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Abstract̶ In swimming, it has been shown experimentally

that the arm rotation induce significant axial flow along the

arm toward the hand, which acts favorably on propulsion (Tou-

ssaint et al., 2002). The purpose of this paper is then to nu-

merical study the role of the axial flow on the propulsion of the

hand and the forearm from a simple rotational movement. This

study is based on unsteady RANS methodology (Samson et

al., 2017). A comparison was made between two simulations

in translation and rotation conditions. Velocities and depths

of the hand were chosen so as to approach the actual condi-

tions of swimming: the hand velocity is equal to 2.5 m ･ s-1,

and rotational velocity is equal to 5 rad ･ s-1. Pressure, force

and the spatio-temporal evolution of the vortices were used to

the analysis. The results of the velocity fields of the flow show

the presence of the axial flow along the hand and forearm in

rotational configuration, but not in translation. The dynamic

pressure gradients between the dorsal side of the hand and

the elbow are higher in the rotational configuration (close to

2500 Pa) than in translation (close to 0 Pa). The hydrody-

namic forces applied to the hand are greater in rotation than

in translation (43 N vs 37 N respectively). At the beginning

of the movement, two vortices are present all along the suc-

tion surface of the forearm and hand (a leading edge vortex

on the little finger side and a trailing edge vortex on the thumb

side). Next, these structures detach and are shedded into the

wake. In both configurations, due to an accumulation of vor-

ticity, a complex entanglement of vortex structures appears on

the dorsal side of the hand. In the rotating configuration, there

is more vortices on the dorsal side of the hand relative to the

translation configuration. This can be explained by both the

effect of the axial flow which translates the vorticity towards

the fingertip, and at the same time the effect of the tip vortex

at the fingertip which prevents the release of this vorticity (Von

Ellenrieder et al., 2003).

Key words: axial flow, URANS methodology, CFD, pressure,

vortices

1. Introduction

The propulsion in swimming is carried out essentially

by the hands and the forearms (Maglischo, 2003; Takagi

and Sanders, 2002). The cyclic action of these segments

generates an unsteady flow which, by the principle of

reciprocal actions (Newton’s 3rd law) acts on the body

surfaces. These actions are done through inertial effects

(which act on the pressure component perpendicularly

to the wall) and viscous effects (which act on the friction

component tangentially to the wall).

Currently, the study of flow is carried out increas-

ingly from an unsteady approach (Takagi et al., 2016).

The studies are mainly made from experimental or nu-

merical methods. The main tools of analysis are the pres-

sure sensors (Kudo et al., 2010; Tsunokawa et al., 2018),

either through Particle Image Velocimetry method (PIV,

Takagi et al., 2014; Samson et al., 2015a) or by Compu-

tational fluid dynamics (CFD, Bixler and Riewald 2002;

Samson et 2017). The present study is in a numerical

approach to the flow. These different studies have shown

a number of unsteady effects, including axial flow (Tous-

saint et al., 2002). This flow is generated by the incident

velocity gradient along the arm (velocity differences be-

tween the shoulder (axis of rotation) and the hand (end of

the segment)). These authors had experimentally shown

that this axial flow acts favourably on propulsion by cre-

ating a pressure gradient between the elbow and the top

of the hand.

However, this unsteady effect has been few studied in

swimming (only one study to our knowledge, Toussaint

et al., 2002). But this three-dimensional effect is very

studied in the aquatic or aerial animal context (Ellington

et al., 1996, Jardin and David, 2014, 2015), because its

role is essential in the locomotion.

Thus, in order to discuss the role of the axial flow

generated by the rotation of the arm in swimming, a

numerical simulation has been carried out. This CFD

study will compare the flow generated along the hand

and the forearm in two configurations: one in transla-
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tion and one in rotation. The goal is to better understand

the role of axial flow along the hand and forearm in the

propulsive mechanisms in swimming, notably from the

analysis of the vortices structures.

2. Method

2.1 Numerical model

The numerical simulation was carried out using the

URANS (Unsteady Reynolds Averaged Navier-Stokes)

methodology, with moving mesh method in free sur-

face condition (Samson et al., 2017). The governing

equations are three-dimensional incompressible Navier-

Stokes equations, and spatial discretization is based on

a finite-volume method on unstructured meshes. The

unsteady RANS equations were closed by a turbulence

model (k-ω SST) and numerical simulations have been

carried out with the STAR-CCM+® software.

An overset mesh method is employed in order to

simulate the movements of the hand-forearm segment.

