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Abstract

The global annual death toll due to drowning is of the order of 10°. Rescue and search
operations in urban rivers show a low rate of success. Operational computational drift
models have been developed for marine environments but not for the case of river drown-
ing. In the latter case, no scale separation occurs between the body and flow length scales.
To model them, three hydrodynamic force coefficients of representative bodies, such as
drag, side and lift coefficients, are needed. So far, their value was not characterized for
the typical positioning of the body of a drowning victim. In this work, we used full-scale
laboratory experiments to identify the range of value of these hydrodynamic coefficients
based on 249 tests conducted in a wind tunnel. Observations in the air can be transferred to
water environment thanks to flow similarity. For the typical body positioning of a drown-
ing victim, the drag coefficient was found to vary in the range 0.5-1.2. Changing the yaw
angle of the body, induces variations in the drag coefficient by about 50%. Considering
loose clothes instead of tight clothes leads to an increase in the drag coefficient by about
30%, whereas adding a backpack has a limited influence (less than 5%). With the available
experimental setup, it has been difficult to detect distinctive patterns and trends for the side
and lift coefficients. This study is part of a multidisciplinary effort for developing scientific
knowledge and technologies contributing to a reduction of drowning-induced fatalities in
rivers.
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1 Introduction
1.1 Context

Worldwide, unintentional drowning claims a total of nearly 400,000 lives every year
(WHO 2014), and drowning is among the main causes of death of young people (Ung
et al. 2019). Climate change increases the risk of drowning, as hydro-meteorological
extremes are becoming more frequent (Parks et al. 2020). Both floods and heatwaves
cause drowning accidents. In urban rivers, heatwaves trigger a rise in (unauthorized)
bathing activities, hence also in accidental drowning. Recent urban planning policies
promoting the use of riverbanks for their amenities (cooler atmosphere, scenic views,
safe paths for walking and cycling) make it particularly timely to address the issue of
drowning in urban rivers. Compared to drowning in swimming pools or at the seaside,
the chance of survival after river drowning is two to three times lower (Byard 2017).

Causes of drowning in urban rivers are numerous, including bathing, traffic acci-
dents, influence of drugs or alcohol, and suicidal or criminal acts (e.g., Kringsholm et al.
2001). Reducing the number of fatalities due to drowning requires a holistic approach
combining epidemiological studies, prevention measures (education, rising risk aware-
ness, fences, bathing surveillance or bans), improved resuscitation techniques and medi-
cal treatment (Bierens 2006), as well as a better preparation for rescue and search opera-
tions. Compared to the case of lakes or pools, body search operations in urban rivers
are particularly complex due to relatively high flow velocity and low visibility, as well
as the presence of subsurface vortices created by obstacles (Strom et al. 2017), such as
bridge piers and weirs, or by ship motion. Technologies such as sonars perform poorly
in urban rivers due to debris lying on the bottom, which make it harder to discern a
body shape (Blondel 2014; Ruffell et al. 2017). So far, search operations in urban riv-
ers have not been guided by existing modelling technologies enabling accurate simula-
tion of the flow field in a river. Though, such models have the potential to inform more
targeted rescue and search operations, and to provide valuable information for forensic
analyses (Carniel et al. 2002; Ruffell et al. 2017; Mateus et al. 2020). So far, modelling
studies on drowning in rivers focused on the incipient motion of human bodies, which
may result from toppling or sliding (Jonkman and Penning-Rowsell 2008). Such studies
did not extend to modelling the victim’s trajectory in water.

1.2 Background

To the best of the authors ‘knowledge, only a single modelling study investigated the
drift of human bodies in a real river. Gonzalez et al. (2022) combined an Eulerian flow
model of La Miel river in Colombia (grid size of the order of 1 m X 1 m) with a Lagran-
gian drift model. Though they pointed at regions where synthetic floats tend to accumu-
late, they mostly presented hydrodynamic results and did provide an in-depth analysis
of flow-body interactions in rivers. They are primarily interested in the drift of human
remains in the context of an armed conflict, and not to accidental drowning. In contrast,
a range of computational studies addressed the drift of a victim of drowning at sea or
ocean. They are summarized in Table 1. Delhez et al. (2023) tested a similar model but
only in highly idealized flow conditions.
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Table 1 Existing computational models of the drift of victims of drowning in coastal waters

Grid size  Time step Considered drivers of body drift

Current Waves Wind Body inertia

Carniel et al. (2002) 1 km 12h v v v No
Breivik and Allen (2008) 4 km 6h v V) v No
Mateus et al. (2015) 6.5 km 1h v No
Gunduz (2017) 4 km Not specified v/ No
Licer et al. (2020) 1 km 12 min v V) v No
Hart-Davis and Backeberg (2023) 9.2 km 1h v W) v No
Tu et al. (2021), Wu et al. (2023)  N/A® 10 min v v No

“The brackets indicate that the effect of waves is not explicitly reproduced in the Lagrangian model because
it is considered as already incorporated in the empirical leeway coefficients used for modelling wind effects

"Tu et al. (2021) and Wu et al. (2023) used field measurements of flow and wind velocity (instead of Eule-
rian models) to force their Lagrangian body drift computations

Carniel et al. (2002) used a computational model to confirm the plausibility of the
drift of a floating body over 300 km in two weeks in the Mediterranean sea. Ocean
currents and waves were simulated by an Eulerian ocean circulation model forced by
regional atmospheric models. The grid resolution was 10 km and the time step 12 h.
The outcomes of the ocean circulation model were used to drive a Lagrangian model of
the drifting body, accounting for the effects of currents, waves (Stokes drift) and wind.
A random walk component was included to reproduce the influence of fluctuations not
resolved by the Eulerian model.

Breivik and Allen (2008) combined oceanic and atmospheric models with a drift model
for a range of objects, including human bodies. In the drift model, current and wind effects
were explicitly considered. The Stokes drift (i.e., effect of waves) was not modelled explic-
itly because it is considered as already incorporated in leeway empirical coefficients used
for parametrizing wind forcing. A Bayesian stochastic framework was adopted to account
for uncertainties in the forcing fields (wind and current), body characteristics and initial
position. The model outcome is a time-dependent probability density function of the object
location.

Mateus et al. (2015) studied the case of a body drifted over only 2 km in 8.6 days in a
coastal area of Portugal, as previously reported by Mateus et al. (2013). The flow field was
simulated by an ocean circulation model forced by wind, tide, and discharge of a river,
whereas the body motion was computed with a Lagrangian drift model forced by currents
only. The same modelling approach was used by Gunduz (2017) to investigate an accident
in which victims drifted over 100 km in seven days.

