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Abstract

This paper investigates the influence of the propeller racepstream and downstream self-propelled AUVs.
Initially simulations of a self-propelled hull are perfoeehat the Reynolds Number23« 10° with the commercial
RANS code ANSYS CFX 12.1, utilising a body force model to regte the impact of the propeller utilising
momentum source terms. This is then extended to consideeteofléwo self-propelled vehicles operating at a
range of longitudinal fiset and transverse separations. The results highlighogettion in close proximity to
another self-propelled vessel has a significant impact tf thee flow around the hull and drag experienced by the
vehicle. A propeller race deduction is proposed to accourttie increase in vehicle drag due to the propulsors of
other vehicles. The propeller race deduction is dependort both longitudinal and transverse separation. From
a vehicle or mission design perspective, it is importantadwertly understand the true propulsive energy budget
of the vehicle and its impact on both range and endurances Sthdy highlights the importance of considering
both thrust deduction and any propeller race deductionsiwhksulating the propulsive power consumption of an
individual or fleet of vehicles.

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

1. Introduction

The rapid growth in ocean operational services such fishare engineering, defence, shipping and marine
ecosystem survey, challenge the performance #indesncy of manned and unmanned robotic systmloods,
). Since cold and deep ocean operational conditiondesgmed too dangerous or impractical for humans
(Caccia, 2006; Horgan and Toal, 2006; Smallwood and Whit;@0b4), unmanned submersibles are typically
employed. Autonomous Underwater Vehicles (AUVS) are padipelled robots which perform missions without
requiring external powering or control. They are a cdBtaive alternative compared to many current manned
and tethered system, AUVs are becoming widely used to assfting ocean science and engineering operations.
Current AUVs are primarily designed to perform as a solo elehfior specific missions, typically inspection or
exploration tasks with an operational range up to one thmli&#ometres and mission durations ranging from
numbers of hours to several days.

The operational ability of an AUV depends on the requirecegpeange, depth, duration and manoeuvring
performance of the veh|cIe Since the range and enduraedavated by the cruise speeld (Bingham €tlal., 2002;

: 09; Stevenson &t al., 2T6BY,|2006), the options to extend an endurance are:
minimising dragl(Huggins and Packwood, 1994; Pafsons.;JR@&ons et al., 1974), enhancing propulsife e
ciency (Agee 5; Stevenson éetlal., 2007), inotgapecific energy of power sourcwmooo
/Alers,[1981), and reducing hotel load (Furlong étal., 20®Hillips et al.[ 2012).

Many S|mple observations suggest that the drag of an ingi@lichay be reduced in specific fleet configurations:
examples such as, birds form an echelon formation for lostpdee migration (Andersson and Wallan 003),

fish swim in shoals or schools (Alexander, 2004; Hanrahanlandes, 2002; Partridge et al., 1983). There are
energé benefit to slipstreaming while cycling (Kyle, 197®jying in convoy (Hucho and Ahmked, 1998) or swim-

ming 8). There is a 60% energy saving fotléodse dolphin calves when swimming in close
proximity to their motheré@h%). Recent studieglaso demonstrated energy savings for fleets of towed
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eneric AUV hull forms at specific longitudinal and transedfsets |(Husaini et all, 2009; Rattanasiri et al.,

). However, the propeller’s influence has been exclfided these simulations. Axial and tangential accel-

erations, applied to fluid by the action of the propellerdiéa significant variations in the flow field around the
stern of the vessel and downstream, see Figure 1.
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Figure 1: Velocity profile of fluid inflow past AUVs, B1 and B2peesents the leader and follower AUV, respectively.

Firstly, the accelerated flow due to the propeller resultedéneased skin friction resistance at the stern, as well
as reduced local pressures which increase the form drag skifrpropelled body. For an AUV to move forward
at the design speed, the required thrilisty, must typically exceed its total towed drag, (Burcher and Rydlll,

(1994):-
Tsp= % (1)

whereR s the towed drag of the bare hull and propeller arsddefined as the thrust deduction which is a function
of hull streamlining, propeller clearance and fullnessréBer and Rydill, 1994).