The computational mesh created for the “overset re-

gion” (sphere of 1m in diameter containing 820,000

cells) around the hand-forearm moves in the fixed “back-

ground mesh” (parallelepiped 5m x 3m x 1m, containing

280,000 cells) in accordance with a stroke path. Two

inlet boundaries were defined. A first, vertical, com-

posed of an air/water in variable composition (managed

by a field function), the input velocity is equal to 0 m

･ s-1 for reproducing the condition of a fluid at rest.

The second (top surface) consists only of air. An outlet

boundary (in pressure condition) is composed of an air/

water varying in composition to ensure the conservation

equations. Both sides of the volume are defined as a

symmetry plane. The hand and forearm segment (of an

expert swimmer) were scanned and digitized by a Mi-

nolta VI-900 scanner and imported in STL-file format

(STereoLithography). The length of the hand is equal

to 0.20 m, the width is equal to 0.10 m, and the length

of the forearm is equal to 0.32 m. The projected area of

hand and forearm are respectively 0.018 m2 and 0.037

m2.

The velocity of the hand-forearm segment is ex-

pressed in a fixed pool-centric reference system (Fig.1):

(X0, Y0, Z0) where X0-axis is the backward direction,

Z0-axis is the vertical upward direction and Y0-axis is

perpendicular to X0. A local reference system has been

defined: (X, Y, Z) linked to the hand. X is the axis which

passed through finger tip (FT) and W (wrist) which is

the middle of [RS, US] segment (RS: radial styloid, US:

ulnar styloid). Z was perpendicular to the (X, RS-US)

plane and Y was perpendicular to X and Z (Monnet et

al., 2014).

2.2 Kinematics of the hand-forearm stroke move-

ment

Two simulations were carried out: one in translation and

one in rotation (Fig. 1). For both simulations, the move-

ment involves moving from rest to a constant velocity

during 0.8 second: Vsegment = 2.5 m ･ s-1 for the trans-

lation and ΩY= 5 rad ･ s-1 for the rotation (in order to

obtain in rotation a velocity of the hand close to that ob-

tained in translation). Velocities and depths of the hand

were chosen so as to approach the actual conditions of

swimming (elbows depth is 0.2 m). Angle of attack is

close to 60° (with the little finger as the leading edge),

which is the average measured during the insweep phase

(Samson et al., 2015b). Angle of attack is defined as

the angle between the velocity vector of the hand and its

projection onto the plane of the hand (X, Y).

2.3 Calculation of dynamic pressure and force of the

hand

2.3.1 Dynamic pressure

We chose to calculate the dynamic pressure because the

rotational configuration induces variations of hydrostatic

pressure over time for a same point of the segment, which

is not the case in translation. This will allow to analyse

only the hydrodynamic effects due to flow. Dynamic

pressure (Pd) is calculated by subtracting the hydrostatic

pressure to the total pressure in order to overcome the

effect of the water depth.

Withρ is the density of the fluid and V is the local

flow velocity,

2.3.2 Hydrodynamic forces

Hydrodynamic forces depend directly on the flow of wa-

ter on the swimmer. They represent the action, over

the entire body surface, of the inertial and viscous ef-

fects of the flowing fluid. Inertial effects act on the

pressure component (perpendicular to the wall) and the

viscous effects on the friction component (tangential to

the wall). The hydrodynamic force (Fh) is the integral

of these components over the entire studied surface:

τ is the tensor of viscous stresses and accounts for

the viscous effects of fluid on body segments. τ is equal
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Fig. 1 Representation of the movement of hand-forearm segment in both configurations: in translation (at left) and in rotation

(at right).

to:

With μ the dynamic viscosity. Pd is the dynamic

pressure (Eq. 1) and n is the normal vector for each sur-

face element dS. The norm of the hydrodynamic force

will be calculated in order to compare the effects of the

flow in the segment in translation and rotation configu-

rations.

2.4 Flow visualisation and vortex structure identifi-

cation

Propulsive mechanisms are related with unsteady behav-

ior of vortices (Matsuuchi, 2009). Q criterion and vor-

ticity were chosen to study the spatio-temporal evolution

of the vortex structures (Samson et al., 2017). Vorticity

is defined as the rotational of the velocity, which ex-

presses the trend of the field lines of a vector field to

rotate around a point. Moreover, a positive Q criterion

value characterises a vortex structure. Vorticity is used

in complement of Q criterion in order to qualify the

vortex intensity.

3. Results

3.1 Velocity fields

Figure 2 shows that the axial flow is present in the rota-

tional configuration (Fig. 2b), unlike that in translation

(Fig. 2a).