More recently, similar modelling frameworks were presented by Licer et al. (2020) and
by Hart-Davis and Backeberg (2023). For the same reasons as Breivik and Allen (2008),
both studies explicitly considered the influence of currents and wind in the Lagrangian
drift model but not the effect of waves. Tu et al. (2021) and Wu et al. (2023) also applied
a Lagrangian model for simulating the drift of a human body at sea, but their model was
forced by field observations of current and wind velocity.

All computational studies reported in Table 1 analysed the drift of bodies in sea or ocean
environments, which differs from the case of river drowning in two key aspects. First, all
these studies considered the body as a passive float. This assumption is reasonable in sea or
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Fig. 1 Characteristic time- and length-scales in sea and ocean environments compared to the body size and
the corresponding scales in rivers

ocean environments because the body length scale (of the order of 1 to 2 m) is way smaller
compared to the flow lengths scales. This is illustrated in Fig. 1, which highlights that the
grid size (considered as a proxy for the resolved flow lengths scales) in the models listed
in Table 1 exceed the body length scale by three to four orders of magnitude. This length
scale separation, together with the large considered time scales (vertical axis in Fig. 1 and
Table 1), supports the idealization of the body as a passive float, for which the duration of
body acceleration phases is negligible compared to time resolution of the computations
(Breivik and Allen 2008).

In contrast, in urban rivers, the characteristic length scales of the flow are much smaller
due the topographic variability induced by features such as bridge piers, hydraulic struc-
tures, riverbanks, meanders. This leads to variations in velocity direction and magnitude
over comparatively small distances and durations. In such conditions, assuming that the
body velocity remains equal to the flow velocity does not hold true (Breivik and Allen
2008; Ghaffarian et al. 2020). Indeed, due to body inertia, the velocity changes induce a
non-zero relative velocity between the drifted body and the river flow. Hence, the drag and,
to a lesser extent, the side forces induced by the relative motion between the body and the
flow need to be considered, unlike for large scale modelling in sea or ocean environments
(Table 1). This requires the knowledge of the corresponding hydrodynamic coefficients
(drag and side coefficients).

Second, all previous models assumed a positively-buoyant body, so that only a 2D hori-
zontal body motion was reproduced. Since freshwater has a lower density than sea water
and lifejackets are less often worn in the case of river drowning, the body of a victim of
river drowning may be either positively or negatively buoyant (Donoghue and Minnigerode
1977; Martlin et al. 2023). As the drift velocity differs substantially whether the body is
at the surface or close to the bottom, it is of most importance to predict the body verti-
cal motion. This motion over the flow depth is influenced by several parameters relatively
intricate to predict (Martlin et al. 2023), such as body morphology (Modell and Davis
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1969; Gallagher et al. 1996; Barwood et al. 2011; Laurent et al. 2013; Van Hoyweghen
et al. 2015), presence of air or water in the lungs (Modell and Davis 1969; Gallagher et al.
1996; Barwood et al. 2011; Laurent et al. 2013; Van Hoyweghen et al. 2015), amount of
water swallowed by the victim (Modell and Davis 1969), type of clothes (Modell and Davis
1969; Gallagher et al. 1996; Barwood et al. 2011; Laurent et al. 2013; Van Hoyweghen
et al. 2015), accessories such as a backpack. Since a human body in water may be close
to neutrally buoyant, even a relatively small lift force induced by the flow may change the
direction of the net force along the vertical direction. Therefore, estimating the lift coeffi-
cient of the body of a drowning victim is of practical importance.

1.3 Objectives

No study so far focused on the determination of hydrodynamic coefficients, such as
drag, side and lift coefficients, for a human body in conditions representative of a victim
of river drowning. The forces resulting from body-flow interactions depend on the body
positioning. Field observations suggest a typical body positioning for victims of drown-
ing, irrespective of whether the body is close to the surface, in sinking phase, or resurfac-
ing (Fig. 2): as long as the body is not in contact with the bottom, unconscious bodies
are mainly found face downwards, limbs hanging down (Blanco Pampin and Ldépez-Abajo
Rodriguez 2001; Lunetta et al. 2014). This positioning results from the relative value of
the limbs and torso densities. Regardless of the precise drowning circumstances, a cer-
tain quantity of air remains in the lungs, giving them a lower density than the rest of the
body. Besides, after the heart stops, the blood pressure drops, and blood accumulates in the
lower parts of the body (i.e., hands and feet in this case), consistently with the livor mortis
phenomenon (Amendt et al. 2004). In the case of a resurfacing body, putrefaction gases
cause inflation of the abdomen (Laurent et al. 2013), leading to a similar positioning as in
the sinking phase. The case of a body in contact with the bottom is out of the scope of the
present study.

In previous studies analysing the drag coefficient, and to a lesser extent the side and
lift coefficients, of a human body, the body positioning differed from the typical one of a
drowning victim, as they focused on the cases of swimming (Bixler et al. 2007; Marinho
et al. 2009, 2011, 2012; Zamparo et al. 2009; Mantha et al. 2014), ice skating (Ingen

time sinking : bloating phase N resurfacing
line
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v

"
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Fig.2 Sketch of typical body positioning of a drowning victim. The body trajectory generally follows three
stages: body sinking, body bloating (due to the generation of gases as a results of body decomposition) usu-
ally on the bottom, and body resurfacing. Adapted from Mateus et al. (2013)
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Schenau 1982), ski jumping (Miiller 2009; Wolfsperger et al. 2021), speed skiing (Barelle
et al. 2004), cycling (Garcia-Lépez et al. 2008), and standing, sitting or supine positions
(Schmitt 1954) but not for the case of a drowning position.

In this study, we undertook laboratory experiments with a full-scale dummy to deter-
mine the drag, side, and lift coefficients of a human body in a typical position of river
drowning (face down, limbs hanging down). The body yaw angle (i.e., the rotation of the
body around the vertical axis) was systematically varied (Fig. 3). For the sake of assessing
the influence of the body position, tests with a lying body were also undertaken. The exper-
iments were conducted in a wind tunnel, which offers more flexibility and an easier access
to the body than a towing tank or a hydraulic flume. The results may be transferred to the
case of a body in water using similarity rules. The influence of clothes and of presence of
accessories, such as a backpack, were also investigated.

Section 2 presents the experimental setup, the test program, and the measurement tech-
niques. The results are detailed in Sect. 3, while they are compared to previous studies in
Sect. 4. Concluding remarks are formulated in Sect. 5.

