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This study deals with recent researches undertakdine authors in the field of
hydrodynamics of human swimming. The aim of thisneucal study is to
investigate the flow around the entire swimmerdybd he results presented in
this article focus on the combination of a 3D Comapional Fluid Dynamics
(CFD) code and the use of theokturbulence model, in the range of Reynolds
numbers representative of a swimming level varyfngm national to
international competition. Emphasis is placed oa ithfluence of a postural
change of the swimmer’s head in hydrodynamic pevéorces, itself directly
related to the reduction of overall drag. Thesailtesconfirm and complete
those, less accurate, of a preliminary 2D studgmig published by the authors
and allow the authors to optimize the swimmer’schpasition in underwater
swimming.
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1. Introduction

Hydrodynamic performance in swimming strongly degseon the technique adopted
by swimmers during the different phases of swimmasgwell as the resistance to
advancement encountered during their movements aterw Obviously, the
performance improvement requires a better undatstgrof the fluid flow structures
around swimmers. Due to the complexity of the expents and thanks to the
continuing development of computer power, Compateti Fluid Dynamics (CFD) has
been increasingly used to study the flow aroundienmer’s body and/or extremities.
Bixler and Riewald [1] were the first to use thellCikethod to simulate the water flow
around a swimmer’s hand and forearm. The aim of ghedy was to calculate the drag
forces and coefficients around a swimmer’s handfarearm in the case of different
angles of attack. Rouboa et al. [2] estimated nigaky the drag and lift coefficients
for a swimmer’s hand and forearm in both the stemuty unsteady state cases. They
also evaluated the effect of the acceleration efithnd and forearm on the generation
of the propulsion force. Gardano and Dabnichkig8iformed numerical simulations
in order to highlight the importance of the flowa#ysis around the whole arm of a
swimmer, so that the exact values of the propulammhthe drag forces were estimated.
Bixler et al. [4] used the CFD method to estim&ee resistance forces encountered by
the swimmer during the underwater phase and to/gheleffect of wearing a wetsuit
on the drag forces. More recently, the numericsliite obtained by Zaidi et al. [5] in a
2D geometry case have revealed that the posititimedfiead has a noticeable effect on
the hydrodynamic performances. The analysis ofetlresults made it possible to
propose an optimal position of a swimmer’'s headumderwater swimming. Five
turbulence models have been tested by Zaidi ¢6}in both a 2D configuration and
steady hydrodynamic state. The comparison betweesetmodels and experimental



results obtained by flow visualization using thésumethod (Zaidi et al. [7]) have
revealed that the standard.kturbulence model is the most appropriate to ptate
2D flow around the swimmer. More recently, Zaidakt[8] have studied the flow past
a 3D swimmer geometry using a CFD code. The 3Dyaisavas carried out using two
models of turbulence, namely the standaidtiérbulence model and the standara k-
turbulence one in order to predict the resistanoosek during the underwater swimming
phase. The comparison between numerical result®gmefimental measurements of
drag forces has shown that the standacadrkodel accurately predicts the drag forces
while the standard k-model underestimates their value, both in 2D dbdBalysis.
This study is a logical continuation of previousearches by Zaidi et al. [5, 6, 8]
expanding the analysis to 3D configurations usimgko turbulence model. The test
conditions in the current and previous studiesespond to the starting phase (after the
dive start) or the phase following a turn. In orttesolve the governing Navier-Stokes
equations, the finite volume method is utilised.

Thus, the aim of this study is to investigate tlogv/faround the entire swimmer's body
as well as in regions with sudden changes in tly lshape such as head, buttocks,
nape and chin where phenomena of boundary layeratsm are detected.

2. Material and methods

2.1 Geometry

We recall that this study concerns hydrodynamic nawing performances in

competitive swimming using CFD. For this purposd #&mclosely answer this topic,

we have used the following scanning process tomkta body geometry construction
the more realistic:

a. The subject chosen to realize the study is a naltievel male swimmer who is 22
years old. The measurements of the swimmer at eéighty waist, shoulders and
weight are: 1.85 m, 0.8 m, 0.95 m and 82 kg.

b. The swimmer body has been scanned with a 3D scafimeequipment used in the
construction of this 3D geometric model is a Kondmolta® laser scanner. The
scanner allows the creation of data files contgraii coordinates of all points
defining the surface of the swimmer’s body.

c. The RapidForm® software has been used in the aartigin of the swimmer’'s
geometry using the data files containing cloudpahts coming from the scanner
(Zaidi et al. [8]). The geometry of the swimmer wasistructed starting with the
simplest parts (legs, arms and trunk) and thenimoed with the more complex
parts (head, feet, hands and pelvis). After constrg all parts of the swimmer, the
next step consists in putting them together todbthik final geometric envelope.
Fig. 1 shows the model of the swimmer after reqoicsbn.

