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Abstract:

There is currently no accurate and comprehensive model for the search of drowning victims in
urban areas. Therefore, this thesis aims to contribute to the creation of such a model, by focusing on the
calibration and validation of a wind tunnel experimental setup performed on a full-scale model.

To achieve this, existing search for drowning persons models and their equations are analysed, fluid
dynamics models applied to the human body are also reviewed, as well as papers on the position of a
drowning person's body. This led to the identification of two essential parameters for such a model,
which are the projected area and drag coefficient of a drifting body, and some ranges of values in which
they should lie.

To obtain results for the projected surface area parameter, several data acquisitions are made on a full-
size dummy, using a laser scanning method and photogrammetry. Once these data collected, they allow
the creation of a 3D digital model that can be adjusted according to the desired configuration in order to
be adaptable to the experiments that will be carried out later. The projected surface of the dummy is
calculated for a series of rotations along different axes in order to establish an initial database that can
be used later.

Then, the experimental setup for obtaining the drag coefficient values is establish in the wind tunnel on
the full-scale model. This is carried out on the full-scale model after it was modified so that it can be
placed as desired in the wind tunnel. The speed range is between 3.1 and 9.4 m/s with Reynolds
numbers in a range between 9.3*10° and 3*10°.

This wind tunnel experiment provides a first estimation of the drag coefficient values of the full-scale
model and these values are compared with other literature results obtained in wind tunnels in various
fields such as cycling, skiing or skating.

Finally, the prospects for improving the experimental set-up and the results obtained during the 3D
digitisation will be discussed.



Résumé

Il n’existe actuellement pas de modeéle précis et complet pour la recherche de victimes de
noyade en zone urbaine. Cette thése a donc pour but de contribuer a la création d’un tel modéle, en se
concentrant sur la calibration et la validation d’un dispositif expérimental en soufflerie effectué sur un
modeéle a échelle réelle.

Pour se faire, les modeles de recherche de noyés existants et leurs équations ont été analysés, des
modeles de dynamique des fluides appliqués au corps humains seront aussi révisés, ainsi que des articles
sur la position du corps d’une personne qui se noie. Cela a permis d’en ressortir deux parametres
essentiels a un modeéle de ce genre, qui sont la surface projetée et le coefficient de trainée d’un corps a
la dérive, ainsi que certaines gammes de valeurs dans lesquels ils devraient se trouver.

Pour obtenir des résultats concernant le parametre de surface projetée, plusieurs acquisitions de
données vont étre effectuées sur un mannequin a taille réelle, a I'aide d’une méthode de scan laser et de
la photogrammétrie. Une fois ces données récoltées, elles vont permettre la création d’'un modele
numeérique 3D qui pourra étre ajusté suivant la configuration voulue pour pouvoir s’adapter aux
expérimentations qui seront réalisées par la suite. La surface projetée du mannequin sera calculée pour
toute une série de rotation selon différents axes afin d’établir une premiere base de données utilisables
par la suite.

Ensuite, le dispositif expérimental permettant d’obtenir les valeurs de coefficient de trainée sera mis en
place en soufflerie sur le modeéle a taille réelle. Il sera effectué sur le mannequin a taille réel apres que ce
dernier ait subi des modifications pour permettre de le placer comme désiré dans la soufflerie. La plage
de vitesse sera comprise entre 3.1 et 9.4 m/s avec des nombres de Reynolds compris entre 9.3*10° et
3*10°.

Cette expérience en soufflerie va permettre une premiere estimation des valeurs de coefficient de
trainée du modele taille réelle et ces valeurs seront comparés avec d’autres résultats de la littérature
obtenus en soufflerie dans divers domaines tels que le cyclisme, le ski ou le patinage.

Enfin, les perspectives d’amélioration du dispositif expérimental et des résultats obtenues lors de la
numeérisation 3D seront discutées.
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1. Introduction

In 2021, the Centre for Research on the Epidemiology of Disasters (CRED) recorded in its emergency
events database (EM-DAT) a total of 432 disastrous events due to natural hazards worldwide (CRED, 2021).
A number that is higher than the average 357 disastrous events per year from 2001 to 2020 (CRED, 2021).
A disastrous event is report by the CRED when at least one of the following criteria is fulfill: a minimum of
10 people report as killed, a minimum of 100 evacuated people, declaration of a state of emergency or a
call for international assistance. The mortality for 2021 years for flood (Figure 1) was of 4143 persons
(persons missing considered as allegedly death).

The flood is dominant in those events with 223 occurrences, once again higher than the average 163
flood events for 2001 to 2020. From June to September, flood due to the monsoon season cost 1282 lives
in India. Two other fatal flooding events occur in China and Afghanistan in 2021 (Figure 1). Floods are
therefore increasing in 2021 compared to its average over the last 20 years and this number will continue
to increase in the further years as a result of the impact of the global warming.
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Figure 1 - Mortality by type of disastrous event for 2021 compared to the average value for 2001 to 2020, and the top 10
mortality event for 2021 (CRED, 2021)

The risk of flood is a worldwide problem that can be address to all countries. Indeed, a significant
number of floods occur every year. On the week from 1 to 7 August 2022, 13 floods were report by the
Emergency International Disaster Database in Honduras, Indonesia, Sri Lanka, Gambia, Nepal, Nigeria,
Japan, Senegal, Mexico, Yemen, Philippines, California and Chad (CRED,2022).

The floods of July 2021 in Central Europe -resulting in high human (over 200 persons killed) and
material loss- are a striking proof of the risks that Belgium or other European countries may face in the
future. This was a major flood, especially for Germany for whom this disaster is rank 11" for the more



economically costly event from 2001 to 2021. Although the number of death person by disastrous incident
in Europe is lower than for other countries (Figure 2), it is still of 2.9% share with other countries in 2021
(and 12.2% from 2001 to 2020) which is not negligible (CRED,2021). Moreover, 41 percent of the weather
related disasters are floods in Europe from 2001 to 2020.
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Figure 2 - Share of deaths (%) by continent in 2021 and comparison with the share of deaths from 2001 to 2020 (CRED, 2021)
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But in addition to the drownings due to the flood, other type of drownings can occur and must be
taken into account. The World Health Organization estimates that the annual worldwide incidence of
death by drowning is around approximately 400,000 victims (WHO, 2002).

Research for missing persons will vary according to the equipment available and the location where it
will take place. The investigation is not always easy to be carried on, resulting in low chances to find the
drowning body of a person or at least increasing the economic cost of the incident.

The objective of this dissertation is therefore to help in the improvement of a tool for the search of
victims by drowning in urban area, by the calibration and validation of an experimental setup on a real-
scale model. This will permit a better overview of the range of values of the drag coefficient occurring
when a person is drowning in a chosen physical posture. These data will be useful for the realization of a
model developed to improve the casualty search, which requires the use of the drag equations as a driving
force.

In Section 2, firstly existing drowning models will be review with their drag equations, then projected
surface and drag coefficient available in the literature will also be overlooked and an explanation of the
position of the drowning body will be discussed. In Section 3, we will focus on the projected surface area
and thus in the development of numerical tools to obtain this value from a real-scale model. In Section 4,
the experimental setup to obtain values of drag coefficients will be detailed along with the resulting
experimental data. Finally, in Section 5 the perspective of improvements will be discussed.



2. Background

First of all, different relevant literatures in link with the subject studied will be summarized. These
articles will address the following two main topics: the position of a drowning body and the Computational
Fluids Dynamics (CFD) applied to the human body. It will help to specify the objectives of this master thesis
and the way in which they can be achieved.

2.1. Available numerical model

Only few numerical models have been conducted in the search for missing persons by drowning,
notably Carniel et al. (2002) and Ebbesmeyer et al. (1994). The two articles simplify the shape of the
drowning model by using a sphere shape instead. Indeed, the paper of Carniel et al. (2002) is more
concerned with oceanic circulation and dynamic than with the shape of the human model used to obtain
its numerical model. The model does not take into account the vertical aspect of the body, considering
that it was a floating object. Furthermore, these studies are carried out in rather marine environments,
which differs from the urban environment.

