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Abstract

This paper investigates the influence of the propeller ordthg of twin self-propelled AUVs, firstly, to examine
the fleet performance for various propulsive conditionseafding and following AUV and, secondly, to study
the parametric influence of transverse separations andtlmliigal offsets on the fleet’s drag. A series of CFD
RANS-SST simulations have been performed at the Reynoldsiféu32 x 10° with a commercial code ANSYS
CFX 12.1. Mesh convergence is tested and validated withreérpatal and empirical results. The RANS-HO
and RANS-UT propeller models are selected to estimate the &veraged thrust and torque of the propeller.
The results show that the self-propelled vehicles expeeem additional drag which is dominated by the thrust
distribution of the propeller rather than torque. The dr&the following AUV is increased due to the upstream
propeller, defined as a propeller race deduction. For thanpetric studies, the results show that increasing the
spacing results in a lower drag. The two sources of selfgteg drag increment are the viscous interaction
and a direct result of proximity to the propeller race upetne The result highlights the importance of consid-
ering both thrust deduction and any propeller race dedustidhen calculating the propulsive power consumption.

Keywords: co-operative AUVs, drag, RANS-SST, self-propelled motetly force model, propeller race
deduction

1. Introduction

Autonomous Underwater Vehicles (AUVs) are self-propettdabts which perform missions without requiring
external powering or an umbilical control. Current AUVs bdlie capability to perform missions such as: pipeline
inspectionl(Labbe et al., 2004; Weiss €etlal., 2003), mineeping (Edwards et al., 2004), and oceanographic ex-
ploration (Botelho et all, 2005; Martins et al., 2003). Rysgd missions for the next generation of AUVs require
both high quantity and quality temporal and spatial datas €nhanced performance may be achieved by either
homogeneous or heterogeneous fleets of vehicles. By cgrdjfferent sensors, the surveying performance of
multiple small vehicles may have a performance equal to oeeding that of a single larger vehicle, with im-
proved levels of robustness and redundancy for a specikc fHsis has led to various studies of manoeuvring
and path planning of fleets (Aguiar ef al., 2011; Bean et 8072 Burger et dl., 2009; Cui etlal., 2009, 2010;
Reeder et all, 2004; Vanni, 2007).

Since the range of an AUV is dictated by its finite energy seurinimising the energy consumption is
required to maximise endurance. For an individual AUV thesyrbe achieved by obtaining the optimum hydrody-

namic design e.g. hull, propellerand surface control {Bgtiam a il )6; Bradlely, 1992; Bradley et al.,
2001{Dalton and zedan, 196 ggins and Pa h and Murhli, 2005, 2006; Jagadeesh et al.,
2009;| Kinsely| 1998; Parsors, 1972; Parson .| 197#ipEN2009;| Sarkar et all, 1997a; Stevenson bt al.,

). For a fleet of multiple AUVs, minimising the energy saumption may be targeted for both individuals and
the entire fleet.
Recently| Rattanasiri etlal. (2013) numerically invesggathe influence of vehicle spacing among multiple
towed spheroids on the individual drag and the combined flessg. The numerical results can be compared to
the exgerimental studies of flow past bodies such as twolaireylinders, two slender bodies, in close prox-

imity r[1965), a car with trailer and cars in convéu¢ho and Ahmed, 1998), slipstreaming in cy-
cling ,m), drafting in swimmind_(_S_iJ—Ma_eﬂMp&sh in schools or birds in flockm
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/Andersson and Wallandédr, 2003; Hanrahan and Juanes, 2atid@e et al.[ 1983), dolphins in pods (Weihs,
[2004] Weihs et all, 2007). Since the propeller’s influencelfe®n excluded from Rattanasiri et al. (2013) simula-
tions, further investigation by modelling a propeller'diirence on a fleet of AUVs will provide more information
on the fleet propulsive energy budget.

Axial and tangential accelerations, applied to fluid by tb&am of the propeller, lead to significant variations
in the flow field around the stern of the vessel and downstremmpared to a towed body. Firstly, the local
pressure is reduced due to the flow acceleration, thus isiage#he pressure drag acting on the body. Secondly,
the objects placed downstream of the propeller experieam@isional axial and tangential flow velocities in com-
parison to towed wake conditions. For an AUV to move forwartha design speed, the required thrugsH)

must typically exceed its total towed drag) (Burcher and Rydill, 1994):-
R=(1-1t)Tsp 1)

whereR is the drag of the bare hull and propeller and defined as the thrust deduction which is a function of
hull streamlining, propeller clearance and fullnéss (Bercand Rydilll 1994).

As the numerical investigation of a fleet of self-propelléd\Vs have never been studied (that we are awear of),
the drag of twin self-propelled AUVs may be shown a decréasease by the generated wake upstremvnstream
which lead to a savingaising energy consumption. By neglecting tlkeet of appendages and other protrusion
through the hull, these results lead to the underlying goresof:-

e does the impact of propeller provide the energy advantdigaslvantages to the fleet configuration?
e does a fleet configuration provide energy benefits for jushdividual AUV or the whole fleet?
e whatis the optimal configuration and optimal distances effthet?

The purpose of this paper is to provide guidance for opesatorsuitable spacing for multiple vehicles’ missions.
To achieve this aim, the two hydrodynamic processes of telfapgopelled AUVs: the body-to-body interference
(or viscous interaction) and the increase of drag due toezegsed wake by a self-propelled vehicle must be
numerically investigated.

2. Theoretical approach

To predict the hydrodynamic forces acting on an AUV’s hubiteady-state Reynolds Averaged Navier Stokes
(RANS) simulation has proved to provide reasonably aceur@sults when compared against the experimental
results [(Jagadeesh et al., 2009; Karim ét al., 2009; Phidirl.| 2008, 2007, 2010c; Sarkar €tlal., 1997b). How-
ever, to obtain high fidelity result needs an appropriatemesolution to capture thedfect of the boundary layer,
body-to-body interaction and the wake behind the body.