3.2 Dynamic pressure and hydrodynamic force act-

ing on the hand

In Figure 3a, we see that the dynamic pressures calcu-

lated of a point on the palm of hand (grey and black

dotted lines respectively in rotation and in translation)

are very close (about 2500 Pa). This confirms the good

proximity between the local velocity with respect to the

hand: the flow of water that arrives on the hand is at a

close velocity, the dynamic pressure is therefore close

(Eq. (1)).

Figure 3a shows that the dynamic pressure gradients

between the dorsal side of the back of the hand and the

elbow are higher in the rotational configuration (close to

2500 Pa, the grey solid line) than in translation (close

to 0 Pa, the black solid line). Moreover, the average hy-

drodynamic forces applied to the hand are greater than

in translation (about 15%, 43 N vs 37 N respectively,

Figure 3b).

4. Discussion

It appears that the rotation of the arm induces an axial

flow which generates a pressure gradient from the elbow

to the back of the hand. This result is in agreement with

that of obtained by Toussaint et al., in 2002., and referred

to as “pumped-up propulsion” term. In order to better

understand this occurred, a study of the spatial and tem-

poral evolution of vortex structures is carried out (Figure

4). The twelve left-hand figures show the vortices struc-

tures in translation, in front and lateral sides, at different

times. The twelve right-hand figures show the evolution

of vortex over time in the rotating configuration for the

two same point of views.

At t = 0.05 s, two counter-rotating vortices are

present all along the back of the forearm and hand

(TEV1
trans, LEV1

transand TEV1
rot, LEV1

rot, Figure 4). At t =

0.15 s, these structures detach and are shedded into the

wake. These detachments are more amplified in trans-

lation configuration than rotation configuration. They

occur all along the segment in translation and rather

at the level of the hand in rotation. It also appears in
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Fig. 2 Visualization of the fluid velocity fields in the hand reference system (X, Y, Z): (a) in translation, (b) in rotation, at t =

0.4 s.

Fig. 3 Comparison of the dynamic pressure (a) and the hydrodynamic forces (b) to the surface of the hand, between the

translational (black curves) and rotational (grey curves) configurations.

translation a tip vortex (TVtrans) at the fingertip, and a tip

vortex in rotation (TVrot, at t = 0.25 s). From t = 0.25 s,

two new structures begin to appear in each configuration:

TEV2
trans, LEV2

transand TEV2
rot, LEV2

rot. These structures

evolve in translation in rings structure from the elbow

to the hand (The TV merge with the TEV, notably in

rotation). In translation, the formation at the elbow is

essentially due to a tip body, which in reality does not

exist since there is normally a joint at the elbow. In

both configurations, due to an accumulation of vorticity,

a complex entanglement of vortex structures appears on

the dorsal side of the hand. From t = 0.35 s in the rotat-

ing configuration, there is the presence of more vortices

on the dorsal side of the hand relative to the translation

configuration. This can be explained by both the effect

of the axial flow which translates the vorticity towards

the fingertip, and at the same time the effect of the tip

vortex at the fingertip which prevents the evacuation of

this vorticity.

Thus, in rotation configuration, the vorticity tends

to build up on the dorsal side of the hand, and saturate

to finally lead to a “bursting” phenomenon (Jardin and

David 2015). In contrast, in the translation configura-

tion, there is no axial flow: the vorticity is more easily

evacuated throughout the forearm with less accumula-

tion at the hand. According Ramasamy et al. (2005)

for high Reynolds numbers (as is the case in swimming,

Samson et al., 2015b), the preponderance of inertial

forces relative to viscous forces probably affects the bal-

ance between the formation rate of the LEV and the axial

flow so that the stability of the flow is not ensured. The

high Reynolds number then would explain this “burst”

phenomenon of vortex structures identified on the dorsal

side of the hand. This accumulation of vorticity on the

back of the hand would be one of the main causes of the

pressure gradient along the direction of the arm.
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Fig. 4 Comparisons of vortices, in translation (left pictures) and rotation (right pictures) configurations, on the hand and

forearm, from t = 0.05 s to t = 0.55 s.

5. Conclusion

The rotation of the arm is thus a movement favorable

to the generation of hydrodynamic forces: the vorticity,

translated by the axial flow along the forearm accumu-

lates on the back of the hand and creates a pressure

gradient from elbow towards the fingertip. This rota-

tional movement is particularly present in the first part

of the aquatic path between the end of the stretch phase

and the beginning of the insweep. This rotation creates

an axial flow which must play an important role in the

propulsion. This rotational movement around the elbow

is therefore to be taught very early with young swim-
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mers, and in particular by an elongation of the arm and a

positioning of the elbow placed high as early as possible

in the beginning of the aquatic stroke.
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