2 Materials and methods

When a body is immerged in a fluid with a non-zero relative velocity, friction stresses and
pressure differences around the body add up so that a resulting force is induced by the flow
on the body (Hoerner 1965; Cook 2007). As sketched in Fig. 3, this force is generally sepa-
rated into three components, referred to as drag (Fp), side (F) and lift (F}) forces, which
are respectively aligned along the direction of the approaching flow, horizontally in the
plane normal to the approaching flow, and vertically in the same plane (Cook 2007). Each
of these three force components is generally estimated as a function of the fluid density,
the body frontal area and the square of the relative velocity, using corresponding hydrody-
namic coefficients called drag (Cp), side (Cy) and lift (C,;) coefficients (Cook 2007). These
coefficients are Reynolds-dependent, and they vary with the body shape, positioning and
directionality. Here, the value of these coefficients was experimentally determined for a
human body in a typical position of a drowning victim.

In this section, the wind tunnel and the dummy used for the laboratory tests are pre-
sented (Sects. 2.1 and 2.2). The considered flow scenarios are introduced in Sect. 2.3. In
Sect. 2.4, the hydrodynamic coefficients are described, as well as the method used to obtain
each of them from the experimental measurements. Finally, the test program is detailed in
Sect. 2.5.

Fig. 3 Sketch of the wind tunnel
setup, with the dummy in lying
position and a yaw angle =0°

25m
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2.1 Experimental setup

The experimental tests were conducted in the wind tunnel laboratory of University of
Liege (Belgium). For technical reasons, a wind tunnel was preferred over a towing
tank or a current flume. The wind tunnel enables rapid data acquisition and easy access
to the test area, making it simple to systematically vary the dummy configuration (e.g.,
covering a high number of different yaw angles, changing dummy positioning and/or
clothes). Preliminary tests were performed in a towing tank (100 m in length, 6 m in
width, and 4 m in depth); but repeatedly adjusting the dummy position and test con-
figuration proved more challenging due to the underwater location of the dummy and
attachment system. Since a wind tunnel was utilized, the influence of a river free sur-
face on the results should be investigated in a subsequent step of the research.

The cross-section of the wind tunnel is 2.5 m wide and 1.8 m high (Fig. 3). The
wind is blown along the wind tunnel longitudinal direction, referred to as streamwise
direction x, positive in the wind direction. The lateral and vertical directions to the
flow direction are labelled y and z, respectively (Fig. 3). In the present tests, the wind
velocity U, ranges from 3.2 to 6.5 m/s with a turbulence intensity of 0.5%. The facil-
ity is equipped with a load balance (Omega 160 ATI sensor) enabling force and torque
measurements in the three directions. The load balance has a sensing range of 1000 N
in the streamwise and lateral directions and 2500 N in the vertical direction. All sens-
ing ranges are 120 Nm for the torques. The resolution of the sensors on each force is
0.25 N, of 0.025 Nm for the torques around direction x and y and of 0.0125 Nm for the
torque around the vertical axis. Data were acquired at a frequency of 200 Hz. Based on
a convergence analysis, the mean and standard deviation of each measured time series
were computed, and the sampling time was set to 15 s (Figures S1 to S3 in Supple-
ment). This sampling time is long enough to allow each of the measured component to
converge in each configuration except for the force in the vertical direction. However,
the average of this force is comparable to the resolution of the sensor in many configu-
rations, so that these measurements were mostly discarded from the analyses.

A full-scale dummy was selected instead of a reduced-scale dummy to avoid issues
related to geometric scaling of the test results, and to ensure that the measured forces
can be reliably captured by the sensors. Indeed, using a reduced scale dummy would
have led to considerably smaller forces, while even in the present tests some of the
forces (particularly the lift component) are already relatively small compared to the
sensors resolution (Figure S6 in Supplement).

The full-scale dummy used in the tests is an adjusted version of the Rescue Randy
9000 manufactured by 3B Scientific (Fig. 4). It is made of rugged polyethylene. The
dummy represents a male adult, 1.9 m tall, with a shoulder width of 0.54 m, arms of
0.77 m in length, 0.93 m-long legs and a body surface area of 2.46 m2. Without clothes
nor accessories, the dummy weights 30 kg. The dummy has joints, equipped with con-
necting screws, which give access to a wide variety of limbs positioning. Using tai-
lored 3D-printed interlocking parts (Figure S7 in Supplement), the joints have been
modified to enable firmly fixing the position of each ball joint to ensure enough rigid-
ity for wind velocity up to 6.5 m/s. In all configurations, limbs and head are at least 15
cm away from walls and their development of boundary layer.
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Fig.4 Positions and types of clothes of the dummy (represented with wind coming from the background
and a yaw angle of 0°): a, b lying position, ¢, d, e drowned position. a, ¢ tight clothes, b, d, e loose clothes.
e body wearing a backpack

2.2 Dummy positioning

In the experiments, two distinct dummy positions were tested. First, for the sake of
comparison with existing measurements, the body was set lying with arms alongside
the trunk and face up (Fig. 4a, b). The second position mimics the typical drowning
positioning, as introduced in Sect. 1.3. This typical position of a drowning victim is
mostly described in qualitative terms in literature and limited geometric details are
available on the body positioning (Blanco and Lopez-Abajo, 2001; Lunetta et al. 2014).
This prompted us to make plausible assumptions on the relative positioning of the torso,
limbs, and head. In the conducted experiments, an angle of 75° was considered between
the torso and the arms, and between the pelvis and the legs. The limbs were kept straight
due to a lack of information on the degree of bending in actual cases. For technical rea-
sons, the torso was placed horizontally in the wind tunnel and the limbs formed an angle
of 15° with the vertical (Figure S8 in Supplement). In the wind tunnel, the dummy was
positioned upside down (i.e., head facing up) compared to the body position typically
observed in the field when a victim of drowning is found (i.e., head facing down). This
choice does not affect the results. It was made to reduce the length of the measurement
sting and keep parasitic moments in the measurements at a minimum. Nonetheless, for
each considered wind velocity, tests were also conducted without the dummy for esti-
mating the forces induced by the flow on the measurement arm, and correct for them
(Sect. 2.4).
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For each body positioning, the body yaw angle (noted 6) was systematically varied.
This angle is defined equal to O when the spine is aligned with the main flow direction
and the head is located downwind (Fig. 3). The yaw angle is positive in the counter-
clockwise direction. Thirty different values of the body yaw angle were tested, in the
range from 0° to 345°.

The dummy was dressed in either tight or loose clothes (Fig. 4). The former aim at
representing a victim of a river bathing accident (i.e., naked or wearing a swimming
suit), while still hiding the screws present at the dummy joints (Figure S9 in Supple-
ment) which would otherwise bias the measurements. The loose clothing was used to
represent more standard clothing of a drowning victim. In some tests, an empty back-
pack was added to appreciate the influence of such accessories (Fig. 4e).

