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1. Introduction

In the sports field, numerical simulation techniques have been shown to provide useful
information about performance and to play an important role as a complementary tool to
physical experiments. Indeed, this methodology has produced significant improvements in
equipment design and technique prescription in different sports (Kellar et al., 1999; Pallis et
al., 2000; Dabnichki & Avital, 2006). In swimming, this methodology has been applied in
order to better understand swimming performance. Thus, the numerical techniques have
been addressed to study the propulsive forces generated by the propelling segments
(Rouboa et al., 2006; Marinho et al., 2009a) and the hydrodynamic drag forces resisting
forward motion (Silva et al., 2008; Marinho et al., 2009b).

Although the swimmer’s performance is dependent on both drag and propulsive forces,
within this chapter the focus is only on the analysis of the hydrodynamic drag. Therefore,
this chapter covers topics in swimming drag simulation from a computational fluid
dynamics (CFD) perspective. This perspective means emphasis on the fluid mechanics and
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CFD methodology applied in swimming research. One of the main aims for performance
(velocity) enhancement of swimming is to minimize drag forces resisting forward motion,
for a given trust. This chapter will concentrate on numerical simulation results, considering
the scientific simulation point-of-view, for this practical implication in swimming.

In the first part of the chapter, we introduce the issue, the main aims of the chapter and a
brief explanation of the CFD methodology. Then, the contribution of different studies for
swimming using CFD and some practical applications of this methodology are presented.
During the chapter the authors will attempt to present the CFD data and to address some
practical concerns to swimmers and coaches, comparing as well the numerical data with
other experimental data available in the literature.

2. Fluid mechanics and CFD methodology

2.1 Background
CFD is a branch of fluid mechanics that solves and analyses problems involving a fluid flow
with computer-based simulations. CFD methodology consists of a mathematical model that
replaces the Navier-Stokes equations with discretized algebraic expressions that can be
solved by iterative computerized calculations. The Navier-Stokes equations describe the
motion of viscous non-compressible fluid substances. These equations arise from applying
Newton's second law to fluid motion, together with the assumption that the fluid stress is
the sum of a diffusing viscous term (proportional to the gradient of velocity), plus a
pressure term. A solution of the Navier-Stokes equations is called a velocity field or flow
field, which is a description of the velocity of the fluid at a given point in space and time.
CFD methodology is based on the finite volume approach. In this approach, the equations
are integrated over each control volume. It is required to discretize the spatial domain into
small cells to form a volume mesh or grid, and then apply a suitable algorithm to solve the
equations of motion. In addition, CFD analyses complements testing and experimentation,
reducing the total effort required in the experimental design and data acquisition.
In the early days of its application, CFD was quite difficult to use. It was only applied by a
few high technological level companies, in the Aerospatiale Engineering or in some specific
scientific research areas. It became obvious that its application had to assume a user friendly
interface and to progress from a heavy and difficult computation to practical, flexible,
intuitive and quick software. Therefore, the following step was to transform CFD in a new
set of commercial software to be used in different applications and to improve the user
interface.
Presently, this tool is used in the solution of complex engineering problems involving fluid
dynamics and it is also being extended to the study of complex flow regimes that define the
forces generated by animal species in self propulsion.
The basic steps of CFD analysis are:
1. Problem identification and pre-processing: (i) define the modelling goals, (ii) identify
the domain to model, (iii) design and create the grid.
2. Solver execution: (i) set up the numerical model, (ii) compute and monitor the solution.
3. Post-Processing: (i) examine the results; (ii) consider revisions to the model.

2.2 Advantages and limitations
CFD can be used to predict fluid flow, heat and mass transfer, chemical reactions and
related phenomena by solving the set of governing mathematical equations. The results of
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CFD analyses can be relevant in conceptual studies of new designs, detailed product
development, troubleshooting and redesign.

Lyttle and Keys (2006) referred that CFD can provide the answers into many complex
problems that have been unobtainable using physical testing techniques. One of its major
benefits is to quickly answer many “what if’ type questions. It is possible to test many
variations until one arrives at an optimal result, without physical/experimental testing. CFD
could be seen as bridging the gap between theoretical and experimental fluid dynamics.
CFD can be applied in several research fields, such as: architecture, engineering, medicine,
and sports. For example, with this methodology it is possible to: (i) study the aerodynamics
of a racing car before it being constructed; (ii) to study the air flow inside the ventilation
system of a park station; (iii) to simulate situations where a fire takes place or; (iv) to analyse
the ventilation and the acclimatisation of a specific building, such as an hospital, where the
quality of the air is quite important.

