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Abstract: Computational and experimental evaluations of active drag experienced during fully
submerged human swimming are compared and discussed. Experimentally (using a load cell, com-
mercial resistance trainer, and method from existing literature), the active drag of a swimmer
swimming solely underwater was measured. The measured active drag profile was reasonable com-
pared to existing literature, with peak drag values estimated between 200-250 N. Computationally,
the foam-extend fork of OpenFOAM was used in all calculations. Active drag was predicted using
complex geometry validation via passive drag simulations, quasi-steady cases, and moving body
cases. Variations in swimming technique were also investigated using quasi-steady means. Passive
drag was estimated using the immersed boundary surface method in the open-source Foam-Extend,
with solutions provided using the simpleFoam and pimpleDyMIbFoam solvers. Results, approxi-
mately equal to 105 N at 2.00 ms, were higher than typical estimates from literature but compared
more favourably to cases with geometry in a more similar position. Quasi-steady approaches and
variable velocity approaches predicted reasonable estimates for the active drag profile, with slightly
slightly lower predictions compared to the experimental results. Moving body simulations strug-
gled to predict reasonable estimates of active drag. Analysis of potential sources of error indicated
it is likely that results could be improved with more accurate swimming animations and a smoother
geometry.

Keywords: OpenFOAM, Active Drag, Immersed Boundary Method, Quasi-steady.

1 Introduction

Active drag is the resistive force that acts on a swimmer when swimming through the water and is
constantly changing during a stroke cycle [1] [2]. A stroke cycle in swimming is a movement that returns
to its beginning and repeats itself in the same sequence. A thorough understanding of an individual’s
active drag profile is necessary, especially at the elite level (where winning margins are frequently small),
in order to optimise technique, minimise active drag, and maximise forward velocity. Active drag is
difficult to measure directly, largely due to complex fluid motion and accessibility limitations, meaning
researchers use indirect methods to estimate values of active drag. One such method that could prove
insightful is through the use of computational fluid dynamics (CFD). To overcome common difficulties
encountered when performing CFD on moving geometries, such as a swimmer, this study aimed to
investigate the ability of the immersed boundary method(IBM) to estimate active drag during swimming.
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2 Literature Review

2.1 Freestyle Technique

The current study will primarily focus on Freestyle, one of the four main disciplines in swimming. At
the top level of competition, the Freestyle events range from 50 m (approx. 20 s of swimming) to 1500
m (approx. 14 min 30 s of swimming) with technique changes clearly visible between sprint-based events
and distance-based events. The current accepted general Freestyle technique is outlined below.

Freestyle is swum on the front with the head planted firmly in the water. Key characteristics include the
alternating arm motion for each stroke and alternating leg motion for each kick. The propulsion phase
begins with the catch. The catch is made with an outstretched arm placed to the front of the body.
A common feature of the stroke is a high elbow, allowing for a good purchase in the water during the
catch and ensuring efficient propulsion through the water as the arm moves down by the swimmer’s side
towards the end of the propulsion phase. The arm is recovered above the surface of the water before
returning to the initial starting position to begin the catching process again. The catch and recovery are
combined with a rolling body motion, used to make the stroke more efficient by increasing stroke length.
Although the swimmer is on their front, a large portion of Freestyle is swum when the chest is not in
the horizontal plane, due to the aforementioned rolling motion [3].

The breath is taken when the body is rotated to the side, with one arm outstretched in front at the
beginning of the catch and one arm at the end of the pull through phase to ensure as much speed
as possible is retained during the breath. The breathing motion depends on the swimmer, with some
choosing to alternate breathing to each side every three or five strokes and some choosing to breathe to
one side every two or four strokes. Breathing frequency tends to increase with fatigue[3].

The kick is a simple up and down motion with an outstretched ankle acting as a fin. The rate of kick also
depends on swimmer preference, with some choosing to do a two-beat kick (two kicks for every stroke),
widely used in distance swimming, and some choosing to do a six-beat kick (six kicks for every stroke),
widely used in shorter sprint events[3].

2.2 Active drag experimental methods

Active drag is a culmination of frictional drag, pressure drag, and wave drag, but separating these values
can prove complex experimentally. To date, there have been a number of experimental attempts to
measure active drag and a handful of computational attempts. Typical experimental methods tend to
assume a constant value of active drag across the stroke cycle, including the Measurement of active drag
(M.A.D.) system developed by Hollander and the Velocity Perturbation Method (VPM) [4] [5]. Across a
freestyle stroke cycle, the velocity and wetted surface area are constantly changing, meaning it is unlikely
that drag will be constant across a full stroke cycle.

Haskins et al [6] developed a new method for experimentally predicting the active drag of a swimmer
across a full stroke cycle, instead of assuming an average active drag for the full stroke. This was done by
using a multiple tension force collection method, involving two experiments: one fully tethered and one
semi tethered. Another experimental method that does function to show the changing drag profile is the
assisted towing method (ATM), used by Mason and Formosa [7] [8]. The assisted towing method allows
the athlete to swim with normal technique, whilst being towed at a slightly higher swimming velocity.
The method is very similar to the VPM, although the athlete is towed towards the equipment. These
methods, in theory, would allow the investigation of how technique impacts active drag as the full drag
profile is found.

