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Abstract

Animal-borne dataloggers (ABDLs) or “tags” are regularlyused to elucidate animal ecologyand physiology, but
current literature highlights the need to assess associated deleterious impacts including increased resistive force
to motion. Previous studies have used Computational Fluid Dynamics (CFD) to estimate this impact, butmany
suffer limitations (e.g.,inaccurate turbulence modeling, neglecting boundarylayer transition, neglecting added

mass effects, and analyzing the ABDL in isolation from the animal).

A novel CFD-based method is presented in which a “tag impactenvelope”is defined utilizing simulations with
and without transition modelling to define upperand lower drag limits , respectively,and added mass coefficients
are found via simulations with sinusoidallyvarying inlet velocity, with modified Navier-Stokes conservation of
momentum equations enforcing a shiftto the animal’s noninertial reference frame. The method generates
coefficients for calculating total resistive force for any velocity and acceleration combination, and is validated
againsttheory for a prolate spheroid. An example case shows ABDL dragimpactona harp sealof 11.21% -

16.24%, with negligible influence on added mass.

By considering the effects of added mass and boundarylayer transition, the approach presentedis an

enhancementto the CFD-based ABDL impactassessmentmethods previouslyapplied by researchers.
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Nomenclature

a = Acceleration (m/s%)

A = Amplitude ofsinusoidal velocity oscillation (m/s)

C,= Drag Coefficient

C4 »= Drag Coeffident ofuntagged animal based on untagged animal wetted area

Cy += Drag Coefficient of tagged animal based on untagged animal wetted area

C,, = Added Mass Coefficient

C,, » =Added Mass Coefficient of untagged animal

Cm_: = Added Mass Coefficient of tagged animal

f=Frequencyof sinusoidalvelocity osdllation (Hz)

F =Total resistive force OR Required Thrust Force (N)

g, = Gravitational acceleration vectorinthe x-direction (m/s?)

m = Total massof animal (kg)

V = Total volume of displaced water (m?)

Re = Reynolds Number based ontotal animal length

Re, = Local Reynolds Number (based on distance alongbody measured from nose / leading edge)

S =Untaggedanimal wetted area (mz)

t = Time (seconds)

u;, = Instantaneous inlet velocity (m/s)



Umean = Mean velocity (m/s)

u = Velodtyin x-direction (m/s)

v=Velocityiny-direction (m/s)

w =Velocityinz-direction (m/s)

x = Cartesian coordinate axis aligned with longitudinal axis of animal (m)

y = Cartesiancoordinate axis perpendicular to longitudinalaxis ofanimal in verticaldirection (m)

z = Cartesian coordinate axis perpendicularto longitudinal axis ofanimal in horizontal direction (m)

@ = Phase (Radians)

p = Densityof Seawaterat 10°C(kg/m3)

p = Dynamicviscosity of seawater (Pa.s)



Introduction

Externally mounted animal-borne data loggers (ABDLs or “tags”) are utilized across a range of ecological disdplines to
understand how animals exploit their environment and also to guide conservation efforts (Fig. 1). Despite offering dear
research benefits (McMahon et al. 2007), it has been shown that there can be a significant impact on the subject animal as
a consequence of tagattachment (Wilson et al. 1986, Culik and Wilson 1991, Culik et al. 1994, Boyd et al. 1997, Ropert-
Coudert et al. 2007a, Bowlin et al. 2010, Saraux et al. 2011, Rosen et al. 2018). In the short term, energetic and behavioral
changes may occur (Chipman et al. 2007). In the long term, the effect of an increase in drag force, and the subsequent
increase in the Cost of Transport (COT), have been identified as having potential population level effects on some tagged

animals (Sarauxetal. 2011).

In the context of marine animals, possible consequences of increased dragare alterations in diving behaviorand energetics
(Ropert-Coudert et al. 2007b, Maresh et al. 2014). During periods when an animal cannot select slower swim speeds to
offset taginduced increases in drag, particularyduring prey pursuit, power output must be increased (Wilson et al. 2002).
Forexample Culik etal. (1993) found that tagged Adelie penguins (Pygoscelis adeliae) increased power output by 24% over
untagged animals. Increased power output may not be sustainable;into the medium and long term, subject animals may
adjust their behavior to compensate fordevice effects. Hull (1997) observed changesin foraging trip duration, swim speed,
and breeding behavior in litle penguins (Eudyptula minor), while Ropert-Coudert et al. (2007b) showed that tagged little
penguins performed fewer foraging dives with more time spent at depth. Further, experimental work on rigid animal
models conducted by multiple authors (Bannasch et al. 1994, Watson and Granger 1998, Wilson et al. 2004, Todd Jones et

al. 2013) demonstratessubstantial, measurable increasesin hydrodynamic drag.

While studies employing ABDL allow researchers otherwise unachievable lewels of insightinto the behavior of free ranging
animals, the utility of such devices must be weighed against the ethical considerations surrounding these deleterious
impacts. While the number of studies employing tags has increased substantially over the preceding 2 — 3 decades
(McMahon et al. 2011, Vandenabeele et al. 2011), the number of papers aiming to identifyand minimize ABDLimpact has
not (Vandenabeele et al. 2011). This is conceming and highlights the pressing need for more work in this area (Mdntyre
2015). Aside from the obvious and important ethical considerations surrounding ABDL use, there is the practical problem
of introducing biases into ABDL generated data sets. Addition of an ABDL mayalter the behavior being measured (Wilson
and Vandenabeele 2012, Rosen et al. 2018); therefore, work to improve ABDL designs and reduce device i mpact becomes

of multifaceted significance.



Experimental methods to minimize the deleterious tag impact have been presented by Bannasch et al. (1994), where
incremental improvementofa given tag design was made through a trial and error process. However, this approachis time

consuming, costly, and resource intensive.

Itis also possible thata simple hydrodynamic drag increase measurement will not yield a truly representative snapshot of
tag impact. The total resistive force (or perhaps more intuitively the thrustan animal mustgenerate atany given time),isa

function ofinstantaneous speed, direction of motion and acceleration.

Equation 1 (Vogel 1994) describes the forces opposing animal motion. The naming convention given in Equation 1 foreach
of these force components is used throughout the remainder of this paper. Equation 1shows that,ata constant velocity,
the animal must overcome only hydrodynamic drag but when accelerating, for example during prey pursuit or predator
evasion, additional inertial forces give rise to the ‘acceleration reaction’ force; the sum of the forces required both to
accelerate the mass of the animal body forwards (the body mass force) and to accelerate the fluid displaced by the animal
backwards, otherwise known as the added mass force. The added mass force is likely to be a considerable component of
the total resistive force for bodies accelerating rapidly through a comparatively dense fluid such as water and, as discussed

byVogel (1994), has beenshown to be significant fora range of biologicalorganisms.

Acceleration Reaction Force

A
r N\
1
F=EC¢,lpSu2 + CppVa + ma (1.)
Hy drody namic Added Mass Body Mass
Drag Force Force

N

\

Total Hy drody namic
Force

Total Resistive Force

The body mass force is given by Newtons 2" Law and, assuming dimensional similarity between experiment and the
subject animal, wind tunnel tests could demonstrate, ata given speed, the increasein hydrodynamic drag caused by a tag.
Such approaches, however, are limited in their ability to determine whether the presence of the tag hasanyimpacton the

added mass component of the acceleration reaction.

Practical experimental constraints often mean thatan animal model is held stationary while flow is driven over the body.
At a constant velodty, the animal is in an inertial frame of reference and this approach is equivalent to the real case in
which the animalis moving rather than the fluid. During acceleration this equivalence nolonger holds, the animal is now in

a noninertial frame of reference and simply accelerating the flow overa stationary animal will not accurately capture the



inertial effect of the added mass’. Lamb (1932) and Newman (1977) present calculated C,, values for a range of idealized
shapes that can serve as reasonable estimates for many bodies, however, these values are based on potential, orinviscd,
flow theory and so neglect the complexities induced by viscous effects in a real fluid. They may also be limited in their

abilityto predicttheimpactofanirregular shapedtag onthe added mass force.

Numerical modelling has the potential to estimate device effects without the need forexperiments, before prototyping or
manufacturing has occurred, by conducting ‘virtual experiments’ in which fluid flow overa tagged animal is simulated using

Computational Fluid Dynamics (CFD) software.

Such tools can be used notonly to predict the hydrodynamicdragincrease imposed by a tag butalso to predict its effect
on the added mass component of the acceleration reaction force. The required switch from an inertial to a noninertial
frame of reference, while holding the animal body stationary, can be achieved through the indusion of an additional body
force, applied to all of the fluid within the simulation domain. Thisisimplemented bya user-defined source term (S,) in the
Navier-Stokes equation for conservation of momentum in the direction of flow; assuming flow in the x direction this is

stated byequation 2.

du, 0w, 0w, owy_ dp, (0% 0% 0%
p(6t+u0x+v6y+waz)_ ax (Bx2+6y2+6 2)+ng+sx (2)
duin

Where S, =
X pdt

This approach directly indudes the inertial effects present in the noninertial frame and is thus truly representative of a

moving animal in stationary fl uid.

Computational studies may offera significant benefit over traditional experimental methods ; driving design improvement
efforts, while reducing the requirement for animal testing. However, whilst many CFD software packages allow a novice
user to obtain a result, considerable skill is required to select and apply an appropriate modelling method which will
generate reliable and physically realistic results. Using the example of a Sea Mammal Research Unit (SMRU) GPS phone tag
mounted on a free-sswimming adult female harp seal (Pagophilus groenlandicus) (Fig. 2), predictions of drag penalty
induced by the tagata constantspeed are compared for three different CFD methods. A methodology is then deweloped
for predicting C,,of both the tagged and untagged animal. Results presented allow estimates of hydrodynamic drag and
acceleration reaction force to be made for any combination of instantaneous velocity and rate of acceleration within a

defined range. This work demonstrates the sensitivity of results to the methodology applied, offers researchersinsightinto

1 Note that the discussion of the key phy sics given here is limited in scope and detail for ov erall clarity . More detail on the points raised can be
found in the supplementary material provided.



scenarios in which tagimpactis likely to be mostsignificant and also details a practical means by which tagimpact can be

estimated forthose engagedinthe design and/or deployment of ABDL.