Secondly, the propeller race from upstream or adjacenelessll modify the flow field of nearby vehicles.
For example a vehicle placed directly downstream of the glfepof an upstream vehicle will experience addi-
tional axial and tangential flow velocities in comparisortdwed wake conditions, in this study, the increase in
thrust required due to the propeller race from nearby vehid defined as a propeller race deductjgn,

Tsp= 5. (2)

Investigation of self-propelled fleet configurations wilbpide more information on the true propulsive energy
budget of a fleet of AUVs. The generated wake upstydamnstream could lead to a reduciragsing energy
consumption, this leads to the underlying questions of:-

e does the impact of propeller provide the energy advantdigesivantages to the fleet configuration?
¢ does a fleet configuration provide energy benefits for jushdividual AUV or the whole fleet?
e what is the optimal configuration and optimal distances efflbet?

The purpose of this paper is to provide guidance for opesator suitable spacing for multiple vehicles’
missions. To achieve this aim, the two hydrodynamic praeess$ twin self-propelled AUVs: the body-to-body
interference (or viscous interaction) and the increaseaygd due to re-energised wake by a self-propelled vehicle
must be numerically investigated.

2. Theoretical approach

Prediction of the hydrodynamic force acting on an AUV'’s leah be modelled using a steady-state Reynolds
Averaged Navier Stokes (RANS) simulation. This has proeesgrbvide reasonably accurate results with modest
computational cost (Jagadeesh etlal.. 2009; Karim| et a9;2Bhillips et al.| 2008, 2007, 2010c; Sarkar et al.,
@7). The commercial RANS solver ANSYS CFX 1@@3 selected to perform in this study. By
assuming the flow is incompressible, the continuity equeticensor notation becomes:-

i _
G_L;i_o (3)




The momentum equation can be written as:-

au L 0]\ _ P, 4 au, |, aup\| vy =
P(W+axi = &tk TP TR )

where the tensaox; represents Cartesian co-ordinatésY, Z) andU; are the Cartesian mean velocity components
(Ux, Uy, Uy). The Reynolds stress tenspufu;) is represented by the turbulence closiFerepresents additional
momentum source termbE¥, Fv, Fz).

The shear stress transport (SST) turbulence closure M,@M) which blends— ¢ andk — w was
selected for this study. Previous investigations have shihwat 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 computational cost
(Larsson and Baba, 1996; Phillips et al., 2010b).

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. Small time stepseqjuired to capture the transient flow behaviour.
The problem considered in this paper does not concentratieeopropeller, but rather on a representative model
of the velocity field downstream of the propeller. Therefahés work utilises a body force approach proposed for
self-propelled ship simulations. When using a body force ehdithe geometry of the propeller is not explicitly
represented. Thefect of the propeller on the flow is modelled fras distributed axial and tangential momentum
source terms which induce axial and swirl accelerationfiénfluid. The considered model prescribes a radial
distribution of thrust and torque based on ithe Hough and @ydi#965) circulation distribution, which has zero
loading at the tip and root was shown to match Goldstein'snapn distribution [(Goldsteid, 1929). Coupling
this distribution with a RANS simulation has been impleneehby! Paterson et al. (2003); Phillips et al. (2008,
12010a)| Phillips|(2009); Stern et|al. (1988); Turnock e(2008). The non-dimensional thrust distributidby)

and the non-dimensional torque distributidtbf) are given by:-

Fb, = Ar*Vi-r* ©)
= Y
Fb, = Aty oy ©
where:
e 105
AX - A_216(4+3Yh)(1—Yh) (7)
8K: 2T
Cth = ;r_Jg = pV§rrR% (8)
Ay = Ko 105 9)
AXF n(4+3Yp)(1-Y)
Va
J= n(2Ry,) 4o
Va = (1:/WY) (11)

where: bothCy, and Ky are the thrust cdcient with diferent form as shown in Euaqtiéh &g is the torque
codficient. J is the advance cdicient, T is the thrustyy is the wake fractionn is the revolutions per second,
is the vehicle speed and, is the advance speed. The momentum source terms are thézdap@n annulus with
finite thickness Ax) defined by:-

r Y=Y
Vo= B Y=g = (12)

whereR, andR, are the radius of propller and hub, respectiveyis the local propeller radius. See Figlie 2 for
detall.
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Figure 2: Body force propeller model