Although many of these methods provide reasonable estimations of what the value of active drag will be
during Freestyle, many limitations arise. All these methods are invasive and must have some impact on
a swimmer’s technique and many of these methods assume a constant power across experiments or the
stroke. As a result of this, it is likely that a non-invasive method could provide a better approximation
of active drag.
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2.3 Active drag computational methods

Computationally, Matt Keys[9] is one of the few researchers that have been able to run full body multi-
phase simulations of freestyle across a full stroke cycle. Keys was concerned with maximising propulsion
and minimising drag, recommending keeping feet submerged at all times and maximising acceleration at
the beginning of an arm stroke, amongst other things. Although not stated how long these simulations
took, assuming standard re-meshing is required at each time step, they can be assumed to have taken
considerable time [9]. Beyond Keys, most active drag simulations are only concerned with flutter kick
or butterfly kick. Von Loebekke et al.[10] performed some immersed boundary simulations of butterfly
kick, but focussed on vortex production rather than active drag. Von Loebekke also did not provide a
timescale for the simulations but it can be assumed, using a ghost cell immersed boundary method, time
savings were made when compared to standard remeshing procedures [10].

Some success in computationally predicting the impact on net forces by stroke rate across a stroke cycle
have been made using smoothed-particle hydrodynamcis (SPH) by Cohen and Mason [11]. The net force
of the profile appears to be reasonable, especially when compared to the computational profile of Keys
and other experimental data, such as the 1080 Sprint raw data collected by Haskins et al.[6] and the
ATM results collected by Formosa and Mason [7] [8] . There is no indication of the time requirements
in using SPH but it is assumed to be more computationally intensive than typical CFD methods.

Currently the computational resources required to run standard CFD and SPH cases are large, meaning
CFD and SPH are less frequently used in order to investigate how a swimmer’s active drag changes with
technique. Regardless of this, CFD could provide an accurate approximation to how drag changes across
a stroke cycle, due to the non invasive nature of the simulations, unlike the existing experimental active
drag methods.

2.4 Problem Statement

The main problem that must be addressed in current CFD of swimming involves reducing the com-
putational resources required in order to run these complex simulations, whilst maintaining sufficient
accuracy to enable results to inform decisions about a swimmer’s technique. The immersed boundary
method could provide a computationally less intensive method to investigate active drag. The main aim
of this paper was thus to investigate the capabilities in using the immersed boundary surface method in
OpenFOAM[12] to predict drag around complex moving body swimming simulations. This problem will
be answered using the following methods:

• Active drag experimental validation

• Complex geometry IBM - unsteady passive drag cases

• Quasi-steady IBM - basic geometry and active drag cases

2.5 Theory and Governing Equations

2.5.1 CFD

The following simulations are incompressible, governed by the continuity and momentum equations which
have been included below in Equations 1 and 2 [13].

∇ · u = 0 (1)

∂u

∂t
+∇ · (uu) = −1

ρ
∇p+∇ · (ν∇u) + S (2)
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where u is the velocity vector, p is the pressure, µ is the kinematic viscosity, and S is a general source term
for additional forcing terms, which in this case is not required. The solutions to these governing equations
are approximated using a finite-volume method (FVM), where the computational domain is divided into
volumetric cells and the governing equations are solved using appropriate numerical schemes. The version
of OpenFOAM used for solving all problems was Foam-extend-5.0, due to its immersed boundary method
capabilities. Within this paper, there are single-phase steady, unsteady, and moving body problems that
have been solved using simpleFoam,and pimpleDyMIbFoam [13].

2.5.2 Turbulence

A number of the following simulations are characterised by a high Reynolds number. Because of this,
turbulence models must be introduced to account for some of the turbulence that is prevalent in these
simulations. Throughout these simulations, the Reynolds-averaged Navier-Stokes (RANS) equations
are solved, as opposed to the standard momentum equation. The RANS equations are a result of the
Reynolds decomposition, were velocity is divided into a mean and fluctuating component. The RANS
equations are included below [13]:

∂U

∂t
+∇ · (UU) = −1

ρ

∂P

∂x
+∇ · (ν∇U)−∇ · (u′u′) (3)

∂V

∂t
+∇ · (VU) = −1

ρ

∂P

∂y
+∇ · (ν∇V )−∇ · (v′u′) (4)

∂W

∂t
+∇ · (WU) = −1

ρ

∂P

∂z
+∇ · (ν∇W )−∇ · (w′u′) (5)

where U is the mean velocity vector, u’ is the fluctuating velocity vector, U , V , and W are mean
velocity components and u′, v′, and w′ are fluctuating velocity components. During the simplification
of the time-averaged convection term, a new term with fluctuating velocities appears, known as the
Reynolds stress term. Because of this newly introduced Reynolds stress term, the RANS equations must
be closed using turbulence models, in this case the two equation k-ϵ model. The Boussinesq hypothesis
states that the Reynolds stresses are proportional to the mean deformation rates and can be described
for incompressible flow as follows [13]:

−ρu′ ⊗ u′ = −µt[∇U +∇(U)t]− 2

3
ρkI (6)

where is µt the eddy viscosity and k is the turbulent energy per unit mass [Eqn 7] [13].