Some other models have been worked on based on the simulation of the transport of a cylinder in a
two-dimensional stream (Ghaffarian et al., 2020; Persi et al., 2019) and permit to determine some
important parameters needed to solve the calculation of the motion of such an object through equation
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With m,, the mass of the body, C4y, the added mass coefficient, ms the mass of surrounding fluid,
mthe velocity of the body, p , the water density, A the frontal area, Cp the drag coefficient, Cs the side
coefficient and U,, the water velocity.

Thus, to improve the accuracy of the Carniel et al. (2002) and Ebbesmeyer et al. (1994) papers, it would
be interesting to know the position of a drowning body and then to look at other articles where the shape
of the human body is used even if their applications and positions are not the same. This will give an idea
of the frontal area A and drag coefficient Cp of a human body.



2.2.  Position of a drowning body

Drowning is defined as “suffocation by submersion, especially in water” by Modell (1981).

Initially, the drowning victim will panic and have disordered movements. Generally, the victim
alternates between two phases: sinking into water and then rising out of the water. These two phases are
known as the corking effect. This effect is due to the weight of the displaced water volume being equal to
the thrust from the bottom upward. During this phase, the limbs usually tend to make shaky movements
due to an attempt to emerge. As the movements become slower over time, the body will be completely
submerged and the limb movement will continue to decrease until it stops (Marrone et al., 2021).

From a pathophysiological point of view, the phases of the drowning process are: a breath-holding
phase, then an involuntary inspiration phase, then the victim will gasp for air and finally lose
consciousness. These phases vary according to the victim. The brain will undergo a cerebral hypoxia which
means that the brain is no longer oxygenated and this hypoxia leads to brain damage. The death is
secondary to the development of this hypoxia (Farrugia et al., 2011).

The effects of immersion on the cardiovascular system are an increase in venous return and a central
shift in blood volume. This leads to an increase in blood volume (except in some case in salt water which
may lead to a decrease in blood volume). The change in blood pressure during drowning is due to the
hypoxia (North, 2002).

A human body is under the action of two opposite forces: the force of buoyancy and its weight. The
first is upward and is due to the weight of water and the second is downward. Seawater has a gravity of
1020-1030 kg/m? and freshwater has a gravity that is 2-3% lower. The human body floats as long as the
gravity of the corpse is lower than that of the liquid (Lunetta et al., 2014).

The buoyancy of a human body is very close to the buoyancy of seawater (Table 1). But the clothes
affect this floatability and is one of the main factors of uncertainties when trying to predict the body
weight. In comparison, the human body has a higher gravity than freshwater and corpse will then be more
likely to drown in fluvial environment.

Table 1 - Gravity of different items (Lunetta et al., 2014)

Item Density (g/m?)
Seawater 1.020-1.030
Freshwater 1.000-1.009
Adult without clothes 1.035-1.110
Most internal organs 1.01-1.09
Skeleton 1.97

Adipose tissue 0.94

The respiratory cycle changes the density of the body, with air reducing the density of a body. Indeed,
in a study realized by Donoghue et al. (1977), of 98 male volunteers, with functional residual capacity, 69%
of them could float on seawater and 7% on freshwater. Due to the low specific density of the air-filled



trunk, the body will be in a head-down position although in some cases, the body may float with the face
upward.

Once death, the victim will experience livor mortis, which is the accumulation of blood in several parts
of the corpse due to gravity (Sampson et al., 2022). This blood will therefore cause the victims upper and
lower limbs to point downwards.

The human body once death, will then go through different phases. First, it will sink, due to an increase
in hydrostatic pressure caused by the compression of gases in the body. Movements on the bottom can
lead to injuries, mainly due to abrasion. Then the post-mortem gases develop in the body and cause the
specific gravity to decrease. Part of the victim’s back will resurface, with the limbs still pointing to the
bottom, below the surface of the water. The interval between these two phases is variable, depending on
the environment. The body will continue to float until the gases are released during the decomposition
(Lunetta et al., 2014).

In light of the literature on the position of a drowning body, a reference position (Figure 3) can be
chosen - with the trunk at about 30° to the horizontal axes and the limbs pointing downwards. Moreover,
the head of the rescue brigade interviewed by Delhez (2021) confirmed the recurrence of this position.
Other positions will support drowning phases that do not correspond to this reference position.




2.3.  Computational Fluid Dynamics model results of drag coefficient

CFD stands for Computational Fluid Dynamics. It is a part of fluid mechanics that uses numerical
analysis to solve problems related to fluid flow. Here the focus will be on a very small part of CFD, which
can be applied to the search for missing persons by drowning — using for example articles that will focus
on the CFD of swimmers. This will give an idea of the drag coefficient values that should be obtained.

Indeed, swimming is a major athletic sport and to optimize the thrust and drag of a swimmer many
efforts are made. CFD is a method observing and understanding the movement of water around the
human body. The CFD for the swimmer addresses two main topics of interest which are the propulsive
force of the propelling segments and the drag forces resisting forward motion. This propulsion will be of
less interest in the case of a drowned body but some differences between CFD and experimental data can
be highlighted as they are likely to be the same in the case of a dead body (Marinho et al., 2009c).

Bixler et al. (2007) found that the difference between the value obtained with a CFD and that obtained
with an experimental approach was around 4% and therefore proved that CFD was accurate and could be
used in swimming research. Especially as the model used for the CFD and the experimental results may
differ, which leads to difference in the results and explains part of the percentage difference between the
two methods. If this percentage is the same for a drowned body, then CFD could be a very good way to
obtain results in the search for missing persons by drowning. The study also shows that the drag coefficient
of a real swimmer is higher than the coefficient of a model due to the movement of the body. The
difference between the skin of the swimmer which is flexible and that of a model could also have an effect
on the results (Figure 4).

Gardano et al. (2006) compared the results between CFD trend and data measured in a wind tunnel
for a human arm. The human arm was represented as a standard geometric solid, which is not as accurate
as a true three-dimensional model of an arm. The results were obtained at low wind speeds under quasi-
static conditions resulting in a Reynolds number between 7*10° and 2*10”. The comparison between the
two confirms the relevance of the low-speed wind tunnel for obtaining drag and lift coefficients in quasi
static conditions.
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Figure 4 - Hydrodynamic drag force of the swimmer, CFD and the model (Bixler et al., 2007)

Although a lot of CFD work for human swimming has been carried out, in most cases the models are
2D or very simple 3D and these simplifications can conduct to misinterpretation. To avoid this problem,
the reverse engineering process is used to build a virtual model. This process involves the use of a laser
scanner to perform a three-dimensional mapping of the model. This process will capture a point cloud of
a real object, edit this point cloud, then create a mesh with smooth surfaces to finally create a solid 3D
model (Marinho et al., 2009c).

Some papers (Marinho et al., 2008 and Zaidi et al., 2008) focus on the gliding position of a
swimmer. Marinho et al. (2008) investigated the gliding position with the arms alongside the trunk and
with the arms extended forward (Figure 5 and Figure 6). These two positions have some similarities with
the position of a body that could be found lying on the bottom of a river, with an upright body position. In
the first position, the arms are along the trunk, which might be more consistent for a dead body (Figure
7). But both models experience a flow of 1.6 to 2 m/s, which is much more than a corpse lying on the
bottom of a river would experience. In any case, the Cp of a body with its arms along the trunk is higher
than that of a model with the arm extended (respectively 0.7 and 0.4) (Marinho et al., 2008).