Computational Fluid Dynamics Basic Theory

Computational Fluid Dynamics (CFD) methods® calculate flow variables according to the fundamental physical laws
requiring conservation of mass and momentum?; laws expressed by the Navier-Stokes equations. A marine mammal CFD
study would begin by creating a virtual bounding box containing the animal body geometry. This computational domain
must be discretized into a “mesh” of thousands /millions of individual finite volumes (or “elements”). Boundary conditions
and keyphysical parameters such asinletflow welodity, turbulence intensity, and fluid properties are thenapplied, allowing
flow variables to be computed for each finite volume in an iterative process. Iterations continue until they conwerge
towards a solution that satisfies the goveming equations. It is important to note that this process only offers an
approximation of real word flows. The quality of any results generated depends on the degree of approximation made in 3

areas;

1. Geometricapproximations/simplifications.
2.  Meshing/discretization.

3. Appliedphysics.

1). Geometric simplifications are often required to make mesh generation practical. In marine mammal modelling, this may
indude removing eyes, vibrissae, and flippers. While some simplifications may hawve only a negligible impact on results,
others may be more detrimental. Some simplifications are unawidable; for example the mesh refinement required to
model very small scale momphological features (such as vibrissae) will almost certainly be impractical, so the analyst must
remain aware that this could be affecting results. Ultimately, the degree of geometric simplification that is deemed
acceptable may be informed by the aim of the study; if, for example, the aim is simple flow pattern prediction then a

higherdegree of simplification maybe acceptable thanifreliable numerical data are required.

2). Meshing/discretization errors arise as the continuous variation of flow variables across the domain, described by the
gowerning equations, is approximated. Such errors are governed by both the type of mesh element employed and the
resolution of the mesh. 3D mesh elements are typicallyhexahedral or tetrahedral. While tetrahedral meshes are generally
relativelyeasy to generate, theyare computationallyineffidentand the inherentlack of alignment with any dominant flow
direction caninduce error (known as numerical diffusion) in results. Hexahedral meshes are therefore desirable despite the

increased user skilland workload involved during preparation.

2 While arange of CFD methods/tools are av ailable, this work focuses only on the application of the commonly used Finite Volume CFD method.
3 It can also be necessary to consider conserv ation of energy, especially in cases where heat transfer is a significant consideration.



3). Simplification of the specified physics (for example in turbulence and boundary layer transition treatment) can also
induce error. The choice of animal movement / swimming mode is also an important consideration. While modelling a
rigid body in a single fixed ‘gliding’ position deary offers a computationally convenient simulation approach, the resistive
force imposed on an actively swimming animal is likely to be influenced significantly by the motion of the body and its
effect on the flow-field. As a consequence, steps should be taken to model the physics of the real process as doselyas
practically possible. Howewver, CFD modelling of bodies in which animal shape and velodtyare dynamically changing would
increase the complexity and computational expense of simulations by orders of magnitude, possibly rendering such an

approachimpractical.

Turbulent flows are characterized by complex and unsteady spatial and temporal variations in flow velodity driven by the
formation of vortices of a range of length scales (Pope 2000). Modelling the behavior of each of these vortices using a
method known as Direct Numerical Simulation (DNS) would be the ideal methodology, butisimpractical because the mesh
resolution required imposes an intractable computational expense. So we mustask “whatis the impact on the accuracyof

results when we deviate fromthis ideal?”

One approximationis to considervelocityata given pointas the sum of an average and time varying component, a process
which gives rise to the Reynolds Averaged Navier-Stokes (RANS) equations (Pope 2000). This significantly simplifies the
approach by predicting the average effect of turbulent vortices without directly modelling them by using a turbulence
model. The most widely used turbulence models are based on the calculation of an ‘eddy \iscosity’, an artificial vis cosity

thataccounts forturbulent energy dissipation.

The two-equation k— model (where kis turbulentkineticenergyand €is rate of turbulent kineti c energy dissipation (Pope
2000) is commonly used. Despite its widespread use, there are problems associated with this model in cases where reliable
boundary layer modelling is necessary. Problems are three -fold; first, the eddy viscosityis assumed to be isotropic i.e., the
same length scale in all directions and second, damping functions are used to approximate the boundary layer velodity
profile (Menter 1994). Thirdly, since a fully turbulent boundarylayeris assumed, no prediction of boundarylayer transition
is possible. Its accuracy is therefore severely limited where boundary layer behavioris important; flow separation can be
markedly under-predicted and, in extreme cases, not predicted at all (Menter 2011). The k—e model is therefore not
suitable for cases requiring reliable modelling of viscous drag or boundary layer separation; both key requirements in

animal and tag modellingrespectively.

Despite these issues, a number of authors have applied the k—e model in tag impact studies. Hazekamp et al. (2010)
conducted a CFD study of tag induced effects on a simplified gray seal (Halichoerus grypus) model, comparing results for

both tagged and untagged animals to estimate a drag impact of around 12% while Balmer et al. (2014) assessed the drag



10

sensitivity of a cetacean dorsal fin to the location of a single-pin transmitter. An improvement in near-wall modelling is
offered by the RNG k—& model, a modified version of the standard k—e model. This method was applied by Paviov et al.

(2007) and Pavlovand Rashad(2012) in the design of dolphin dorsal fin tags.

Boundarylayer modelling can be significantlyimproved by using the Shear Stress Transport (SST) model, a k—¢ /k—w hybrid,
where wis the turbulent frequency (Menter 1993). The k—w model is used in the near-wall region to directly model the
boundary layer velodty profile (rather than applying damping functions) (Menter 1994), significantlyimproving separation
prediction. However, the k—w model suffers from accuracy problems in the free -stream (Menter 1993) so,at some distance
from a surface, a switch is made to the more robust k—e model. Despite these improvements, the SST model is still subject
to the assumptions of an isotropic eddy viscosity and a fully turbulent boundary layer. This approach would therefore
under-predict the impact of a tagiflocated ina region where the boundary layer would naturally be laminar without the

presence of thetag.

Signifiant uncertainty appears to surround the likely boundary layer transition location on many marine mammals.
According to data presented by Hoerner (1965), in terms of an idealized smooth axisymmetric streamlined shaped body,
below Re, of approximately 1x10° the bounda ry layer may be predominantly laminar. The proportion of turbulent
boundary layerincreases with Re until, ata value between approximately 5x10%and 1x107, itis likely to be almostentirely
turbulent. Fish et al. (1988) observed harp and ringed (Pusa hispida) seals swimming at Re between 0.77x10° and 1.79x10°
and Williams and Kooyman (1985) observed typical swim speeds in harbor seals (Phoca vitulina) corresponding to a Re

range of 1.1x10° to 2.6x10°, implying that significant portions of laminar boundarylayer could be present.

In reality, animal bodies such as seals deviate signifiantly from the ideal form. Eyes, mouths, and vibrissae are all
mormphological features easily capable of induding a turbulentboundarylayer over most of the animal length regardless of
Reynolds Number. However, synthetic compliant skin inspired by the naturally compliant skin of a dolphin may delay
boundary layer transition (Gaster 1998), suggesting that some animals could also possess highly developed drag reduction
mechanisms. This uncertainty is highlighted in the literature; Stelle et al. (2000) demonstrated predominantly turbulent
boundary layer flow over Steller sea lions (Eumetopias jubatus) at Re from 5x10° to 6x10° while Rohr et al. (1998) used
bioluminescence experiments to predict boundary layer transition at the blowhole on a dolphin swimmingat Re 5.1x10°%,

clearyrepresenting a significantamount of laminar boundarylayer flow.

Reliable boundary layer transition prediction is therefore essential when predicting the hydrodynamic drag of the animal
bodyand the net hydrodynamic dragincrease imposed byan ABDL. An ABDL constitutes a major surface imperfection, so if
located far forward enough to be in an otherwise naturally laminar portion of the boundary layer it will certainly force

transition; the dragincrease will be the hydrodynamic drag of the tag plus the assodated additional viscous drag due to the
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increased proportion of turbulent boundary layer over the animal skin/fur/feather/carapace. Neglecting this additional
viscous drag by assuming a fully turbulentboundarylayer (a common CFD approach) would under predict the impactofa

tag.

The simulation methodology can be more dosely aligned with reality by coupling the SST model with a boundary layer
transition model. The y transition model developed by Menter et al. (2015) is used in the current study. This model solves a
single transport equation for the turbulent intemittency y, in combination with experimentally derived correlations in
order to trigger boundary layer transition onset. Such models, however, are typically tuned to give reliable results in
spedific situations, leading to potential error in cases that differ signifiantly from those for which they hawe been

calibrated.

Shorter et al. (2014) assessed the hydrodynamic forces acting on three different tagshapes, validated against water tunnel
experiments; boundary layer transition is modelled. Fiore et al. (2017) continued this work, again applying the k—e model

to assess multiple derivatives ofaninitial tagdesign.

Another issue is the lack of consideration of transient (i.e., time varying) flow forces induced by the tag. Highly unsteady
flow pattems can form in the wake of a bluff body (Bearman 1997), imposing a fluctuating force on the tag (and thus on
the animal). The example of uniform flow past a drcular cylinder illustrates this point. Across certain ranges of Re, an
unsteady wake is a formed by alternate shedding of vortices from the cylinder surface at the boundary layer separation
points, causing fluctuations in drag force and cross-force. In some cases, such forces could be sufficent to induce
discomfort oreven tissue damage in tagged animals (Walker et al. 2012). Previous studies appear to often enforce steady

flow, thus neglecting transient effects.

In summary, our literature review found no studies using the SST model (or other methods capable of comparable
boundary layer prediction) combined with appropriate laminar to turbulent boundarylayer transition modelling. No single
study was found assessing the impact of a tag on a full animal body induding consideration of boundary layer transition
and unsteady or transient flow effects. Furthermore, previous studies do not appear to account foradditional forces arising
due to acceleration. As a consequence, the possible impact of a tag on the added mass force (and therefore on the thrust

an animal must develop to achieve a required speed) has received littleattention.