k =
1

2
((u′)2 + (v′)2 + (w′)2) (7)

2.5.3 k-ϵ turbulence model

The turbulent kinetic energy, k, and the viscous dissipation rate, ϵ, are used to define the velocity and
length scales of the large scale turbulence as shown below [13]:

v = k
1
2 (8)

l =
k

3
2

ϵ
(9)
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The eddy viscosity is then described using k and ϵ, with the help of the velocity and length scales as
shown below [13]:

µt = Cρvl = ρCµ
k

3
2

ϵ
(10)

where C is a dimensionless constant. The standard k-ϵ model, developed by Launder and Spalding, uses
simplified transport equations and is included below [13] [14]:

∂ρk

∂t
+∇ · (ρkU) = ∇ · [µt

σk
∇k] + µt[∇U+∇(U)T ]∇U− ρϵ (11)

∂ρϵ

∂t
+∇ · (ρϵU) = ∇ · [µt

σϵ
∇ϵ] + C1ϵ

ϵ

k
µt[∇U+∇(U)T ]∇U− C2ϵρ

ϵ2

k
(12)

2.5.4 Wall Modelling

Wall models are used in order to model the near wall physics, allowing coarser meshes to be used in the
near wall region, dependent on the turbulence model used. The level of refinement required for a mesh
is dictated by the y+ value. When using the k-ϵ wall model, the ideal y+ value should range between
30 and 300, ideally aiming for 30 although this is not always possible. The immersed boundary method
used in Foam-Extend-5.0 has its own set of k-ϵ wall models, for each variable [13].

2.5.5 Immersed Boundary Method

The immersed boundary method, developed by Peskin to evaluate blood flow through a heart, presents
a viable methodology to solve moving body problems involving complex geometries [15]. The immersed
boundary method has a number of different methodologies, including continuous forcing approaches,
where the governing equations are edited pre-discretisation, and direct forcing, where the governing
equations are edited post-discretisation. Within the Foam-Extend branch of OpenFoam, the intial im-
plementation made use of a discrete forcing approach, namely the cut-cell method. In this method, the
boundary of the geometry will cut through a Cartesian background cell. Depending on whether the cell
centre is located in the geometry cells or the Cartesian cells will dictate if the cut cell becomes dead or
if the cut cell is absorbed by surrounding Cartesian cells. In more recent Foam-Extend updates, a new
method has been implemented, namely the immersed boundary surface method (IBSM) [13].

The IBSM works very similarly to the cut-cell approach previously discussed. An example of the IBSM
has been included in Figure 1 [13]. The main difference is that in the cut-cell approach, it is only the cells
whose cell centres are outside the geometry cells that are tagged as immersed boundary cells whereas
within the IBSM, it is all cells that have been intersected by a boundary that are tagged as immersed
boundary cells, irrespective of cell centre location. The other difference is that the cell that has been
cut is not added into a cell, but instead becomes a cell of its own. This new cell will have a new cell
centre, cell volume, face area and face centre that must be calculated, as well as a face area vector for
the cut faces and new immersed boundary face. Any cells that are now dead are removed from the
democratisation matrix, with new live cut cell data replacing the old cut cell data. This allows the
immersed boundary to be added as a body fitted boundary condition on the fluid cells, allowing for the
conventional FVM to be used, as described above [13] [16].

It must be ensured all cells are closed. For normal cells, the summation across all faces should be equal
to zero, as shown in the equation below[13]:

Σ
C
Sf = 0 (13)
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Figure 1: Passive drag geometry streamline position

A Marooney Manoeuvre is implemented for open cells, with old surface face area, Sf , corrected by a face
correction. The corrected immersed boundary face area can then be added to the summation as shown
below [13]:

SfIB = −Σ
C
γfSf (14)

2.5.6 Force Calculation

The final drag forces acting on the body are a combination of the normal pressure force and the tangential
viscous forces as shown below [17]:

Pd = Σ
i
SfρiSf , i(Pi − Pref ) + Sf,i · (µRdev) (15)

where i is the identified cell, D is the passive drag, ρ is the density of the fluid, Sf is the face area vector,
p is the pressure, µ is the dynamic viscosity, and Rdev is the deviatoric stress tensor.

3 Methodology

3.1 Active Drag Experiments

In order to validate CFD results, they must be compared to experimental results. The experimental
set-up used in order to find the active drag of an athlete was similar to the set-up used by Haskins et al,
and subsequently used by Cortesi et al [6] [18]. A thorough explanation of the experimental equipment
and set-up is included in the referenced paper, with only the key information and changes included below.
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As briefly described above, the method used by Haskins et al. made use of two separate experiments,
including one fully tethered experiment using a load cell and one semi-tethered experiment using a 1080
Sprint resistance trainer (1080 Motion, AB, Lindingo, Sweden) [19]. The fully tethered equipment allows
the propulsive force to be found across a stroke cycle, without the drag force acting as the athlete remains
stationary in the water. The semi-tethered experiment allows the propulsive force to be found, including
the drag force, as the athlete is moving through the water. The active drag can then be estimated by
resampling the drag acting on a body swimming Freestyle across a stroke cycle for each case, to ensure
consistent sampling points for both experimental conditions, and subtracting the semi-tethered data
from the fully tethered data at each sampling point of the stroke cycle. This consistent sampling enables
active drag changes across a stroke cycle to be compared across subjects, allowing averages and standard
deviations to be calculated and plotted.