Figure 6 - The model used by Marinho et al. (2008) in a ventral position with the arms extended at the front with the shoulders
fully flexed in the CFD domain
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Figure 7 — Picture 6fa model in a ventral position with arms alongside the trunk (top view and profile view)



In swimming, three types of drag are involved: the skin-friction drag, the pressure drag and the
wave drag. These drags are found in the case of a drowned body, although these forces do not always
have the same direction. The skin friction drag depends on the flow velocity, and on the surface and
characteristics of the body area. The pressure drag is the difference in pressure between the front and the
back of the body. This drag can be influenced by the cross-sectional area of the body. Secondly, the wave
drag may have little to no influence because the drowned body will be drawn towards the bottom of a
stream. This drag was in any case not taken into account in the studies of Marinho et al. (2008a).

In the case of a swimmer moving through the water at rest, the pressure drag is dominant (>75%)
and it takes into account the velocity of the swimmer (Figure 8).

—l— AAT Total GO —-0=—= AEF Total CD
1.00 - —a— AAT Skin-friction CD —-a—- AEF Skin-friction CD
—id— AAT Pressure dreg CD  —-4—- AEF Pressure drag CD
0.80 S5 -
- — . -
o - &
;f:_’ 0.60 -+
o
8  gmmm———— . .
o 040 ¥ =, e P "
B
[
0.20 1
0.00 - — - :
1.60 1.80 2.00

Velocity (m/s)

Figure 8 - Relationship between total drag, skin-friction drag and pressure drag and the gliding velocity for the positions with
arms alongside the trunk (AAT) and extended at the front (AEF), from Marinho et al. (2008a)



2.4.  Wind tunnel results of drag coefficient

The wind tunnel is an experimental tool that allows, among other things, to obtain the drag coefficient
of an object. As with CFD, there are few articles that focus on the study of people who have drowned.
Therefore, article related to different applications will be reviewed, articles which can be applied to our
topic. This will give an idea of the values of the drag coefficient that should be obtained in wind tunnel
tests.

Schmitt (1954) conducted a study to obtain the drag coefficient of a human body in a wind tunnel for
a man of average stature. Lift, side force and moments were also acquired. The subjects were given five
body positions: standing, sitting, supine and two squatting positions. The test for these positions varied
according to the yaw angles and for a clothed or naked model. The weight, height, volume and surface
area of each of the 8 subjects were known. For the supine position, which is closest to the drowned
position (Section 2.2), the Cp obtained by Schmitt (1954) is between 1.5 and 4 for a wind speed of 27.49
m/s.

Another experiment conducted in a wind tunnel, but this time for speed skating, was led by D’Auteuil
et al. (2012). This experiment was conducted on full-scale model to obtain an optimisation of the drag
coefficient of a skater for different Reynolds number. The model had a single position: sidepush (Figure 9),
which has the leg and torso in a position close to that of a drowned body (as discuss in Section 2.2), but
not so much for the arms which are not pointing downwards. The drag coefficient should therefore be
smaller for the skater compared to the coefficient of a drowning body. A test conducted in smooth flow
revealed that the CpA tends to decrease with the speed of wind and to be more stable above 40 km/h. The
CpA ranged from 0.09 to 0.1 for different winds speeds.

Figure 9 —Sidepush position in the test section (D’Auteuil et al., 2012)

A number of wind tunnel experiments have been carried out for cyclists, which are summarised
on Table 2. The Figure 10 gives an overview of some of the positions used to obtain the results. This table
shows the CpA values obtained for a given wind speed, with values higher than those obtained for
skating. These large variations between the different values available suggest that the projected surface
area will have a huge impact on the results. Once again, the position differs from the one of a drowning
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body, especially with the presence of the bicycle. But these are tests carried on in quantity and which
may prove to be valuable.

Table 2 - Comparison of drag areas for several wind tunnel experiments for cyclist model (Defraeye et al., 2010) with the results
obtain for the model

Author Position Wind speed Drag area Test section Number of
[m/s] (CoA) [m?] size [m?] cyclists

Kyle and Burke Hill descent 9-15.5 0.23 3*¥2.1 1

(1984)

Dal Monte et al. et Time trail 15 0.246 — 9.6*%4.2 1

al. (1987) 0.254

Broker et al. and Time trail 13.3 0.203 / 5

Kyle (1995)

Zdrakovic et al. Time trail +/-8.2 0.17-0.23 2.2*1.6 2

(1996)

Gilbertini et al. Time trail, 13.9 0.223 4*%3.84 1

(2008) dynamics

Garcia-Lopez et al. Time trail 15 0.260 3*%¥2.2 5

et al. (2008)

Figure 10 — (c) The Hill descent position, (d) Time trail position (Lukes et al., 2005)

The skying field is also a field where wind tunnel tests have been carried out. Indeed, air drag,
frontal area and drag coefficient have been obtained by Ainegren et al. (2018) for different skying
techniques. The advantage of this paper is that it highlights two main parameters needed in the
calculation of a numerical model for drowning victims. Numerous positions were tested with for example
the skier in different downbhill positions (Figure 11). The air velocity varied between 6 and 14 m/s
depending on the position studied and drag coefficients varied between 0.62 to 1.18. The CpA tends to
increase with the air velocity. The projected total surface of the different positions was calculated using a
two-dimensional image, which may lead to an underestimation or overestimation of this value
depending on the distance from the camera (Figure 12).
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(Te)
Figure 11 — Different positions of skying techniques (Ainegren et al., 2018)
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Figure 12 - How the calibration area with length | is perceived by a camera at different distances (Ainegren et al., 2018).

2.5.  Objectives of this work

The present master’s thesis is a contribution to research effort to predict the motion of a drowning
victim in urban rivers. In a first step, a full-scale model is studied and compared to a human body. For this
purpose, the positions reproduced by the model are compared with those of a human body, and then the
frontal areas of the two bodies are compared in the same position from a numerical model and from the
literature respectively. Then, the model is used in a wind tunnel and the measured drags compared with
those of the literature for a human body. Once the experimental setup is validated, we can extend our
study to the reference position of a drowning victim.
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3. Numerical modelling

The objective of the numerical modelling part is to create a 3D digital model of the dummy (named
Ken) that will be used in future experiments. In fact, it gives a better understanding of the geometry of the
object and it allows to obtain the projected area of the model. The positions of the dummy used in the
experimentation are described in the next section as well as the tools to obtain the model. Two acquisition
methods will be completed and then four software packages will be used to compute the numerical model
of the 3D body: Cloud Compare, Meshlab, Reality Capture and Blender. The main goal of the digitisation,
in the end, is to obtain the projected surface area of the model at any position, as well as its total surface.

3.1. Description of the tools

3.1.1. Characterization of the model (Randy 9000)

The model shown below is the Randy 9000 produced by 3B Scientific. In this work, we will refer to
it as Ken. It is a full-scale model designed to help firefighters rescue people from fires, from drownings and
from other high-risk sites. It is made up of rugged polyethylene parts that are joined together using
stainless steel hardware. Each part is waterproof. The joints have a large range of motion that is faithful
to that of an adult man (Figure 13). It is designed to be customised, with empty parts in the body that can
be filled with water or sand to weigh it down (Figure 14).

The rugged polyethylene of which the model is made has a very high reflectivity which will affect
the quality of some of the results obtained later in Section 3.2. The large range of motion of the joints will
also affect the results in Section 4 and several adjustments will have to be made to achieve a tolerable
range of motion.