It must be noted that DNS and eddy viscosity based models represent respectively only the most complex and most
accessible modelling approaches. Other approaches are available induding Large Eddy Simulation (LES) and Detached Eddy
Simulation (DES), offering improvements over eddy \iscosity models but simplifications over DNS (Pope 2000). However,

the computational expense of such methods is likely to render them impractical for tag impact/development studies. This
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paper seeks to define an approach that allows researchers to estimate the full impact ofa tag on a subject animal using

eddyviscosity based turbulence models

Methods

Sensitivity to Turbulence Model Selection

In order to quantify the influence of turbulence model selection on the predicted hydrodynamic drag and tag impact,
simulations of an untagged adult female harp seal, swimmingat a fixed velocity of 1.3 m/s, were conducted using three
different methods (Table 1). Method 1 represents our dosest practical approximation of the real physics and is therefore
deemed to be the “Baseline” to which the other methods are compared. Each simulation was then repeated with the

geometryincludinga SMRUGPS phone tag(Fig. 2).

Hydrodynamic Drag Variation with Glide Velocity

Method 1wasthen usedto predict the hydrodynamicdrag imposed at glide speeds across therange 0.9 m/sto 1.7m/s.
Fixed velodtysimulations using both the tagged and untagged animal were conducted in 0.2 m/s increments as perTable 2.
The minimum and maximum swim speeds selected were based on data obtained from wild deployment o fa Little
Leonardo W1000-PD3GT sensor mounted on a free ranging harp seal during February 2015 (Fig. 3 shows a representative

120 s extract of the speed sensor data provided).

Results yield an equation of the formgivenatequation3andcanbe usedto predict Cyand therefore the hydrodynamic

drag component of the total resistive force atanyinstantaneous glide velocity within the described velodty range.

Cqs=xRe™ (3.)

Prediction of the Added Mass Component of the Acceleration Reaction Force

In orderto model the required switch fromaninertial to a noninertial reference frame and thereby capture the added
mass component ofthe total hydrodynamic force, simulations (for both tagged and untagged cases) were conducted with
a sinusoidally varying inlet velocity (equation 4). While a real animal does not swim with a sinusoidal velocity variation,
application of a velocityvarying in thisway providesa convenient means by which to determine C,as thereis ananalytical
solution foracceleration which can be used to define the bodyforce required to shift to a noninertial frame of reference.
This additionalbody force was defined via the inclusion of a source term (equations 5and 6) inthe conservation of
momentum equationinthe direction of flow (as per equation 2). The predicted C,,maythensubsequentlybe used to

calculate the added massforce foranyreal, nonsinusoidal, velocity variation.
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Ui = ASINQ2Tft + @) + Umean (4.)
a= d:;—;h = 2nf[Acos2nrft + ¢)] (5.)
Sy =pa (6.)

Typical maximum and minimum animal swim speeds of 1.5 m/s and 1.1 m/s, with an approximate maxmum acceleration
of 0.871 m/s* were identified as broadly representative of real animal behavior based on provided speed sensor data
(extract shown at Fig. 3). Values of A=0.2 m/s, Unyean = 1.3 m/s and f = 0.693 Hz have therefore been selected to yield
representative velocdties and accelerations in equations 4 and 5. ¢ was set to ensure that simulations started from the

minimum velocity occurring acrossthe sinusoidal cycle (1.1 m/s).

It should again be stressed that the use of a sinusoidally fluctuating velocity (and assodated sinusoidally varying body force)
has been used only as a means of detemining the correct value for C,, and does not assume that this is the way the real
animal velodtyis expected to vary with time. The approach of determining C,,values in this way has been validated against
published C,, data fora prolate spheroid witha fineness ratio of 5. Newman (1977) states an expected C,, of 0.06 based on
potential, orinvisdd, flow theory while our numerical simulations of the same shape yield a mean C,, of approximately

0.064, anincrease of6.66% overthe publishedva lue®.

Note thatall simulation work conducted in this paperuses seawater and, consequentially, does notassume invisdd flow. It
is therefore likely that the difference between published and simulated C,, is due to the boundarylayerand wake present
in all real cases. This additional force component is the Bassett Force, a history term that accounts for noninstantaneous,

temporal changesinwake and boundarylayer state that occur as velocity changes (Fackrell 2011).

The tagged and untagged animal simulations yield the total hydrodynamic force, ie., the total resistive force as per
equation 1 minus the body mass force required to accelerate the mass of the animal. The body mass force is not presentin
the CFD model because the volume representing the animal is massless in the simulations. By rearranging equation 1,
equations 7 and 8 were then used to determine C,, (and C,, , respectively, utilizing the derived equations of the form of

Equation 3to determine Cy tandCy

F—(3Cq ¢ pSu?)

_F-G
Cme= va (7.)

1
F~(5Cq upSu?)

— _ praurrr
Cma = —20 (8)

* For more information on the prolate spheroid v alidation work conducted refer to the supplementary material provided.
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The C,and Cyvalues predicted using the above processmaythen be used to estimate the force experienced by an animal
across any combination of velocityand acceleration (i.e., at any given instantaneous velocity and acceleration, irrespective

of the factthatit will not be varying sinusoidally).

Geometry Generation and Meshing

The 3D model of the seal body was produced (using Rhinoceros 5.0 and Solidworks 2014 CAD software) from anexisting 3D
photogrammetric model deweloped at the SMRU, St. Andrews. The model is a free-swimming adultin glide phase, housed
in the captive animal fadility at the University of Troms@, Norway (McKnight 2018). The animal is 1.85 mlongand 0.44 m
wide, with an x-distance from animal nose to the front of the tag base of 0.25 m. The computational domain extends 5
animal lengths upstream, above, below and either side of the animal, and 15 animal lengths downstream. Fully hexahedral
meshes generated using ANSYS ICEM CFD V18 were used in all simulations (Fig. 4). Best practice guidelines in meshing for

SST-yhave beenfollowed as per Langtryand Menter (2006) and Menter et al. (2015).

Modelling Assumptions

1. The animal is assumed to be hydrodynamically smooth and rigid; small morphol ogical features induding evyes, fur,
and vibrissae have been removed and are therefore not modelled.
2. The tagis assumed perfectlyaligned with the inddent flow and located (as per wild deployments) at the base of

the skull onthe ventralsurface of neck. Details such as antennae ribs have been removed from the tag geometry.

Boundary Conditions, Setup and Solver

Tables 3 and 4 detail the assumed environmental and boundary conditions. All simulations used ANSYS CFX V18 to solve
the discretized RANS equations. ANSYS (2009) present information on the formulation of the turbulence and transition

models applied.

Fully transient simulations were conducted in all cases, utilizing an adaptive time-stepping scheme with parameters set to
achiewe a residual convergence targetof 1 x 10 within 5 coeffidentloops. All simulations were run using a single compute

node on Plymouth University’s High Performance Computing (HPC) fadlity, comprising 16 Intel Xeon E5-2683 processors

with 128GB RAM.
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Simulation Reliability Checks

A full mesh dependency study was undertaken on a baseline domain extending 5 animal lengths upstream, above, below
and either side of the animal, and 15 animal lengths downstream in order to ensure that results presented are
inde pendent of the level of mesh refinement. The tagged animal model was used as the basis for this study, Table 5 details
the levels of mesh resolution applied and the assodiated simulation results. Note that while the predicted hydrodynamic
drag varies by only around 1.1% between simulations 1and 4 (which covers an approximate 6 fold increase in number of
mesh nodes®) there is an increase in predicted tag drag of 22.7%. This demonstrates the importance of looking deeper than
just ‘top level’ simulation outputs when assessing mesh dependency. Measurement of only total drag would, in this case,
suggest that a mesh of 3.75x10° nodes would be adequate. This would lead to a marked under prediction of tag drag and
therefore would markedly reduce the predicted tag impact. All subsequent results presented in this study were obtained

using the meshappliedin simulation 3, using 20.5x10° nodes.

In addition, a full domain dependencystudyhas beenconducted byfirst halvingand then quartering the baseline distance
from the animalbodyto eachdomainboundary. Table 6 details the corresponding simulation results which indicated that
the solution appears to be relative lyinsensitive to domain size with a variationin totaldrag force of around 1.3% between
the baseline and smallest domains. The original baseline domain was used to generate allsubsequent results presentedin

this paper.

Results

Sensitivity to Turbulence Model Selection

Table 7 presents drag predictions for the untagged animal. As expected, the SST-y simulation gives the lowest drag
prediction because it pemmits the boundary layer on some regions of the animal surface to remain laminar. Table 8
presents hydrodynamicdrag predictions (both measured force and Cy) for the tagged animal, comparing drag to that of the
untagged animal for each method. The predicted dragincrease induced by the tag varies from 16.24% to 2.25% between

modellingmethods, showing that results are highly sensitive to turbulence/transition model selection.

Figure 5 breaks total drag values down into pressure and viscous components for both animal body and the tag itself

(where fitted), showing where the differences between methods arise. Key observations are:

5 Note that meshrefinements made from run1to run 2 are focused around the bodyand wake of the animal (hence a
large overallincreaseinthe number of mesh nodes). Refinements from run2to runs3and4are madelocalto thetag, so
whilstelement size is significantlyreducedin the vidnity of the tag, there is a comparatively s mall increasein overall
number of nodes.
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e  The SST-ymodel predicts a viscous drag thatis 46% and 49%lowerin the untagged case than the SSTonlyand k-€
models respectively.

e  The SST-ymodel predicts that addition of a tag causes an increase in viscous drag on the animal itself of 11.52%
overthe comparable untagged case.

e  Pressure dragisa substantial proportion of total dragin all cases (Based on untagged animal results it constitutes;
SST-y48%, SST 36%, k-€29%) and is highly sensitive to the turbulence / transition modelling approach adopted.

e Tagviscousdragisnegligibleinallcases.