As the CFD simulations discussed later in this paper were single phase, both parts of the experiment
(i.e. semi-tethered an fully-tethered trials) were completed with the swimmer completely submerged
underwater, unlike the previous study in which all trials were conducted at the water surface. This
allowed the single phase CFD to be compared with the experimental results. Ethical approval was
granted for this study by the Engineering and Physical Sciences Research Ethics Committee at Queen’s
University Belfast. In this experiment, one Swim Ireland performance athlete was used, completing each
part of the experiment twice. The athlete was instructed on each piece of equipment to hold his breath
and swim at maximum effort underwater for as long as possible before surfacing and taking a breath.
The athlete attempted to remain at an approximate water depth of 1 m, which ideally would have been
with the aid of a guide rope, but due to pool set-up was not possible. Due to the non trivial nature of
this experiment and athlete availability, the experiment could only be completed using one athlete. One
final difference in the under water experiment relative to the previous surface-based study was that the
athlete did not wear the SmartPaddles (Poolshark, Finland) force sensor equipment [20]. A diagram of
the experiment has been included below in Figure 2:

A number of assumptions were made during the experiment:

• A consistent power output is assumed for each athlete during each part of the experiment, to allow
the force values to be compared between different trials.

• A consistent technique is used by athletes during each part of the experiment, again to allow
comparison between different trials.

• The 1080 Sprint and fully-tethered experiment will have limited impact on the overall technique
of the athletes during the trials.

• It was assumed the stroke rate of the fully-tethered and semi-tethered experiment was constant for
each trial.

The method used in order to resample, process the data, and identify stroke cycles was identical to that
described in the previous study.

3.2 Unsteady Passive Drag Simulation Case

In order to investigate the reliability of the IBSM when applied to more complex geometry, simulations
of a geometry in a passive drag position were completed. Passive drag in swimming is defined as the
drag that acts around a body when in a fixed position, such as the glide position after a wall push or
a diving start. The geometry for the passive drag cases was the same geometry that will be used for
the active drag cases, developed by CodeThisLab [21]. There were some noted issues with the original
geometry that required a redesign within the animation software Blender [22]. Some parts of the body,
namely the shoulders, were prone to self intersection which could lead to errors in results. In order to
address this, the geometry was put in the best streamline position possible whilst avoiding intersection.
This geometry can be seen in Figure 3.

From this point the set-up was trivial. The cartesian mesh was set up using the blockMesh utility,
followed by snappyHexMesh to refine the mesh around the geometry. Two regions were refined around
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Figure 2: Underwater Active Drag Method

the body, an inner region and an outer region. A series of the refinement levels were investigated, namely
a coarse, medium, and fine mesh. Due to the number of cells, a fourth further refined geometry was not
possible, due to computational limitations of the available computing facilties.

After the mesh was generated, boundary conditions and initial conditions were applied. The inlet velocity
was set at 2.00 ms−1. IBSM wall models, designed for use with this method, were used for velocity, ϵ,
p, and k. The cases were decomposed in order to allow for parallelisation of the problem, allowing the
problem to be solved more quickly. In the set-up of numerical schemes, the time scheme was selected
as Euler, with the gradient schemes set to linear, divergence schemes largely set to upwind, and the
Laplacian scheme set to linear. Tolerances for k, ϵ, and U were set as 1x10−6 and the tolerance for p
was set at 1x108.

After decomposition, a potential flow initialiser is used, providing a more accurate initial condition for the
simulations, improving subsequent convergence. After this, to further improve the chance of convergence
in unsteady simulations, a simpleFoam case was run on the geometry for 1000 iterations. From this point
the unsteady immersed boundary solver within OpenFOAM was used, namely pimpleDyMIbFoam.
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Figure 3: Passive drag geometry streamline position

Table 1: Cell counts used for each mesh refinement level
Mesh Refinement Level Cell Count
Coarse 1,097,084
Medium 7,442,290
Fine 57,573,014

3.3 Quasi-Steady Active Drag Simulation Cases

Initially, it was hoped that active drag could be found using a novel add-on moving body immersed
boundary surface method. Due to some simulation errors and time constraints it has not been possible
to include results of this kind. A workaround to the moving body cases was developed, namely a quasi-
steady approach. A quasi-steady approach is similar to a stop motion simulation, with the first position
run as a typical simulation. The order of solver used on the first position was potentialFoam followed
by simpleFoam and then pimpleDyMIbFoam. Following completion of the first simulation, the intial
conditions of position 2 are set based on the final pimpleDyMIbFoam results of position 1. Position 3
initial conditions are set using only the final pimpleDyMIbFoam results from position 2 and the pattern
repeats itself until all positions have undergone a pimpleDyMIbFoam simulation. This is shown by Figure
4.