The weight of the model is 30.6 kg when empty and the height is 1m90 tall. When compared to a
human body, Ken is not within the average size for a man, and his shoulders are particularly broad in
comparison to those of Clément, our human model (Figure 15). The model does not belong to the average
height or weight of the Belgian or any other European population as the parameters from Table 3 underline
it. This should be taken into account when conducting experiments and especially when analysing the
results.
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Figure 13 - Picture of the joint between the basin and the leg of the model, with different angles of motion

Figure 14 - Picture of Ken disassembled, where the holes which allow to fill Ken are visible
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Table 3 - Comparison of the model and an average man for different parameters

Ken Clément
Height 1m90 1m85
BMI (will be calculated in Section 21.3
3.2.5)
Shoulder larger 55cm 47 cm
Inseam gap 94 cm 8lcm
T-shirt size 2XL
Pants size XL

'FigAu.re 15 - Picture of the model from a frontal view for two main positions (configuratioﬁ 1 on the left and 3 on the right) in
comparison with the human body of Clément

Several key positions have been identified, which could be observed on a body in the case of a
drowning victim. These positions are given and labelled in Figure 15 and Figure 16 and described in Table
4. The reference position corresponds to the drowning phase where there is still a little air in the drowning
victim’s lungs but the limbs are already weighed down by the liver mortis. The other configurations are
intended to complete the other phases that may occur or to allow comparison with certain positions that
can be found in the literature.
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Table 4 - Description of the different configuration considered

Configuration Description

1 - Standing position Straight position from the legs, torso and head, with arms alongside the
body

2 - Standing with arms Straight position from the legs, torso and head, with arms outstretched

outstretched at about 70° from the vertical axes

3 — Reference position The torso has an inclination varying from 30° to 90° from the horizontal
and the limbs hang down

4 —Belly on the bottom Lying on the bottom, head down, arms alongside the body

5 — Back on the bottom Lying on the bottom, head up, arms alongside the body

Figure 16 — Picture of Ken in the a) frontal, b) profile and c) top view for different configurations (numbered from 1 to 5)
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3.1.2. 3D laser scanning

The 3D Scan has been realized using a laser scanning method. This is a method using laser light that
can capture anything in its field of view. In this process, a laser line or a dot is project onto an object from
the device and a sensor measures the distance to the surface of that object. To be more precise, laser
scanning systems use a beam that will bounce off the surface and be reflected back to the sensor. The
sensor then calculates the distance between the surface to itself by measuring the time it takes for the
light to travel that distance. The mirror deflects the laser beam in a vertical direction onto the same object
and an angle is encoded with the measured distance, giving a vertical angle. The horizontal angle is
obtained by the 360 degrees rotation of the laser scan horizontally and is encoded as well (Berchon, 2014).
The 3D laser scanning techniques are then refined to measure and inspect complex geometries such as
the geometry of a 3D model and will give more accurate results than traditional methods (Virtanen, 2014).
However, as the laser misses reserve side of target, which are not visible on a scan, it would be necessary
to process more than one scan (Figure 17).

Laser scan collects the data in the form of a point cloud with XYZ coordinates. The spatial and
dimensional aspect of the object will be well represented. This data is processed using numerical software
such as Cloud Compare or Reality Capture which will be described in Section 3.4.

The 3D laser scanning used here to obtain data from the model is the BLK 360 from Leica (Figure 18).
Most of the time, it was placed on a tripod. The vertical visual field of the laser is 300 degrees and the
horizontal one is 360 degrees. Four laser scans are performed, one in each corner of the room and a fifth
scan is performed with the laser on the floor to collect information from beneath the model (Figure 19).

It is important to note that the errors related to the acquisition can have an impact on the results.
Indeed, the surface of the model strongly reflects daylight, which leads to a lack of data in the point clouds
for these highly reflective parts. Similarly, the accuracy of certain areas that are less accessible to the laser
scanner, such as the armpits or the crotch can lead to errors.

Building facade in the background

Measured anglek

Reverse side of target i
Laser pulse

not visible in scanning R
& (time measured)
b Measured point
Sparse points
from distance r A
>
Target being scanned Instrument on tripod

Figure 17 - Laser scanning principle (Virtanen, 2014)
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Figure 18 - A BLK 360 leica on a tripod with a) Vertical visual field; b) Horizontal visual field (Leica Geosystems AG, 2018)

Figure 19 - Picture of the scanning completed on Ken, with on the left: the model in configuration 3 with the laser scan on a
tripod and on the right : the model in configuration 1 with the laser on the ground.
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3.1.3. Photogrammetry

The study of geometric picture analysis dates from the Renaissance with the appearance of the first
principles of stereoscopy (Figure 20) and perspective (Mikhail, 2001). Stereoscopy is a technique which is
used to achieve a three-dimensional effect, adding a sense of depth to an image. It is also the basic
principle of the vision in depth with which man is endowed (Winkler, 2011).

(accommodation)

D\pa rity

Virtual 3D
object

Screen
Figure 20 - Stereoscopic view of 3D object (Winkler, 2011)

In 1895, Professor Laussedat invented the photogrammetry technique, known at the time as the
metrophotograhic procedure, designed to determine the three-dimensional geometry of an object from
measurements taken on a photograph. This method not only makes it possible to see the relief but also to
measure it. It is only at the beginning of the 20*" century that the photogrammetry was industrialised and
in 1909, the first aerial photographs from an aircraft were taken by Wilbur Wright and led to the use of
aerial photogrammetry (Figure 21). It finally became digital in the 2000s. Thus, it is possible to invest the
application of 3D measurements in the field with the creation of Digital Elevation Model (DEM). Nowadays,
photogrammetry is used in many different fields such as geology, cartography, GIS, architecture or
topography (Mikhail, 2001).
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Figure 21 - Aerial photogrammetry principle

Photogrammetry uses a set of photos with a high percentage of coverage to reconstruct a numerical
model. The advantages of such a method are speed, budget, accessibility and continuity. Indeed, a digital
camera is enough to collect data, the acquisition is not too time-consuming and once the image processing
skill is acquired, it is easy to provide a result and the method is without contact with the subject and allows
to obtain a continuous representation of reality. It is a 3D technique whose mathematical model uses
central projection (Stylianidis, 2020). In fact, it uses the parallax obtained between several images, taken
from different point of view with a certain overlap. The more images are added, the more this method will
be accurate (up to a certain threshold). The parallax is the effect of these different viewpoints on the
images obtained (Figure 22).

3D OBJECT
=4
AR 3
............... “ z
<
T
OA\@
(o)

........

' Image 2 ‘
Identical Feature i

Points

CAMERA MOVEMENT
A

Figure 22 - Principle of photogrammetry (Tokkari et al., 2017)
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Here the camera used is a Nikon D750 (Figure 23), in order to have good quality images for the first
photogrammetry performed. The second camera used is a Nikon Z6 with a 50 mm lens and 40 mega pixels.
Once collected, this data will also be processed using a numerical software (Reality Capture) which will be
described later. The first acquisition consisted of 530 pictures, while the second included more pictures
for a better accuracy due to counteract the reflectivity of the model. Those pictures have 80% coverage
and were taken by walking in a circle around the model at different heights in order to cover the whole
body. Additional photos were taken to ensure that the necessary amount of information was available for
more sensitive areas such as the armpits, the crotch, etc.

It is important to note that errors related to the acquisition can have an impact on the results. Indeed,
the surface of the model strongly reflects daylight, which leads to a lack of data in the point clouds for
these highly reflective parts.

Figure 23 - Picture of the setup of Ken in configuration 3 while doing photogrammetry
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3.1.4. Description step by step of the use of software to obtain the model

Cloud Compare is only used to analyze the 3D laser scanning images. Photogrammetry cannot be
processed by this software. Cloud Compare is an open-source software that can process dense point
clouds, so it is the reason why it was used in this case.

The point cloud (Figure 24) is processed to keep only the model and the floor beneath it. Cloud
Compare’s scalar field associates each point cloud with a numerical value and displays the colour field with
the minimum saturation values of the scalar field in blue and the maximum saturation values in red
(Girardeau-Montaut, 2015). This scale (Figure 24) allows us to see the areas that may have a deficit or a
surplus of points.