3. Casestudy

3.1. Assumed hull shape

A shape of a 6:1 prolate spheroid with a length ¢f 17200 mm and a diameter of 200 mm, is assumed to
represent the AUV hull shape, giving a surface ar&g (©f 0.601 n?. This investigation neglects theéfect of
appendages and other protrusions through the hull. Pralyiaseries of wind tunnel experiments were performed
on the flow past twin prolate spheroids of this shape to cleriae the side-force and yawing moment interactions
at different transverse spacings (Molland and Utama,|1997). esescarried out in the & 5 (2.20 mx 1.57 m)
low speed wind tunnel at the University of Southampton. Tpespheroid (B1) was placed at the middle breadth
and 1.07 m height from the floor. The lower spheroid (B2) was@d at the transverse separati§yl( of 0.27,
0.37 and 0.47 away from the centreline of B1. The noses of plieroids are aligned with zero longitudinal
offset O/L = 0) as shown in Figuri 3.
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Figure 3: Twin prolate spheroids in the 14 m longx7’ wind tunnel, figure adapted from Molland and Uthia (1997)

3.2. Assumed propeller characteristics

The propeller performance is scaled from Autosm,@), the ratio of propeller diameter to max-
imum hull diameter is 0.8. Th&y and Kq of Autosub3 related td is predicted by the following equations

(Phillips et al.| 2009):-

Kt = 0.5106J° — 0.7700J2 + 0.2017J + 0.0529 (13)

10Kq = 0.39200° - 0.74990? + 0.3218] + 0.0032 (14)

For numerical stability, the ratio of finite length of the paler disc and maximum diameter of the disc is sug-
gested to be 0.1 (Phillips et al.| 2010a). The other parameters are in théeTh

Table 1: Parameter of modelled propeller

Parameters R, (m) | Ry (m) | Ax(m) | X (M)
Setting 0.080 | 0.0154 | 0.0154| 0.007

In this study, the propeller rpm is iteratively varied toafetine the appropriate advance fimgent (Equation
[I0), thrust cofficient (Equatiofi 1I3) and torque dieient (Equatiofi 14) to achieve self-propulsion.



3.3. Present study

The configuration of a pair of AUVs is shown in Figlide 4 wh&. is the transverse separation abdl is
the longitudinal @fset, B1 and B2 represents the leader and follower, respgctiVhe action of the propeller is
to re-energise the wake compared to a towed vessel. Thielgopace will interact with any vehicles directly
downstream impacting on their own drag. The propeller taseenatrix in this study is shown in Table 2.

e Initial simulations are performed for a single hull. Casei$Sthe benchmark towed single hull. Case S2
corresponds to a self-propelled vehicle where the reguiirmodelled and torque is neglected. Case S3
corresponds to a self-propelled vehicle modelling thrast@rque. Comparing S2 and S3, the influence of
the propeller torque and swirling flow may be examined.

e Subsequently, simulations are performed for a fleet of twockes. Cases F1 to F6 examine a fleet perfor-
mance for various combinations of the towed and self-pitegelehicles aS/L = 0 andD/L = 1.47.

e The impact of spacing on drag, thrust deduction and the jiszpace deduction of a pair of self-propelled
vehicles is then investigated by setting up Case F6 withingr{17 < D/L < 1.77 and 00 < S/L < 0.37.

e Cases F1 to F3 are then extended to consider in detail; tixpimdelled vehicles at a selection of longitu-
dinal offsets for 117 < D/L < 4.47 and transverse separations fdr0< S/L < 0.47.
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Figure 4: A pair of prolate spheroids in fleet configurationthereS/L is the transverse separation bl is the longitudinal &set, B1 and
B2 represents the leader and follower AUV, respectively.

Table 2: Propeller test case matrix to simulate twin self-plied vehicles inrS/L = 0 andD/L = 1.47 configuration at various propulsive
conditions.