In order to first test this method, some primitive geometry cases were run, namely 2D cylinders and 3D
spheres. These cylinders and spheres were moved across a distance of 1 m in the x direction, with 101
keyframes describing the motion, i.e. 1 keyframe equal to moving 0.01 m. An image of the cylinder is
included below in Figure 5

From this point the set-up was trivial. The cartesian mesh was set up using the blockMesh utility,
followed by snappyHexMesh to refine the mesh around the geometry and around the area that the
geometry will move into. A series of the refinement levels were investigated, a coarse, medium and fine
mesh as displayed in 1. Due to the number of cells, a fourth further refined geometry was not possible,
due to computational limitations.

The inlet velocity was set at 1.00ms. IBSM wall models, designed for use with this method, were used
for velocity, ϵ, p and k. The cases were decomposed in order to allow for parallelisation of the problem,
allowing the problem to be solved more quickly. In the set-up of numerical schemes, the time scheme
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Figure 4: Work flow for quasi-steady approach

Figure 5: 2D Cylinder Geometry

10



 ICCFD12

Twelfth International Conference on
Computational Fluid Dynamics (ICCFD12),
Kobe, Japan, July 14-19, 2024

Figure 6: Standard Technique Key Positions

was selected as Euler, with the gradient schemes set to linear, divergence schemes largely set to upwind
and the laplacian scheme set to linear. Tolerances for k, ϵ, and U were set as 1x10−6 and the tolerance
for p was set at 1x108.

After decomposition, a potential flow initialiser is used, providing a more accurate initial condition for the
simulations, improving subsequent convergence. After this, to further improve the chance of convergence
in unsteady simulations, a simpleFoam case was run on the geometry for 1000 iterations. From this point
the unsteady immersed boundary solver within openFoam was used, namely pimpleDyMIbFoam. The
timestep size was set at 0.001 with simulations allowed to run for 100 iterations. After 100 iterations,
results for force had reasonably converged meaning further iterations were not required.

After the basic geometry cases, a very similar set-up was used in order to try and predict the active drag
of a swimmer. In this case the same set-up was used except, instead of the keyframes used to depict the
motion of a cylinder or sphere, 161 keyframes depicting a full freestyle stroke cycle were used to desribe
the motion of the swimmer. A diagram of some of the key positions can be seen in Figure 6.

Beyond the geometry, the set-up was exactly the same with the exception that the inlet velocity was set
to 2.00 ms−1.

3.3.1 Varying Velocity

In reality, a swimmer’s velocity varies during a full stroke. In order to run varying velocity simulations,
more reflective of the changing values seen in real swimming, velocity data collected from the 1080 Sprint
resistance trainer during the active drag experiment for a full Freestyle stroke cycle was resampled for the
161 timesteps used for the keyframes depicting the swimmer’s motion (Figure 7). However, the quasi-
steady approach employed for the constant velocity case was not directly applicable to a continuously
varying velocity case.

In order to consider the variation of velocity, the inlet velocity must continue to change throughout each
timestep. Since the quasi-steady approach solves each timestep as a constant velocity case, the final
timestep of a given keyframe cannot be used as an initial value for the next keyframe. This means, in
the varying velocity case, that time history effects from a previous position can not be included when
applying the quasi-steady workflow described in Figure 4. A workaround to this issue was to simulate
all variable velocity timesteps as independent cases, effectively ignoring the time history, by using the
same protocol as the first timestep for all keyframes, i.e. running potentialFoam, simpleFoam, and
then pimpleDyMIbFoam for each of the 161 positions (as opposed to just pimpleDyMIbFoam with the
previous keyframe’s final state as input for the second and later timesteps, as done in the constant
velocity quasi-steady cases).

Before running a variable velocity case, a comparison of results between a quasi-steady case including
time history between keyframes and the proposed workaround using independent simulations running
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Figure 7: Velocity variation across a stroke cycle

potentialFoam, simpleFoam and pimpleDyMIbFoam method must be completed. This was achieved by
comparing results of both approaches for a constant velocity case. This was completed at a velocity
of 2.00 ms−1, as this aligned more closely with studies from the literature and with the surface-based
experimental results. The simulations will be rerun at 0.93 ms−1, the average underwater velocity, in
the near future.

Results show close alignment for both the trend and the values (Figure 8). The case where time history is
considered has slightly higher values of drag, which is expected as it is likely that flow from the previous
position will have an impact on the results in the current position. The difference in results appears to
vary between positions, indicating some positions will have a greater impact than others on the drag at
a future time. This could be down to the movement of flow around a geometry, implying that LES could
be a valuable asset in understanding the differences in the flow patterns, due to its increased performance
at resolving the large eddies in the flow. Importantly, as the results are not vastly different, results show
that simulations that do not include time history, as proposed for the varying velocity workflow, can be
useful first approximations of active drag.

One further limitation of both the quasi-steady and varying velocity cases is the absence of the inertial
forces caused by the acceleration and deceleration of surrounding fluid.

3.4 Impact of Swimming Technique

One of the main considerations in this paper was to investigate the impact of changes in swimming
technique on active drag profile. For reasons discussed in the results, investigating these technique
changes was completed using the variable velocity approach outlined in Section 3.3.1. There were two
main technique changes that were investigated, namely breathing and kick rate.