CFD was developed to model any flow filed provided the geometry of the object is known
and some initial flow conditions are prescribed. CFD is based on the use of computers to
solve mathematical equation systems. However, it is essential to apply the specific data to
characterize the study conditions. The scientific knowledge, the computational program
which solves the equation system representing the problem, the kind of computer that
executes the defined calculations in the numerical program and the person who verifies and
analyses the obtained results must also be taken in account.

In this sense, one must consider that the CFD analyses can have some inaccurate results if
there is not thorough study of the specific situation. The inserted data should not have wide-
ranging estimation. On the other hand, the available computational resources can be
insufficient to obtain results with the necessary precision. Previous to any simulation the
flow situation must be very well analysed and understood, followed by the careful analysis
of the obtained results.

2.3 Validity, reliability, accuracy

CFD studies are becoming more and more popular. However, a main concern still persists.
Can the numerical data be comparable with experimental research? Are the numerical
results accurate enough to be meaningful and therefore have ecological validity? For sport
scientists who work in close connection with coaches and athletes this question is important
in order to give good, appropriate and individual feed-backs for practitioners.

Several studies with different scopes attempted to verify the validity and accuracy of CFD.
This numerical tool has been validated as being feasible in modelling complicated biological
fluid dynamics, through a series of stepwise baseline benchmark tests and applications for
realistic modelling of different scopes for hydro and aerodynamics of locomotion (Liu,
2002).

In bioscience, Yim et al. (2005) described in detail critical aspects of this methodology
including surface reconstruction, construction of the volumetric mesh, imposition of boundary
conditions and solution of the finite element model. Yim et al. (2005) showed the validity of the
methodology in vitro and in vivo for experimental biology. Barsky et al. (2004) have also
demonstrated good agreement between the numerical and experimental data on tethered
DNA in flow. Moreover, Gage et al. (2002) reported that computational techniques coupled
with experimental verification can offer insight into model validity and showed promise for
the development of accurate three-dimensional simulations of medical procedures.
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In engineering one can cite, for example, Venetsanos et al. (2003) illustrated an application of
CFD methods for the simulation of an actual hydrogen explosion occurred in a built up area
of central Stockholm, Sweden, in 1983. The subsequent simulation of the combustion
adopted initial conditions for mean flow and turbulence from the dispersion simulations,
and calculated the development of a fireball. This data provided physical values that were
used as a comparison with the known accident details to give an indication of the validity of
the models. The simulation results were consistent with both the reported near-field damage
to buildings and persons and with the far-field damage to windows.

In sports, some tests have been performed to compare the numerical results with
experimental results also. A combined CFD and experimental study on the influence of the
crew position on the bobsleigh aerodynamics was conducted by Dabnichki and Avital
(2006). The experimental results obtained in a wind tunnel suggested that the adopted
computational method is appropriate and yields valid results. In aquatic sports, there is a
lack of studies comparing experimental and CFD data. However, CFD was developed to be
valid and accurate in a large scope of fluid environments, bodies and tasks, including sports.
So, it is usually assumed that CFD has ecological validity even for swimming research.
Another important concern is that of CFD reliability. In experimental tests, the input data
are not always the same and thus the outputs will vary. However, the numerical simulations
allow having always the same input conditions and therefore the same outputs.

3. Hydrodynamic drag

3.1 Definition

Swimming is characterized by the intermittent application of a propulsive force (thrust) to
overcome a velocity-dependent water resistance (hydrodynamic drag). The thrust is
generated by a combination of arm, leg and body movements and lead to variations of
thrust and velocity. Different fluctuations in thrust, drag and velocity among different
techniques and different level of skills contribute to the highly variable performance in
swimming. Swimming performance can be studied by analysing the interaction of
propelling and resistive forces. In this sense, a swimmer will only enhance performance by
minimizing resistive forces that act on the swimming body at a given velocity and/or by
increasing the propulsive forces produced by the propelling segments. Furthermore, a third
performance enhancing factor would be to do this with a minimal enhancement of
physiological or energetic costs.