Case Bl B2
S1 Towed Hull -
S2 Thrust Only Propeller Model -
S3 | Thrust and Torque Propeller Model -
F1 Towed Hull Towed Hull
F2 Thrust Only Propeller Model Towed Hull
F3 Thrust Only Propeller Model Thrust Only Propeller Model
F4 | Thrust and Torque Propeller Model Towed Hull
F5 | Thrustand Torque Propeller Model  Thrust Only Propeller Model
F6 | Thrustand Torque Propeller Model Thrust and Torque Propeller Model

3.4. Numerical settings and mesh strategy

The fluid domain is modelled as4l x 12L x 1.8L to replicate the experimental domair.of Molland and Utama
@). Both hulls are modelled using a no slip wall conditié free slip wall condition is used for the roof, floor
and walls. The simulation is performed at a length Reynoldslver Re of 3.2 x 10 (Typical AUV operation
occurs at 10 < Re < 107) corresponding to an air inlet velocity/) of 40 nys. The outlet is set at zero relative
pressure. The air densitp4) and the air kinematic viscosity/{;) at room temperature are 1.185/kg and
1.545x 107> m?/s, respectively. The computational parameters are prdviud@able[B. FiguréBa aridbb show
the sample of meshes cut in tAX plane and theéy Z plane, respectively. Figufé 6 shows the influence on mesh
size on the drag of a towed spheroid, eleven meshes whetedngiing from 1.2 to 22.7 million elements. The




computational cost of using the medium mé8I9 million elements) is 10 times lower then that of the fine mesh
(22.7 million elements) with a less than 2% variation in drag. Details of the fluid don@iscretisation and mesh
strategy’s validation is completely presented in Rattanessall (2014). Results utilising these meshes exhibited
good correlation with the pressure distribution, the diatee codficient, form factor and the towed drag measured
in: the wind tunnel experiments_(Molland an ma, 19978yiwus numerical analysis (Molland and Utama,
[2002) and empirical prediction ner, 1965). By impeting a propeller model, the investigation of the
impact of propellers to a fleet of self-propelled twin hulsmde performed.
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Figure 5: Mesh cut around a pair of spheroids$gt. = 0.27 andD/L = 0
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Figure 6: Mesh convergence of a pair of spheroids



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

Turbulence model
Inlet turbulent intensity
Wall modelling

Spatial discretisation
Timescale control
Convergence criteria
Computing

Run type

Simulation Time

8-15M with 15 prism layers

in the boundary layer

Shear Stress Transport

1%

Automatic Wall Function (ANSYS, 2010
High Resolution (ANSYS, 2010)
Auto Timescale (ANSYS, 2010)
RMS residuak 10

IRIDIS 3 Linux Cluster

Parallel (12 partitions run on
4xDual core nodes,

each with 2GB RAM)

2.0-2.5 wall clock hours




4. Results

4.1. Single vehicle

Table[4 details the thrust deduction calculated for a sihgleé The propeller revolution speed of each self-
propelled AUV is iterated until the error between the sebtigelled thrustTsp) and the self-propelled dragd )
are within 2%. Assuming no swirl is imparted to the floiq = 0) results in a predicted thrust deduction of
t = 0.13. Inclusion of a representative torque results in a ptiediof t = 0.14. The numerical predictions of
thrust deductiont] are within the ranges suggested in Burcher’s experimemtofiier and Rydill, 1994).

Table[® shows a breakdown of the pressure and skin frictiompoments of the drag for cases S1, S2 and
S3. The thrust deduction is driven by a change to the preskare Figurél7 shows an accelerated flow regime
behind the propeller plane B1. These cases demonstratenffegtance of considering the self-propelled drag
when assessing total energy budget of an AUV.

Table 4: Thrust deduction and drag results of a single towdidahd a single self-propelled AUV with two fiiérent propulsive conditions

Body Force Model Towed drag,| Self-propelled| Self-propelled Thrust
R (N) thrust,Tsp(N) | drag,Tp (N) | deductiont
S1: Towed hull (No propeller model 2.3014 - - -
S2: Thrust Only Propeller - 2.6393 2.6426 0.13
S3: Thrust and Torque Propeller - 2.6830 2.6874 0.14

Table 5: Drag coféicient of a single towed hull and a single self-propelled AUWeo different propulsive conditions. Define the percent

drag diference compare to case S1 a&¥&; = dr_?%, wherei represents cases S2 and S3

Total drag Skin friction Pressure
Cases coef. %A1y | dragcoef. | %Ay | drag coef.| %Ay
CD x 10° CF x 10° Cpx x 10°
S1: Towed hull 4.053 - 3.643 - 0.347 -
S2: Thrust Only Propeller 4.632 14.7 3.647 0.1 1.012 191.6
S3: Thrust and Torque Propeller 4.709 16.6 3.648 0.1 1.089 213.8
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Figure 7: Comparison of velocity profil/V,, of fluid inflow past a single AUV; (Top) Case S1: Towed hull, (Mdle) Case S2: Self-propelled
AUV by thrust only propeller and (bottom) Case S3: Self-pitgaeAUV by thrust and torque propeller.