Starting with breathing, the standard animation used up to this point did not include the animation of
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Figure 8: Quasi-steady time history vs no time history

Figure 9: Key positions with swimmer taking breath.

a breath. As such, using Blender, an animation was created in which the swimmer takes a breath to his
right side [22]. This is in line with the technical description given at the start of the paper. The second
technique change involved changing the kick rate from a standard six-beat kick to a two-beat kick. Due
to some issues in deforming the geometry, some minor simplifications to the motion were required to
avoid self-intersections and excessive distortion in the mesh. Diagrams of these technique changes for
some key positions are included below in Figure 9 and Figure 10 respectively.

4 Results and Discussion

4.1 Active Drag Experiment

Active drag forces were measured using the same method as Haskins et al. [6], as stated previously. The
mean profile of the measured active drag force over a full stroke (Figure 11) appears reasonable, with
two clear peaks and the magnitude of each of the peaks between 200-250 N. It is noted that there are
some below-zero values of drag, possibly due to a limitation of the method. The profile of the active drag
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Figure 10: Key positions with two-beat kick.

Figure 11: Underwater active drag results
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Table 2: Pressure, friction, and total drag forces predicted by unsteady simulations for each mesh
refinement level
Mesh Refinement Level Pressure Drag Force (N) Friction Drag Force (N) Total Drag Force (N)
Coarse 153.2 10.9 164.1
Medium 117.7 14.3 132.0
Fine 104.1 16.4 120.5

force appears similar to the general profiles discussed by Haskins et al, with the peak forces marginally
lower than those reported for surface-based swimming [6]. This is likely due to the difference in velocity
caused by swimming solely underwater, which in this case was 0.93 ms−1. In general, there is likely to
be more drag experienced whilst swimming completely underwater than on the surface, provided the
velocity of both trials was constant. Although there is no wave drag generated at a distance of between
0.6-0.8 m below the surface, the recovery of the arm through the fluid flow will increase the experienced
drag substantially. The measured active drag also appears reasonable when compared to the ATM work
of Formosa, with profiles appearing reasonably similarly, although Formosa certainly has more detailed
fluctuations contained within the peaks [8]. Drag results collected by Formosa are again larger in the
majority of cases, likely due to the velocities used, which appear to vary from approximately 1.7 to 1.9
ms−1 [8].

A number of limitations do exist within the experimental method. It can be difficult to exactly match
the positions of each stroke between two different experiments, which is why it is suggested that a
synchronised camera set-up could help minimise the errors introduced. Other limitations of this method
will include the fact that asking a swimmer to attempt to swim with usual technique underwater is
challenging, especially with regards to recovering the arms, and results will likely be impacted by this
fact. The experiment was only completed on one athlete, meaning it is not possible to compare this profile
to other similar profiles. This was simply due to athlete availability on the day and the challenging nature
of what was being asked. Regardless of the challenges, the experiment did provide a result that can be
used to compare to active drag CFD results.

4.2 Unsteady Passive Drag Simulations

The predicted drag forces for the unsteady passive drag simulations are included below in Table 2 and,
although reasonable, do not appear to have reached a final state of convergence with respect to mesh
refinement.

A thorough convergence study was completed using both a Grid Convergence Index (GCI) method and
Richardson extrapolation [23]. The approximate order of the simulations is 1.46, which rounds down
to the actual order of simulations being 1.00. Using a Richardson expansion, a value of 113.9 N was
estimated for an infinitely small grid size. The percentage difference between the actual finest result and
the perfect result is 5.45%, indicating results are reasonable. Finding a grid convergence index between
the most coarse and medium mesh and the medium mesh and finest mesh results in values of 17.4% and
6.8% respectively [23], demonstrating that the simulations are converging with increasing refinement.

When compared to existing literature, passive drag results were over-predictive. Both Zaidi et al and
Bixler et al estimated values of passive drag at 2 ms−1 to be approximately 55 N [24, 25]. Differences
are likely caused by differences in position of the geometry: both Zaidi and Bixler had geometries in
a position more reflective of a streamline position in swimming, with the arms tucked tighter by the
head. This will likely have reduced the surface area and, as a result, the drag. In the geometry used
for the current study, the less tight streamline will result in a higher surface area and hence a higher
value of passive drag. When compared to a more similar position, namely the work of Zahn [26], results
are significantly closer, with Zahn reporting a passive drag value of approximately 115 N. This suggests
that simulations are reasonably accurate for complex shapes, provided overall pose is approximated well.
These results, in combination with the mesh refinement study, demonstrate that the immersed boundary
surface method can be applied to complex shapes successfully.
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Figure 12: Predicted drag coefficient for cylinder translating underwater.

4.3 Quasi-steady Simulations

4.3.1 2D Translating Cylinder

Predictions for drag coefficient of a 2D translating cylinder (Figure 12) are under-predictive when com-
pared to existing literature: predicted drag coefficient for the fine case was approx. 0.18 and whereas
the expected drag coefficient was approx. 1.10 [27]. There is clearly some form of divergence occurring
with the coase and medium mesh cases that will need further investigation. Based on previous work,
when predicting results around a 2D bluff body, the k-omega method has been shown to provide better
results and as such, may be worth investigating. The k-ϵ model was used in these validation simulations
as this was the turbulence model that would be used in the active drag simulations, due to the coarser
grid requirements.