Figure 24 - Cloud points, results from 3D laser scanning on Cloud Compare (left), color-bar scale (right)

First of all, the point cloud needs to be cleaned in order to eliminate the outliers as well as the
ground on which the model was located. The Cloud Compare tools used to perform this step are essentially
statistical outlier filter, segment and cross section. Statistical outlier filter is a tool that will remove points
that are far from the neighbours, the outliers. Therefore, extreme value with too much difference from
others are removed and their impact on the modelled as well. The segment tool is a manual segmentation
tool that refines the results obtained with the outlier filter. It allows the entities that are selected on the
screen to be manually sliced. Finally, the cross-section tool is mainly used to cut out the soil layer on which
the dummy was located (Girardeau-Montaut, 2015).
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Once the point cloud is clean, the normals can be calculated using the Compute normal tool. The
normal is a vector that represents the orientation of the surface of a polygon and is tangent to the plane
(Figure 25). It can be used to visualise the reflectance of light (Nenad, 2018). Here, to obtain the most
accurate normals, the quadratics model is used to obtain the polygons. This is because it is an accurate
calculation for curved surfaces such as the one of the models. A number of local neighbours (equivalent
to a sphere) must be selected to calculate the normals. To do so, a radius is chosen as the neighbour
extraction process is based on an octree structure (Girardeau-Montaut, 2015).

A red arrows represent
surface normal direction

B viewing
location

surface shape cross section

Figure 25 - Normals on a 3D shading model with the position of the normals vector (in red) and the visualization of the light
reflectance (in yellow) (Nenad, 2018)

An octree structure (Figure 26) corresponds to the recursive partition of cubical volume of space
and s initiated from the square bounding box of a cloud. The larger the radius, the smoother the generated
normal. However, increasing the radius implies a longer processing time but it precises the normal. On the
opposite, decreasing the radius may decrease the quality of the generated normal, which can even be
considered invalid (Girardeau-Montaut, 2015). Here, after many tests on the model, the final radius
chosen is 0.1027 m because with a larger radius, the computer is no longer able to process the information.
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octree

Figure 26 - Octree structure (Girardeau-Montaut, 2015)

To obtain a good orientation of these normals, the Minimum Spanning Tree (Figure 27) is used.
This method reorients the normal of a cloud starting from a random point and propagates through the
neighborhood. This method uses a subset of the edges of the connected neighbours and thus, the results
are more accurate with a larger number of neighbours. However, if a large number of neighbours is chosen,
the memory and time required to process the information will also be greater. Here, 12 neighbours are
specified as beyond this number the computer will crash.

The minimal spanning tree
Undirected graph G = V) The tree cost s 33

Figure 27 - Example of the minimum spanning tree method (Nabi, 2017)

The next step is to perform the triangulation to obtain the mesh of the 3D model. The software
offers different types of triangulations such as Delaunay triangulation, or the one used in this case which
is the Poisson surface reconstruction. This tool is an interface to the triangular mesh generation algorithm
proposed by Misha Kazhdan et al. (2006). Indeed, Delaunay triangulation on a point cloud is a 2.5D method
that will work best on very flat vertically oriented clouds and gives poor results in the case of the model.
The Poisson surface reconstruction is a method that allows to construct a triangular mesh by solving a 3D
Laplacian system with positional value constraints. Moreover, after comparison with other reconstruction
methods, this method is considered to have a highly resilient to data noise. The surface is reconstructed
using a shape indicator named x which is 1 or O for points in or out of the cloud point respectively (Figure
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28). This depends on the previously calculated normals. The points are represented by a vector field ¥ and
the goal is to find the x that best fits this vector field (eq. 2). Then, the application of a divergence operator
can be done and the problem can be process as a Poisson problem (eq. 3) (Kazhdan et al., 2006).

min,, ”Vx - 7” (2)

v-m)=V-V o A=V-V (3)
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Figure 28 - Poisson reconstruction principle in 2D (Kazhdan et al., 2006)

Unfortunately, using this method on the whole dummy still gives many errors in the results or poor
results (Figure 29) due to the differences of point density -especially in the arms and legs. To overcome
this problem, the model is cut into five segments using the segment tool. The number of points for each
part is shown on Table 5, and the difference between the left and the right limbs can be explained by the
imperfection circle in black on the right and left side of the model in Figure 30. The different limbs are
modelled individually (Figure 30) after recalculating the normal of each segment using the appropriate
radius. Then, the 3D modeling of each segment is merged to obtain a better result.

Figure 29 - Two results of the 3D modeling of the dummy using Poisson surface reconstruction
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Some parts of the dummy are then still rough and a final segmentation, removing the points from
the point cloud leading to these errors, is performed to obtain the final version of the model (Figure 31).
This is the case for the head, the left arm and left leg.

Table 5 - Quantities of point from the cloud point for each part of the model

Body parts Torso + Head | Left leg Rightleg | Leftarm | Rightarm
Number of points associated | 10,660,327 1,179,559 | 1,017,950 | 1,191,891 | 1,353,153

Figure 30 - The five segments of the model with the scale in meters (top left :right arm, top middle: torso and head, top right : left
arm, bottom left : right leg, bottom right : left leg), and some of their imperfection circle in black
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Figure 31 - Final modeling of Ken

The resulting mesh is not continuous and has holes in it. Using different software such as meshlab or
blender, different techniques are used to try to fill the holes in the mesh but none of them work. Indeed,
using the hole filling parameters leads to a model with a few filled holes inside of the model and this
significantly increases the mesh surface of the model (Figure 32). Another method is to fill the hole
manually using blender but this does not work because even when the macroscopic holes are filled, it
seems that the mesh is still open (Figure 33).

The 3D modeling made with Cloud Compare is used to calculate the projected surface area of the
model, using Matlab.
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Figure 32 - Closing holes on meshlab and the surface area obtain in mm? using this method

Figure 33 - Filling holes using blender
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3.2. Analysis of the data collected

3.2.1. Total projected surface

In order to obtain the projected surfaces in all directions and in all positions detailed in Figure 3, Figure
15 and Figure 16, a Matlab code is used (modified from Tayeb, 2013). This code analyzes the RGB colors
of a screenshot taken in the desired positions and provides the number of pixels of each color. To do this,
it is necessary to impose colors on each part of the body that is to be analyzed (Figure 34), and a scale of
known dimension (Figure 35) is used so that the number of pixels can be transformed into cubic meters.

Figure 34 - Picture of the colors used to calculate the projected surfaces (respectively named left arm in red, torso in blue, right
arm in grey, left leg in purple and right leg in orange) for the configuration 1
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191957 pxl
1.444 m2
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523 pxl
0.002054 m?

0.001057 m?

Figure 35 - Scale of screen captures for two different screens (black box of know dimension and white scale of unknown
dimension)

It is important to notice that this scale varies according to the quality of the screen capture and can
change from one computer to another, so it must be calibrated in consequence. With this in mind, the size
of a single pixel in the results that are given in this chapter can vary from 2.0207E-06 m? and 7.5236E-06

m>.

The projected surface area is obtained for the configuration 1 along the y and x-axis (Figure 36 and
Figure 37) for comparison with the literature. Their values are available in the Appendix (Table 13, Table
14, Table 15 and Table 17). The angle is chosen starting from 0 degree, but the model does not have
perfectly straight limbs, which can lead to a slight variation in the projected area, especially when
comparing the different limbs and especially in some positions where the limbs should be perfectly
aligned.