The flow around a rotating propeller is a complex transient,fligh mesh resolution is required around the
blade in order to resolve the flow features and small timessdep required to capture the transient flow behaviour.
The problem considered in this paper does not concentrateeopropeller, but rather on a representative model
of the velocity field downstream of the propeller. Therefdinés work utilises several body force propeller models
which have been proposed for self-propelled ship simutati¢giough and Ordway, 1965; Molland and Turnock,
11996; Paterson et al., 2003; Phillips et al., 2008, 200940a0Stern et al., 1988; Turnock et al., 2008). The two

considered models are;-

1. Uniform thrust distribution without torque, equivala@ntan actuator disc applied over a finite thickness
(RANS-UT propeller model)

2. Hough and Ordway model with prescribed radial distrinutof thrust and torque (RANS-HO propeller

model) (Hough and Ordway, 1965; Paterson et al., 2003; $teaf| 1988)

When using these body force models, the geometry of the peoj® not explicitly represented. Thédfect of

the propeller on the flow is modelled as distributed axial tamjential momentum source terms which induce
axial and swirl accelerations in the fluid. Thus, with the efi magnitude and distribution of thrust and the
torque on the propeller, the body force propeller can be@émginted into the CFD-RANS code and simulates the
self-propelled hulls.




2.1. Reynolds Averaged Navier Stokes (RANS)
By assuming the flow is incompressible, the continuity eipuabecomes:-

Mo—0 (2)

The momentum equation can be written as:-
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where the tensax represents Cartesian co-ordinatésY, Z) andU; are the Cartesian mean velocity components
(Ux, Uy, Uz). The Reynolds stress tenspu(u'j) is represented by the turbulence closure.

The RANS equations are implemented in the commercial CF AdSYS CFX M@O). The
governing equations are discretised using the finite volaméhod. A high-resolution advection scheme was
applied for the results presented which varies between firel second-order accuracy depending on spatial
gradient. For a scalar quantitythe advection scheme is written in the form of:-

dip = dup + bve - R, 4)

whereg;, is the value at the integration poiig,, the value at the upwind node aRd the vector from the upwind
node to the integration point. The model reverts to first omdeenb = 0 and is a second-order upwind biased
scheme fob = 1. The high-resolution scheme calculdbassing a similar approach to that.of Brath and Jespéerson
(1989), which aims to maintain locally to be as close to one as possible without introdutzigl oscillations.
Collocated (non-staggered) grids are used for all trartsgzprations, and pressure velocity coupling is achieved
using an interpolation scheme based on that proposed byaRHi€how (1982). Gradients are computed at
integration points using tri-linear shape functions defiitre ANSYS CFX ,mO). The linear set of
equations that arise by applying the finite volume methodltelements in the domain are discrete conservation
equations. The system of equations is solved using a cospledr and a multigrid approach.

The shear stress transport (SST) turbulence closure M,) which blends— ¢ andk — w was
selected for this study. Previous investigations have shihwt it is better able to replicate the flow around the
ship and submarine hull forms than either ¢ or k — w model, notably with a moderate computer accuracy

(Larsson and Baba, 1996; Phillips et al., 2010b).

2.2. Uniform thrust distribution model (RANS-UT)

The simplest approach to modelling a propeller is to assuorgfarm distribution of thrust over the propeller
disc and neglect the torque. The axial and tangential mamesburce terms are, respectively, given by;-

T T
Fbx - AXIT(R%—R%) (5)

Fby, =0 (6)

WhereAx is the thickness of the propeller subdomain, &dandR,, are the radii of the hub and propeller,
respectively. The magnitude Gf must be provided by some other means, either experimeraagdoon the
open-water data or from the numerical predictions.

2.3. Hough and Ordway thrust and torque distribution mo@ANS-HO)

The radial distribution of thrust and torque is based on thagt and Ordway (1965) circulation distribution,
which has zero loading at the tip and root was shown to matdtisBsin’s optimum distributior (Goldstéin, 1929).
Coupling this distribution with a RANS simulation was pregd by@l@l&) and implemented by
Paterson et al. (2003). The non-dimensional thrust digich (Fb) and the non-dimensional torque distribution
(Fby) are given by:-

Fby, = A V1= )
—, _ *[1—r*
Fb@ = A@(]_[Yh)r*rJth (8)
where:
_ G 105
AX - A_Q 16(4+3Yh)(1-Yh) (9)



Cth = % = ;)Viz-lr;R% (10)
_ K 105

A = F?]ZK(ZHSYh)(l—Yh) (11)

J = Va/n(2Ry) (12)

Va = (1-w)V (13)

where bothCy, and Kt are called the thrust cfiicient with diferent form as shown in Eugatiénl1d. is the
advance coficient. T is the thrustw; is the wake fractionn is the revolutions per second.is the vehicle speed
andV, is the advance speed. The momentum source terms are théedajgpan annulus with finite thickness
(Ax) as shown in Figuriel 1 which is defined by:-

r Y-Y,
Yh=g Y=g, =1 (14)

wherer, is the local propeller radius.

Figure 1: Body force propeller model

3. Casestudy

3.1. Base experiment

Molland and Utamal (1997) performed a series of experimemtisvin prolate spheroids to characterise the
side-force and yawing moment interactions. Tests wera@echaut in the 7'x 5’ (2.20 mx 1.57 m) low speed
wind tunnel at the University of Southampton. The overailgihn of each model was 1200 mm with maximum
diameter of 200 mm and a surface aréa)(of 0.601 nf. The top spheroid was placed at the middle breadth and
1.07 m height from the floor. It was fitted to the overhead winthiel dynamometer for measuring the total drag
and side-force. The lower spheroid (B2) was placed at tmswerse separatios(L) of 0.27, 0.37 and 0.47 away
from B1. The noses of both spheroids are aligned with zergitodinal dfset ©/L = 0) as shown in Figurg 2.
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Figure 2: Set up of twin prolate spheroids in the 14 m longx57’wind tunnel, figure adapted from

(Molland and Utanda, 1997)




3.2. Assumed propeller characteristics

The propeller performance is scaled from Autos@ﬂ@), the ratio of propeller diameter to max-
imum hull diameter is 0.8. Th&; andKqg of Autosub3 related td is predicted by the following equations

(Phillips et al.| 2008b):-

Kt = 0.51061° — 0.7700J2 + 0.2017] + 0.0529 (15)

10Kq = 0.39201% — 0.74992 + 0.3218J + 0.0032 (16)

The ratio of finite length of the propeller disc and maximurardeter of the disc is suggested to be0.1

(Phillips et al.| 2010a). The other parameters are in théeThb

Table 1: Parameter of modelled propeller

Parameter§ Ry, (m) | Ry (m) | AX(mM) | X (M)
Setting 0.080 | 0.0154| 0.0154 | 0.007

In this study, the propeller rpm is iteratively varied toetetine the appropriate advance fimgent (Equation
[T2), thrust coficient (Equatiof 1l5) and torque dfieient (Equatiofi 16) to achieve a self-propulsion.