In this study, we have chosen the same positiotisedfiead as those already used in a

previous work (Zaidi et al. [5]) namely lifted ugdigned and lowered corresponding to

the positions 1, 2 and 3 depicted in Fig. 2. Thenge in head orientation is the only
alteration to the general posture for each tesditiom.

2.2 Construction of the fluid domain around the swimmer

After constructing the swimmer's geometry, the re&p is to build the fluid domain
around the swimmer. The size of the fluid domais be@en chosen by referring to the
recent study [8]:

* 15m along the x axis (3m upstream the swimmer)

* 3m along the y axis

* 3m along the z axis



The swimmer is supposed to be surrounded by 1.5 water all around him (above
and below and on the left and right sides).
2.3 Realization of the mesh

The grid of the fluid area has been realized ushreg Gambit® Software. It is a
progressive three-dimensional mesh refined nearstivéace of the swimmer (to
identify the strong gradients of physical quansiyiand loose when it is far (to avoid
the increase of the computation time). Grid spasing in boundary-layer direction has

been chosen so that the coefficieﬁt(y+ = pu%) is less than 50 whene, is the

friction velocity, y, is the distance from the point P to the walls the fluid density,
andu is the fluid viscosity at this point P. The sudaif the swimmer and the surfaces
limiting the fluid domain have been meshed usirantyular cells while tetrahedral cells
have been used for meshing the fluid domain. Tha taumber of cells is about 2.5
million, and the sensitivity of the mesh is the sahmn that previously studied by Zaidi
et al. [8]. Fig. 3 shows an example of the mesfasararound some parts of the body
of the swimmer.

2.4 Model validation

The authors have shown that the standagducbulent model reasonably predicts the
total drag force but it cannot detect recirculatemmes around the swimmer. For lack
of studies of the flow around the swimmer with #t@ndard ko model, the total drag
force obtained in the present study is comparegi4fFvith those obtained numerically
by Bixler et al. [4] and experimentally by Vennetl al. [9]. Even if the k& model is
not sufficient to simulate complex vertical struets, one may note that there is a good
agreement between the results of the present studiyhose obtained by Bixler et al.
[4] and Vennell et al. [9] concerning the drag foevolution.

3. Calculation

3.1 Mathematical model

Because the flow around a swimmer is turbulent [8],and [10]-[13], it can be
governed by the Reynolds-averaged Navier—Stokes N&Aequations. These
equations are obtained by introducing the Reynditomposition, which takes into
consideration that, in turbulent flows, each insaarous variable is the sum of a mean
component and a fluctuating component. Then, the-averaging of the instantaneous
equations leads to the following system of averaggpdtions [14]:

Continuity equation

a —

= ()=0 @)
Navier-Stokes equations
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whereU;(t) = U; = U; + u; is the instantaneous velocity component in thieeiction
(m/s), U the mean (time-averaged) velocity component ini tieection (m/s)u;the
fluctuating velocity component in the i directiom/g), i, j are the directiong, is the
fluid density (kg/md), andp the fluid dynamic viscosity (kg/m.s).

The RANS approach to turbulence modeling requinas$ the Reynolds stresses are
appropriately modeled. A common method employ8ithessinesq hypothesis to relate
the Reynolds stresséspu;u;) to the mean velocity gradients:
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Whereg;; is the Kronecker symbol withy; = 1ifi = jand 6;; = 0 ifi # j.
The turbulent viscosity is not a property of thadlitself but depends on the dynamic
characteristics of the turbulent flow. In this wptle turbulent viscosity is modeled by
means of first-order models based on the time-geeralynamical characteristics of
the turbulent flow. The standarddkmodel has been chosen in this study because it is
a good mathematical tool for wall-bounded flow=ltke flow around swimmer’s body
while the standard k-model is not sufficient to simulate vortex strueideveloping
at the swimmer's body [8]. The standardkurbulence model is an empirical model
based on model transport equations for the turbkieetic energy per unit mass (k)
and the specific dissipation rates))( Two additional transport equations for the
turbulent kinetic energy per unit mass (k) and s$pecific dissipation ratew) are
solved These equations are:

5 (PKT}) = 5= <Fkax)+Pk Yi (4)

axl(me)_ (max>+P -Y, (5)

where Y, Y are the turbulent dissipations of k andrespectively.