Hydrodynamic drag can be defined as an external force that acts in the swimmer’s body
parallel but in the opposite direction of his movement direction. This resistive force is
depending on the anthropometric characteristics of the swimmer, on the characteristics of
the equipments used by the swimmers, on the physical characteristics of the water field, and
on the swimming technique (Vilas-Boas, 1996).

The hydrodynamic drag resisting forward motion (D) can be expressed by the Newtonian
equation:

D=1% CppS o2 (1)

where: p represents the fluid density, Cp represents the drag coefficient, S represents the
projection surface of the swimmer and v represents the swimming velocity.

The total drag consists of the frictional, form and wave drag components. Frictional drag is
depending on water viscosity and generates shear stress in the boundary layer. The intensity

www.intechopen.com



Modelling Hydrodynamic Drag in Swimming using Computational Fluid Dynamics 395

of this component is due to the wetted surface area of the body, the characteristics of this
surface and the flow conditions inside the boundary layer. Form drag is the result of a
pressure differential between the front and the rear of the swimmer, depending on the
velocity, the density of water and the cross sectional area of the swimmer. Near the water
surface, due to the interface between two fluids of different densities, the swimmer is
constrained by the formation of surface waves leading to wave drag (Toussaint & Truijens,
2005).

It is accepted that frictional drag is the smallest component of total drag, especially at higher
swimming velocities. However, this drag component should not be disregarded in elite level
swimmers. In this sense, issues such as sports equipments, shaving and the decrease of
immersed body surface should be taken into account. In addition, form and wave drag
represent the major part of total hydrodynamic drag, thus swimmers must emphasize the
most hydrodynamic postures during swimming (Toussaint, 2006; Marinho et al., 2009b).

The evaluation of the intensity of the hydrodynamic drag during swimming represents an
important aim in swimming biomechanics. Drag determined by towing a non-swimming
subject through the water (passive drag) has been studied for a long time (Karpovich, 1933).
Passive drag analysis does not consider the drag that the swimmer creates when he
produces thrust to overcome the drag, i.e., during actual swimming (active drag).
Nevertheless, passive drag seems to be a simple way to investigate the contribution of each
drag component to total drag. In addition, passive drag could be used to evaluate drag
during parts of the swimming event, namely during the gliding after starts and turns, when
the swimmer is “passively” gliding underwater.

3.2 Minimizing drag after start and turns

Minimizing the hydrodynamic drag should be a main concern during swimming. After the
push-off during turns and after the block start, the swimmer travels underwater. The first
part of this underwater swimming is usually performed without any movements of the
propelling segments. Indeed, Lyttle and Keys (2006) reported that at velocities higher than
240 m/s it is more efficient for the swimmer to maintain a streamline position than to
initiate underwater kicking. This situation is due to the swimmer creating more active drag
than propulsion while kicking compared to remaining in a streamlined posture, leading to
wasted energy and/or negative acceleration of the swimmer. According to these statements,
Lyttle and Keys (2006) suggested that it may be more beneficial to maintain a streamlined
position during gliding.

In this sense, the evaluation of the hydrodynamic drag during gliding after starts and turns
represents an important question to be addressed. The position of the body segments, such
as the head (Zaidi et al.,, 2008) and the arms (Marinho et al., 2009b), but also different
postures adopted during the underwater gliding (Marinho et al., 2009c) have been evaluated
using CFD.

Zaidi et al. (2008) evaluated the effect of the head position on hydrodynamic performance,
analysing three head positions: (i) head aligned with the body, (ii) a lower head position,
and (iii) a higher head position. These three situations were numerically analysed with the
swimmer completely submerged in a prone position. Flow velocities of 1.40, 2.20 and 3.10
m/s were used during the simulations. The main results showed that the head position
adopted during the gliding should be a main concern of swimmers, since it alters the flow
around the body. The head position aligned with the body presented around 20 % less drag
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than the other two positions for velocities of 2.20 and 3.10 m/s. For a velocity of 1.40 m/s,
the difference is small, although the drag force for the lower head and higher head positions
is higher than in the aligned head position. It was also interesting to note that the higher
head position presented higher values than the lower head position for the three different
flow velocities. The numerical results show that the position of the head plays a very
important role for high swimming velocities. They reveal that the position of the head has a
noticeable effect on the hydrodynamic performances, strongly modifying the wake around
the swimmer. Based on a two-dimensional analysis, Zaidi et al. (2008) proposed an optimal
position of the head of a swimmer in underwater swimming. However, restrictions inherent
to the use of a two-dimensional steady flow model to investigate a really unsteady three-
dimensional flow must be kept in mind when analyzing these results.