Figure 6 shows skin friction coefficent (C;) distribution for untagged/tagged cases, comparing SST-yand SST only cases. C;
is a nondimensional measure of viscous drag and so provides a useful means by which to \isualize boundary layer
transition. Asudden increase to relativelyhigh C; (as seenimmediatelyaft of the fore flipper bulges and alsoin the wake of
the tagin Fig. 6b) is indicative of transition onset. Fig. 8 compares the velodityin the region surrounding the tag for k-e and

SST-y cases, highlighting the difference in predicted wake formation.
Hydrodynamic Drag Variation with Glide Velocity

Figure 7 shows the variation in predicted C4 (and therefore the hydrodynamic drag component of the total resistive force)
with Re based on the series of fixed velocity simulations conducted using the baseline method. The results yield equations
9 and 10 for the untagged and tagged animal respectively. The % increase in Cy induced by the tag remains relatively
constant across the range of Re simulated, reducing from 16.74% atRe = 2.31x10°down to 15.03% at Re = 1.22x10°. Note

thatin all cases Cq ;and Cy ,are based onthe wetted area of the untagged animal.

C4 4 = 0.0569Re~0166 (9.)
Cq:=0.0472Re 0143 (10.)

Figure 7 also compares simulated results with experimental data from Williams and Kooyman (1985). Deceleration and tow
tests were used to derive Cyvalues for two animals with results indicating a wide range of predicted Cy values. Simulation
results appear in reasonable agreement with comparable results derived from deceleration tests; howewer, Cy values

predicted fromresults of tow tests are markedly higher.
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Prediction of the Added Mass Component of the Acceleration Reaction Force

Figures 9a. to 9c. show results of simulations conducted using the sinusoidal inlet velocity and additional body force
implemented in order to capture the added mass component of the acceleration reaction force for the purpose of

identifying C.,. Results are given fora 3-second time period and show:

e  Figure 9a: Simulated velodty and acceleration profiles (as defined by equations 4and 5 respectively). Figure 9b:
The variation with time of the predicted hydrodynamic drag (calculated using Cy values detemined from
equations 9 and 10) and the total hydrodynamic force (from simulation results). Figure 9c: C, . and C, 4
calculated from equations 7 and 8 respectively using the results presented at Figure 9b, showingalmostidentical

Cm_tand C, yvaluesacrossthe velodty/accelerationcycle.

Some keyobservations are:

e Duringacceleration, the total hydrodynamic force increases significantly over the instantaneous hydrodynamic

drag.

e At peakacceleration, hydrodynamic dragaccounts forjust 35% and 38% of total hydrodynamic force forthe
untaggedandtaggedanimal respectively, the remainder being due to the added mass force. Results also show
thatthe presence of thetagresultsinanincrease in the maximum totalhydrodynamic force of approximately

5.3% increase overthe untagged case.

Discussion

Comparison of Baseline Results with Published Experimental Data

Substantially different solutions to the same fundamental problem are deary possible simply by adopting different
turbulence/transition modelling approaches. Itis therefore important to validate results and assess potential sources of

error, but, in the case of marine animals there is substantial uncertaintyin available experimental validation data.

The untagged baseline (SST-y) drag of 8.19N yields a Cy4 , of 0.0052; 30% greater than the often dted value of 0.004 for
seals given by Vogel (1994). This value is based on experimental work conducted by Williams and Kooyman (1985) in which
deceleration and tow tests are conducted on two harbor seals (1adult and 1 juvenile). Measured C4 varied from 0.004 to
0.010 dependent on the type of test conducted. They attribute this variation to a range of factors induding the possible
influence of the test equipment and also small movements in the animal’s body during tests. Figure 7 also shows that
results from towing tests are higher for both subjectanimals than the comparable deceleration tests. Whilst the current

simulation results lie within the range of predictions made by Williams and Kooyman (1985) based on deceleration tests, it
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is likely that simply stating a single C4is an over-simplification of reality. Rathera single animal may well present a whole
range of Cy if we could reliably measure the imposed drag force undera range of body orientations and motion types. This
uncertainty means thatanysimulation work conducted on an animal in a single position represents onlya single pointina
range of drag forces experienced by a swimming seal. Also, comparisons of tag impact are only valid under comparable
conditions, i.e., if tagged animal simulation results are compared to results generated using the same animal in its

untagged s state.

Comparison of Simulated Results

The following points are revealed byinspection of Figures 5and 6:

1. Forboth untagged and tagged cases, SST-y predicts much lower viscous drag than SST and k—e. Thisis due to the
ability of SST-y to model regions of laminar flow over the animal surface, rather than assuming the entire
boundary layer is turbulent. Comparison between Figures 6a and 6¢c deardy shows the laminar (darker colored)
areason the neckandshoulderregion of the sealmodel predicted by SST-y.

2. Forthe tagged case, SST-ypredicts anincrease in viscous drag on the animal surface compared to the untagged
case. This is due to the tag causing transition to a turbulentboundarylayer on the animal surface in the wake of
the tag (seen in Fig. 6b); this region remains laminar in the untagged case (Fig. 6a). This highlights the
importance of considering tagand animal together, rather than conducting simulations/experiments of the tagin
isolation when making dragassessments.

3. Predicted pressure drag on the animal body is substantial in all cases. Simulations suggestsome flow separation
on the posterior region of the animal, fore of the rear flippers (highlighted region 3in Fig. 10), butitis likely that
in reality, the animal has evolved to minimize such separation (maybe by dynamic shape changes whilst
swimming, or turbulence induced by fur/pelage energizing the boundary layer to overcome local pressure
gradients). Addition of a tag actually reduces pressure drag on the animal itself in the SST-y case, most likely
because the turbulent wake of the tag energizes the boundary layer on the animal, reducding downstream
separation.

4. Predicted pressure drag (of both tag and animal) is strongly influenced by the selected turbulence/transition
model. Thisis most evidentin the fact that k—e predicts verylittle tag pressure drag, thus predicting total tag drag
to be much lower than the other methods. The drag of the tagis dominated by the pressure drag caused by flow
separation in its wake. Figure 8 shows thatin comparison to SST -y, k-€ predicts flow separation much further
towards the rear of the tag “hump”, meaning that the wake is smaller and the force difference between

upstream and downstream faces of the tagis therefore much smaller. Velodty profiles (Fig. 10) show why
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different turbulence models produce such differences in flow separation prediction. Before the influence of the
tag (Fig. 10 location 1), k-€ predicts a much ‘fuller profile than SST; the velodity ata given distance from the
animal skin is much higher. Thusin the k-€ case, the boundary layer carries much more fluid momentum. When
the boundary layer subsequently reaches a region of adverse pressure gradient such as that behind the tag
“hump” (Fig. 10 location 2) or just ahead of the animal tail (Fig. 10 location 3), this fluid momentum is
unrealistically high, and overcomes the retarding influence of pressure, so flow continues rearwards. In the SST
case, the boundary layer carries less momentum, it cannot overcome the adverse pressure gradient and flow
direction is reversed, causing a region of redrculatingseparated flow (highlightedinredin Fig. 10).

5. In all aases, tag viscous drag is negligible. Drag of the tag itself is dominated by pressure drag; viscous drag is
small due to the relatively small tag surface area.

6. k—eresults may be misleading. In the k—€ tagged case, lack of transition modelling (acting to over-predict overall
drag)is partially masked by a likely under-prediction of tag drag due to inaccurate separation prediction. Atfirst
glance, when considering overall drag, k-eand SST-y predictions for the tagged animal appearin good agreement.
However, the fact that two fundamental inaccuracies may partially mutually cancel in the k-€ case means that the
impact of the tag on the animal maybe under-predicted. This shows thata k-eapproachis unlikely to be suitable
for tag development and impact assessment; it does notadequately model the physics that is influenced by tag

design and position.

Uncertainty in SST-y results

SST-ypredicts thatin the untagged case, transition will initiate downstream of the geometricdisturbances provided by the
flipper bulges on the side of the animal, while transition on the back appears to begin a significant distance furtheralong
the body. The two regions of turbulent flow then coalesce towards the rear of the animal . Thus the simulation indicates

thatthe boundarylayerflow is laminar over a significant proportion of the surface of the animal.

Considering that the simulated body is highly idealized (smooth, rigid and lacking any of the surface discontinuities
provided by eyes, vibrissae, etc.), it may be the case that transition is predicted to occur further along the body than in
reality. In addition, it has been the experience of the authors that use of a similar boundary layer modelling approach in
other applications (human powered vehide development, forexample), transition is predicted further aft than that seen
experimentally. Insuch examples, itis dear that use of the y transition model in cases that differ from those for whichit
has been explicdtly validated may cause inaccuracy; it is likely that it is over-predicting the proportion of laminar flow to

some extentonthereal animal.
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The “true” proportion of laminar flow most probably lies somewhere between SST predictions (i.e.,no laminar flow) and
SST-y predictions (i.e., too much laminar flow). Thus, itis ecommended that both methods are employed as a matter of
course to define expressions for Cy representinga “tagimpact envelope”; the SST and SST-y results representing lower and
upper bounds of the real case, respectively. Ata Re = 1.768x10°, the SMRU GPS phone tag impact envelope is therefore
predicted to have lowerand upper bounds of 11.21% and 16.24%, respectively, on the hydrodynamicdrag of the modelled

harp sealbody.

Itshould also be noted that whilst SST-y has been shown to capture the key physics of interest, itshould notbe seen as a
highly accurate approach. Aside from inaccurades in transition location prediction, its inherent averaging of unsteady
turbulence properties is known to resultin inaccurades; the wake pressure field and the true separation point(on both tag
and animal) are just two areas that will carry some uncertainty. More advanced turbulence models (e.g., DES or LES) may
improve predictions, but their computational expense renders them impractical as tools for tag design and impact

assessment.

