Submarine 

Subsystems 

For computational efficiency, the forces and moments acting on the submarine due 

to the propeller rotation and control surface deflection are evaluated with coefficient

based models. This appendix summarizes these models along with ballast blowing 

and control system models. A more detailed discussion is given by Watt [29]. 

A.1 Modeling Deflected Tailfin Loads 

The rudder and sternplane appendages at the submarine tail deflect to provide yaw 

and pitch control, respectively. Coefficients for the hydrodynamic forces acting on 

these control surfaces have been estimated by Watt [29] using semi-empirical esti

mation methods. The normal force Zc and pitching moment Mc caused by the 

sternplane deflection, 88 , are modeled as follows: 

Zc(t, y) = 1/2pL2 ztu28s 

Mc(t, y) = l/2pL3 Mtu288 
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, 
where L is the length of the submarine, 88 is the deflection angle of the sternplane, 

and zt and Mt are coefficients determined by semi-empirical estimation methods. 

The lateral force Ye and yawing moment Ne caused by rudder deflection, 8r, use 

similar models but with different coefficients, Yjr and Nt. These control forces are 

linearly combined with the forces generated by the RANS model ( which accounts for 

force on the undeflected appendages resulting from the unsteady 6 DOF motion of 

the submarine). Linearized airfoil theory shows this is valid as long as the appendages 

are not stalled. 

Both the sternplane and rudder deflections cause a drag force Xe which is modeled 

using coefficients XL5s and Xtc5r as follows: 

(A.3) 

This semi-empirical, nonlinear drag increment is added to the CFD solution based on 

empirical justification. 

A.2 Modeling Propeller Thrust and Torque 

A high incidence propulsion model was developed by Watt by adapting the classic 

propulsion model [75] so that wake fraction varies with incidence [29]. In this model, 

the thrust and torque exerted on the submarine by the propeller are found with the 

following correlations, respectively: 

Xp = pn2 D4(l - t)Kr(Jm) 

Kp = -pn2 D5 KQ(Jm) 
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where Kr and KQ are the dimensionless thrust and torque coefficients, respectively, 

1- t is the thrust deduction factor, D is propeller diameter, n is propeller revolutions 

per second, and lm is the modified advance ratio: 

u ( 1 - Wroe(ke)--r) 
lm=-------

nD (1 - Wro) 
(A.6) 

Here Wro is the conventional Taylor wake fraction obtained experimentally at 8 = 0, 

k and, are empirically determined constants, and 8 is the flow incidence: 

8 = arctan ( v'v2 + w2 /u) (A.7) 

The experimentally determined constants are Wro = 0.31, k = 3.4, , = 1.18, and 

1-t = 0.8662. The thrust Kr and torque KQ coefficients are eighth-order polynomial 

fits to experimental data and are presented in (29]. 

Changes in propeller speed are made by changing the commanded forward speed 

of the submarine, Uc. This is the self-propulsion speed that the boat would achieve 

in steady state equilibrium (straight, level, neutrally buoyant, zero incidence, fully 

trimmed flight). The propeller rotation rate, n, is directly proportional to the com

manded forward speed: 

(A.8) 

where lbs is the value of lm required to achieve self-propulsion under equilibrium 

conditions. lbs is a unique constant that is independent of the self-propulsion speed. 

The propulsion model interacts with the changing flow through its use of the u, v, w 

state variables. This interaction is an empirical model developed from wind tunnel 

experiments which could not model rotation, so pitch rate q is not accounted for in 

the wake fraction model. 
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A.3 Modeling Ballast Blowing 

There are several main ballast tanks (MB Ts) distributed along the length of the sub

marine hull. When these tanks are flooded, the weight of the submarine is nominally 

equal to the buoyancy. In an emergency rising maneuver, the water in the MB Ts 

is expelled using very high pressure air, reducing the mass, weight, and moments of 

inertia of the submarine. The center of gravity of the submarine is also shifted in the 

z direction, due to the dropping water level, and axially towards the stern because the 

forward MBTs are the largest and often blown first in the emergency rise procedure. 