Marinho et al. (2009b) attempted to analyze the underwater phase after start and turns in a
specific technique. In fact, in breaststroke, the first part of the underwater phase is
performed with the arms extended at the front of the body, whereas the second gliding is
performed with the arms aside the trunk. Therefore, Marinho et al. (2009b) developed a
three-dimensional model representing a male adult swimmer in these two gliding positions.
The simulations were carried-out with the model placed at a water depth of 0.90 m with
flow velocities from 1.60 to 2.0 m/s. The drag coefficient of the position with the arms
extended at the front presented lower values than the position with the arms aside the
trunk. In fact, the model with the arms at the front of the body presented about 60 % of the
hydrodynamic drag values of the position with the arms aside the trunk. It was also
interesting to notice that the friction drag component was very similar in both body
positions. The pressure drag component was the responsible for the differences between the
models, suggesting that the streamlined position with the arms extended at the front of the
body lead to decreasing the negative hydrodynamic effects of the human body morphology,
especially near the head and shoulders of the swimmer. For the breaststroke underwater
phase after start and turns, it was concluded that the first glide, performed with the arms at
the front, must be emphasized in relation to the second glide, performed with the arms
along the trunk. Vilas-Boas et al. (2009) attempted to analyse the same situations but
through inverse dynamics. This procedure was based on the experimental velocity to time
gliding curve and the swimmers’ inertia performed during the first and second gliding
positions of the breaststroke underwater stroke. We were very pleased to observe similar
results obtained through CFD and through inverse dynamics. Regarding drag coefficient,
Vilas-Boas et al. (2009) reported that the position with the arms at the front (position
adopted during the first gliding) presented about 65 % of the drag coefficient values of the
position with the arms aside the trunk (position adopted during the second gliding).
Another interesting research concerning the underwater gliding and the most advantageous
postures to improve performance was conducted by Marinho et al. (2009¢c). These authors
developed four two-dimensional models to analyse this phase: (i) a ventral position with the
arms at the front of the model, (ii) a ventral position with the arms aside the trunk, (iii) a
dorsal position with the arms at the front, and (iv) a lateral position with the arms at the
front. All these body positions can be used in high level events during the underwater
gliding. The four selected postures can be applied to a real swimming situation after the
starts and turns, as: the gliding phase in front crawl, butterfly and the first gliding in
breaststroke (prone position with the arms extended at the front), the second gliding in
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breaststroke (prone position with the arms aside the trunk), the gliding in backstroke (dorsal
position with the arms extended at the front) and, in some techniques/phases during the
gliding in front crawl (lateral position with the arms extended at the front). Marinho et al.
(2009c¢) found that the body postures with the arms extended at the front presented lower
drag values than the body posture with the arms aside the trunk. Furthermore, the lateral
position was the one in which the drag force was lower. The prone and the dorsal positions
(both with the arms extended at the front) presented similar values. Thus, the position with
the arms extended at the front (perhaps performed in a lateral position) must be the one
adopted after stars and turns. Nevertheless, this issue demands further research using three-
dimensional CFD models.

Although the aim of Bixler et al. (2007) study was not the evaluation of different body
postures during gliding, this research represented an important contribution to CFD
validation in swimming research. Bixler et al. (2007) studied the accuracy of CFD analysis of
the passive drag of a male swimmer in a submerged streamlined position. The authors
compared the drag force of a real swimmer, a three-dimensional model of this swimmer and
a real mannequin based on the digital model. Bixler et al. (2007) found drag forces
determined from the digital model using the CFD approach to be within 4 % of the values
assessed experimentally for the mannequin, although the mannequin drag was found to be
18 % smaller than the real swimmer drag. Indeed, the Bixler et al. (2007) study has
underlined the validity and accuracy of CFD approach in swimming research.