4.2. Velocity profile of drafting twin vehicles ayD = 1.47

The flow velocity past two drafting hullS{L = 0 andD/L = 1.47) is demonstrated in Figuré 8. 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 vehiclagrantbllower B2 is towed (dashed line)

e case F3 where both vehicles are self-propelled (continlioe}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. For tbe tawse,
F1, the advance velocity at the propeller plane is lower thanfree-stream velocity due to the presence of the
boundary layer the reduction in local velocity correspottda mean wake fraction) of 0.148 (calculated by
Equation[Tll). Cases F2 and F3 experience an increase in iglenr@mentum on the propeller plane of B1,
which is due to the action of the propeller. This axial incesmincreases with the slipstream contraction at
D/L =1.235.

The inflow to B2 O/L = 1.470) difers for the towed B1 (F1) where there is a wake deficit and ttfe se
propelled B1 (F2&F3) where the propeller race has re-esedgihe wake, however, this is a non-uniform inflow.
For all cases the boundary layer then develops around B2a0 % D/L < 2.463. At the propeller plane of B2
(D/L = 2.463), the mean wake fraction for B2 for case F2 is 0.143.

Downstream aD/L = 4.789, the three cases showffdrent behaviour where F1 exhibits the largest wake
deficit, F3 the smallest. Case F1 exhibits a wake deficit dimtio vehicles’ drag, F2 exhibits a wake deficit due
to B2’s drag and the re-energised wake of the propeller 1 F8neikhibits a nearly completely uniform flow since
both vehicles are self-propelled.
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Figure 8: The velocity profile of the flow past two in-line lai{5/L = 0, D/L = 1.47). case F1 where both hulls are towed (dotted line), case
F2 where the leader (B1) is the self-propelled vehicle arddhower (B2) is towed (dashed line), and a final case F3 ebeth vehicles are
self-propelled (continuous line)

The influence of the propeller model on the self-propelleydthe thrust deduction and the propeller race de-
duction are demonstrated in Figlile 9 for a longitudinal ssan of D/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 redwzsdpared to a single towed vehicle. This is
due to the bow stagnation of B2 aiding the pressure recoveéngatern 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 ah)dtay be calculated from;-

Rg2 (towed 81)= (1 — ) Ra2 (self-propelied B1) (15)



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

Re2 (towed B1)= (1 — ¥ — 1) TspB2 (self-propelled B1) (16)

Comparing the results with and without representativeuerd is evident that the momentum source terms which
represent propeller thrust are governing the predictagstitteduction and the propeller race deduction.

Compare case i to case j

K
Vel
drag It/ 14 E¢> Kr otm drag; —drag; X100
drag;

Case B1 B2 Comparison %A1, %Apay
S2 2.6393/0.13 /- |:> K;=0.0201 S2to S1 14.7

10K,=0.0215
@ @@ivuum S3t0Sl| 166

n 2.5443 /013 / - ) k=009 24583/ /0.13 F2toF1| 15.1 15.4

F3 2.5445/0.13 /- |:> Ky=10.0196 2.7927/0.11/0.13 |:> K= 0.0206 F3to Fl 15.1 31.1

10K, - 0.0217

F4 25821 /0.14/ - @ K,=00198 24609 /- /0.13 F4t0S3| -3.8 6.9
0K, - 0.0217

F5 @@ ﬁ,—nm&)s 2.7938/0.11/013 |:> Ky=0.0206 F5 to F4 0.0 13.5
10K, = 0.0217 10K, = 0.0225
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Figure 9: Drag force results and the percentage dréigrdinces in the drafting configuration@tL = 1.47, wheredrag represent the towed
drag R) for a towed case and the self-propelled thristd) for any propulsive conditions,is the thrust deduction andis defined as the
propeller race deduction.