3.3. Previous numerical study of towed vehicles

IRattanasiri et all (2013) simulated the experiment of Malland Utama (1997) by considering the twin towed
spheroids at various transverse separations. The resdiibited good correlation with the pressure distri-
bution, the side-force cdiécient, form factor and the drag. The numerical method andnilesh strategy in

Rattanasiri et al| (2013) can therefore be used to achieyeftuelity results.

3.4. Present study

The action of the propeller is to re-energise the wake coetpbtr a towed vessel. This propeller race will in-
teract with any vehicles directly downstream impactingtogitown drag. This study uses a body force approach
to replicate the action of the propeller so the drag of a fléeeli-propelled vehicles can be investigated.

Initial simulations are performed for a single hull. CaseisSthe benchmark towed single hull. Cases S2 and
S3 correspond to a self-propelled vehicle using the two Hodye propeller models RANS-UT and RANS-HO,
respectively. Comparing S2 and S3, the important of conisigehe propeller’s torque and resulting in swirling
flow may be examined.

Subsequently, simulations are performed for a fleet of twdcles. Cases F1 to F6 examine a fleet perfor-
mance for various combinations of the towed and self-ptegdelehicles using the two body force models at
S/L =0andD/L = 1.47. Cases F1 to F3 are then extended to consider two seléfdvehicles at a selection
of longitudinal dfset for 117/L < 4.47 (Figurd-3h) and transverse separations for/QA < 0.47 (Figuré_3b).

Table 2: Propeller test case matrix to simulate twin setfgetled vehicles its/L = 0 andD/L = 1.47
configuration at various propulsive conditions. Where ihgte uniform thrust distribution is simulated by the
RANS-UT propeller model and the thrust and torque propetiedel is simulated by the RANS-HO propeller

model
Case Bl B2
S1 Towed Hull -
S2 Thrust Propeller Model -
S3 | Thrust and Torque Propeller Modgl -
F1 Towed Hull Towed Hull
F2 Thrust Propeller Model Towed Hull
F3 Thrust Propeller Model Thrust Propeller Model
F4 | Thrust and Torque Propeller Model Towed Hull
F5 | Thrust and Torque Propeller Model Thrust Propeller Model
F6 | Thrust and Torque Propeller Model Thrust and Torque Propeller Model
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Figure 3: A pair of prolate spheroids in fleet configurations

3.5. Numerical settings

To replicate the experimentiof Molland and Utama (1997)dingension of fluid domain is modelled aél x
121 x 1.8L. Free slip wall conditionmm) are used for thef rfioor and walls. The air inlet velocity
(V) is set at 40 n's related to a length Reynolds numbBeE(3.2 x 10° (For typical AUV, 1¢ < Re < 107) with
the zero relative pressure outlet. The air dengity X and the air kinematic viscosity/{;) at room temperature
are 1.185 k%e' and 1545x 10> m?/s, respectively. Both hulls are modelled by using no slipl wahdition

) )-

3.6. Mesh strategy

The model domain, boundary condition and mesh strategebsinghis simulation are illustrated in Figirke 4.
The sample of meshes cut in the ZX plane and the YZ plane isshoRigurd 5h and 8b, respectively. A series of
eleven meshes ranging from 1.2 to 22.7 million elements wexde as an example cases, where the 1.2, 8.6 and
22.7 million element are designated as the coarse mesh,gtlieim mesh and the fine mesh, respectively. With
a 2.0% diterence of total drag between the medium mesh (case f) anchthentésh (case j), the computational
time of the medium mesh is approximately 8 hours which is t@$ quicker than that of fine mesh by using the
64-bit operating computational system, 2.53GHz, 2 Core&ssors with 12GB RAM. Thus the mesh parameters
of global mesh size and the local refinement case f is selesteghpropriate. The computational parameters are
provided in Tabl€13.

This numerical setting and the mesh strategy have provemtide a good agreement between the twin towed
bare hulls’ drag df Rattanasiri etlal. (2013) numerical datian and the experimental resu%@land.&n.dﬂama,
11997), the numerical results (Molland and Utama, 2002) Aecempirical results (Hoern 65). Thus by im-
plementing a propeller model into the numerical twin towetlshof [Rattanasiri et all (201.3), the investigation of
the impact of propeller to a fleet of self-propelled twin lsudan be performed.