As mentioned above, Lyttle and Keys (2006) studied the underwater phase in swimming.
However, contrarily to the previous mentioned studies, these authors were able to perform
a CFD analysis providing limb movement. This movement was completed by breaking the
limb movements down into discrete time steps and having the package solve the flow field
for that position before moving on to the next position. The volume mesh was also updated
at each time step with the previous flow field being the starting point at the next time step.
Therefore, the authors were able to evaluate two different dynamic dolphin kicking
techniques used also during the underwater phase: (i) a large/slow kick (0.54 m of kick
amplitude and 2.27 Hz of kick frequency), and (ii) a small/fast kick (0.42 m of kick
amplitude and 2.63 Hz of kick frequency). Lyttle and Keys (2006) simulated velocities of
1.50, 2.18 and 2.40 m/s and reported that both kicking techniques have a similar effect at
2.40 m/s. For velocities lower than 2.40 m/s the large/slow kick appears more effective,
with about 4 % better efficiency at 2.18 m/s and about 18 % more efficiency at 1.50 m/s.
Although these data showed that the large/slow kick has produced better results, one
should be aware that these results are based only on the two kicking patterns analyzed and
can not be generalized to the large number of possible kicking patterns used by the
swimmers. Lyttle and Keys (2006) also showed the benefits of using a modelling approach
in the area of technique modification strategies. To illustrate the capabilities of the CFD
approach, various simulations were carried-out by varying ankle movement in order to
examine the effects on the swimmer’s net thrust. The main results showed that while the
swimmer is travelling at 2.18 m/s, a 10° increase in ankle plantar flexion created a 16.4 N
greater peak propulsive force during the kick cycle. However, with 10° more dorsi-flexion,
the peak drag increased by 31.4 N, showing that increasing ankle flexibility will increase the
efficiency of the stroke. Nevertheless, this information should be carefully read, since this
analysis referred to a specific male swimmer.
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3.3 Tandem effects

The tandem concept in swimming is related to situations where a swimmer displaces
himself immediately behind another. During swimming events, these tandem effects do not
occur since swimmers performed alone in their own lane. However, in open water
competitions this situation is very common. Furthermore, during swimming training, due to
time and space issues, several swimmers train in the same lane, performing significant parts
of total swimming volume “in roundabout” (Silva et al., 2008).

Some experimental studies reported that the distance between swimmers significantly
influences the energy cost of the swimmer submitted to the suction effect (Bassett et al.,
1991; Hausswirth et al., 1999, 2001; Chatard and Wilson, 2003) and it helps proper technique
maintenance when fatigue appears (Chollet et al., 2000). Hence, CFD analysis of the tandem
effects on drag force represented an opportunity to help swimmers and coaches improving
training sets and also improving performance. Another important aim is to clearly
understand the hydrodynamic differences of swimming in the front of the group or behind
another.

Silva et al. (2008) aimed to determine the effect of tandem distance on the drag coefficient in
swimming. A k-epsilon turbulent model was implemented in the commercial code Fluent®
and applied to the fluid flow around two swimmers in a tandem situation. CFD simulations
were conducted for various distances between swimmers (from 0.50 to 8.0 m) and
swimming velocities (from 1.60 to 2.0 m/s). Silva et al. (2008) computed the drag coefficient
for each of the distances and velocities. As expected, these authors found that the relative
drag coefficient of the back swimmer was lower (about 56 % of the leading swimmer) for the
smallest inter-swimmer distance (0.50 m). This value increased progressively until the
distance between swimmers reached 6.0 m, where the relative drag coefficient of the back
swimmer was about 84 % of the leading swimmer. Due to some limitations of this study,
mainly the simulation domain having small dimensions, it was not possible to numerically
accomplish one aim of this study: to determine the distance in which both swimmers
performed in the same hydrodynamic conditions, i.e., the distance in which the drag
coefficient of the back swimmer is equal to the drag coefficient of the leading swimmer. In
fact, for distances higher than 6.0 m, the values of the drag coefficient of the back swimmer
remained constant. In this sense, to calculate the distances in which the drag coefficient of
the back swimmer’s equalled the value of the leading swimmer, a fitting of the drag
coefficient curves of the back swimmer was carried out (according to a polynomial function
of the values found until the 6.0 m distance). Silva et al. (2008) indicated that the drag
coefficient of the back swimmer was equal to that of the leading swimmer at distances
ranging from 6.45 to 8.90 m, depending on flow velocity, concluding that these distances
allow the swimmers to be in the same hydrodynamic conditions during training and
competitions. Regarding specific swimming training sets, Silva et al. (2008) suggested that
the back swimmer must start swimming only when the leading swimmer reaches a 10 m
distance from the starting wall, rather than the 5 m distance commonly used in training.
Nevertheless, concerning open water competitions, the athletes could take important
advantages of swimming in a drafting situation.