In the paper by Morais et al. (2020), which works on the frontal surface area of swimmers, for a
swimmer’s position of “right upper-limb exit and left upper-limb catch” or whose “left upper-limb exit and
right upper-limb catch” (Figure 38), frontal surface area measurements are computed using digital
photogrammetry. These positions approximate the 0° position of our dummy when rotated along the x-
axis (Figure 37). Morais et al. (2020) measurements are made on 17 adolescent swimmers with an average
height of 1m73 for an average weight of 66.62 kg. For these two positions, the averages surface area is
0.0806 +/- 0.012 m? and 0.0825 m? while for Ken, this value is 0.1577 m?. This difference between the
values obtained for the dummy and those obtained for the swimmers can be explained by the larger size
of the dummy’s body, especially at the shoulder, and the difference in the position of the arms alignment
of the dummy. It is logical that the model has a larger frontal surface area. If we compare with the article
of Gatta et al. (2015), who work on male swimmer with an average height of 1m82 for an average weight
of 78.9 kg for a “streamlined leg kicking condition” position, the frontal area that is calculated using a
planimetric method is 0.15 +/- 0.01 m? while for the equation used by Clarys (1979), this value is 0.08 +/-
0.01 m? and for the equation used by Mollendorf et al. (2004), this value is 0.21 +/- 0.03 m2. The value
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obtained by the planimetric method is very close to the value of 0.1577 m? obtained with Ken. This can be
explained by the fact that the measurement is made on swimmers who have physical characteristics closer
to those of the model. But for the three methods mentioned, the difference in results is significant.
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Figure 36 - Graphic of the projected surface for configuration 1 with rotation along the y-axis and their corresponding positions

The surface area is minimal with an angle of -180°, 0° and 180° along x-axis but also along the x-
axis and the maximum surface area with an angle of -90 and 90° along y and x-axis which is consistent
given the surface area of the body visible in Figure 36 and Figure 37.
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Figure 37 - Graphic of the projected surface for configuration 1 with rotation along the x-axis and their corresponding positions
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Figure 38 - Position of the swimmer (Morais et al., 2020) (3) : right upper-limb exit and left upper-limb catch and (5) left upper-
limb exit and right upper-limb catch

The projected surface area is then obtained for configuration 2 (Figure 39) and configuration 3
(Figure 40 and Figure 41) along the x-axis. Their values are available in the Appendix (Table 18, Table 19,
Table 21 and Table 22). For configuration 3 (angle of the torso: 90° from the horizontal), an angle of 90
degrees is chosen between the torso and the legs because if some experiments are to be carried out in
the wind tunnel, this is the position most likely to be applied.

The configuration 3 for a 90° rotation angle along the x-axis can be compared with the position of
some cyclists to see if the value can be trusted. Heil (2002) took photographs of 21 male racing cyclists
(average height 1.82m and average weight 74.4 kg) which are digitized by hand using Scion Image Beta
4.02 software. The traditional acro-position” and the “drops position” (Figure 42) can be compared to
configuration 3. It is important to note that the A, of the cyclists included their helmet and clothes. For the
traditional acro-position, the A, is equal to 0.342 m? and for the drops position, the A, is equal to 0.414
mZ. In comparison, the deduced A, for Ken is equal to 0.547 m?2. Once again, the stature of the model can
explain this difference in results. In addition, the legs and arms of the model are unfolded in contrast to
the cyclist position. If for the arm and legs, only 2/3 of the surface are taken into account in our results,
the surface area will be of 0.4017 m? which is relatively close to the results of Heil (2002).

In the article of Bonamy (2021), 14 cyclists (average height of 1m77 for an average weight of 74.8
kg) are digitized for three different positions (Figure 43). The A, is 0.433 m?for position 1, 0.413 m2 for
position 2 and 0.387 m? for position 3. The A, is still 0.547 for Ken and still larger. This time, the A, for the
different positions take into account the bicycle, but the cyclists are smaller (with 13 cm of difference with
Ken). Furthermore, in the article by Debraux et al. (2009), for the same position 1 as Bonamy and using
digital photography, the A, is equal to 0.533 m? which is very close to the results obtained for Ken. Using
CAD (Computated-Aided Design) Debraux et al. obtain an A, of 0.565 m?.
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Figure 39 - Graphic of the projected surface for configuration 2 with rotation along the y-axis and their corresponding positions
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Figure 40 - Graphic of the projected surface configuration 3 (angle of the torso: 90° from the horizontal) with rotation along the y-axis and some of their corresponding positions
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Figure 42 - Left : cyclist drops position, Right : cyclist traditional acro-position (Heil, 2002)

Figure 43 - 3 positions of a cyclists (respectively P1 to P3) with difference in hand and elbow positioning (Bonamy, 2021)



3.2.2. Body part projected surface

For configuration 1 with rotation along the x-axis (Figure 44), the results for positive and negative
angles are almost the same. At 180 degrees, the right arm is not taken into account which is logical since
it is hidden by the torso of the model. Normally, at O degree, the same should be true for the left arm but
it is not quite the case because the model is not perfectly aligned and straight. This error must be taken
into account when the calculated projected surface is used in other calculations. This error is particularly
noticeable for angles of -165 and 165 degree or -15 and 15 degrees, with a major difference in the
projected area. Some mesh errors resulting in holes may also play a role in these differences.

Configuration 1 with rotation along the x-axis (Figure 45) confirms this error, with for example the left
arm present at -90 degrees when it should not be. Apart from this, the various values obtained seem
consistent, with projected area values that can be used for the calculations that will be made later.
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Figure 44 - Graphic of the projected surface for each part of the body for configuration 1 with rotation along the x-axis
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Figure 45 - Graphic of the projected surface for each part of the body for configuration 1 with rotation along the x-axis
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For configuration 2 with rotation along the x-axis (Figure 46), once again, the results for positive
and negative angles are almost the same. For this position, the main difference is between -15 and 15
degrees, where the left arm and the left leg are not similar. This is again due to the fact that the model is
not perfectly upright in its limbs and this leads to a slight difference in the results.

For this same configuration, with a rotation along the x-axis (Figure 47), the right arm appears to
be almost hidden between 60 and 135 degrees and the left arm appears to be more hidden between -105
and -60 degrees which corroborates the fact that the limbs are not all aligned with each other.
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Figure 46 - Graphic of the projected surface for each part of the body for configuration 2 with rotation along the x-axis
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Figure 47 - Graphic of the projected surface for each part of the body for configuration 2 with rotation along the x-axis
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For configuration 3 with rotation along the x-axis (Figure 50), more results are obtained for a larger
number of angles in order to analyze this position in detail as it is the preferential position of a drowning
person. More detailed results are obtained in particular for positions where some body parts are hidden
(arms or legs).

The positive angle for which the torso surface is the greatest is 180 degrees but for the negative
angle, it is -176 degrees with a surface of 0.235 and 0.236 m? respectively. And the positive angle for which
the torso surface is minimum is 74 degrees and for the negative angle it is -90 degrees with a surface of
0.109 and 0.066 m?. It is important to emphasize that in contrast to the value obtained for the minimum
torso surface, here the measurements are very different. This is because the angle is also very different. If
compared with the angle of -75 degrees with a surface of 0.0951, the value of 0.109 already seems a little
more similar. But this difference is due to the fact that there is the presence of the arm or legs which are
located in front of the chest which can hide part of it (Figure 48), playing on its total visible surface. As
mentioned earlier, errors in the mesh result in holes which can also play a part in these differences.

Figure 48 -Position of the body in configuration 3 for the angle of -90 (on the right) and 74 (on the left) with rotation along the x-
axis

For the left arm, the maximum surface area obtained is for a rotation of 135 degrees for a positive
angle and -180 degrees for a negative angle with surfaces of 0.107 and 0.097 m2. And the minimum surface
area is of 0 degrees with 0.002 m?. The 135 degrees angle has the maximum surface area because it is the
area where the arms are most visible in their entirety but also and especially because the hand is presented
flat, with its maximum surface where at 180 degrees, the hand is sideways (Figure 49).

For the left leg, the maximum surface area is this time obtained for a rotation of -135 degrees or
for 180 degrees with 0.166 and 0.160 m?. It is logical to obtain the same angle as before with opposite
signs since these positions emphasize the legs more than the arms.
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Figure 49 - Position of the body in configuration 3 for the angle of 135 (on the right) and -180 (on the left) with rotation along the
X-axis

For the right arm, the maximum surface area is 0.127 m? for a positive angle of 77 degrees and
0.125 m? for a negative angle of -81 degrees. The difference of angles between those two absolute values
is only due to the torsion of the right arm. And the minimum surface area is 0 m? for 180 and -180 degrees.
For the left leg, the maximum surface area is 0.1636 m? for 5 degrees and not 0 degree and confirms once
again that not all limbs are perfectly straightforward. The minimum surface area is 0.003 for a positive
angle of 179 and 0.003 for a negative angle of -180 degrees.
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3.2.3. Comparison of projected area to other methods

Other acquisitions are carried out to obtain the projected surface area of the model.