4.3.2 Active Drag during Underwater Swimming

The quasi-steady simulations predicted active drag for the full stroke cycle for both coarse and medium
mesh refinement levels (Figure 13), although some difficulties were noted. When the first coarse simu-
lation was run, results appeared to fluctuate quite heavily, although there were some stand-out peaks
that appeared to be of a similar magnitude to the experimental measurements. However, beyond the
result magnitude, there were no further similarities in the shape of the quasi steady results and the ex-
perimental results. Initially, it was thought to be a refinement issue, with the Cartesian grid thought to
be too coarse to pick up the details of the swimmer geometry, meaning results were not being calculated
accurately around each detail of the geometry.
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Figure 13: Quasi-steady predictions of active drag force during underwater swimming for coarse and
medium meshes.

Upon trying to run a medium level mesh case, results were almost unusable, with a number of key frames
diverging and predicted magnitudes far greater than expected. It was thought that the mesh geometry
itself was likely the issue as the simulations were first order, which should be stable, and had worked
well for a complex passive drag case. It is possible that the cells on the geometry were resulting in the
formation of highly skewed immersed boundary cells that would impact how variables were projected onto
the cell faces, potentially leading to divergence. As such, the geometry was imported to MeshLab and
each position was both coarsened and refined to visualise the impact on the results [28]. The simulation
was repeated using the coarser swimming geometry, failing almost immediately, and the more refined
swimming geometry, working better on the medium background mesh.

Results for the medium quasi-steady approach were more reasonable when compared to the active drag
experimental results than those for the constant velocity simulations (which did not capture the two main
peaks within the stroke — compare predicted force for a constant velocity in Figure 8 to the measured
forces in Figure 11), demonstrating the importance of incorporating the subject-specific velocity profile
within the simulation. Results for the coarse case were unchanged, likely due to the same Cartesian mesh
being used with some geometry details again ignored. Results clearly show some general trends for the
medium cases that are present in the underwater experimental method. Certainly it can be seen there
are trends that resemble the identifiable peaks, although more peaks are present in the computational
cases when compared to the experimental cases. It is noted that computationally predicted magnitudes
of active drag were larger compared to the experimental results, likely due to the fact the CFD was run
at a fixed velocity of 2 ms−1 for all positions, whereas average experimental velocity was 0.93 ms−1.

When the Cartesian mesh was refined to a fine mesh, simulations appeared to fail for the same reasons
as stated when moving from a coarse to medium mesh with the original geometry. Results appeared
to diverge across a large number of positions and further refining the geometry to fix this would have
resulted in too many cells on the geometry, which could lead to further issues like Blender crashing or
ParaView hanging [29]. A possible workaround is to reposition some problem positions to try and reduced
the risk of failure by avoiding sharp angles, overlapping geometry, and tight corners. This workaround is
incredibly time consuming and requires constant observation. These non ideal geometry issues are likely
due to the fact that the original model is developed for animation and not research, meaning there is
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Figure 14: Varying velocity coarse and medium mesh

possibly excessive detail in the model that can lead to the aforementioned issues. Other solutions would
be to reanimate a new geometry more accurately with less surface detail, although from experience, there
is a fine balance between ease of animation and detail required to animate. As model detail decreases,
it becomes increasingly difficult to successfully animate realistic motions.

An alternative method to address these complex issues may be to use a different version of the immersed
boundary method. A continuous forcing approach applies the immersed boundary as an additional
term in the momentum equations, before discretisation. A force acting on the immersed boundary can
be multiplied by the Dirac delta function, which is equal to 1 at an immersed boundary [13]. The
Lagrangian immersed boundary usually does not align with the Eulerian background mesh, meaning the
sharp impulse function is then applied to the boundary and the neighbouring cells, helping to smooth
the distribution. Although this is mainly for elastic boundaries, lower Reynolds number rigid body
extensions exist. Significant amounts of further investigation would be required however [13].

Based on the reasoning of the time history compared to the no time history case, the varying velocity
simulation approach, as described in Section 3.3.1, was applied to the same coarse and medium meshes
as used for the unsteady case to predict the active drag force for the varying velocity profile measured
in the active drag experiment (Figure 14). The general shape of Figure 14 is similar to Figure 11 in
that there are two identifiable main peaks for both coarse and medium refinements, although the CFD
results contain numerous additional oscillations. The general magnitude of the active drag forces across
the stroke cycle are also more appropriate when varying velocity is included compared to the underwater
active drag measurements, although are still under-predictive. Reasons for the difference in drag force
may be due to the inertial forces arising from added mass of accelerating and decelerating regions of fluid
being ignored. This will have a substantial impact on not only the profile but the magnitude of active
drag, especially for a single-phase submerged swimmer simulation.

Results also differ from the work of Formosa et al [8] and Haskins et al [6], as the experimental measure-
ments in those studies were completed on the surface. Nevertheless, common themes have been identified
in the general trend when compared to both of those studies. Finally, as noted already, there are more
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Figure 15: Active drag with technique changes

fluctuations in the CFD predictions than in the underwater active drag experimental measurements,
likely due to the sudden change in position, but this would need further investigation.