V=40m/s y Roof, Left and Right walls: Free Slip Wall /. AP=0
Inlet Outlet
1 3 .
—— /’A 2
N Top spheroid: B1 .
\—/
— o 7 6 5 —
0.5L
1 3
//—\ 2
Lower spheroid: B2
—_ \—/ _—
- 5L —
/
7/ Floor: Free Slip Wall 4
Maximum size of mesh (m)
First
Case |y | height |No. Layer| Number of | 0: Global | = 2 3 |4 (Nose)| 4 (Tail)| 5 6 7 8 9
elements | max size
(mm)
a | 30| 0.003 15 1,235,641 0.5 0.2 0.05 0.05 0.01 0.01 0.1 0.1 0.1 0.01 0.01
b 30 | 0.003 15 1,404,456 0.3 0.2 0.05 0.05 0.01 0.01 0.1 0.1 0.1 0.01 0.01
c | 30| 0.003 15 2,274,493 0.25 0.2 0.05 0.05 0.01 0.01 0.1 0.1 0.1 0.01 0.01
d |30 0.003 15 3,543,161 0.2 0.05 0.05 0.05 0.01 0.01 0.05 0.05 0.05 0.01 0.01
e | 30| 0.003 15 6,335,524 0.2 0.05 0.05 0.05 0.01 0.01 0.05 0.05 0.05 0.01 0.01
f | 30| 0.003 15 8,641,237 0.2 0.025 | 0.0125 | 0.0125 | 0.01 0.01 | 0.025 | 0.25 0.05 0.01 0.01
g |30 0.003 20 10,652,242 0.2 0.025 | 0.0125 | 0.0125 | 0.01 0.01 | 0.025 | 0.018 | 0.05 0.01 | 0.005
h | 30| 0.003 20 13,552,121 0.15 0.025 | 0.0125 | 0.0125 | 0.01 0.01 | 0.025 | 0.0125| 0.025 | 0.01 | 0.001
i 30 | 0.003 20 16,058,760 0.15 0.025 | 0.0125 | 0.0125 | 0.01 0.01 | 0.025 | 0.0125 | 0.0125 | 0.005 | 0.001
j 30 | 0.003 20 19,240,433 0.1 0.025 | 0.0125| 0.0125| 0.01 | 0.005 | 0.025 | 0.0125 | 0.0125 | 0.005 | 0.001
k | 30| 0.003 20 22,775,748 | 0.0875 | 0.0125 | 0.01 0.01 | 0.005 | 0.005 | 0.01 0.01 0.01 | 0.005 | 0.001

Figure 4: (Top) Boundary condition and mesh refinement ad@upair of prolate spheroids (Bottom) Eleven
mesh strategies

Table 3: Computational parameters

Parameters Setting
Global mesh size 0.20m
Mesh type Unstructured with local

refinement around spheroids
and in wake regions

y* average 30
No. of elements 8-15M with 15 prism layers

in the boundary layer
Turbulence model Shear Stress Transport
Inlet turbulent intensity| 1%
Wall modelling Automatic Wall Function (ANSYS, 2010
Spatial discretisation | High Resolution (ANSYS, 2010)
Timescale control Auto Timescale (ANSYS, 2010)
Convergence criteria | RMS residuak 10°°
Computing Iridis 3 Linux Cluster
Run type Parallel (12 partitions run on

4xDual core nodes,
each with 2GB RAM)
Simulation Time 2.0-2.5 wall clock hours
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4, Results

4.1. Single vehicle

Table4 details the thrust deduction calculated for a sihgleusing the two body force models. The propeller
revolution speed of each self-propelled AUV is iteratedluhé error between the self-propelled thrugg f) and
the self-propelled draglp) are within 0.2%. By assuming no swirl imparted to the fldt, (= 0), a uniform
thrust distribution RANS-UT model predicted the thrust detibn,t = 0.13. The more characteristic thrust and
torque distributions of RAN-HO model gate- 0.14. The numerical predictions of thrust deductira¢e within

the ranges suggested in Burcher’s experiments (BurcheRgditl, 1994).

Table 4: Thrust deduction and drag results of a single gelpgled AUV with two diferent propulsive

conditions
Towed | Self-propelled| Self-propelled| %error, Thrust
Body Force Model drag, thrust, drag, %%’ deduction,
R(N) Tsp(N) To (N) t
S2: Thrust Propeller (RANS-UT) 2.3014 2.6393 2.6426 0.17 0.13
S3: Thrust and Torque Propeller (RANS-H))2.3014 2.6830 2.6874 0.12 0.14

Table[® shows a breakdown of the pressure and skin frictiompoments of the drag for cases S1, S2 and S3.
The two self-propelled cases (S2 & S3) show an increamend g4 and 16.6% in the total self-propelled drag
compared to the towed case (S1), respectively. The disecogpe driven by a change to the pressure drag. These

cases demonstrate the importance of considering the siejped drag when assessing total energy budget of an
AUV.

Table 5: Drag coficient of a single towed hull and a single self-propelled AU¥hawo different propulsive
conditions. Define the percent dradtdrence compare to case S1 a&Je; = M, wherei is cases S2

dragsz)
and S3

Total drag Skin friction Pressure
Cases coef. %Ay | dragcoef. | %Ay | drag coef.| %Ay

Cp x 10° Ce X 106° Cpyx X 10°

S1: Towed hull
(No propeller model) 4.053 3.643 0.347
S2: Simple Thrust Propeller
(RANS-UT) 4.632 14.7 3.647 0.1 1.012 191.6
S3: Thrust and Torque Propeller

(RANS-HO) 4.709 16.6 3.648 0.1 1.089 213.8

4.2. Drafting twin vehicles at L. = 1.47

The flow velocity past two drafting hullS{L = 0 andD/L = 1.47) is demonstrated in Figuré 6. Three cases
are shown:

e case F1 where both hulls are towed (dotted line)
e case F2 where the leader B1 is the self-propelled vehicleratbllower B2 is towed (dashed line)
e case F3 where both vehicles are self-propelled (continliioe)s

From a uniform inflow D/L = —1.250), the boundary layer develops over Bl{®@/L < 1.0). At the propeller
plane of B1 D/L = 0.994), a diference may be observed between cases F1 and F2&F3. The adwdocity
for B1 for the towed case F1 is 34.09smwhich corresponds to a mean fraction wakg 07 0.148 (calculated by
Equatiori.IB). Cases F2 and F3 experience an increase inigderedmentum on the propeller plane 1. This axial
increment increases with the slipstream contractidd/at = 1.235.

The inflow to B2 D/L = 1.470) dtters for the towed B1 (F1) where there is a wake deficit and the se
propelled B1 (F2&F3) where the propeller race has re-esedjihe wake, however, this is a non uniform inflow.
The boundary layer then develops around B247Q< D/L < 2.463. At the propeller plane of BD(/L = 2.463),
the mean wake fraction for B2 for case F2 is 0.143.