2.3 Flow scenarios

In the wind tunnel, experiments could be conducted for wind velocity ranging from
U,=3.2 m/s up to U,=6.5 m/s. Below 3.2 m/s, the sensitivity of the sensors did not
allow retrieving a stable signal due to the low values of forces. Above 6.5 m/s, unac-
ceptable vibrations of the dummy limbs were detected. Tests were conducted for the
minimum value U, =3.2 m/s, the maximum one, U,=6.5 m/s, and an intermediate one,
U,.=4.5 m/s (Table 2).

During the tests, the air temperature was 9.8 °C and the atmospheric pressure was
100,100 Pa. This leads to a value of v=1.4 x 10~ m%/s for the kinematic viscosity of
air. Considering the body height as a characteristic length (L=1.9 m, irrespective of
the dummy positioning) like Bixler et al. (2007), Marinho et al. (2009) and Marinho
et al. (2011), the Reynolds number Re=U, L / vcan be evaluated for each considered
wind velocity (Table 2). In the tests, the Reynolds number ranges between 4.3 x 10° and
8.8 x 10°. From the value of the kinematic viscosity of water (v=1.007 X 107° m%s),
we may infer that the hydrodynamic coefficients determined from the tests conducted
in the wind tunnel are comparable to those that would be obtained with the dummy
immerged in a water flow with a relative velocity ranging between 0.23 and 0.46 m/s
(Table 2). Although narrow, this range of relative velocity between the body and the
flow is plausible. Besides, Reynolds numbers of the order of 10° correspond to a turbu-
lent regime, in which the hydrodynamic coefficients, particularly the drag coefficient,
vary little with the Reynolds number. Indeed, preliminary tests have revealed no drag
crisis for Reynolds numbers in the range from 2.5 x 10° to 1.6 x 10°.

Table2 Tested wind velocities, Reynolds numbers and corresponding water velocities, if the same Reyn-
olds number is assumed

Wind velocity (m/s) 32 4.5 6.5
Reynolds number (—) 43 x10° 6.1 x 10° 8.8 x 10°
Water velocity (m/s) 0.23 0.32 0.46
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2.4 Determination of hydrodynamic coefficients

In each experimental test, the three components of the fluid-induced force were meas-
ured. They are referred to Fp, Fg and F;. They are respectively aligned along the x, y
and z reference axes (Fig. 3). The value of the torques along these three reference direc-
tions were also measured in each test. They are referred to T, T, and T,. These quanti-
ties are also referred to as moments (Tropea et al. 2007; Anderson 2011). Consistently
with Sect. 2.1, each of these quantities was measured over a duration of 15 s and time-
averaged. The forces and torques acting on the measurement arm alone were subtracted
from the respective quantities to obtain the aerodynamic loading of the body only.

It is customary to relate the three force components to the square of the relative
approach velocity U, the fluid density p the body frontal area A and non-dimensional
coefficients, as follows:

Fy= %p CLAU? Fy = %p CAAU and F, = %p CAU? (1)

where C),, Cy and C; are the drag, side and lift coefficients, respectively. In the experimen-
tal conditions, air density was 1.23 kg/m?>.

In Sect. 3, the experimental results are displayed in two different forms. On the one
hand, we show the value of the products of the respective hydrodynamic coefficients and
the corresponding frontal area:

2F, 2F 2F;
CDA = m CSA = m and CLA = m (2)

The obtained quantities, Cp, A, Cg A and C; A, are referred to as drag, side and lift
areas, respectively. They offer the advantage of being independent of the evaluation of
a frontal area, which is intricate as this area is strongly influenced by the body posi-
tioning, yaw angle, clothes and their interaction with moving air/water (swelling). This
approach also avoids the selection of a particular reference area (e.g., kept unchanged
when the yaw angle is varied), which would inevitably be somehow arbitrary.

It is common in sport aerodynamics to compare the aerodynamic effects in various
positions of a given body (Blocken et al. 2018; Mannion et al. 2019; Wolfsperger et al.
2021). As such, the drag, side, and lift areas measured for one body do not apply for
a body of similar geometry but at another scale. It is possible to scale these areas by
dividing them by a reference area, independent of the yaw angle, of the body consid-
ered in the experiments and multiplying by the corresponding area of the body of inter-
est. The obtained coefficients will experience the same variations as the force areas, but
with values that depend on the reference area chosen, which could be the body surface
area (Mosteller 1987; Du Bois and Du Bois 1989; Tikuisis et al. 2001; Yu et al. 2010).

We also evaluated the standard non-dimensional coefficients Cj,, Cs and C;, defined
as follows:

2F 2F 2F
D 5 and C = — L
p A U?

Cn = =
b= A2 ST oAU

3

This requires an estimation of the body frontal area, for each body positioning and
each considered yaw angle. To achieve this, a 3D digital model of the dummy was cre-
ated based on a LIDAR scan. The obtained frontal areas for both body positions and
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tight clothes are depicted in Fig. 5. For both positions, a periodicity can be observed in
the variation of the frontal areas with the yaw angle. Frontal areas for the drowned posi-
tion exhibit additionally local minima corresponding to yaw angles for which one limb
hides another.

In the case of loose clothes, the frontal area is expected to be slightly larger irrespective
of the body position and yaw angle. Howeyver, frontal areas with loose clothes could not be
reliably measured due to the deformable nature of such clothes. Loose clothes are prone
to catching the wind/water flow and can therefore inflate, increasing the frontal area. Such
effects cannot be reproduced during a LIDAR scan of the dummy, since such a scan cannot
be performed during a wind tunnel test. In the following, frontal areas estimated with tight
clothes are used as a proxy for both types of clothes.

2.5 2.5Test program

The test program is detailed in Table 3. By varying the yaw angle, the dummy positioning,
the type of clothes and the presence of a backpack, 83 configurations were considered. In
each of them, measurements were conducted for the three wind velocities given in Table 2,
leading to a total of 249 experimental tests.