Prediction of Tag Impact on the Hydrodynamic Drag Component of the Total Resistive Force

Table 2 details the inlet velocity and Re applied in the fixed welocity simulations conducted to predict the total
hydrodynamic force, showing that inlet velocity (and therefore Re) increases by around 89% between the lowest speed of
0.9m/s and the maximum of 1.7m/s. Despite this significant increase in speed, tag impact remains relatively constant,
increasing from around 15% at 0.9m/s (Re = 1,224x106) to 16.74% at 1.7m/s (Re=2.312x106); a 1.74% increase. This shows
that, while drag is increasing with Re, the proportion of the hydrodynamic drag attributable to the presence of the tag

varies verylittle.

Figure 7 also demonstrates, in part, the difficulty in stating a single C4 value when discussing the drag characteristics of an
animal. Cy ,reduces by 10% across the range of Re simulated while Cy ; reduces by around 8.6%; therefore any discussion

surroundinganimal drag should reference not only Cy, butalsothe Re to which it relates.

Prediction of the Added Mass Component of the Acceleration Reaction Force

Reference to the untagged animal simulation results given in Figure 9b. shows that the total hydrodynamic force imposed
on the animal duringacceleration is much higherthan justthe hydrodynamicdrag calculated usinga Cy , given byequation
9 (in the untagged case, at peak acceleration, the hydrodynamic drag is only 35% of the total hydrodynamic force). This
clearyshows that basing animal resistive force predictions only on the hydrodynamic dragata fixed speed is a significant

oversimplification of realitythat neglects some veryimportant physics.
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Comparing the untagged animal results to those of the tagged animal at Figure 9b indicates thatthe taginduces a small but
measurable increase in the total hydrodyna mic force across the acceleration / deceleration cyde (5.46%at maximum force
values). Despite this simulated total hydrodynamic force increase, Figure 9c. shows almost identical C,  and C,, , values
(determined from equations 7 and 8 respectively) indicating that the presence of the tag has no measurable impacton the
added mass component of the acceleration reaction force. An interesting observation is the apparent variation in C;, and
Cm_u across the acceleration/deceleration cyde. This effect arises because as acceleration tends to zero, values for C,
calculated by equations 7 and 8 tend to infinity. However, results do show consistently and repeatably that, at peak
acceleration and deceleration (i.e., when the acceleration reaction force is atits greatest), Cy, + = Cy, , = 0.068. Figure 11
compares the simulated total hydrodynamic force (from Fig. 9b) with a calculated total hydrodynamic force (from equation
1) based on a fixed Cy, (i.e., Cy, ; = Cy y = 0.068) and the Cy and Cy , from equations 10and 9 respectively. Results show
close agreement between the calculated and simulated total hydrodynamic force profiles, indicating that the assumption
of asingle, fixed C, value (equal to C,atpeak acceleration) is valid. A consequence of this finding is that even in periods of
high acceleration, the presence of the tag has a negligible effect on the added mass force; the impact of the tagis purelya

result of theincreased hydrodynamicdrag (i.e., the fact that Cy . is higherthan Cy ;atanygivenRe).

Also, the total hydrodynamic force variation predicted at Figure 9b (for both the tagged and untagged animal) does not
indude the body mass force and is therefore not the total resistive force that the animal must overcome. When this is
considered, results presented here suggest that anyincrease in thrust the animal must provide to offset the effect of the
tag during periods of high acceleration is likely to be a very small proportion of the owerall thrust. As an example, ata
velodty of 1.1 m/s an acceleration of 0.43 m/s? (typical of the earystages of an acceleration episode such as prey pursuit,
indicated in red in Fig. 3) and an animal mass of 256.75 kg (equal to the displaced mass of water) predicted Cy4 and C,
values suggest that an untagged animal must produce 123.93N of thrust, compared to 124.84N for a tagged animal —a
mere 0.74% increase. In contrast, for an animal movingata constant 1.1m/s, the predictions suggest an untagged thrust
requirement of 6.02N compared to a tagged thrust requirement of 6.93m/s;a 15.04% increase. dearly, animals do not
mowe ata constant welodty, so at any given instant, the true percentage impact of the tag is likely to lie somewhere
between these two scenarios, and (forany given velodty and acceleration) can easily be calculated if Cy and C,, are known

forboth tagged and untagged cases.

When considering a wider simulation methodology for use in predicting the drag forces imposed on marine animals, itis
clear that the approach taken must be driven by the requirements of the study being conducted. Results presented here
indeed show that the acceleration reaction force is the dominant force imposed on an animal during periods of
acceleration and deceleration (and therefore constitutes most of the thrust the animal must generate). Any study aiming

to predict the total resistive force or, analogously, total required thrust, of an animal (with or without tag) must therefore
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adopteither the approach detailed in this paper orsome other equivalent means of modelling the additional forces arising
due to acceleration. If, however, the aim of the studyis to estimate the dragimpact of the tag in order to drive the design
and improvement process there is no measurable benefit to induding any assessment of acceleration induced forces. This
statement must, howewer, be caweated; the added mass component of the acceleration reaction is strongly dependent on
volume and so when the volume of a tagis onlya verysmall proportion of the volume of the animal (as is the case in this
study), the effect of the tag on the acceleration reaction force is likely to be minimal orindeed unmeasurable. If however,
the volume of the tag is a significant proportion of the animal wlume, its effect during acceleration is likely to be more
marked and this must be considered by researchers undertaking tag impact assessment studies. Based on this information
itis reasonable to suggest that minimizing the tag to animal volume ratio should constitute one of the key tag design

guidelinesof which, according to Rosen et al. (2018), there are few.

Simulation Process and Associated Computing Times

Of particular use to those researchers undertaking CFD based tag design work is some consideration of the simulation
process that was followed to generate the results presented in this paper. Itis also important to consider the likely run
time required to complete simulation work. After extensive trials with a range of different simulation strategies, the

following process was found to be the most efficient and was followed both for the tagged and untagged animal:

e An initial steady state simulation was conducted with an inlet velocity equal t0 U mean (0r 1.3 m/s) in order to
provide initial conditions for a fully transient simulation. Required simulation time wasaround 12 h.

e A fullytransient, fixed inlet velodty simulation at u,,.,, was conducted to vyield a baseline set of results, using an
adaptive time-stepping a pproach to reach a well-converged solution yielding stable drag values.

e In order to predict hydrodynamic drag variation, a set of 4 further fixed velodty transient simulations were
conducted as per Table 2, again using an adaptive time-stepping approach. Initial conditions foreach simulation
were provided using scaled baseline results; every nodal welocity from the baseline case was scaled by a factor
equal to the ratio of the required velodity to the baseline case welodty (e.g., 0.9/1.3 = 0.692 for the 0.9m/s
simulation). Simulation times varied from around 36 hours (in the case of the untagged animal at low inlet
velodties) to in excess of 350 h for the tagged animal at the highestinlet velocities. An approximate average of
175 h is a reasonable estimate. In all cases, sufficdent simulation time was allowed in order to ensure a well
converged, stable solution.

e A single transient simulation was conducted with the sinusoidally varying velocity inlet. This simulation was
initialized from the fixed velodty results corresponding to the minimum welodity occurring across the sinusoidal

cycle (in this case 1.1 m/s). This simulation took required around 140 h and 350 h for the tagged and untagged



23

animals respectively. Simulations were run until well converged, with negligible difference in drag between three

successive sinusoidal velocity periods.

Therefore, in order to estimate tagimpactata single, fixed representative swim speed itis likely that useful results coul d
be available after around 374 h or 15.6 days (based on 2 x 12 h steady state simulations and 2 x 175 h fixed velodity
transient simulations. The additional simulations required to extend these results, not only to predict hydrodynamicdrag
variation butalso to predict added mass coeffidients, increases computer time byapproximately 2,000 h (approximatelya
5-fold increase based on an additional 8fixed velocity simulations and 2 sinusoidal inlet simulations). Note that, inaddition
to the times estimated abowe, additional simulation time is required in order to dewelop a mesh, domain and time -step
independent model before tag impact results can be considered reliable. This package of work must be completed once
peranimal /tag combination and could resultin a minimum of 6 additional simulations depending on the process taken, so

typicallyanother 1,050 h assuminganaverage of 175 h persimulation

All of the above computing times assume HPC parallel processing using 16 Intel Xeon E5-2683 processors with 128GB RAM.
In our experience, this is a speed-up of a factor of around 4 compared to a typical high-specfication desktop machine.
Computing times can be reduced by using more HPC processors, but speed-up is not proportional to number of processors

and software licensing costs per processor can become prohibitive.

Conclusions

CFD, if applied appropriately, can be a powerful tool in estimating ABDL impact. Accuracy of previous studies has been
limited by factors such asinappropriate turbulence modelling or consideration ofa tagin isolation, neglecting the effects of
the changes that the taginducesin the flow over the animal itself. An approach is presented in which CFD maybe used to
determine C4 (as a function of Re) and C, for any animal (tagged or untagged). With Cy4 and C, known, the total

hydrodynamicforce imposed on the animalatanygiven velocity and acceleration may be easily calculated.

The recommended approach uses SST and SST-y methods (with appropriate checks on mesh dependency, domain
dependency and transient behavior) to identify expressions for upper and lower Cq bounds respectively, forming a “tag
impactenwelope”. This approach estimates thata SMRU GPS phone tag will increase hydrodynamicdrag by 11.21% — 16.24%
on the reference animal body used here. The recommended approach for prediction of C,, employs CFD simulations with
sinusoidally varying inlet welocdty and a user defined body force in the direction of motion to impose the required

noninertialframe of reference.

This shows that for the reference animal body used here, the total hydrodynamic force imposed on an accelerating animal

is much higher than that predicted by consideration only of the instantaneous hydrodynamic drag. It is also shown,
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however, that the presence of the tag has no measurable impact on the added mass force. As a consequence it is
recommended that (provided tag volume is a small percentage of animal volume) researchers interested primarily in
estimating and reducing tagimpactemploy a simulation methodology that predicts tag impact ata fixed, realistic speed.
Researchers interested in predicting the total resistive force imposed on an accelerating animal must, however, employ
either the methodology deweloped here, or some analogous method, by which the additional forces arising due to

accelerationcanbe captured.