4.3. Impact of spacing on self-propelled vehicles

The results of the self-propelled thruSi), thrust deductiont], propeller race deductiory), Kt and 1&Kq
for a pair of self-propelled AUVs over a range of transverad bngitudinal spacings is shown in Figurel 10.
In a previous study of towed pairs of prolate spheraids, dRaisiri et al.[(2014) defined seven operating regions
depending on the changes to individual drag and the totd) fiee Figur&1, where Bd and ¥B2 is defined as
the percentage fierence of the individual drag of B1 and B2 referenced to alsitugved hull drag, respectively.
%CB is defined as the combined drag which considered as a pegeediterence of the fleet drag referenced
to the sum of two single towed hull drags. Using a similar apph the results for the self-propelled case are
presented in Figure_12. WhereBb and %82 is defined as the percentagefeience of the individual self-
propelled drag of B1 and B2 referenced to a single self-glegeesistanceTp), respectively. % B is defined
as the combined self-propelled drag which considered asceipiage dterence of the fleet drag referenced to
the sum of two single self-propelled hull drags. Wheg,,) andTp(,) is the self-propelled drag of B1 and B2
in fleet, respectively. The sigh and— indicates increasing and decreasing of the towed and sgifefied drag,
respectively.

%BL = D8 x10Q
%B2 = el x10Q (17)
%CB = —TD(““)er"SZ;_zT"‘S’ x 100

By varying the spacing of the pair, the results suggest soraggg beneficial configurations exist for an individual
but only very small gains are possible for the fleet. Howesame configurations lead to a significant increase in
the drag of both individual members and the fleet.
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4.3.1. Parallel region

The parallel region is where both hulls are parallel to tHeow nose aligned with zero longitudinaitfeet
(D/L = 0), both hulls experience a propeller race deduction dukediv tlose proximity; the propeller generates
additional acceleration of the flow between the hulls. A cargon of velocity profileV/V.,, for the flow past a
pair of AUVs atS/L = 0.17 andD/L = 0 is shown in Figur€13. In an infinite domain, both hulls arpested
to experience an equal propeller race deduction, howevertalthe asymmetric finite numerical fluid domain,
the tunnel wall results in slightly €fering self-propelled thrust, thrust deduction and the elleprace deduction.
As the transverse separation increases up3aL) the increase in accelerated flow due to the action of prepell
reduces, resulting in no propeller race deduction. Thesaltseand the previous towed studies (Rattanasirilet al.,
) suggested that the distance @l0is required as the minimum transverse separation to exdlodg-to-
body interaction and the propeller race deduction.

4.3.2. Echelon region

With a transverse separation and a limited longitudirfided within one body length, the configuration is
similar to echelon or part of a vee formation. Figliré 12 shtives while both hulls experience interaction, the
follower B2 experiences a drag reduction while the leadeegderiences a drag augment, due to the body-to-body
interaction Rattanasiri et a 14). The comparison sfilts atS/L = 0.17 andD/L = 0.57 configuration as
shown in Figuré_14, implied that to maintain the speed of tlewer in the fleet, the propeller has to operate to
pull the AUV backward. As the transverse separation in@gathe interactions between the hulls reduce. The
information atS/L = 0.17 andD/L = 0.27 configuration is not available due to the high interackietween hulls
which leads to the diculty of obtaining the self-propelled follower.

4.3.3. Push region

The push region is where the nose of follower is positionedelto the trailing edge of the leading AUV.
The results show a significant decrease in the self-prapdiag of the leader, similar to the results for the towed
case. A comparison of velocity profiles is shown in Fidurk \I&ssels placed directly downstream of a propeller
experience a significant propeller race deduction. A smatidverse separation isfBaient to place the follower
to one side of the propeller race where it experiences minpnogoeller race deduction.

4.3.4. Drafting region

By placing a towed B2 directly behind a towed B1 foyL > 1.37, both individual AUVs and the fleet
experience drag reduction_(Rattanasiri etlal., 2014), kewthis benefit has been removed by the action of the
propeller for the self-propelled cases. Being placed irpeller race, the follower experiences a propeller race
deduction ofy = 0.13. A comparison of velocity profiles is shown in Figlré 16.