3 Results

The experimental results for the drag area and coefficient are presented in detail in in
Sect. 3.1. Results inferred from the experimental observations for the side and lift areas and
coefficients are depicted in Sect. 3.2. The observed torques around the vertical axis are dis-
cussed in Sect. 3.3. The measured forces are displayed in Figures S4 to S6 in Supplement.
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Fig.5 Frontal area of the dummy in lying and drowned positions in tight clothes, as a function of yaw angle
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Table 3 Test program

Yaw angle Lying position Drowned position

Tight clothes Loose clothes Tight clothes Loose clothes Loose clothes
and backpack

0° X X X
15° X X
25°
30°
35°
45°
60°
75°
90°
105°
120°
135° X X
145°

150°

155°

165°

180° X X
195°

205°

210°

225° X X
240°

255°

270° X X
285°

300°

315° X X
330°

335°

345° X

X

o

>
>
o

xR XX
XXX X

XXX X M MK

>

XX

I I S I
T T T T T e T T T i I ST

All tests were performed for the three wind velocities given in Table 2

3.1 Drag

The evaluated drag areas and coefficients are discussed in the following paragraphs. A
summary of the main findings is provided in Table 4. Note that all measured values of
the force component F, fall well above the resolution of the corresponding sensor, as
shown in Figure S4 in Supplement. Moreover, in all configurations but four (out of a
total of 249, in 98% of the cases), the ratio of the standard deviation of the drag force to
the time-averaged value remains below 10% (Figures S29 in Supplement).
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Fig.6 Drag area as a function of 0.7
yaw angle in the tested configura-
tions for Re=8.8 x 10° 0.56
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Fig. 7 Boxplots of drag areas for all yaw angles and Reynolds numbers in each configuration (dummy posi-
tion and type of clothes). For each of them, symbol n indicates the number of tests, out of a total of 249,
and red crosses represent outliers

3.1.1 Dragarea

Figure 6 represents the drag areas evaluated according to Eq. (2), as a function of yaw
angle and the configuration (i.e., dummy position, type of clothes, and presence or not of a
backpack) for the highest tested Reynolds number. Boxplots in Fig. 7 provide a summary
of the measured values of drag area for each configuration. For the sake of readability, Fig-
ures S10 to S12 in Supplement show the variation of the drag area as a function of the yaw
angle for each individual configuration.

Overall, the observed values of drag area vary in a relatively large range, between 0.09
and 0.59 m?, which corresponds to almost an order of magnitude of variation (Fig. 6).
These variations are mostly explained by the influence of the yaw angle, dummy position,
type of clothes, and presence of a backpack. In contrast, the wind velocity (i.e., Reynolds
number) shows a limited influence on the drag area (Fig. 8). Regardless of the configura-
tion and the yaw angle, the drag area generally does not vary by more than 15% when the
Reynolds number is varied in the range tested here (Figures S15 to S17 in Supplement).
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Fig.8 Drag area as a function of yaw angle in the configurations with loose clothes (a) and with tight
clothes (b). The markers face colour refers to the Reynolds number considered in each test. Empty markers:
Re=4.3 x 10°, light plain markers: Re=6.1 x 10°, and dark plain markers: Re=8.8 x 10.°

As shown in Fig. 6, varying the yaw angles has a substantially stronger influence in the
case of the lying position than in the drowned position. In the former case, the drag area
varies by a factor two (tight clothes) to four (loose clothes) when the yaw angle is changed.
In the latter case, the drag area does not vary by more than 50%, irrespective of the type of
clothes. This is due to the lower influence of the yaw angle on frontal area in the drowned
position than in the lying position.

In the lying position, the drag area varies between 0.08 and 0.42 m? (Fig. 7). This range
is lower than the range of values observed for the drowned position, which is between 0.35
and 0.52 m? with tight clothes, and between 0.43 and 0.64 m? with loose clothes (Fig. 9a).
The median value of the observed drag areas increases by about a factor two when the
dummy position is changed from lying to drowned (Fig. 7). The difference between the
two positions is maximum when the yaw angle is 0° or 180°, and minimum when the yaw
angle is 90° or 270°. This may be due to differences in the streamwise body length which is
maximum for yaw angles of 0° and 180°, and minimum for 90° and 270°. At 0° yaw angle,
the drag area can be 2.5 times (tight clothes) to 4 times larger in the drowned position than
in the lying one (Figure S18 in Supplement). At a yaw angle of 180°, these factors grow to
4.5 and 6, respectively.
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Fig.9 Influence of a the dummy position and b the type of clothes on the observed drag areas. The 1:1 line
is represented in grey, while the green line follows the slope 1:1.15
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Unlike the influence of the yaw angle, the effect of loose or tight clothes is slightly
stronger in the drowned position than it is in the lying position. In the latter case, the values
are increased by about 15% when loose clothes are used instead of tight ones (with some
cases in which these values are decreased), while in the drowned position, the values are
magnified by about 20% when loose clothes are used instead of tight ones (Fig. 9b). Add-
ing a backpack further increases the drag area by up to 18% (Fig. 13a).

3.1.2 Drag coefficient

For the highest tested Reynolds number, Fig. 10 represents the drag coefficients evaluated
according to Eq. (3), as a function of the yaw angle and the configuration. In Figure S19 to
S21 in Supplement, the drag coefficients are also represented for each configuration indi-
vidually and for all tested Reynolds numbers. Boxplots in Fig. 11 display the variability of
the estimated drag coefficient for each configuration.

Compared to the range of variation of the drag area (Fig. 6), the observed values of the
drag coefficient vary in a much smaller range (i.e., between 0.5 and 1.2), except for a few
outliers (Figs. 10 and 11). Like in the case of the drag area, the influence of the Reynolds
number remains small in the tested range (generally less than 15% of variation in the drag
coefficient, Figure S19 to S21 in Supplement).

When the yaw angle is systematically varied, the drag coefficient corresponding to
the lying position varies between 0.5 and 1.1 (Fig. 11). The ratio of the highest value to
the lowest is of the order of two, which is considerably lower than the factor four to five
obtained for the drag areas. This ratio is slightly higher in the case of loose clothes than
with tight clothes, suggesting that the drag coefficient is more sensitive to the yaw angle for
loose clothes than for tight ones. For the drowned position, the variations of the drag coef-
ficient with the yaw angle remain lower than 50%. This is similar to the results obtained for
the drag area, as the frontal area shows limited variations with the yaw angle in the case of
the drowned position. For the lying position, the variation of the drag coefficient with the
yaw angle follows a similar pattern as the corresponding frontal area (Fig. 6), with extrema
at comparable yaw angles. For the drowned position, an opposite pattern is observed.

Fig. 10 Drag coefficient as a 1.8 ¢
function of yaw angle in the ® Drowned position, tight clothing
tested configurations for Re=8.8 161 m Lying position, tight clothing
x 105 . @® Drowned position, loose clothing
m Lying position, loose clothing
1.4k » Drowned position, loose clothing with bag

0 45 90 135 180 225 270 315
Yaw angle [°]
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Fig. 11 Boxplots of drag coefficients in each configuration (dummy position and type of clothes)

For each of them, symbol 7 indicates the number of tests, out of a total of 249, and red
crosses represent outliers (all at a yaw angle of 0°).