The effective diffusivities for k ana are given by:

k=p+ g—; (6)

[o=p+ ::_; ()

wherecy ando,, are the turbulent Prandtl numbers for k andespectively.

The turbulent viscosit(/ut) is then calculated as a function of k andy the following
equation:

b= & ®)

where o* is a coefficient bringing a correction to the tuidnt viscosity for low
Reynolds numbers.

The production of k and due to mean velocity gradients are:

Pk = —puy 6_)(: (9)
P, = a%Pk (10)
3.2 Boundary conditions

In literature, numerical simulations of human swimgnare usually based on the
assumption of roughness parameters of zero famtiael’'s body surface [14, 15, 16].
The reason is that human swimming always satisfied condition of a
hydrodynamically smooth flow regime. Indeed, thanskughness «is ranging from
10 pym to 100um [17]. Furthermore, the dimensionless roughness fgir a plate is

defined by the relation.
0.5

co O
i =2 () GE
Therefore, taking into account the velocity rangéuman swimming (1.4 <dx 3.1
m/s) and using the dimensionless skin roughnessk3izead to respect the criterion
for hydrodynamically smooth flow regimé&! <5 [18] whatever the tested
configuration and parameters used in this study.

The boundary conditions chosen in this study aeddhowing ones:



* Inlet: at the entrance of the fluid, the imposeabitudinal uniform velocity
profile.
» Ouitlet: at the exit of the fluid, all gradients aero (mass conservation law).
* On upper, lower, left and right borders of thedldomain, symmetry conditions
are imposed.
* On the surface of the swimmer, the no-slip condit®used.
3.3 Numerical method

The system of governing equations (1) — (5), suledheir appropriate boundary
conditions has been successfully solved by usimgnaerical method essentially based
on the volume control approach [19]. This methdolsed on the spatial integration of
the conservation equations over finite control wads. The numerical simulations have
been carried out with ANSYS FLUENT® software. Tlo&eergence criteria have been
based on the residuals resulting from the integmadif the conservation equations (1)
— (5) over finite control-volumes. During the itBva calculation process, these
residuals have been constantly monitored and diresftrutinized. For all simulations
performed in this study, converged solutions haentusually achieved with residuals
as low as 19 (or less) for all the governing equations.

4 Results

Numerical simulations have been carried out forthinee head positions, namely lifted
up (Position 1), aligned (Position 2) and lowerBdgjtion 3) and for a velocity of 2.2
m/s (Re = 6.4x19. This value corresponds to velocity of underwateimming phase
after start dive of national level swimmers.

4.1 Streamline patterns

Because of the non-uniformity and complexity of thenan body geometry, complex
turbulent zones are generated in the flow arouadg®immer's body [20], particularly
in the regions with sudden changes in the bodyeskaph as head, shoulders, elbows,
hips, knees, buttocks and feet [13]. In order tghhght the flow structures and
recirculation zones around the swimmer’s neck, emd buttocks, streamline patterns
are plotted in Fig.5 for each of the three headtioos and for a velocity of 2.2 m/s.
For example, when the head is lifted up or aligwét the body, two upper and lower
separation points are observed, inducing largeesaatices. One may note that these
closed vortices are located in the concave geonoéthe body, namely the nape of the
neck for the upper surface and the chin/breast farethe lower surface (Figs. 5(a),
5(b), 5(d) and 5(e)).

On the contrary, for the head lowered position gFi§(g), 5(h)), there are no
recirculation zones in the nape of the neck or betwthe neck and the chin.

In addition, in Figs. 5(c), 5(f) and 5(i), streandi patterns around the swimmer’s
buttock are plotted for the three head positionse @ay observe that whatever the
head position, a recirculation zone is observetherswimmer's buttocks with a larger
recirculation zone when the head is lifted up beeaaf the non-uniformity of the body
in this region.

4.2. Velocity profiles

Calculations have been made in the (x, y, 0) symnmane at different x abscissa.
The positions of the cross-sections are shown gq6FiThe first three planes are
respectively located downstream of the head (planasd 2) and the trunk (plane 3)
while the last three planes are located in the vaaka, downstream of the swimmer.