Downstream aD/L = 4.789, the three cases showfdrent behaviour where F1 exhibites the largest wake
deficit, F3 the smallest. Case F1 exhibits a wake deficit éggi&t both vehicles’ drag, F2 exhibits a wake deficit
due to B2’s drag and the re-energised wake of the propell@and F3 exhibits a nearly completely uniform flow
since both vehicles are self-propelled.
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Figure 6: The velocity profile of the flow past two in-line lau{5/L = 0, D/L = 1.47). case F1 where both hulls
are towed (dotted line), case F2 where the leader (B1) isdffigeopelled vehicle and the follower (B2) is towed
(dashed line), and a final case F3 where both vehicles arpigitlled (continuous line)

The influence of the propeller model on the self-propelleabdthe thrust deduction and the propeller race
deduction are demonstrated in Figlire 7 for the drafting BllB&atD/L = 1.47. The evaluated thrust deduction,
t, of each case is within the empirical range of 0.13-0.14.

Starting with the twin towed case F1, the drag of B1 is reduzmedpared to a single towed vehicle. This is
due to the bow stagnation of B2 aiding the pressure recovéngatern of B1. For cases F2 to F6, B2 experiences
higher drag than case F1 due to the propeller race at B1. &hibe captured by using a propeller race deduction,
v. Thus the towed drag of the follower vehicle B2 (cases F2 at)diay be calculated from;-

Rae2 (towed B1) = (1 - 7’) Rae2 (self-propelled B1) (17)

Hence, for a self-propelled follower B2 of cases F3, F5 and F6

Rae2 (towed B1) = (1 -Y- t) TSRBZ (self-propelled B1) (18)

Comparing the results from the RANS-UT and RANS-HO bodyéapproaches, it is evident that the momentum
source terms which represent propeller thrust are govgrttia predicted thrust deduction and propeller race
deduction.
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Figure 7: Drag force results and the percentage driigrdnces in the drafting configuration@fL = 1.47,
wheredrag represent the towed draB)(for a towed case and the self-propelled thrdstd) for any propulsive
conditions is the thrust deduction andis defined as the propeller race deduction.

4.3. Twin vehicles at various drafting and parallel configtions

From the previous results, the swirlingfect of the propeller can be neglected and the simplified RANS-
model can be selected for parametric studies into flezeof spacing between two hulls.

Figurel8 illustrates the influence of the longitudinébet in the drafting configuration on the components of
drag. Starting with case F1, Bi/L =1.17, the total drag of B1 is increased by 8% whilst the totadof B2 is
reduced by 21% (FigufeBa). As the longitudinfiket increases, the drag of both towed hulls tends towards the
free stream drag as the wake recovery occurs. This hydroeigrizehaviour is similar to cars in a convoy with a
slipstream aB/L > 1.5 (Hucho and Ahmed, 1998). This goes some-way to explainribegg benefit of cycling
and swimming in the slipstream (Kyle, 1979; Silva etlal., &00ccording to Figur&8b aridBc, the discrepency
of the total drag of both hulls is driven by a change to thequesdrag. Significantly, a change to the skin friction
drag of B2 occurs when placed directly behind towed B1, thimithates the B2’s drag reduction. TherDt =
4.47, the total drag of both hulls tends towards the single fitream towed resistance.

For case F2, at.17 < D/L < 4.47, the total drag of self-propelled B1 is increased by 12%pared to that
of towed B1 (F1). The drag of self-propelled B1 tends towan@ssingle vehicle self-propelled thrust as tlkset
increases. Considering Figurel 8b andél 8cDak = 1.17, the drag of B2 is increased by 12% compared to that
of towed B2 (F1), this is due to an addition to the skin friatidrag results from a propeller race deduction. As
the dfset increases, the extra skin friction drag is reduced wigshlts in a drcrease of the total drag augment
towards the single towed resistancéddt. > 5.0.

For case F3, the drag of self-propelled B1 (F3) shows the samudts as that of case F2. Apparently, placing
either a towed B2 (F2) or self-propelled B2 (F3) directly inehthe self-propelled B1 has no impact to the B1’s
drag. AtD/L = 1.17, the drag of the self-propelled B2 (F3) is increased@¥ tompared to the towed B2 (F2).
The drag of self-propelled B2 (F3) is then reduced towarddre stream thrust when th&set increases. Figure
and 8t show that a change of the total drag augment is ifigeby the pressure drag rather than the skin
friction drag.

For these drafting cases, in general, for vehicles follovérself-propelled leader within 3.0the skin friction
drag of the follower is increased by the propeller race déducconsequently, a rise in the total drag. At the
longitudinal dfsetD/L > 5.0, the drags of both B1 and B2 tend towards the single frearstralue, which are at
a towed resistance and a self-propelled thrust for the toxgbitle and self-propelled vehicle, respectively.
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Figure[d illustrates the influence of the transverse seiparat the parallel configuration on the components
of drag. Implementing the propeller on both hulls increabesdrag on both hulls. For case F1,S4L = 0.17,
the total drag of both towed vehicles is incresed by 10%, diis to a change in the pressure drag rather than a
skin friction drag. As the separation increases, the drdgptf hulls tends towards the drag of single free stream
towed resistance.

For cases F2, the total drag of self-propelled B1 is increagel 5% compared to the towed B1 (F1) and then
tends toward the single self-propelled thrust as the séparacreases. From Figurelob dnd 9c, at the separation
within 0.27L, the propeller race decuction results from the self-pilepeBl is driven the pressure drag of towed
B2 to be increased by 15% when compared to the towed B2 (FA3ecmently increase a 4% of its total drag.

For case F3, a/L = 0.17, the self-propelled B1 (F3) experiences a 4% drag angowmpared to that of
F2. This suggests that the propeller race deduction frorh belf-propelled AUVs interacts with each other,
subsequently disturbing the pressure distribution ardgbedhulls. FoiS/L > 0.30, the drag of both self-propelled
vehicles tends towards the free stream thrust requirements

For all drafting and parallel cases, with both vehicles msel proximity, significant change in the pressure
drag is dominating an increment in the total drag. The plepehce deduction influences a significant change in
the skin friction drag of any vehicle placed directly behidelf-propelled vehicle. On the other hand, at very
close proximity in the parallel configuration, the propetiece drives a 25% increase in the pressure drag for both
vehicles, it is evident that a change of the skin frictiongdnas a minimal change of less than 1%.