In the lying position, the drag coefficient varies between 0.5 and 0.9 for tight clothes
and between 0.5 and 1.2 for loose clothes (Fig. 11). In the drowned position, the ranges are
even thinner for both types of clothes (0.6 to 0.9 for tight clothes, and 0.7 to 1.1 for loose
clothes). Unlike in the case of the drag areas (Fig. 9a), Fig. 12a reveals that no systematic
relation appears between the drag coefficients in drowned and in lying positions. This hints
at the capacity of a position-dependent frontal area (Fig. 5) to encompass to a great extent
the influence of the dummy position.

Like for the drag areas, the effect of changing the type of clothes is stronger in
the drowned position than in the lying position. The mean value of the drag coefficient
increases by a about 15% when the type of clothes is changed from tight to loose in the
lying position, while this increase reaches 30% for the drowned position (Figs. 11 and 12b).

When a backpack is added in the drowned position (with loose clothes), Figs. 7 and 11
show that the median value is increased by 4% and 3% for the drag area and coefficient,
respectively. Such changes are of little significance compared to other effects, such as the
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Fig. 12 Influence of a the dummy position and b the type of clothes on the drag coefficient
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Fig. 14 Side area as a function of yaw angle a in the lying position and b in the drowned position. The
markers face colour refers to the Reynolds number considered in each test. Empty markers: Re=4.3 x 10°,
light plain markers: Re=6.1 x 10°, and dark plain markers: Re=8.8 x 10.°

variability induced by changes in the yaw angle. The scatter plots in Fig. 13 reveal that, for
a given configuration, an increase in the drag coefficient is not systematic when a backpack
is added though it can be as high as 18% in some cases. However, these increases may be
partly attributed to an increased frontal A due to the presence of the backpack. This change
in the frontal area could not be systematically measured (as in Fig. 5) but it is estimated at
maximum 13%.

3.2 Side and Lift

The side area was computed according to Eq. (2). The results are displayed in Fig. 14
for the tested yaw angles, Reynolds numbers and configurations. The yaw angle has
a significant influence on the side area, leading to variations ranging mostly from
—0.1 m? to+0.15 m? (Fig. 14). This influence is stronger in the lying position than in
the drowned position, as shown in Figure S14 in Supplement. A quasi-periodic pattern
can be identified in the results of the lying position, with a period of 180° (Fig. 14),
whereas visual inspection of Fig. 14b does not reveal a distinctive pattern in the case
of the drowned position. Similarly, no systematic trend is observed for the influence of
the type of clothes (Figure S22 in Supplement), nor for the effect of adding a backpack
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(Figure S23 in Supplement). The absence of trend in some cases may be attributed to
the relatively low values of the measured forces, which in a number of configurations
are of comparable magnitude as the resolution of the sensor. Figure S5a in Supplement
indicates that about 30% of the tested configurations lead to a value of the force com-
ponent Fg lower than the sensor resolution. The ratio of the standard deviation of the
side force to the time-averaged drag force remains below 10% in about 90% of the tested
configurations, and the maximum value of this ratio is 25% (Figure S30 in Supplement).

Like for the side area, the side coefficient is less affected by changes in the yaw angle
in the case of the drowned position than it is for the lying position (Fig. 15). In the for-
mer case, the side coefficient varies between — 0.11 and 0.15, whereas in the latter case
it ranges between — 0.35 and 0.4. No significant effect on the side coefficient could be
detected when the type of clothes was varied (Figure S22 in Supplement), nor when a
backpack was added (Figure S23 in Supplement).

The evaluated lift areas and coefficients are displayed Figure S24 and Figure S25 in
Supplement. The lift areas vary between 0 m2 and about 0.2 m2 for the lying position
(Figure S24a in Supplement) and between 0 m2 and 0.3 m2 for the drowned position
(Figure S24b in Supplement). The lift coefficient varies mostly between O and 0.6 irre-
spective of the considered configuration (Figure S25 in Supplement). In the drowned
position, the lift area and coefficients reach a maximum when the yaw angle is close
to 180°. Apart from this, the experimental data do not enable detecting any significant
pattern, neither when the yaw angle (Figures S24 and S25 in Supplement) or type of
clothes (Figure S23 in Supplement) is varied, nor when a backpack is added (Figure
S23 in Supplement), which may result from the measured force component F; being too
close to the sensor resolution. Figure S6 in Supplement reveals that, in about 20% of the
tested configurations, the value of F; is lower than the sensor resolution, while issues
with the time convergence of this measurement also arise (Figure S3a in Supplement).
Moreover, in a quarter of the tested configurations, the standard deviation of the lift
force exceeds 10% of the time-averaged drag force, reaching up to about 30% (Figure
S3a in Supplement).

The difficulties faced to detect significant trends in the results obtained for the lift
area and coefficient, as well as to some extent for the side area and coefficient, may result
from limitations in the measurement accuracies. Such difficulties were not encountered
in the case of the drag area and coefficient (Sect. 3.1). This may be explained by the

Fig. 15 Side coefficient as a

- . - . N ® Drowned position, tight clothing
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relatively lower values of side and lift forces, hence also area and coefficients, compared
to the drag, as confirmed in Figure S26 in Supplement.

3.3 Torque in the vertical direction

For the three considered Reynolds numbers, Fig. 16 represents the vertical torques (7, also
called yawing moments) as a function of yaw angle. Most values of torque lie between
—1 Nm and+ 1 Nm. In magnitude, 95% of these measurements are larger than the sensor
resolution (Fig. 6b in Supplement). In a few cases, corresponding all to the lying posi-
tion (and irrespective of the type of clothes), the observed torque values reach —2 Nm or
extend up to+2.8 Nm. In the drowned position, the torque values range between —0.5
and +0.5 Nm with tight clothes, and from — 1.2 to 0.9 Nm with loose clothes. These values
are strongly dependent on the Reynolds number. Compared to the case of Re=4.3 x 10°,
the torque values are about twice higher for Re=6.1 X 10°, and about four times higher for
Re=8.8 x 10° as detailed in Figure S24 in Supplement. Both the body position and the
type of clothes also have a substantial influence on the torque values.

The pattern of variation of the torque with the yaw angle differs between the lying and
the drowning positions. In the lying position, vertical torques are positive between 0° and
180°, with a maximum value captured around a yaw angle of 75°. The torques become
negative for yaw angles 180° and 360°, with a maximum absolute value captured at 270°.
In the drowned position, vertical torques are mostly negative between 0° and 180°, though
lower in magnitude than in the lying position. They are generally positive for yaw angles
between 180° and 360°.

In lying position, the type of clothes has no significant effect on the vertical torque
(Fig. 16). In contrast, in the drowned position, extreme values are greater in magnitude in
the case of loose clothes than with tight clothes and torques are strictly positive for yaw
angles over 180° with loose clothes. Adding a backpack does not lead to any significant
difference in torques compared to the same configurations without backpack.