The uncertainties highlighted throughout this paper show that CFD should not be considered a definitive prediction tool,
butratherasa complementary tool to experimental work using taggedanimals. A reasonable approach may be to conduct
the majority of tag design and improvement work using CFD tools to identify the predicted tag impact envelope, then
conduct fieldand/or captive animal studies during final stages of design and impact assessment. The presented approachis
applicable to any studyin which the subject animal, whether land, sea, or air based, is moving at sufficient speed that

overcoming dragrepresents significant energy expenditure.
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Tables
Boundary Layer
Turbulence Model Transition Model
Baseline Shear Stress
(Method 1) Transport v
Method 2 Shear Stress None
Transport
Method 3 k-g None

approach breakdow n

Table 1: Turbulence and transition modelling

Simulation | Glide Velocity (m/s) | Reynolds Number (Re)
1 0.9 m/s 1.224 x 10°
2 1.1m/s 1.496 x 10°
3 1.3m/s 1.768 x 10°
4 1.5m/s 2.040 x 10°
5 1.7m/s 2.312x 10°

Reynolds Numbers.

Table 2: Fixed velocity simulations; inlet velocities and

Ambient temperature (°C) 10
Water density(kg/mB) 1,027
Water dynamic viscosity 3
1.397 x 10
(Pa.s)

Table 3: Assumed environmental conditions

Uniform inlet velocity, value dependent

Inlet on simulation

1% turbulence intensity

Outlet Average static pressure (0 Pa)
Tag No slip smooth wall
Seal No slip smooth wall

Domain walls Free slip wall

Table 4: Applied simulation boundary conditions
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Simulation No. | Total No. Nodes nga; INtc()Jd'I?asg Total Drag(N) | Tagdrag(N)
1 3,754,216 896,144 10.75 0.88
2 18,612,508 4,738,948 10.87 0.98
3 20,538,422 6,664,862 10.81 1.07
4 21,773,952 7,900,392 10.82 1.08

Table 5: Mesh dependency study results.

Baseline | Halved | Quartered
Domain Domain Domain
Total T d Animal
otal Tagged Anima 10.81 10.83 10.95
Drag Force (N)

Table 6: Domain dependency study results.

SST-y SST k—€
Method _
(Baseline) Only Only
Unt d Animal:
ntagged Anima 8.19 972 | 887
Total Drag Force (N)
Untagged Animal:
Drag Coefficient 0.0052 0.0062 | 0.0056
(Cd u )
% F diff t
6 Force di .ere nce to i 18.68 8.30
Baseline
Table 7: Comparison of untagged animal simulated drag
forces
Method SST-y SST k—
etho
(Baseline) Only Only
T dAnimal: Total
aggedAnimat: fota 9.52 1081 | 9.07
Drag Force (N)
TaggedAnimal: Drag | - yoch | 00069 | 0.0058
Coefficient (Cq ¢) ) ’ )
% Force increase
over untagged case
. 16.24 11.21 2.25
using the same
method
Table 8: Comparison of tagged animal simulated drag
forces
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Figures

Figure 1: Adultfemale gray seal (Halichoerus
grypus) witha SMRU GPS phone tag mounted at
the base of the skull, on the ventral surface of the
neck

<<.

Figure 2: Surface models of tagged seal (top) and
tag in isolation (bottom).
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Figure 3: 120 second extract fromrecorded mean swimspeed data.
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Figure 6: Skin friction coefficient distribution;

(a) SST-y (Untagged), (b) SST-y (Tagged), (c) SST only (Untagged), (d) SST only (Tagged)
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Drag Coefficient Comparison: Simulated (S5Ty Model) and Published Data

0.015
+ Simulation: Untagged Animal
= Simulation: Tagged Animal
0.013 . a Deceleration Test Seal 1 (Williams & Kooyman (1985))
’ ® Deceleration Test Seal 2 (Williams & Kooyman (1985))
o Tow Test Seal 1 (Williams & Kooyman (1985))
x Tow Test Seal 2 (Williams & Kooyman (1985))
— 0.011
g
b= ®
@
o
& 0.009 o
Q
Q
o
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o
2 0.007 A C, = 0.0472Re 0143
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I C4= 0.0569Re 0166
R?=0.9997
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Figure 7: Fixed velocity simulation results showing variation in hydrodynamic drag coefficient (C,) w ith

Reynolds Number (Re) for both tagged and untagged animal. Simulation results compared w ith results
given by Williams and Kooyman (1985)
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Figure 8: Flow velocity plots comparing predicted
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Figure 9: Noninertial reference frame simulation results show ing; a. Inlet velocity and acceleration
variation w ith time. b. Hydrodynamic drag and total hydrodynamic force imposed on both tagged and
untagged animal. c. Gy, for both tagged and untagged animal based on equations 7 and 8 respectively.
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Figure 10: Velocity vector plot comparison between
k-£ and SST models at 3 locations. Note that
vector length is proportional to flow velocity hence
the boundary layer can be visualized.
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Force (N)

Comparison of Simulated Total Hydrodynamic Force with Calculated Total
Hydrodynamic Force based on C_, = 0.068
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Figure 11: Comparison of total hydrodynamic force as predicted by simulation and as predicted from
calculation (Calculation based on Cr, of 0.068 at and Cy4 from equations 9 and 10 for the untagged and
tagged animal, respectively).
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Supplementary Material Part A — Hydrodynamic Theory

This supplementary material is provided as a point of reference for those interested in the CFD work presented in the main
paper but not necessarily familiar with the key underying physics of flow around the bodies typical of many highly
streamlined marine mammals. More detailed consideration of these key physics froma purelyfluid mechanical perspective
can be found in Hoemer (1965) and Marchaj (1988) while Vogel (1994) gives a detailed consideration of the relevant
prindples in the biological context. A summary of the key information is given here, in order to illustrate the key

capabilities that any CFD approach must possess.

Nomenclature

a = Acceleration (m/sz)

Cq = Drag coefficient (based on wetted area of animal)
Cm = Added mass coefficient

F = Total resistive force (N)

L = Characteristic length (in this case the length of the body) used to calculate Re (m)
m = Animal mass (kg)

Re = Reynolds numberbased on animal length

S = Animal wetted area (m?)

u = Velocity (m/s)

V = Animal displaced volume (m3)

o = Density of fluid (kg/m®)

u = Dynamic viscosity (Pa.s)
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Forces at a Fixed Velocity — Hydrodynamic Drag

Figures la-cshow an idealized form of a typical marine mammal. In negotiating a path around the body, the speed of the
fluid varies® due to its shape, giving rise to a variation in pressure around the body. Part of the drag force experienced by
the bodyis due to this pressure variation. The remainder of the drag force is due to the frictional effect of the fluid passing
the body. Viscosity causes the fluid partides in proximity to the body to be slowed down by the presence of the body’s
surface, causing a tangential viscous drag force. The region over which this occurs is known as the boundarylayer. Initially,
flow in the boundary layeris “laminar”; fluid partides flow parallel to the surface in an ordered fashion, typically over the
anterior portion of the body. Due to factors such as local flow conditions or surface roughness, this ordered flow be comes
unstable and decays to a fully turbulent state in a process known as boundarylayer transition. As illustrated in Figure 1b,
the boundary layer thickens rapidly, dewelops fluctuating, chaotic eddies and the viscous drag increases significantly

compared to its laminar counterpart. The sumof the viscous and pressure dragcomponents is the hydrodynamic drag.7

The proportion of the body experiencing laminar flow relative to turbulent flow affects the amount of viscous drag
experienced, whilst pressure drag is highly sensitive to the point at which the boundary layer separates away from the
body, forming a turbulent wake. This wake is ata pressure significantly lower than upstream of the bodyand this pressure
difference results in a drag force; thus, a body that inhibits separation minimizes pressure drag. Marine mammals are
shaped to awid or delayseparation as per Figure 1a. However, abrupt dimension changes and protrusions typical of ‘bluff’

bodiedtags can induce highly separated flows, |arge wakes and high pressure drag.

On smoothly curved bodies, the relative importance of pressure and viscous drag forcesis governed by how the boundary
layer responds to the pressure variation induced in the surrounding fluid. Comparison ofidealized streamlined bodies (Figs.
1a-c) with more bluff bodies (Figs. 2a-c) shows how body shape influences these forces. In Figure 1a, fluid experiences a
“favorable pressure gradient” between points 1 and 2; fluid accelerates up the anterior face of the body and its static
pressure reduces until the maximum velocity (minimum pressure) occurs at the widest point of the body. Between points 2
and 3, it experiences an “adwerse pressure gradient”; flow decelerates along the posterior face with static pressure
increasing back to that of the undisturbed fluid at the rearmost point. The rate of pressure increase depends on the

steepness ofthe posteriortaper.

6
To describe hydrodynamicdrag, a common convention is followed, in whichthe body is considered stationary with oncoming fluid
moving at a velocity equivalent to swim speed.

7 . L. . .

Note thatthis definition of hydrodynamic drag assumes the body is fully submergedandfar fromthe free surface. In cases where the
submergence depth is shallowerthan approximately one body length, there will be an increase in pressure drag associated with the
energy required todistortthe free surface, commonly known as wave drag.



40

Boundary layer stability is affected by this pressure variation. The fawvorable pressure gradient on the anterior face
stabilizes the boundary layer, while the adverse pressure gradient over the posterior face causes instability, and hence
transition from laminar to turbulent flow. In many cases, boundarylayer tra nsition on a smooth body occurs at the widest

point (Hoerner 1965).

Steep posterior tapering can bring fluid to a halt (causing boundarylayerseparation well ahead of the posterior tip) due to
the retarding effect of the pressure gradient. The shorter, more steeply tapering body of Figure 2c creates a steeper
adwverse pressure gradient than that of Figure 1c; separation occurs doser to the nose, creating a larger wake size and
much higherpressure drag. Indeed, pressure drag will dominate in highlyseparated bluff cases while viscous dragis likely

to be larger on bodies with little or no separation.