5. Conclusion

This paper investigates the influence of the propeller rat¢éhe upstream and downstream self-propelled
AUVs. Simulations are performed for a single hull, two bodyce models are used to replicate the impact of
the propeller by using RANS-HO and RANS-UT to model the momensource terms. Then, a fleet of twin
self-propelled AUVs in a drafting configurationBYL = 1.47 is selected as a promising case study. The velocity
profile of flow past two drafting AUVs is demonstrated and treamwake fraction is estimated. The drag of each
individual is analysed to determine the hydrodynamic fietemce due to the propeller.

In drafting atD/L = 1.47, the results show that the thrust deduction of the selpglied vehicles is dominated
by the propeller’s thrust rather than torque. The drag pigdithe leader AUV is due to its own thrust deduction
whilst the drag penalty of the follower AUV is significantlgdreased by both its own thrust deduction and the
re-energised flow due to the upstream propeller, named tpejter race deduction.

Using the RANS-UT model, the parametric studies has beemded to investigate the influence of transverse
separations and longitudinaffeets on the twin vehicles’ fleet. Drafting in close proxinofytwo self-propelled
AUVs, the increase in skin friction drag of the follower isrdmated by the propeller race deduction while the
increase in the pressure drag is driven by its own thrustatemu The results of two parallel self-propelled AUVs
show the bigger the spacing, the smaller the drag penadtypthied bare hull drag tends towards the towed resis-
tance at increasing separations, the drag of self-prapedbicle reduces towards the single vehicle thrust.

By implementing the virtual propeller, the results show nopuisive energy benefit to the individual multiple
vehicles in a fleet. However, based on this numerical inféionaoperators can determine the optimal config-
urations in transverse separation and longituditiised based on energy considerations. Since this information
is based on the same size and same shape prolate sphersidlyudipplying the dierent size and shape hulls
in the fleet may impact the body-to-body interactidieet and the fleet drag which may provide positive results
for saving energy, especially at the individual level. Framehicle or mission design perspective, it is important
to correctly understand the propulsive energy budget of/étiécle and its impact on both range and endurance.
This study highlights the importance of considering botlushdeduction and any propeller race deductions when
calculating the propulsive power consumption.
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13



CD(S) Towed — 4.053x103

125 AN Co) setfpropettea = 4.673x10°3
N % B2 Towed (F1)
95“ 115 Tsp-A-B1 SP (F2)
S LN
S0 ~+B2 Towed (F2)
©B1 SP (F3)
105 % B2 SP (F3)

100

(a) Total drag cogécient

1 05 C/(S) Towed — 3.643x10-3
105 % Chts) selfpropetica = 3-647x1073

<-B1 Towed (F1)

> B2 Towed (F1)
#-B1 SP (F2)
—+ B2 Towed (F2)
©B1 SP (F3)
> B2 SP (F3)

100 | ! R, Tgp

(b) Skin friction drag cofficient

Cp

x|

) Towea = 0-437% 10
X~ CPx(s) Self-propelled =1.012x 10-3

<-B1 Towed (F1)

> B2 Towed (F1)
Tsp
#-B1 SP (F2)
-+ B2 Towed (F2)

©BI1 SP (F3)

B2 SP (F3)

R

0.17 0.27 0.37 0.47
(c) Pressure drag cfiient

Figure 9: Hfect of propeller on forces acting on the parallel configoraB1 and B2 at various transverse
separations

14



References

Aguiar, A.P., Almeida, J., Bayat, M., Cardeira, B., Cunha,fRausler, A., Maurya, P., Oliveira, A., Pascoal, A.,
Pereira, A., Rufino, M., Sebastiao, L., Silvestre, C., Vafni2011. Cooperative control of multiple marine
vehicles: theoretical challenges and practical issueatrGlo& Automation (MED), 2011 19th Mediterranean
Conference on , 424-429.

Alexander, R.M., 2004. Hitching a lift hydrodynamicallyrt swimming, flying and cycling. Journal of Biology
3.

Andersson, M., Wallander, J., 2003. Kin selection and meciiy in flight formation? Behavioral Ecology 15,
158-162.

ANSYS, 2010. ANSYS CFX, Release 12.1. ANSYS.

Bean, T., Beidler, G., Canning, J., Odell, D., Wall, R., OR@y M., Edwards, D., Anderson, M., 2007. AUV
cooperative operations using acoustic communication amgyation. IEEE Journal of Oceanic Engineering .

Bellingham, J.G., Willcox, J.S., 1996. Optimizing AUV ocegraphic surveys. autonomous underwater vehicle
technology., in: AUV '96., Proceedings of the 1996 Symposan 2-6 Jun 1996.

Botelho, S., Neves, R., Taddei, L., 2005. Localization ofegtflof AUVs using visual maps. OCEANS 2005 -
Europe 2, 1320-1325.

Bradley, A.M., 1992. Low power navigation and control fongprange autonomous underwater vehicles., in:
Proceeding of the Second Internationdlisbore and Polar Engineering. Conference, San francisco, CA

Bradley, A.M., Feezor, M.D., Singh, H., Sorrell, F.Y., 20(Power systems for autonomous underwater vehicles.
IEEE Journal of Oceanic Engineering 26.

Brath, T.J., Jesperson, D.C., 1989. The design and agphoaitupwind schemes on unstructured meshes. AIAA
Paper 89-0366 .

Burcher, R., Rydill, L., 1994. Concepts in submarine desfgambridge: Cambridge University Press.

Burger, M., Pavlov, A., Pettersen, K., 2009. Condition&grators for path following and formation control of
marine vessels under constant disturbances., in: The 81b Ifternational Conference on Manoeuvring and
Control of Marine Craft, pp. 179-184.

Cui, R., Ge, S.S., How, B.V.E., Choo, Y.S., 2009. Leademfet formation control of underactuated AUVs with
leader position measurement., in: Proceedings of the 2BBE linternational Conference on Robotics and
Automation, Kobe, Japan, pp. 2441-2446.

Cui, R., Ge, S.S., How, B.V.E., Choo, Y.S., 2010. Leademfet formation control of underactuated AUVSs.
Ocean Engineering, 1491-1502.