The observed torque values suggest that different equilibria exist depending on the body
position. In the lying position, equilibrium at #=0° is unstable. Indeed, if the body devi-
ates slightly, say towards positive values of the yaw angle, a positive moment acts on the
body which makes it rotate further and leave its initial equilibrium position. Vice-versa,
equilibrium with a yaw angle of 6=180° is stable, as slight variations in the yaw angle
around €= 180° induce moments which tend to shift back the body to its equilibrium posi-
tion at @=180°. For the drowned, the opposite is found: the equilibrium at §=0° is stable,
while the equilibrium at §=180° is unstable. Consequently, depending on the body posi-
tion (lying or drowned), the body tends to align with the flow with the head located either
upwind (lying position) or downwind (drowning position).

4 Discussion

4.1 Comparison with standard shapes

Drag coefficients are influenced by multiple parameters, including Reynolds number, wall
roughness, turbulence intensity, shear in approach flow, proximity of a wall, and interac-

tions between multiple obstacles (Achenbach 1974; Dubois and Andrianne 2022). Here,
for setting in perspective the drag coefficients obtained for novel configurations (human
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Fig. 16 Vertical torque as a function of yaw angle a for the lying position and b for the drowned posi-
tion. The markers face colour refers to the Reynolds number considered in each test. Empty markers:
Re=4.3 x 10, light plain markers: Re=6.1 x 10°, and dark plain markers: Re=8.8 x 10.

body in drowning position, with various clothes types and body orientations with respect
to the approach flow), they are compared to a few well-known reference configurations,
without systematically exploring the effect of all possible influencing parameters on the
reference cases.

In Fig. 17, the ranges of variation of the drag coefficient derived from our experimental
observations are compared to values characterizing two reference shapes: a smooth sphere
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Fig. 17 Estimated drag coefficient as a function of the Reynolds number, for each configuration (body
position and type of clothes), with boxplots reflecting the variability of the drag coefficient with the yaw
angle. Comparison with reference values for a smooth sphere (Morrison 2013) and smooth cylinders, either
aligned with (i.e., parallel to) or normal (i.e., perpendicular) to the approach flow (Holzer and Sommerfeld
2008)

(Morrison 2013), and a smooth cylinder of radius 0.2 m and of finite length equal to 1.9 m,
with its axis either aligned with or normal to the approach flow (Holzer and Sommerfeld
2008). To estimate the drag coefficient of smooth cylinders and spheres, Holzer and Som-
merfeld (2008) and Morrison (2013) used data from experiments conducted both with air
and with water. They systematically applied Reynolds similarity to combine data originat-
ing from tests carried out with different fluids (Roos and Willmarth 1971). This relatively
standard procedure of using Reynolds similarity for transferring results obtained with one
fluid to another one also supports our approach consisting in performing tests with air
(wind tunnel) and transfer the outcomes to water (rivers).

For each tested configuration (body position and type of clothes), Fig. 17 represents the
drag coefficient as a function of the Reynolds number, using boxplots to reflect the vari-
ability of the coefficient with the yaw angle.

Compared to the variability of the drag coefficients with the yaw angle, the drag coeffi-
cients evaluated here hardly vary with the Reynolds number in the tested range. In the case
of a sphere, variations are visible in Fig. 17 due to the drag crisis occurring in this range of
Reynolds number. For the cylinders the considered range of Reynolds number is below the
range corresponding to the drag crisis.

The relative positioning of our experimental results compared to the reference values
appears reasonable, both in terms of extent of the influence of the yaw angle and in terms
of absolute values.
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4.1.1 Influence of yaw angle

The difference between the drag coefficients of cylinders with axis normal (i.e., per-
pendicular) to the approach flow (i.e., yaw angle of 90° or 270°, C,=1.24) and aligned
with the approach flow (i.e., yaw angle of 0° or 180°, C,=0.21) is of the order of 1.
This is similar to the extent of the variation of the drag coefficients (as represented by
the boxplots) when the yaw angle is varied for the dummy in lying position. The cylin-
der used by Holzer and Sommerfeld (2008) may be seen as a highly idealized version of
the dummy, leading to comparable changes in the drag coefficient when the yaw angle is
varied. Figure 10 shows that the drag coefficient is maximum when the yaw angle is 90°
or 270° (similar to the cylinder normal to the approach flow) and minimum when the
yaw angle is 0° or 180° (similar to the cylinder aligned with the flow).

When the yaw angle is varied, the changes in the values of the drag coefficient of the
dummy in drowned position are considerably lower than the difference between the drag
coefficients of the cylinders normal to the approach flow and aligned with the approach
flow. This is due to the more compact shape of the drowned positioning compared to a
cylinder.

4.1.2 Absolute values

Despite some similarity between the body in lying position and cylinders, the drag coef-
ficients found for the body in lying position are above those of cylinders. The lowest
values of the drag coefficients estimated here are around 0.5 (corresponding to yaw
angles of 0° or 180°, as shown in Fig. 10), which is about 2.5 times greater than the cor-
responding values for a cylinder with its axis aligned with the approach flow (Fig. 17).
This is because a cylinder is a more streamlined shape than a human-like body. For the
same reason, the highest values of the drag coefficients found for the dummy in lying
position (corresponding to yaw angles of 90° or 270°, as shown in Fig. 10) are also
above the values characterizing a cylinder with axis normal to the flow, i.e. with the
same yaw angle.

Drag coefficients obtained for the body in drowned position lie in-between the case
of a cylinder with axis aligned with the approach flow and that of a cylinder with axis
normal to the approach flow. Irrespective of the body positioning, the drag coefficients
obtained for a human-like body are at least four times larger than the value character-
izing a sphere (Cp,~0.1) in the same range of Reynolds number.