Turbulent flows can have theirbenefits. In comparison to its laminar counterpart, a turbulentboundarylayer carries more
fluid momentum, so can overcome an adverse pressure gradient for longer, retarding separation. A useful analogy is the
flow over a golf ball; the dimples force boundary layer transition further forward in comparison to a smooth ball. The
increased viscous dragis more than offset by a reduction in pressure drag from the delayed separation, and results in total

dragbeing reduced.

The Reynolds Number (Re), a nondimensional measure of the relationship between viscous and inertial effects within the

boundarylayerindicates whether significant portions of laminar flow are likely (e quation 1).

According to data presented by Hoemer (1965), in terms of an idealized smooth axisymmetric streamlined body, below Re
of approximately 1x10° the bounda ry layer may be predominantly laminar. The proportion of turbulent boundary layer
increases with Re until, at a value between approximately 5x10°and 1x10, it is likely to be almost entirely turbulent Itis
important to note, howewer, that boundary layer transition may occur much doser to the nose of a body that possesses

the imperfections presentona real animal (i.e., Fur, vibrissae etc.).

Reliable boundary layer transition prediction is therefore essential when predicting the drag of the animal body and the
net drag increase imposed by an ABDL (or “tag”). An ABDL constitutes a major surface imperfection, so if located far
forward enough to be in a naturally laminar portion of the boundary layer it will certainly force transition; the total drag
increase will be the hydrodynamic drag of the tag plus the associated additional viscous drag due to the increased
proportion of turbulent boundary layer over the animal skin/fur/feather/carapace. Neglecting this additional viscous drag
byassuming a fully turbulent boundarylayerwould under-predict the impact of a tag. For CFD methods to be reliable, they

must reliably predict viscous drag and, by extension, boundary layer transition in order to estimate the drag imposed on
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the streamlined animal body. They mustalso provide reasonable pressure drag, and therefore boundary layer separation

predictionin orderto model the drag of the relatively bluff bodied tag.

Forces Due to Acceleration — Acceleration Reaction Force (based on the discussion given by

Vogel 1994)

The preceding discussion has considered the force resisting animal motion only under steady conditions, those in which
velodty does not vary with time but does vary from point to point, for example as the fluid passes around the moving body.
In reality, an animal is likely to be accelerating in one or more degrees of freedom almost all the time, whether this be
during normal swimming (the acceleration and deceleration arising as a consequence of a ‘kick and glide’ swim pattem),

during direction changes, prey pursuit e pisodes and also during predator evasion.

Consequentially, the ‘steady flow’ assumption (i.e., thathydrodynamicdragis the onlyforce resisting motion) represents a
significant over-simplification of reality. Indeed during periods of acceleration, hydrodynamic drag constitutes only one

component of the total force that resists motion.

Acceleration Reaction Force

A

r N\
1
F = ECdpSu2 + CppVa + ma (2)
Hy drody namic Added Mass Body Mass
Drag Force Force

\

Total Hy drody namic
Force

%

Total Resistive Force

Equation 2 (Vogel 1994) shows that the total resistive force acting on an accelerating animal (or altematively the total
thrust an animal must generate at any given time) is actually the sum of 3 components, the welodty dependent
hydrodynamic drag already discussed and two additional acceleration dependent forces; the added mass force and the

body mass force —collectivelytermed the acceleration reaction force.

The body mass force is simply the thrust an animal must generate to accelerate its own body mass forwards while the
added mass force arises because,in order for the animal to accelerate forwards, a volume of fluid has to be mowed, or
accelerated backwards. This is often considered as an extra mass of fluid, in addition to the mass of the body, which is

accelerated with the animal, hence the term ‘added mass’. The actual amount of fluid assumed to be accelerated with the
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animal is determined by the added mass coeffident (C,) which defines the mass to be added as a proportion of the
displaced mass of the body. Itis important to note that a body will exhibit a range of C,, values with the actual value
dependent on the direction of acceleration. Consequentially, a given C,,must be stated along with the direction of body

motionto whichitrelates.

Forsome simple 2D and 3D cases (forexample circular cylinders, spheres and s pheroids) analytical solutions for C,,, based
on potential flow theory, are available (see Lamb 1932 and Newman 1977). It should be noted that these solutions, by
definition, neglect the effect of boundarylayers and wakes, flow features present on any real body. In reality such features
are likely to have the effect of artifidiallyincreasing the effective volume of the body. Itis therefore reasonable to suggest
that for highly streamlined bodies with comparativelysmall wakes, the errorin C,, induced by the assumption of potential
flow may be small since the effective volume is not greatly different from the actual volume. Conwersely in the case ofa
more bluff body with a large wake (and therefore a much larger effective volume in comparison to the actual volume) this

errormaybe muchlarger. Care musttherefore be taken whenapplyingC,,valuesbased on potential flow theory.

In order to make a realistic estimate of tag impact, itis not enough to consider only the effect of its presence on the
hydrodynamicdrag component of the total resistive force. Rather, some effort should be made to predictits impact,ifany,

on the added masscomponent of the accelerationreaction force as well.
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Figures 1ato 2c: Comparison of flow around an idealised, smooth streamlined body (Figures 1a — 1c) and an idealised,
smooth bluff (separating) body (Figures 2a —2c) show ing:

1a & 2a: Flow streamlines around body indicating boundary layer separation points and associated wake size.
1b & 2b: Boundary layer grow thand transition to turbulence. Note: Boundary layer thickness exaggerated for clarity.

1c & 2c: Pressure coefficient, C, (a normalised measure of pressure variation) around the body surface induced by fluid
velocity changes. Note: Negative C; is conventionally plotted upw ards, thus a dow nward slope indicates increasing




Supplementary Material Part B

Validation of a Simulation Methodology for Predicting the Added Mass Coefficient of an Accelerating Body
Nomenclature

a = Acceleration (m/sz)

A = Amplitude ofsinusoidal velocity oscillation (m/s)

C,= Drag Coefficient

C, «» = Theoretical added mass coefficient based on potential flow theory

Cm_sim = Added mass coefficient based on simulation

f=Frequency of sinusoidalvelocity osdllation (Hz)

F =Total resistive force (N)

L =Length of spheroid (L)

V =Total volume of displaced water (m3)

Re = Reynolds Number based onspheroid majoraxislength L
g, = Gravitational acceleration vectorinthe x-direction (m/sz)
S=Spheroid wettedarea (m?)

t = Time (seconds)

u;, = Instantaneous inlet velocity (m/s)

Umean = Mean velocity (m/s)

u =Velodtyin x-direction (m/s)

v = Velocityiny-direction (m/s)

w =Velocityinz-direction (m/s)

x = Cartesian coordinate axis aligned with the longitudinal axis of spheroid (m)

y = Cartesiancoordinate axis perpendicular to longitudinalaxis of s pheroidin vertical direction (m)
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z = Cartesiancoordinate axis perpendicular to longitudinal axis of s pheroid in horizontal direction (m)

@ = Phase (Radians) Used to define starting velocity during sinusoidal ve locity simulations.

p = Density of water (kg/m?)

Introduction

As shown at equation 1, the total resistive force acting on an accelerating body is the sum of three components; the
hydrodynamic drag, the added mass force and the body mass force. The body mass force is easily computed from
Newton’s 2™ Law and the variation of hydrodynamic drag with velocity (and therefore Re) can be predicted through a
series of fixed velodty CFD simulations. A considerably more complex simulation methodology is required in order to

predictthe added masscoeffident (C,,) and therefore the added mass force.

Acceleration Reaction Force

A
r \
1 2
F = ECdpSu + CppVa + ma (1.)
Y
Hy drody namic Added Mass Body Mass
Drag Force Force

\ J
Y

Total Hy drody namic
Force

%

Total Resistive Force

This supplementary material details the simulation work conducted in order to dewelop and validate a means by which the
effects of this force can be captured. The necessary switch to a noninertial frame of reference is implemented via the
indusion of an additional body force (per unit volume of fluid), acting in the direction of flow, thereby capturing the
additional inertial forces arising during body acceleration / deceleration. The method deweloped does not require the use

of moving ordeformingcomputational meshes.

Reference Geometry and Published C,,

The developed methodology is used to predict the total hydrodynamic force acting on a prolate spheroid with a fineness
ratio of 5 (side and front views of the spheroid are shown at figure 1 while dimensions of the major and minor axs are
given at table 1 along with additional required geometric information). The prolate spheroid was selected as a suitable

reference case as it represents an idealised form of the highly streamlined bodies typical of many marine mammals; in
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addition there is a readily available, widely published analytical solution for C,. Table 1shows C, (as calculated from

potential flowtheory) given by Newman (1977).

Methodology

Prediction of Hydrodynamic Drag Component of Total Hydrodynamic Force

In order to predict the varation in hydrodynamic drag with inlet flow welodity (and therefore with Re), a set of 5 fixed
velocity simulations were conducted as per table 2. Results of the simulations conducted allow the variation observed to
be expressed in an equation of the form given atequation 2, thereby allowing C4 (and therefore hydrodynamicdrag) to be

predicted foranyinstantaneous flow velocity.

Cy=xRe™ (2.)

Prediction of Total Hydrodynamic Force Based on Calculation (Using C,, 1)
Based on the simulated Cy variation and C,, t, given by Newman (1977) it is possible to calculate, for any given temporal
velodty profile, the expected total hydrodynamicforce acting on the spheroid as long as the instantaneous acceleration of

the flowis also known.

A sinusoidal variation ininlet velodty offers a convenient means by which to perform these calculations because there is
an analytial solution which can be used to determine acceleration atany pointin the velocity cycle. Such an approachalso
offers a means by which to checdk simulation solution stability when using simulations to predict the total hydrodynamic
force (detailed in the following section);if there is negligible difference in the force predicted at comparable flow speeds

across multiple sinusoidal oscillations, the simulationis converged and stable.

Equations 3and 4 show the expressions used to calculate the expected hydrodynamicdragand added mass force for usein

equation 1, thereby predicting the total hydrodynamic force based on potential flow theory.