Dalton, C., Zedan, M.F., 1980. Design of low-drag axisynmuethapes by the inverse method. Journal of
Hydronautics 15, 48-54.

Edwards, D., Bean, T., Odell, D., Anderson, M., 2004. A legiddower algorithm for multiple AUV formations.,
in: Proceedings of IEEIOES Autonomous Underwater Vehicles, vol. 1 Sebasco, MEA@p46.

Goldstein, S. (Ed.), 1929. On the vortex theory of screw pleps.. Proc. of the Royal Society (A) 123, 440.

Hanrahan, B., Juanes, F., 2001. Estimating the number dhfestantic bluefin tuna schools using models derived
from captive school observations. Fishery Bulletin 99(3).

Hoerner, S.F., 1965. Fluid-dynamic drag: practical infation on aerodynamic drag and hydrodynamic resis-
tance. (pubished by the author).

Hough, G., Ordway, D., 1965. The generalised actuator dimvelopments in Theor. and Appl. Mech. 2, 317—
336.

Hucho, W.H., Ahmed, S.R., 1998. Aerodynamics of road vesiclfrom fluid mechanics to vehicle engineering.
Warrendale, Pa. : Society of Automotive Engineers.

15



Huggins, A., Packwood, A.R., 1994. The optimum dimensiarsaf long-range, autonomous, deep-driving,
underwater vehicle for oceanographic research. OceamEagng 21, 45-56.

ITTC, 1957. Proceedings of the 8th ITTC, madrid, spain.Ganal de Experiencias Hidrodinamicas, El Pardo,
Madrid.

Jagadeesh, P., Murali, K., 2005. Application of low-re tuemce models for flow simulations past underwater
vehicle hull forms. The Journal of Naval Architecture andrie Engineering 1 (2), 41-54.

Jagadeesh, P., Murali, K., 2006. Investigation of altévedtirbulence closure models for axisymmetric underwa-
ter hull forms. The Journal of Ocean Technology 1(2), 37-57.

Jagadeesh, P., Murali, M., Idichandy, V.G., 2009. Expenitalinvestigation of hydrodynamic force d@eients
over AUV hull form. Journal of Ocean Engineering 36, 113-118

Karim, M.M., Rahman, M.M., Alim, M.A., 2009. Computation tfrbulent viscous flow around submarine hull
using unstructured grid. .

Kinsey, J.C., 1998. Drag characterization in the autona@rmanthic explorer., in: OCEANS ’'98 Conference
Proceedings 28 Sep-1 Oct 1998, pp. 1696—-1700.

Kyle, C.R., 1979. Reduction of wind resistance and powepaiif recing cyclists and runners traveling in group.
Ergonomics 22, 387-397.

Labbe, D.F.L., Wilson, P.A., Weiss, P., Lapierre, L., 20B4eesub: navigation guidance and control of an IAUV.
Royal Institution of Naval Architects Transactions A: Imational Journal of Maritime Engineering 146(2),
71-9.

Larsson, L., Baba, E., 1996. Advances in marine hydrodyosan@omputational Mechanics Publications. vol-
ume 5. chapter Ship resistance and flow computations. pp.1-7

Martins, A., Almeida, J.M., Silva, E., 2003. Coordinatedrraaver for gradient search using multiple AUVs.
OCEANS 2003. Proceedings 1, 247-352.

Menter, F.R., 1994. Two-equation eddy-viscosity turbakemodels for engineering applications. AIAA Journal
32 (8), 1598-1605.

Molland, A.F., Turnock, S.R., 1996. A compact computatianaethod for peredicting forces on a rudder in a
propeller slipstream. In Trans. RINA. 138, 59-71.

Molland, A.F., Utama, I.K.A.P., 1997. Wind tunnel investign of a pair of ellipsoids in close proximity. Tech-
nical Report 98. Ship Science, University of Southampton.

Molland, A.F., Utama, I.K.A.P., 2002. Experimental and rarioal investigations of a pair a ellipsoids in close
proximity., in: Proceedings of the Institution of Mechaaliengineers, Part M: Journal of Engineering for the
Maritime Environment.

Parsons, J.S., 1972. The optimum shaping of axisymmetdeéebdor minimum drag in incompressible flow.
Ph.D. thesis. School of Mechanical Engineering, Purdueigity, Lafayette, Ind.

Parsons, J.S., Goodson, R.E., Goldschmied, F.R., 1974pir8haf axisymmetric bodies for minimum drag in
incompressible flow. Journal of Hydronautics 8, 100-107.

Partridge, B.L., Johansson, J., Kalish, J., 1983. The sire®f schools of giant bluefin tuna in cape cad bay.
Environmental Biology of Fishes 9, 253-262.

Paterson, E.G., Wilson, R.V., Stern, F., 2003. Generalgaeparallel unsteady RANS ship hydrodynamics code
CFDSHIP-IOWA. IIHR Rep.. Univ. of lowa.

Phillips, A., Turnock, S., Furlong, M., 2008. Comparisofi<C&D simulations and in-service data for the self
propelled performance of an Autonomous Underwater Vehicle27th Symposium of Naval Hydrodynamics,
Seoul, Korea, 05 - 10 Oct 2008.

Phillips, A., Turnock, S., Furlong, M., 2009a. Simulatidraself-propelled ship using a blade element momentum
propeller model and rans. Ocean Engineering 36, 1217-1225.

16



Phillips, A., Turnock, S.R., Furlong, M., 2010a. Accuragpture of propeller-rudder interaction using a coupled
blade element momentum-rans approach. Ship TechnologeR#s ScHistechnik. 57.

Phillips, A.B., 2009. Costféective hydrodynamic concept design of autonomous underwahicle. Ph.D. thesis.
School of Engineering Sciences.

Phillips, A.B., Furlong, M., Turnock, S.R., 2007. The usecofmputational fluid dynamics to assess the hull
resistance of concept autonomous underwater vehiclesQ@EANS 2007 - Europe. Richardson TX, USA,
Institute of Electrical and Electronics Engineers.