4.1.3 Reynolds dependency

In the considered range of Re, the drag coefficient of a sphere varies between 0.4 and
0.15 due to the drag crisis while this coefficient is equal to 0.21 for a cylinder aligned
with the flow and 1.24 for a finite cylinder perpendicular to the flow. Figure 18 shows no
drag crisis in the case of a human body and no clear influence of the Reynolds number
on the values of drag coefficient in the tested range of Reynolds number. These observa-
tions are not affected by the choice of a particular characteristic length in the definition
of the Reynolds number (e.g., body height vs. trunk height for the drowning position).
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Fig. 18 Comparison between this study and previous studies focused on body in swimming position, based
either on experiments with a real swimmer or a dummy, or on computational fluid dynamics (CFD). Square
and diamond markers refer to the lying position described in Sect. 2.2, while triangle markers correspond to
swimming position (lying position with arms aligned in the front of the head)

4.2 Comparison with studies on swimming

The drag coefficient characterizing a human body has been studied for a variety of set-
tings, including positions corresponding to swimming (Bixler et al. 2007; Marinho et al.
2009, 2011, 2012; Zamparo et al. 2009; Mantha et al. 2014), ice skating (Ingen Schenau
1982), ski jumping (Miiller 2009; Wolfsperger et al. 2021), speed skiing (Barelle et al.
2004), cycling (Garcia-Lépez et al. 2008), standing, sitting or supine positions (Schmitt
1954). Although most of these positions differ substantially from the drowned and lying
positions of interest here, the swimming position shows some similarities with the lying
position considered here when the head is oriented towards upwind. In Fig. 18, we com-
pare our results in lying position with a yaw angle of 180° and tight clothes and a yaw
angle of 0° and 180° for loose clothes against values of drag coefficient reported in lit-
erature for swimmers (Bixler et al. 2007; Marinho et al. 2009). Measurements in lying
position with a yaw angle of 0° and tight clothes are considered as inconsistent. Indeed,
these values fail to agree with the pattern observed in Cj, as a function of the yaw angle
in all other considered configurations (see Fig. 28 in Supplement). The range of Reyn-
olds number tested here is about five times lower than the ranges considered by Bixler
et al. (2007) and Marinho et al. (2009), and it is consistent with what could be observed
in a river.

Bixler et al. (2007) performed flume tests with a dummy and with a real swimmer,
as well as simulations using a 3D computational fluid dynamics (CFD) model. A body
positioning typical of swimming was considered, with the limbs aligned with the trunk
and arms in front of the head. In each case, the body was positioned at a distance of
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0.75 m from the free surface, so that the surface had no significant effect when bodies
are at such a depth (Vennell et al. 2006). They found a remarkable agreement between
their experimental observations with a dummy and their computations, leading to a drag
coefficient of about 0.3. A slightly higher value was obtained in the tests conducted with
areal swimmer (Cp = 0.36).

The results of Marinho et al. (2009) are solely based on computations. Though the 3D
simulations of Marinho et al. (2009) consider the same body positioning as Bixler et al.
(2007) but at a depth of 2 m, they lead to a drag coefficient about 50% higher than in the
experimental data of Bixler et al. (2007). They found that the drag coefficient in lying posi-
tion is about 75% higher than in gliding position. The experimental data of Bixler et al.
(2007) are 80% lower than the values of our tests with the dummy in lying position at a
yaw angle of 180° and tight clothes. This is consistent with the less streamlined nature of
the lying position compared to the swimming one with arms in front of the head. Marinho
et al. (2009) estimate this effect at about 75% higher, which matches fairly well the value of
80% obtained by comparing the present tests to those of Bixler et al. (2007).

5 Conclusion

Full scale experimental tests have been conducted with a dummy in a wind tunnel to evalu-
ate hydrodynamic coefficients of interest for reproducing the effect of drag, side and lift
forces in a computational model of the drift of a victim of drowning. The experimental
results are presented (i) in terms of drag, side and lift areas, which are independent of a
particular estimation of the frontal area but are not transferrable across scales, and (ii) in
terms of drag, lift, and side coefficients. In the conducted laboratory tests, the wind veloc-
ity (Re=4.3 x 10° to 8.8 x 10°), the yaw angle, the type of clothes (tight vs. loose), and
the body position (lying vs. typical position of a victim of drowning) were systematically
varied. The following observations could be made:

e Both the drag coefficient and the drag area change by maximum 15% when the Reyn-
olds number is varied in the tested range.

e Changing the yaw angle has a considerably stronger influence on the drag area for a
body in lying position than when it is in the typical position of a drowning victim,
which is more compact. In the former case, the maximum and minimum drag areas dif-
fer by a factor two (with tight clothes) to four (with loose clothes) when the yaw angle
is varied, while in the latter case the drag area does not change by more than 50%.

e For a body in lying position, the drag coefficient tends to be less influenced by the yaw
angle than the drag area, as the minimum (Cjp, = 0.5) and maximum (Cj, = 1) values of
the drag coefficient differ by a factor two. In the drowned position, changing the yaw
angle induces variations in the drag coefficient (C, ~ 0.6 to 1) of approximately 50%,
like for the drag area.

e While the drag area differs substantially between a body lying position and in drowned
position, no distinctive effect of the body position could be detected for the drag coef-
ficient.

e Compared to the case of a body equipped with tight clothes, the drag area for a body
with loose clothes is about 20% higher, while the drag coefficient is increased by 15%
(lying position) and 30% (drowned position).
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e Adding a backpack does not systematically alter the drag area and coefficient; but in
several configurations it induces an increase by up to 20%.

The measured side and lift forces are generally lower than the corresponding drag
force for the same configuration and wind velocity. Since the measured side and lift
forces are in many cases comparable to the sensitivity of the sensors, it was difficult
to detect distinctive trends in the side and lift coefficients when the yaw angle, type
of clothes or body position were varied. It could nonetheless be observed that the side
coefficient is less affected by changes in the yaw angle in the case of the drowned posi-
tion (variations between —0.11 and 0.24) than it is for the lying position, (variations
between —0.35 and 0.5).

The present study has a number of limitations, as detailed hereafter.

e While the available experimental setup enabled a systematic exploration of the influ-
ence of body orientation and position, only a relatively narrow range of Reynolds
numbers could be tested. Hence, future research should aim at further analysing the
influence of the Reynolds number on the hydrodynamic coefficients of a human-like
body in drowned position.

e Similarly, the effect of turbulence intensity in the approach flow and the influence of
the distance to the wall need further investigations since these parameters remained
fixed in the present series of tests.

e Itis also necessary to study the force coefficients in configurations in which the flow
velocity varies over the height of the body, as typically observed in shear flow in riv-
ers, since the velocity profile has an influence on the hydrodynamic forces.

e Since our data were obtained solely based on a dummy reproducing a male adult
individual, future research should assess the validity of our results when transferred
to the case of a female adult or a child.

e The influence of the free surface on the force coefficients could not be captured in
the present series of tests, while they are not negligible when the distance from the
body to the surface is relatively low (e.g., below 0.75 m according to Vennell et al.
(2006) for the case of swimmers). This specific aspect should be analysed in future
experiments based on a towing or a current flume.

Finally, the scope of the research should be extended towards more reliable assess-
ment of the side and lift coefficient (e.g., using more sensitive sensors along the cor-
responding direction than for monitoring the drag force), and towards the evaluation of
other parameters critical for drift modelling such as the added mass coefficient.
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