The rate at which air is blown into the tanks is modeled as follows: 

where 

A 
_ -Pat - pg (zo - Xri sine - 0.45dcose) 

1-
l.8pgdcose 

A2=_m_r_o_R_T~(l~-~ec_2_(t_-_to_)_) 
0. 9pgdVr cos e 

(A.9) 

(A.10) 

(A.11) 

where Vai is the volume of air in MBT i, Vri is the total volume of MBT i, Vr is the 

volume of all MBTs, Pat is the atmospheric pressure, g is the gravitational constant, 

Xri is the axial coordinate of the centroid of MBT i, dis the maximum hull diameter, 

t is the current time, t0 is the time at which blowing was initiated, mro is the mass of 

air in the bottled air reservoir at time t0 , R is the gas constant for air, T is the ambient 

temperature in the MBTs, and C2 is a blowing constant. The derivation of Eq. A.9 

is given in detail by Watt [29]. The changes in the submarine's mass, moments of 

inertia, and CG location depend on the solution of Eq. A.9 and are updated at each 

time step, as described in [29]. 
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A.4 Modeling Control Systems 

When commands are given to increase the speed of the propeller or deflect the control 

surfaces, the changes are implemented using a second-order control system model, as 

given by Watt [29): 

(A.12) 

Here 8 is the time-dependent quantity being modeled ( control surface deflection or 

commanded forward speed), 8c is the commanded value of 8, ( is the damping of the 

system, and w is the frequency of the response. The solution to A.12 is: 

8 = 8c -
8
c.- 60 

e-(w(t-to) sin (Ji - (2w (t - to)+ /3) 
sm/3 

(A.13) 

where t0 is the time the command was issued, t is the present time, 80 is the value 

of 8 at t = t0 , and /3 is the phase shift required to match the rate d8 / dt at t = t0 . 

The variables 80 and /3 ensure a smooth transition when a new command is issued by 

starting the system at the same position, 8, and rate of change d8 / dt at the instant 

prior to the command being issued. Values for wand f3 must be found before Eq. A.13 

is evaluated. To find w, it is first assumed that the system responds with the system's 

natural frequency, Wmax· The rate of response is then evaluated and compared with 

the rate limit of the system, d8 / dtlRL· If it exceeds the rate limit, w is reduced until 

the system responds at the rate limit; otherwise w remains equal to Wmax· 
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Appendix B 

Divergence of Fixed Point Iteration 

In this Appendix, a simple example is provided to explain the divergence observed 

when fixed point iteration ( cf. Section 3.1.3.1) is used in the predictor-corrector 

integration scheme employed in this work. Consider a submerged submarine that is 

approximately stationary with zero control surface deflection and zero roll, pitch, and 

yaw angles (y ~ 0). Also, let any small disturbances to the motion of the submarine 

be confined to the lateral direction only. For this case, the equations of motion reduce 

to a single equation: 

. YH (v) Yvv 
V= ~-

m m 
(B.l) 

Since the speed of the submarine is approximately zero, the only significant hydro

dynamic load is the inviscid unsteady lateral force, YH ~ Yvv, where Yv is the added 

mass coefficient. The following recursive relation is set up for fixed point iteration: 

vU+il = Yvi,[Jl 

m 
(B.2) 

The solution to this trivial problem is v = 0, i.e.: since the stationary submari_ne 

is not exposed to any disturbance forces, it will remain stationary. However, in the 

numerical solution, the initial guess for i, will have a small error, i,[o] = E[oJ. This error 
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will evolve during the solution according to the following relation: 

(B.3) 

Note that superscripts without square brackets are exponents; at each step, the error 

is multiplied by the ratio of the submarine's added mass coefficient to the submarine 

mass, raised to the power of the iteration number. It is clear that if the magnitude of 

Yv/m is less than 1, the error will go to zero and the solution converges in agreement 

with the Lipschitz condition in Equation 3.7 above. However, if IYv/ml > 1, the error 

grows without bound. For the neutrally buoyant appended DRDC-STR model, the 

ratio of Yv to m is approximated by Watt [29) to be -1.13. As a result, the error 

will oscillate from positive to negative with increasing amplitude at each subsequent 

iteration. This is the behaviour seen in simulations attempted with fixed point it

eration in this work. Note that the added mass coefficients for motion in the other 

directions, except for axial force and roll, are also on the same order of magnitude 

as the submarine mass. It may be thought that the viscous drag component of FH 

in the RANS-coupled solution could possibly prevent oscillations from growing; how

ever, the opposite is true. This is because the derivatives of both the drag forces and 

added mass forces with respect to Yi+l and/or Yi+l are negative (remembering that 

Yi+l and Yi+l are directly proportional to each other at a fixed timelevel by Equation 

3.3), causing the oscillating error to grow even faster from iteration to iteration. 
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