By taking the end of the fingers as an origin @ toordinate system, the six planes are
respectively located at x = 0.68, 1.1, 1.4, 2.8n8 7 m (Fig.6).

The velocity components have been made dimens®bleshoosing the inlet velocity
(Uo) as the characteristic parameter of the flow. Gmates have also been considered
as dimensionless by choosing the half of the feldidth (y = 1.5 m) as the
characteristic length. In Fig. 7, the dimensionlEsgyitudinal velocity profiles are
plotted for the six plane locations, for the thpesitions of the head and fop & 2.2
m/s. One may note that the shape of the velocifilps along the body (planes 1, 2
and 3) is strongly affected by the change in thedh@osition.

On plane 1, one may note a strong increase indloeity at the upper body surface for
lowered and aligned head positions. However, thecity is greater for the lifted up
head position. Away from the body, one may obs¢meesame profile for all head
positions which stabilize around the unit value. @lane 2 located at the trunk, there
are no differences between the three head positiorisuttock area (plane 3), in the
range 0 < y/y< 0.04, negative velocities irrespective of thadpositions are observed.
This confirms that there are recirculation zoneggFs(c), 5(f) and 5(i)) in the buttock
area presenting the same scale. Moreover, thealites between the velocity profiles
at the plane 3 level show that the maximum longntaildvelocity is 40% higher for the
third head position (lowered) compared to the farse (lifted up).

In the wake area (planes 4, 5 and 6), downstreamstfimmer, one may note a
deceleration of the fluid and, consequently, a loiskinetic energy. The differences
between the velocity profiles at the level of plade5 and 6 are the consequences of a
velocity deficit. In addition, from plane 5, theatution of the velocity profiles clearly
shows the recovery of a uniform velocity profile.

This comparison reveals the importance of the hpemgition in the dynamics of the
flow in underwater swimming phases (start diveuons).

4.3 Drag forces

In mechanics of swimming, the reduction of forcekioh oppose the swimmers
advancement, plays a very important part in theeavgment of the performances. As
a consequence, an analysis of the flow parameieted various positions is necessary
in order to determine the optimal position, whidrresponds to the minimal drag
forces. There are three types of drag in swimmiogn drag, viscous drag and wave
drag (when swimming occurs at or near the surfabeh of the three types of drag
have been taken into account within the framewdrthis study, namely the pressure
drag and the viscous drag, depending on the Reymualdhber. Indeed, because the
swimmer is placed 1.5 m below the free surface (@etaly immersed body), the wave
drag is not taken into account in the calculatibthe total drag, being small enough at
such a depth to be neglected [9].

Fig. 8 represents the evolutions of the pressusepus and total drag forces calculated
for each of the three head positions and for vaescranging between 1.4 to 3.1 m/s.
In this speed range, the position of the head pdaysry important role in terms of
minimization of the drag. One may observe thatpgbsition of the head aligned with
the body (position 2), is the one that offers kesistance in comparison with positions
1 and 3. In the case of position 2 and for a spé&dl m/s the form drag accounts for
80% of the total drag, whereas the viscous draguats for only 20%.

The curves show clearly that a change in the hemitipn induces an important
modification of the total drag in the studied vatfpcange. Whatever the speed of the
swimmer is, the total drag may vary from 4% acaugdio the head position. This



difference in drag is very important in high leeeimpetition when victory is won by
1/100th of a second.
5 Conclusion

The results of this study have focused on the dyecgof the flow around a swimmer's
body during underwater glide phases occurring atstart and at turns. The 3D CFD
code has been used with theskurbulence model developed with a 3D Navier-Stokes
for Reynolds numbers about 6.4%1The Navier-Stokes equations were solved with
the finite volume method. On the basis of streaenpiatterns and velocity profiles, this
work has focused the effect of the head positidied up, aligned and lowered) on the
dynamics of the flow in the 3D case in complemeithwrevious 2D analyses [5].

Flow separation and reattachment areas have bearyckvidenced, namely at nape,
chin and buttocks. In addition, one may observeyntange recirculation zones on both
sides of the head, at the lower back level antierbiack of buttocks.

The maximum longitudinal velocity has been found¢a10% higher for the third head
position (lowered) compared to the first head posi(lifted up) in the buttock section.
This suggests that the position of the head playerg important role for high
swimming velocities on the hydrodynamic performand®@ne may observe that the
position of the head aligned with the body is time ¢hat offers less resistance in
comparison with positions with head lowered oelifup, generating a reduction of 4%
on the total drag compared to other positions.
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