U= ujy =Asin@uft + ¢) + Umean 3.)
duin
a=—== 2nf [AcosQ2uft+ ¢)] 4)

The maximum and minimum values of u;,applied in the calculations were 3.57 m/s and 1.785 m/s respectivelyand velodty
varied sinusoidallyaboutan U ea, of 2.677 m/s yielding amplitude Aof0.893 m/s. Aphase ¢ of 4.172 radians was selected
in order to ensure calculations started from the minimum velodty occurringacross the cyde and a frequency f of 7.783 Hz
was selected in order to ensure acceleration was high enough that the added mass force constitutes a significant

proportion of the totalhydrodynamic force calculated at peak acceleration.
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Prediction of Total Hydrodynamic Force Based on Simulation

In order to predict the total hydrodynamic force bysimulation itis necessary to shift from the inertial reference frame to a
noninertial reference frame, thus fully capturing the added mass force. While this could be achieved by modelling the
spheroid as an immersed solid which accelerates through a body of stationary fluid, this approach can be highly
computationally expensive (requiring techniques such as overset mesh or moving/sliding mesh) and can also limit the
acauracy of near-wall flow predictions. Any modelling approach which reduces the reliability of boundary layer behaviour
prediction is not suitable in cases where accurate hydrodynamic drag and therefore hydrodynamic force prediction is

required, therefore a different approachis required.

Itis, however, possible to achieve the required switch of reference frames while kee ping the body still and accelerating the
fluid by induding an additional body force per unit volume S, within the Navier-Stokes consenation of momentum
equation in the direction of flow (equation 5.). This body force is applied to the entire volume of fluid contained within the

simulationdomainandtherefore implements the inertial effects presentintherealcase.

(6u ou ou E)u)_ 6p+ 62u+62u+62u N L .
p =" T G Tz taz) TPoxt S (5)

Where:
Sy =pa (6.)

Equation 3 is used to define the simulation inlet velocity while equation 4 is used to determine the applied body force
given by equation 6. The maximum and minimum inlet velodity, f and ¢ values used in order to calculate the predicted
total hydrodynamic force (and detailed in the previous section) have been applied in simulation work to ensure the total
hydrodynamicforce predicted bysimulation can be directly compared to that predicted by calculation. Equation 7 can then
be usedto determine Cy, sim forcomparisonwith Cy, ¢.

F—(5CqpSu?)
ZTGtapow)

Cm_sim = ova (7.)

Note thatF in equation 7 does not indude the body mass force term (present in equation 1) as in all simulation work the

spheroidis a massless void. In this context F is therefore equalto the total hydrodynamic force only.
Geometry Generation and Meshing

The spheroid geometry was generated using Solidworks 2014 CAD software. Fully hexahedral meshes developed using

ANSYS ICEM CFD V18 were used throughout simulation work.
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Modelling Assumptions

The spheroid is assumedto be rigid, hydrodynamically smooth and perfectly aligned with the incident flow.

Flow around the spheroid is assumed to be symmetrical about the x-y plane as shown atfigure 1. As such, only half of the
bodyis modelled in order to reduce computational expense with a synmetry boundary condition applied on the x-yplane.

All results shown therefore relate to the half spheroid.

Boundary Conditions, Setup and Solver

Tables3and4detailthe fluid propertiesand boundary conditions applied respectively.

The computational domain extended 5 body lengths upstream, abowve, below and along the side of the spheroid and 15
body lengths downstream. ANSYS CFX V18 was used throughout to solve the discretized RANS equations. All simulations
applied the SST turbulence model. All simulations conducted were fully transient and an adaptive time-stepping scheme

was applied with parameters set to achieve a residual convergence target of 1 x 10° within 5 coefficient | oops.

All simulations were conducted on a desktop PC equipped with an Intel Core i7 — 3820 processor with 64GB RAM. Fixed
velodity simulations took approximately 12 hours to solve while the single simulation run using the sinusoidally varying

inlet velocitytookapproximately 24 hours to yield around 1 second of simulated time.

Results

Hydrodynamic Drag Variation with Inlet Velocity (Fixed Velocity Simulations)

Figure 2 shows the variation in Cd with Re as predicted by the 5 fixed welodty simulations detailed at table 2. C4 decreases
from justover 0.00662 at Re = 2 x 10’ to around 0.00576 atRe =4 x 10> a decrease of around 13%. Equation 8 shows the
resulting expression which can be used to predict Cy and therefore the hydrodynamic drag component of the total

hydrodynamicforce for anyvelocity within the simulated range.

C,= 0.0764Re™%2 (8.)

Calculated & Simulated Total Hydrodynamic Force

Figures 3a. to 3c. detail and compare total hydrodynamic forces predicted both by calculation and by simulation. Results

are given fora 0.3 s time period (just over 2 complete sinusoidal velocity cycles) and show:

e  Figure3a:Simulatedvelocityandacceleration profilesas detailed by equations 3and 4.
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e  Figure 3b: The variation in time of the hydrodynamicdrag force (as predicted by equation 8), the calculated total
hydrodynamic force (based on Cp, ) and the simulated total hydrodynamic force modelled via the indusion of
the bodyforce definedatequations 4and6.)

e Figure3c:The variationinC,, i withtime as calculated from equation 7.

Some keyobservations are:

e The selected acceleration parameters have resulted in a signifiant and measurable added mass force. At peak
acceleration, the hydrodynamic drag constitutes 65% of the total hydrodynamic force predicted by both calculation
and simulation meaningthe remaining35% is due to the added massforce.

e There is very dose agreement between clculated and simulated total hydrodynamic forces with a measurable
difference only evident when the force approaches its minimum and maximum values. Simulation appears to over-
predict total hydrodynamic force at the maximum value byaround 2% and under-predict total hydrodynamic force at
the minimum value by around 6.4% over respective calculated values.

e Cy.simvariesacross the velocity cycle because as acceleration tends to zeroin equation 7, C,, mtends to infinity.

e Cyhsmappears to vary very slightly between peak acceleration and peak deceleration with values of 0.063 and 0.065

respectively, yieldinga mean of approximately 0.064, an increase of around 6.66% over the C,,, ¢, value of 0.06.

Discussion

Reference to Figure 3b shows that the total hydrodynamic forces predicted by calculation and simulation agree dosely,
indicating that the method developed and presented here is a valid and accurate means by which to capture the added

mass force.

Cn_smappears to vary slightly between peak acceleration and peak deceleration but yields an approximate mean (Cp, mean)
of 0.064. Figure 4 compares the total hydrodynamicforce as predicted by calculation (where C,, 1is applied), by simulation
and also by calculation when C,, meanis applied. Qose agreement between the original simulated force and the calculated
force based on Cy,_mean indicates that the errorinduced by the difference between C,,at peak acceleration and deceleration

is likelyto be small and the assumption of asingle Cy,equal to Cy, meanis reasonable inthis case.

Cim_mean iS approximately 6.66% greater than C, ¢, (based on potential flow theory). This small over-prediction in C, is
expected and can probably be attributed to the larger effective volume of the simulated spheroid over the potential flow

casedueto the presence of botha boundarylayeranda wake, as indicated at figure 5.
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Conclusion

Work presented in this supplementary material details the methodology developed in order to predict the added mass
component of the total hydrodynamic force acting on a body accelerating through a comparatively dense fluid. The
method developed holds the body stationary and accelerates flow thereby eliminating the complications that arise when
modelling immersed solids accelerating through stationary fluid (where high qualityboundarylayer resolution is difficult or
indeed impossible to achiewe). Itis based on the application of a sinusoidally varying inlet velocity and the implementation
of a user defined source term thatadds a body force per unit volume to the consernation of momentum equationin the
direction of motion. Simulation results presented show that this method predicts a total hydrodynamic force that agrees
closely with that calculated from C,,based on potential flow theory. Having determined C,, and an expression for Cyas a
function of Re, the total hydrodynamic force may now be calculated for any instantaneous velocity and acceleration,

irrespective of whethertheyare varyingsinusoidallyor not.
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Tables

Majoraxis length L. (m) 0.1
Minoraxis length b. (m) 0.02
Spheroid wetted area (m?) 5.019 x 10°
Spheroid displaced volume (m”) 2.09 x 10°
Published C,, (from Newman 1977) 0.06

Table 1: Prolate spheroid geometric data

Simulation Inlet Velocity Re
Number (m/s)
1 1.785 2.0x10°
2 2.231 2.5x10°
3 2.677 3.0x10°
4 3.124 3.5x 10’
5 3.570 4.0 x 10°

Table 2: Details of fixed velocity simulations
conducted in order to determine hydrodynamic
drag variation w ith velocity and Re.

Ambient temperature (°C) 25

Water density (kg/m?) 997

Water dynamic viscosity

4
(Pa.s) 89x10

Table 3: Assumed fluid properties and conditions

Uniform inlet velocity, value
Inlet dependenton simulation
1% turbulence intensity
QOutlet Average static pressure (0 Pa)
Spheroid No slip smooth wall
x-y plane
intersecting Symmetry
spheroid
Domain walls Free slip wall

Table 4: Applied boundary conditions
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Figures
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Figure 2: Graph show ing variation of Cq4 w ith Re based on fixed velocity simulations
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Figures 3a. to 3c. show ing:

Figure 3a: Applied velocity and acceleration. Figure 3b: Predicted hydrodynamic drag force
and total hydrodynamic force predicted by calculation and simulation. Figure 3c: Added
mass coefficient as predicted by simulation (Cm_sim)

53



0.14

0.12

0.1

Force (N)

0.06

0.04

0.02

Velocity m

0.08

0.223

2.50

2.00

1.50

1.00

0.50

0.00

Comparison of Predicted Total Hydrodynamic Forces

——Calculated Total Hydrodynamic Force Based on C, y,

== Simulated Total Hydrodynamic Force

—— Calculated Total Hydrodynamic Force based on Cp, mean

0.273 0.323 0.373 0.423 0.473 0.523

Time (s)

Figure 4: Comparison of total hydrodynamic force as predicted by simulation,
calculation based on potential flow theory and calculation based on Cr_mean.

Figure 5: Flow velocity plot on symmetry plane (x-y plane) indicating the thicker portion of
the boundary layer over the posterior of the spheroid and also the w ake present on any real
body.
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