Although the important findings of the study of Silva et al. (2008), it presented some
limitations that should be improved in future studies. The model used during the CFD
simulations was a two-dimensional model and the analysis was performed with the model
totally submerged. Further studies are needed to evaluate these tandem effects with more
realistic models (three-dimensional models) and with the models at the water surface. The
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inclusion of the interface between air and water seems to be an important concern to be
accomplished in the future. Additionally, movements of the propelling segments can be
added to the simulations.

Although the most common tandem effects are related to queue displacements, it has been
reported that lateral side effects can also be observed during swimming (Janssen et al.,
2009). For instance, during competitions it is usual to observe competitors swimming near
the lane rope, in a lateral position and a little bit behind the swimmer of the near lane. It is
supposed that this option can benefit the swimmer that follows in this lateral and behind
position. However, in a recent experimental study, Janssen et al. (2009) reported that at the
side of a passive lead swimmer, passive drag was significantly increased by 9 %, and at the
side of an active lead swimmer it increased by 8 %. This is in opposition to the significantly
reduction of passive drag observed behind a passive lead swimmer (20 %) and behind an
active lead swimmer (9 %). Therefore, it should be interesting to perform a similar
procedure using CFD methodology.

3.4 Form, friction and wave drag components

The contribution of form, friction and wave drag components to total drag during
swimming is an interesting topic in sports biomechanics. Data available from several
experimental studies show some difficulties involved in the evaluation of the contribution of
each drag component. However, CFD has the advantage of allowing the computation of
these drag components, letting the user to perform the desired simulations and to know
exactly what is the intensity of form, friction and wave drag in different swimming
simulation situations (Bixler et al., 2007).

Nevertheless, to the best of our knowledge, there is no CFD studies that have been able to
compute wave drag in swimming. In fact, CFD studies in swimming were only able to
analyse form and friction drag components, since the models were placed underwater.
Bixler et al. (2007) simulated a human body placed at a water depth of 0.75 m, Zaidi et al.
(2008) positioned the model 1.50 m below the water surface, whereas Marinho et al. (2009b)
used a model at a water depth of 0.90 m. These distances were experimentally proven to be
sufficient to exclude the wave drag component from the simulations (Lyttle et al., 1999;
Vennell et al., 2006). Therefore, it seems very interesting to improve CFD simulations,
including the analysis of hydrodynamic drag when wave drag is a real phenomenon. To
achieve this purpose the inclusion of the air and water in the same computational domain is
required.

Bixler et al. (2007) found that friction drag represented about 25 % of total drag when the
swimmer is gliding underwater; stating that although form drag was dominant, friction
drag should be taken in consideration by swimmers and coaches. Zaidi et al. (2008) also
found an important contribution of friction drag to the total drag. These authors, used a
two-dimensional model with the head in different positions, and found that friction drag
represented about 20 % of the total drag. In the study of Zaidi et al. (2008) it was very
interesting to note that the position with the head aligned with the body presented lower
form and friction drag values than the lifted up head position and the lowered head
position. Although the lifted up and lowered head positions presented similar values of
friction drag, the lifted up position presented higher form drag values than the lowered
head position, showing that the lifted up head position lead to a higher pressure gradient
around the swimmer during the gliding.
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Marinho et al. (2009b), when analysing two different gliding postures, found a bit lower
values of friction drag. However, these authors reported contributions of 13 % and 8 % for
the friction drag component in the position with the arms extended at the front and in the
position with the arms along the trunk, respectively. Nevertheless, Marinho et al. (2009b)
showed that differences in the drag force between these two body positions were only
related to different form drag values. Indeed, the absolute values of friction drag were about
the same in the two gliding positions. Thus, this finding underlined the idea that the so-
called streamline position allowed decreasing the pressure gradient around the swimmer
body during the underwater gliding.

It is important to emphasize that, if the swimmer model was at the water surface, rather
than gliding underwater, the contribution of each drag component is expected to be
different. For instance, one should be aware that in this situation wetted area would be
lower, thus decreasing friction drag.

3.5 Equipments

The influence in performance of the equipments used during swimming is not a clear issue
and, usually, the methodological design involved during the experiments lead to some
difficulties in the data analysis.