Phillips, A.B., Turnock, S.R., Furlong, M., 2010b. Influenaf turbulence closure models on the vortical flow field
around a submarine body undergoing steady drift. Journdlesine Science and Technology 15(3), 201-217.

Phillips, A.B., Turnock, S.R., Furlong, M., 2010c. The useomputational fluid dynamics to aid cosffective
hydrodynamic design of autonomous underwater vehicles.Proceedings of the Institution of Mechanical
Engineers, Part M: Journal of Engineering for the MaritinmyiEonment, pp. 239-254.

Phillips, A.B., Turnock, S.R., Furlong, M.E., 2009b. Evatiion of manoeuvring cdicients of a self-propelled
ship using a blade element momentum propeller model cotpledeynolds averaged navier stokes flow solver.
Ocean Engineering 36, 1217-1225.

Rattanasiri, P., Wilson, P.A., Phillips, A.B., 2013. Nurcat investigation of a fleets of towed auvs. Submitted
(Under review) .

Reeder, C.A., Odell, D.L., Okamoto, A., Anderson, M.J., Bdis, D.B., 2004. Two-hydrophone heading and
range sensor applied to formation-flying for AUVs., in: OCR3.'04. MTTYIEEE TECHNO-OCEAN '04,
pp. 517-523.

Rhie, C.M., Chow, W.L., 1982. A numerical study of the tudnit flow past an isolated airfoil with trailing edge
separation. AIAA Paper 82-0998 .

Sarkar, T., Sayer, P.G., Fraser, S.M., 1997a. Flow sinargiast axisymmetric bodies using fouffdrent turbu-
lence model. Application Mathematic Modelling 21, 783—-792

Sarkar, T., Sayer, P.G., Fraser, S.M., 1997b. A study ofreartmus underwater vehicle hull forms using compu-
tational fluid dynamics. International journal for Numetidlethods in Fluids 25, 1301-1313.

Silva, A.J., Rouboa, A., Moreira, A., Reis, V.M., Alves, WVilas-Boas, J.P., Marinho, D.A., 2008. Analysis of
drafting dfects in swimming using computational fluid dynamics. Jouofi&ports Science and Medicine 7,
60-66.

Stern, F., Kim, H.T., Cheng, H.C., 1988. A viscous-flow agmtoto the computation of of propeller-hull interac-
tion. Journal Ship Research 32, 246-262.

Stevenson, P., Furlong, M., Dormer, D., 2007. AUV shapesnhining the practical and hydrodynamic consid-
erations., in: OCEANS 2007 - Europe.

Turnock, S.R., Phillips, A.B., Furlong, M., 2008. URANS Sifations of statics drift and dynamic manoeuvres
of the KVLCC2 tanker., in: In SIMMAN Int. Manoeuvring Worksip, Copenhagen.

Vanni, F.V., 2007. Coordinated motion control of multiplé@omous under vehicle. Master’s thesis. Technical
University of Lisbon.

Weihs, D., 2004. The hydrodynamics of dolphin drafting. rd@liof Biology 3:8.

Weihs, D., Ringel, M., Victor, M., 2007. Aerodynamic intetmns between adjacent slender bodies instrumen-
tation and wind tunnel testing. Instrumentation in Aeragp&imulation Facilities, 2007. ICIASF 2007. 22nd
International Congress on, 1-28.

Weiss, P., Mascarelli, J.V.C., Grossnet, D., Brignone,Llabbe, D.F.L., Wilson, P.A., 2003. FREESUB: Dy-
namic stabilization and docking for autonomous underwagdicles., in: The 13th International Symposium
on Unmanned Untethered Submersible Technology, Durham, US

17



1+k
1+pk

Ay

B1 and B2
%B1 and ¥B2
%CB

Co

Cp1 andCpy)
Coy

Cr
(Cr)1o57
CPx

Csk

Ci andKy
o'

D

D/L

O

Fhby

Fpg

Fb,

R, andR,

~

>R QM XET R D

Nomeclature

The form factor of a single spheroid
The form factor of twin spheroids
Wetted surface area @n
Leading spheroid and following spheroid
Individual drag of B1 and B2 referred to a single hull drag
Combined drag refer to sum of two single hull drags
Total drag cofficient, ()TS";E‘—\'/;"/:?
Drag codficient of B1 and B2 in fleet
Drag codficient of a single hull
Skin friction drag cofiicient, %"\/"Q‘m
Skin friction drag co#icient proposed by (ITTC, 1957)
Pressure drag céiicient, P'%%fszd'ag
Codficient of side-force
Thrust codicient
Maximum diameter of the body of revolution (m)
Longitudinal dfset (m)
Non-dimensional longitudinalfiset
Maximum hull diameter (m)
Non-dimensional axial momentum source term
Non-dimensional tangential momentum source term
Non-dimensional radial momentum source term
Advance co#icient
Torque coéficient
Revolutions per second of propeller{s
Transverse separation
Thrust deduction
The self-propelled drag (N)
The require thrust (N)
Length of the body from nose to tail (m)
Towed drag (N)
Length Reynolds numbe¥t
Radius of propeller and hub (m)
Local propeller radius (m)
Vehicle speed (ris)
Advance speed (fs)
Cartesian mean velocity components(U,, U,)
Wake fraction
mMean wake fraction over propeller disc
Represents Cartesian co-ordinatésY, Z) (m)
Fluid kinematic viscosityyu/p (m?/s)
Fluid density (kgm?)
Fluid dynamic viscosity (kgn.s)
Turbulent viscosity (k@m.s)
Fluid turbulent kinetic energy (fis?)
Rate of dissipation of turbulent energy{sn°)
Viscosity like variable
The propeller race deduction
The diference between drags

18



	Introduction
	Theoretical approach
	Reynolds Averaged Navier Stokes (RANS)
	Uniform thrust distribution model (RANS-UT)
	Hough and Ordway thrust and torque distribution model (RANS-HO)

	Case study
	Base experiment
	Assumed propeller characteristics
	Previous numerical study of towed vehicles
	Present study
	Numerical settings
	Mesh strategy

	Results
	Single vehicle
	Drafting twin vehicles at D/L=1.47
	Twin vehicles at various drafting and parallel configurations

	Conclusion