4.3.3 Impact of Technique Changes

The change in technique was investigated using a medium grid refinement, as a fine grid simulation was
not successfully run. The results of the changing technique are included in Figure 15. Results appear
reasonable in terms of magnitude, although they are again relatively low compared with the experimental
measurements, which may be caused by not solving for the inertial forces. It is also evident that there is
not much difference in the results between each technique change. There is some difference between the
forces of the different kick rates, although it is mostly small, apart from a few specific regions (e.g. at
approximately 60% of the stroke). This could indicate that changing the kick rate is a relatively minor
technical change, assuming the kick strength remains constant, that results in very little change in drag.
Apart from some changes in the peaks between 40–50% of the stroke, breathing did not noticeably affect
the predicted drag. The breathing position sees very little change to the technique beyond a slight head
tilt, so it may make sense that the profile is almost identical to the 6 beat kick with no breath.

There could be a number of reasons for the similar profiles, including the fact that the mesh is not
particularly fine and, as a result of this, each technique change may not be accounted for accurately
by the mesh size. Further to this, accounting for the drag caused by recovering the arm under the
water could cause over-prediction for large parts of the the profile which could overwhelm differences
due to the technique changes. As noted already, there are some increased fluctuations in each result,
especially in the breathing result, likely indicative of the geometry issues interacting with the Cartesian
mesh refinement level discussed earlier.
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5 Conclusion and Future Work

5.1 Conclusions

The immersed boundary surface method in Foam-Extend was demonstrated as a promising method to
explore active drag forces during swimming. While there were issues with robustness of the immersed
boundary surface method with respect to the quality and refinement of the body mesh, as well as the
background Cartesian mesh, the approach was demonstrated to be capable of handling very complex
geometries. It is possible that some different immersed boundary methods, such as a continuous forcing
approach, could provide reasonable results, although this would need further investigation. Beyond this,
there are a number of conclusions that can be drawn from each section of the work as follows:

5.1.1 Active Drag Experiment Conclusions

The active drag underwater experiment allowed for further validation of the methodology. The general
trend in measured drag forces was similar to both literature and previous surface-based experiments
conducted by the authors, although there were some evident differences caused by swimming solely
underwater. It is recommended this active drag methodology be completed on the surface, as completed
in the original publication [6]. It is also recommended that more than one swimmer should be used
during this experiment for future comparison of single-phase active drag cases.

5.1.2 Passive Drag Simulation Conclusions

Predictions of passive drag force during underwater towing followed similar trends compared to the appro-
priate literature and measured forces during underwater towing, implying that the immersed boundary
method is a useful tool for predicting drag around complex shapes. The mesh refinement study high-
lighted the importance of determining appropriate refinement levels for both moving body and back-
ground fluid meshes. It is therefore recommended that, when using the immersed boundary method,
some significant time must be given to obtaining an accurate and robust geometry, allowing for further
improvements in predicted drag results.

5.1.3 Quasi-steady Simulation Conclusions

Predictions for drag coefficient acting around a cylinder are mixed, with only the fine case being rea-
sonable. It is likely that there have been some errors introduced in the results, potentially due to case
set-up, that will need further investigation.

A key finding from the quasi-steady simulations of active drag was that incorporating the subject-specific
velocity profile from the experiment was essential when trying to match the general profile of active drag
force during a full stroke. However, this required the quasi-steady solution procedure to be modified (by
treating each timestep as an independent analysis, effectively ignoring the simulation’s time history) as
it was not possible to use the converged results from a different fluid velocity in a prior step as the initial
condition for a given fluid velocity of the next step. Fortunately, based on the time history comparison
test, it was shown that neglecting time history is viable in order to consider a varying velocity case.
Issues with the relative refinement between the moving body mesh and background fluid mesh indicate
again that some significant time must be given to obtaining an accurate geometry, allowing for further
improvements in predicted drag forces. Improvements to the geometry would also likely allow for finer
background mesh analysis, as would be required for a grid convergence study. It is also recommended to
make an attempt in accounting for the added mass impact experienced during these simulations, which
would likely improve the accuracy of results. Results do however show that the IBSM is a useful method
in predicting drag forces.
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5.1.4 Technique Change Simulation Conclusions

The differences in drag profile appear minimal when considering various technique changes in freestyle
swimming. There are some small differences existing when comparing 2 beat and 6 beat kick, potentially
as the body position is being impacted more than when breathing, although this would need further
investigation. It is recommended that a finer mesh and grid convergence study are completed, with
changes in profile likely more visible using a finer background mesh. Again, it is recommended that some
significant time must be given to obtaining an accurate geometry, allowing for further improvements in
predicted drag forces.

5.2 Future Work

In the future one of the main aims would be to address the immediate geometry concerns, hopefully al-
lowing for more robust moving body solutions to the simulations. One such method could be combining
3D scanning of a swimmer’s geometry with measured 3D kinematic data of the same person to make a
more realistically animated swimming model. Further work could involve integrating an overset mesh
within the immersed boundary method, allowing for further mesh size reduction. This could be quite
complex, due to the complex 3D motions, especially around the arms. One final piece of further work
would involve incorporating the multi-phase aspect of these simulations, as a necessity to improve the
active drag results for surface-based swimming. With these problems addressed, results could be more
robust and realistic, allowing for investigation of other swimming disciplines, namely Backstroke, Breast-
stroke, and Butterfly. This would allow further investigation of the viability of the immersed boundary
surface method as a useful and robust CFD tool for complex problems.
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