4.3.5. No propeller race interaction zone

From Figure[ID, there is minimalfect of propeller race deduction on the leader B1 or follow&r B\
comparison of the velocity profile of a pair of AUVs 8L = 0.17 andD/L = 1.47 configuration, Figure_17,
shows a very small accelerated flow regime by propellers fieader B1 interact the flow regime around the
follower B2. It could be concluded that the bigger the traamse separation and longitudindfset, the smaller
the accelerated flow regime between hulls.
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Figure 13: Comparison of velocity profil/V,, of fluid inflow past a pair of AUVs aB/L = 0.17 andD/L = 0.0 configuration; (Top) Case
F1: towed B1 and towed B2, (Middle) Case F4: self-propellédaBd towed B2 (bottom) Case F6: self-propelled B1 and selpgted B2.
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Figure 14: Comparison of velocity profil/V., of fluid inflow past a pair of AUVs a§/L = 0.17 andD/L = 0.57 configuration; (Top) Case
F1: towed B1 and towed B2, (Middle) Case F4: self-propellécaBd towed B2 (bottom) Case F6: self-propelled B1 and selpgted B2.
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Figure 15: Comparison of velocity profil/V,, of fluid inflow past a pair of AUVs aB/L = 0.0 andD/L = 1.17 configuration; (Top) Case
F1: towed B1 and towed B2, (Middle) Case F4: self-propellédaBd towed B2 (bottom) Case F6: self-propelled B1 and selfglted B2.
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Figure 16: Comparison of velocity profil/V,, of fluid inflow past a pair of AUVs aB/L = 0.0 andD/L = 1.47 configuration; (Top) Case
F1: towed B1 and towed B2, (Middle) Case F4: self-propellécaBd towed B2 (bottom) Case F6: self-propelled B1 and selgited B2.

14



0250 0.750

Figure 17: Comparison of velocity profil/V,, of fluid inflow past a pair of AUVs a§/L = 0.17 andD/L = 1.47 configuration; (Top) Case
F1: towed B1 and towed B2, (Middle) Case F4: self-propellédBd towed B2 (bottom) Case F6: self-propelled B1 and selfglted B2.

4.4. Twin vehicles at various drafting and parallel configtions

Thus we can conclude that the parallel, push and the draftgigns experience the greatest interactions, these
will be examined in more detail in this section.

4.4.1. Parallel configurations

Figure[I8 illustrates the influence of the transverse séiparim 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 increased by 109, diie to a change in the pressure drag rather than a
skin friction drag. As the separation increases, the drdgtf hulls tends towards the drag of a single free stream
towed resistance.

For cases F2, the total drag of self-propelled B1 is increédsel5% compared to the towed B1 (F1) and
then tends toward the single self-propelled thrust as tharation increases. From Figlire 18b 18c, at the
separation within @7L, the propeller race deduction results from the self-pilegdbl is driven the pressure drag
of towed B2 to be increased by 15% when compared to the towdg& B2 consequently increase a 4% of its total
drag.

For case F3, a/L = 0.17, the self-propelled B1 (F3) experiences a 4% drag angommpared to that of
F2. This suggests that the propeller race deduction fromm $&lf-propelled AUVs interacts with each other, sub-
sequently disturbing the pressure distribution aroundhtiiks. ForS/L > 0.30, the drag of both self-propelled
vehicles tends towards the free stream thrust requirements

4.4.2. Drafting configurations

Figure[I9 illustrates the influence of the longitudinéket in the drafting configuration on the components
of drag. Starting with case F1, BY/L =1.17, the total drag of B1 is increased by 8% whilst the totabdf B2
is reduced by 21% (Figufe 19a). As the longitudinifet increases, the drag of both towed hulls tends towards
the free stream drag as wake recovery occurs. This hydrodgrizehaviour 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..20®\ccording to FigurE19b afd 19¢c, the discrepancy
of the total drag of both hulls is driven by a change to thegquesdrag. Significantly, a change to the skin friction
drag of B2 occurs when placed directly behind towed B1, thisithates the B2’s drag reduction. TherDatL =
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 Bl is increased by 12%mared to that
of towed B1 (F1). The drag of self-propelled B1 tends towdhngssingle vehicle self-propelled thrust as tikset

15



increases. Considering Figlire 19b 190 At = 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 friotidrag results from a propeller race deduction. As

the dfset increases, the extra skin friction drag is reduced wieshlts in a decrease of the total drag augment
towards the single towed resistancéddt. > 5.0.

For case F3, the drag of self-propelled B1 (F3) shows the sasudts 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 towarddriee stream thrust when th&set increases. Figure
[I98 andI9c show that a change of the total drag augment iemufd by the pressure drag rather than the skin
friction drag.