Indeed, a second photogrammetric acquisition (Figure 51) is carried out because the first
photogrammetric acquisition is not of good quality because of the texture of the model which causes
reflections that were too important to be exploited numerically. To counter the effect of reflections on the
photos, three flashes are added to the camera (Nikon Z6), plus the camera is also equipped with a
polarizing cash.

These results can be modelled via Reality Capture but this time using the least squares method,
cleaned up via Cloud Compare using the slicing tool and analyzed via Matlab as it was realised previously
with the laser scan results (Figure 53 and Figure 55). These results can be compared to those obtained
previously (Figure 52 and Figure 54).

Figure 51 - Data acquisition of the model using a three flashes camera with polarizer

Along the x-axis (Figure 52), the results are quite similar to what was obtained previously with a
larger difference for the 90 degrees angle. This difference can be explained by the fact that the alignment
of the dummy for this photogrammetry is not exactly the same as for the laser scans acquisitions.
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Figure 52 - Comparison between total surface for the model based on laser scan and photogrammetry along x-axis for
configuration 1
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Figure 53 - Position of the model based on photogrammetry with rotation along x-axis

Along x-axis (Figure 54), the photogrammetry results are generally overestimated compared to
those obtained by laser scanning due to the same inaccuracy as highlighted for the x-axis. Once again, the
90 degrees estimation is particularly impacted which tends to confirm that this difference is related to the
alignment of the dummy. The photogrammetry is known to give less accurate results than laser scanning,
resulting in a less accurate model. The modelling method is not the same and the method (Poisson surface

reconstruction) used for the laser scanning results is also more precise due to the complex shape of the
model.

The results obtained with photogrammetry generally corroborate those obtained with the laser
scan with an error due the precision of the results.
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configuration 1

Figure 55 - Position of the model based on photogrammetry with rotation along x-axis

Another acquisition is carried out in partnership with Zakaria Boualem. The method is more or less
similar to that of photogrammetry method, this time with pictures taken from three different locations
and using a black and white squares background as well as landmarks (Figure 56). Zakaria then constructs
an algorithm that will be used to perform the direct linear transformation (DLT) of the model with
calibration points.

This acquisition is achieved for the model in configuration 3 with a leaning model ((angle of the
torso: +/- 30° from the horizontal for DLT and +/-45° from the horizontal for scanning laser) so that it is
compared to a model adjust in Cloud Compare with this same characteristic (Figure 58) which varies from
the configuration 3 described in Section 3.2.2. The value obtained with this method are underestimated
compared to those obtained with the laser scan. This is consistent since the method is again less accurate
than the laser scanning method. This may be due to the number of calibration points or their position in
space when configurating the algorithm. The values for positions of 90 and 45 degrees are particularly
different, which can be explained by the fact that for these values, the position of the dummy’s head or
limbs is not perfectly identical in the two methods. The degree of inclination of the torso also varies and is
probably the major cause of these differences. Indeed, for an angle of 0 degree along the x-axis, the value
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obtained with the two methods are much closer and this orientation does not take into account the
inclination of the torso as much as the tree other.

Figure 56 - Data acquisition for the direct linear transformation
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Figure 57 - Comparison between total surface for the model based on laser scan and Zacharia along x-axis for configuration 3 but
with the leaning torso
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Figure 58 - Position of the model along x-axis with the laser scan model and with the direct linear transformation (Zacharia) for
configuration 3 with leaning torso

3.2.4. Total surface area

The software total surface measurement tool gives an estimated mesh surface of 3.006 m? and a
volume measurement of 0.05319 m3, both of which are highly unlikely. Indeed, the surface of the mesh is
estimated to be 3.006 m? but Cloud Compare must have taken into account the surfaces located in the
holes (like the one located on the head of the dummy for example). And the volume is estimated to be
0.05319 m? but a clear message is given by the program to warn that the mesh has holes, which confirms
that these values are not reliable.

Obtaining the exact total surface of the model via numerical methods is not possible. Indeed, many
different software packages are used to try to obtain a result: Reality Capture, Cloud Compare, Meshlab
or Blender but none of them is fairly accurate or handy enough to obtain a mesh without holes or without
meshes forming inside the shape of the model.

Whether the method with laser scan or photogrammetry is used, the result remains the same and
total surface area cannot be obtained despite all the tools available.

Cloud Compare, Meshlab and Blender share a tool named hole filling which is supposed to fill the holes
in the mesh and help achieve a smooth and continuous mesh. But this tool does not work well, as it adds
meshes inside the main mesh increasing the total area of the mesh considerably (sometimes with values
that could go to 33 m2!). Another option is to fill the holes manually using Blender (Figure 33, Figure 59)
but some holes are too small to be found and even using this method, it is impossible to obtain a
continuous mesh.

An approximate total surface area can be deduced using the projected area for a rotation along the y-
axis of -180, -90, 0 and 90 degrees and the projected area for a rotation along the x-axis of 0 and 180
degrees given with the laser method. This gives a total surface area of 2.241 m2. When calculating the
total area with other software, this value should not be exceeded. But in all the other techniques used,
this value was always exceeded!

A comparison with a home-made photogrammetry on a cardboard had to be made in order to
understand the tools available on Cloud Compare or MeshLab and how the total surface area could be
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realised by the software on an object of known dimension. But despite the use of a high contrast between
the cardboard and the ground, two types of different cardboard and a large number of photos, it was not
enough to obtain a dense and coherent point cloud to model it in 3D, so an object available in a database
(Artec3D) is finally used: a screw.

If compared with the mesh of a screw (Figure 60), the difference between the value of the total surface
of the screw calculated by the software (this object having no holes or over-mesh) and the value of total
surface obtained with the projected areas (as it was done previously for Ken) can be obtained. The total
surface area of the mesh is 148.237 mm2 and the total surface of the screw obtained using the method
with its six sides of projected areas is 163.8872 mm2. This means that the method used on the model
before has here an overestimation of 110.56 %. But as the screw is a rather simple object compared to a
human body, the percentage estimate could vary a bit.

o
W
|

Figure 59 — Hole on the head or the feet of the model fill manually using blender
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Figure 60 - Mesh of a screw by Artec 3D

3.2.5. Body Surface Area and Projected area factor

In the paper by Olds et al. (1995), formula (4) is used to calculate the projected surface of a cyclist
in an aerodynamic position as a function of total body surface area.

Ap

2= 23.06 - 246 A (4)

Where A, is the projected surface and A. is the total body surface.

The Body Surface Area (BSA) is the external surface of the skin covering the human body. It can
be deduced in function of the mass and size of people. As mentioned by Tikuisis et al. (2001) in their
article, laser scanning allows a more accurate determination of BSA. For a man, the best nonlinear
regression to obtain the BSA is given by the following equation (5).

BSA [cm?] = 128.1*m%**h00 (with m=body mass [kg], h=height [cm]) (5)

Another formula (6) is given by Dubois and Dubois (1916) but is a bit outdated even though it is used
extensively in multiple articles.

BSA = C*m**h8 ol C = 71.84 (with A =0.425 et B = 0.725, m=body mass [kg], h=height [cm])  (6)

The article of Robinette et al. (1999) is a survey of body measurements of people from three
different countries including the Netherlands. The Dutch population is the tallest of the three and
therefore the most appropriate population for comparison with our model. In the article, the maximum
height for the Netherlands is 1.84 m for a weight of 78.4 kg. But even there, our model is taller.

As our model is 1m90 tall and no studies are found for such a height, the BMI (Body Mass Index)
will be used to estimate its weight as if the model were a real human. The BMI is generally equal to the
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weight (kg) divided by the square of height (m). The BMI for an average person is estimated between 18.5
and 25 (Keys et al., 1972).