However, the numerical analysis with CFD can be a good approach to overcome this
problem. For instance, different human body models can be tested wearing different
swimsuits, fins, paddles, caps, goggles, to evaluate the effects in hydrodynamic drag.

The most known application of CFD in swimming research is probably the numerical
analysis of different types of swimsuits and the testing procedures that lead to the
development of new swimsuit models (Fluent, 2004). These data suggest that the
polyurethane generation of swimsuits can significantly improve performance due to the
reduction in hydrodynamic drag.

It is usually accepted that drag-reducing suits can reduce skin friction, with an effect similar
to shaving (Sharpe & Costill, 1998; Pendergast et al., 2006). Nevertheless, Mollendorf et al.
(2004) revealed that total drag decreased by 3 % to 10 % mostly due to decreased form drag
in textile suits. These experimental data suggest that the water flow was tripped by frictional
drag, remained attached to the swimmer body, thus decreasing form drag (Polidori et al.,
2006; Marinho et al., 2009b). Pendergast et al. (2006) stated that studies of the effects of a
drag reducing textile suit on active drag at low to moderate velocities failed to show a clear
benefit, although at the fastest velocity the textile suit reduced the drag of some swimmers
(Sanders et al., 2001; Toussaint et al., 2002). Other authors used physiological approaches,
and the results were controversial as well (Starling et al., 1995; Roberts et al., 2003). All these
data suggests that CFD can represent an additional solution to clear this issue and help
swimmers improve their performance. CFD has the advantage to show the water flow
around the swimmer body, allowing understanding if the water really remained attached to
the body. Moreover, an important issue that has not been systematically evaluated is the
compression effects due to swimsuits. The compression of the body may decrease the area
projected in the frontal plane, being this variable a major determinant of form drag.
Furthermore, the advantage of swimsuits upon wobbling body masses represent an
important opportunity to future research in this field, especially after the FINA changing
rules regarding swimsuits to 2010 swimming events.

Another interesting concern is related to the flow visualization around the fins. Swimmers
wearing fins can swim much faster than without this device. Research on the flow
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characteristics around the fins still needs more attention (Tamura et al., 2002). On the other
hand, the effects on hydrodynamic drag by wearing different fin types (e.g., on size and/or
flexibility) and with different kick movements can allow enhanced performance during
training sets with fins and also during fin swimming events.

Following this line of research, effects of different caps and goggles can be tested using
numerical simulation techniques. The effects of different swimming pools on drag (depth,
width lane, number of lanes, lane ropes, and lane position) should also be attempted in the
near future.

4. Future research in swimming using CFD

Throughout this chapter, several future ideas have been presented to improve the
application of CFD in swimming research. One of our major aims is to be able to evaluate
biomechanical situations that can be used by coaches and swimmers to swim faster and,
thus to enhance performance. Therefore, the effective evaluation of active drag should be
one of the first concerns in future studies using CFD. At this point, it seems important to
analyse the intensity of active drag in the four competitive strokes within a wide range of
swimming velocities. On the other hand, CFD can compute the contribution of friction, form
and wave drag components to total drag. This issue will only be possible if the simultaneous
simulation of the interface between air and water within the same CFD domain is achieved.
The tandem issues also represent a significant matter that can be more deeply understood. If
the above mentioned questions are solved, one can simulate several current tandem
situations that occur during training but also during competitions, as in open-water events
where tandem situations are common. Rear and lateral positions occur in this type of events
and the lateral position (in an adjacent lane) can also be possible in swimming events, thus
its effects on hydrodynamic drag must be quantified.

As mentioned above, the analysis of the effects of different equipments and facilities on
hydrodynamic drag seems to be an interesting and an important issue to be dealt in future
studies.

5. Conclusion

During this chapter, the authors attempted to present some important studies that have
been conducted in swimming research using CFD. Although there are some limitations of
these studies, it seems that this numerical tool should not be disregarded. CFD can be used
to evaluate several hydrodynamic issues, hence helping swimmers moving faster. In the
current work some issues regarding the effect of hydrodynamic drag on swimming
performance were discussed. We believe that we were able to show the practical
applications of CFD to swimmers and their coaches.

Moreover, several questions to be addressed in future investigations were reported. These
concerns represent an important step forward to bridge the gap between theory and practice,
allowing even more the scientific knowledge to be available to swimmers and coaches.
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