For these drafting cases, in general, for vehicles follgvérself-propelled leader within 3.0the skin friction
drag of the follower is increased by the propeller race dedncconsequently, a rise in the total drag. For
longitudinal dfsetsD/L > 5.0, the drag of both B1 and B2 tend towards the single freerstredue, which are at
a towed resistance and a self-propelled thrust for the toxgbitle and self-propelled vehicle, respectively.

For all drafting and parallel cases, with both vehicles imsel proximity, significant change in the pressure
drag dominates an increment in the total drag. The propedles deduction influences a significant change in
the skin friction drag of any vehicle placed directly behmdelf-propelled vehicle. On the other hand, in 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 frictiongdhas a minimal change of less than 1%.

5. Conclusion

This paper investigates the influence of the propeller racepstream and downstream self-propelled AUVs.
Initially simulations of a self-propelled hull are perfoeah, utilising body force model to replicate the impact of
the propeller by modelling the momentum source terms. Thitién extended to consider a fleet of two self-
propelled vehicles operating at a range of longitudirttdet and transverse separation.

The results highlight that operation in close proximity tther self-propelled vessel has a significant impact
of both the flow around the hull and drag experienced by thécleehA propeller race deduction is proposed to
account for the increase in vehicle drag due to the propsilsbother vehicles. The propeller race deduction is
dependent on both longitudinal and transverse separation.

The self-propelled results using a virtual propeller shaasignificant propulsive energy benefit to the total
fleet energy budget. In-line operation which has previolisgn shown to be beneficial for towed vehicles is
shown to give no or minimal benefit to self-propelled velsctlie to the upstream propeller re-energising the
wake. An echelon configuration does allow a transfer of dramfthe follower to the leader, but would require
additional course keeping due to the hydrodynamic momehided on the vehicle. A parallel configuration
results in an increased propulsion cost for both vehicleswéver, based on this numerical information, oper-
ators can determine the optimal configurations in trangveeparation and longitudinatfeet based on energy
considerations. However, this information is based on adgeneous fleet of torpedo style vessels, by adopting
a heterogeneous fleet or a non-conventional body shape ibmapssible to reduce the resistance of following
vessels if they are designed such that the follower(s) opénathe wake of a leading vehicle but outside of its
propeller race.

From a vehicle or mission design perspective, it is impdriaorrectly understand the true propulsive energy
budget of the vehicle and its impact on both range and endararhis study highlights the importance of consid-
ering both thrust deduction and any propeller race dedugtichen calculating the propulsive power consumption
of an individual or fleet of vehicles.
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Nomenclature

The form factor of a single spheroid
The form factor of twin spheroids
Wetted surface area @n
Leader spheroid and follower spheroid
Individual drag of B1 and B2 referred to a single hull drag
Combined drag refer to sum of two single hull drags
Skin friction drag co#icient, %"\/"Q‘m’
Pressure drag céiecient,

Pressure drag
0.5p V2

Thrust codicient
Maximum diameter of the body of revolution (m)
Longitudinal dfset (m)
Non-dimensional longitudinalftset
Maximum hull diameter (m)
The momentum source termBy, Fv, Fz)
Non-dimensional axial momentum source term
Non-dimensional tangential momentum source term
Non-dimensional radial momentum source term
Advance cofficient
Torque cofficient
Revolutions per second of propeller{s
Transverse separation
Thrust deduction
The self-propelled drag (N)
Self-propelled drag of B1 and B2 in fleet
The require thrust (N)
Length of the body from nose to tail (m)
Towed drag (N)
towed drag of a single hull
Length Reynolds numbe¥t
Radius of propeller and hub (m)
Local propeller radius (m)
Vehicle speed (1is)
Advance speed (/)
Cartesian mean velocity componerits(U,, U,)
Wake fraction
Mean wake fraction over propeller disc
Represents Cartesian co-ordinatésY, Z) (m)
Fluid kinematic viscosity/p (m?/s)
Fluid density (kgm?®)
Fluid dynamic viscosity (k@n.s)
Fluid turbulent kinetic energy (fis?)
Rate of dissipation of turbulent energy{sn®)
Viscosity like variable
The propeller race deduction
The diference between drags
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