The BMlI is estimated to be 23.2 in this case, as it is equivalent to the BMI resulting from the Dutch
sample that was 1m84 tall (corresponding to a stratum of Dutch population between 18 and 29 years old).
So, the weight of the 3D model if it was human is estimated to be of 88.25 kg (Table 6). Another BSA is also
chosen and calculated for a BMI of 25 (Table 7) because the model is very large and tall, wearing XL pants
and 2XL t-shirt, and appears to be larger than the Dutch models, so it would be logical that his BM/ would
be too. The weight for this BMI is 90.25 kg, which is indeed more likely to correspond to the model’s build.

The Figure 61 resumes the BSA obtained with different equations for our model for a BMI of 25
and 23.2.

The difference in the BSA results obtained by Tikuisis et al. (Table 8) for the Dutch sample and the
BSA obtained with the model is consistent. Indeed, none of the Tikuisis models has the extraordinary
stature of Ken and therefore, a comparison between these values would be rather inappropriate.

Table 6 - BSA for the model for a BIM of 23.2

Equations C A B heigth[m] weight [kg] BSA[cm2] BSA [m2]

Du Bois and Du Bois 71.84 0.425 0.725 190 83.75 21170.51 2.117
Boyd 178.7 0.484 0.5 190 83.75 21000.32 2.100
Gehan and Geoge 1545 0.463 0.545 190 83.75 20950.34 2.095
Haycock 242.7 0.538 0.396 190 83.75 20990.46 2.099
Mosteller 166.7 0.5 0.5 190 83.75 21028.33 2.103
Shuter and Aslani 94.9 0.441 0.655 190 83.75 20791.51 2.079
Tikuisis 128.1  0.44 0.6 190 83.75 20937.01 2.094

Table 7 - BSA for the model for a BIM of 25

Equation C A B heigth [m] weight [kg] BSA [cm2] BSA [m2]
Du Bois and Du Bois 71.84 0.425 0.725 190 90.25 21853.84 2.185
Boyd 178.7 0.484 0.5 190 90.25 21773.98 2.177
Gehan and Geoge 154.5 0.463 0.545 190 90.25 21688.09 2.169
Haycock 242.7 0.538 0.396 190 90.25 21851.78 2.185
Mosteller 166.7 0.5 0.5 190 90.25 21829.11 2.183
Shuter and Aslani 94,9 0.441 0.655 190 90.25 21488.3 2.149
Tikuisis 128.1 0.44 0.6 190 90.25 21637.05 2.164
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Figure 61 - BSA of the model for different equations for Ken

Table 8 -BSA for models in the article of Tikuisis et al., 2001

Equation Mean BSA [m2]
Du Bois and Du Bois 1.910

Boyd 1.927

Gehan and Geoge 1.917

Haycock 1.937
Mosteller 1.927

Shuter and Aslani 1.886

Tikuisis 1.9165

The equation of BSA chosen is that of Tikuisis et al. (2001) as it appears to be more accurate and
more recent than others proposed. It can therefore be concluded that the BSA is in the range of 2.094 and
2.164 m? for the model and this result is logical in the case of an oversized model like Ken.

The BSA of 2.164 m? is smaller than the total surface area value of 2.241 m? obtained previously,
which is consistent since this value is an approximation and not the exact total surface area which could
not be obtained.

The projected area factor (f,) is the ratio of the projected area to effective area (Tanabe et al.,
2000). The projected area is discussed in Section 3.2.2 and the effective area is discussed in Section 3.2.4.
The equation for the projected area factor is f, = A projected/A total-

The At Used here is 2.241 m2. A graph of f, in function of alpha is available on Figure 62 with a
comparison between standing persons modelled by Fanger et al. (1970) and our model. This graph takes
into account an angle Bheta, which is the angle given by Figure 63 and which corresponds to a different
angle of view for the different pictures taken. It is important to note that in this graph, the azimuth of the
model for O degree corresponds to the position of the model of 90 degrees along the x-axis on Figure 36
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and conversely the azimuth of the model for 90 degrees corresponds to the position of the model of 0
degree along the x-axis.

The trend followed by the curves obtained by Fanger et al. (1970) is not respected by the model
curve. This may be due to inaccuracies in the projected areas (especially due to the alignment of the limbs)
or to uncertainties in the total surface area previously calculated. These differences are particularly
important for the values of 75, 90 and 120 degrees which correspond to the position of 15, 0, -30 and -45
degrees on Figure 36. These differences can be explained by the fact that the model (Ken) has a larger
stature than the models used by Fanger et al. (1970) in his experience. Indeed, Fanger et al. experimented
on both male and female. The projected area is also underestimated by the results obtained with the
model in comparison to the value obtained by Fanger et al. (1970). These differences in results can be
explained by the fact that the numerical method used by Fanger et al. is not the same as the one used in
this dissertation. In addition, the A used in this calculation is overestimated which can explain the
underestimation of the f, for the model (Ken).
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Figure 62 - Graph of f, in function of alpha for standing people and for the model (Fanger et al., 1970)
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Figure 63 - Description of the photographic method of Fanger, with Bheta = 15° (Nucara, 2012)
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4. Experimental modeling

4.1. Modification of the model

In order to be able to fix the model on the base -composed of an aerodynamics balance- of the wind
tunnel, it is necessary to make several modifications to the model, to make it possible to fix its too mobile
ball joints and to maintain the body in balance on the base with the desired configuration without it
touching the ground. This maintenance must be accomplished with a material that is not too intrusive so
as not to distort the results.

4.1.1. Modification for the first results

In order to keep the ball joints fixed, the first system implemented in place is the stiffening of the ball
joints. Indeed, the Randy 9000 is not rigid as it should normally serve other purposes (as discussed in 3.1.).

To do this, neoprene joints are added to stiffen the joints in the legs and pelvis (Figure 64). Next, the
normal cylinders of the joints are replaced with 3D printed cylinders whose mobility is reduced to 90
degrees (2x45 degrees) in total, instead of the original 180 degrees. Although this does not fix the joint
100%, it limits its movement (Figure 64). Finally, a thicker washer is used to clamp the two half-spheres of
each joint together. This limits the movement of the joints using stiffening by friction.

The model must be placed on a female part that can be mounted on the male part of the prop used in
the wind tunnel to make the measurements (Figure 64). This female part is thus attached to the model
from a gas line collar placed around its ball joint at the level of the pelvis. This allows the part to be place
without having to install a plate or some other intrusive system that would have alter the shape of the
model.

Nevertheless, during the experiment, sticky paper is used to maintain the arms at chest height and the
legs almost touching the ground.
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Figure 64 - Photos of the improvements made on the model (top left: neoprene; top right: female part to be able to fix the model
on a male part on the base used in the wind tunnel, bottom left: in brown parts to fix the kneecaps of the shoulders and legs to
replace the white one, bottom right: cylinder piece)

4.1.2. Modification for second slots of results

The previous arrangements are not sufficient to obtain the desired results and one of the decided
configurations. To further improve it, another part is placed at the level of the ball joints (Figure 66). This
notched piece modeled in 3D allows the ball joints to be fixed with greater efficiency. The difficulty in
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creating such a part is mainly due to the precision required in the notches but also comes from the material
used to manufacture it. Indeed, the piece is easily breakable and the model must therefore be handled
with great care to prevent this from happening.

The addition of a metal piece at the junction between the arm and the torso on both arms (Figure 65),
also allows the arm to be kept straight without the need for adhesive paper or other more invasive
methods.

Finally, the empty part of the torso is filled with water in order to raise its center of gravity and make
it stands straighter during the experimentation.

Figure 65 -Metal piece at the junction between the arm and the torso

56



Figure 66 - Parts added to the ball joints to fix them
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4.2.  Wind tunnel and referential

A wind tunnel is a tool for studying the effects of airflow around a fixed object. It is composed of a
circular tube in which the air is in motion thanks to the action of a fan (Figure 67). The one used at the
University of Liege is a closed loop subsonic tunnel (Prandtl) and focuses on tests below 65m/s (Figure 68).
In this kind of wind tunnel, the flow regime is compressible and the continuity law can be written as
detailed in equation (7).
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Figure 67 - Wind tunnel in close loop (Tomia and Liftarn, 2007)

‘Figure 68 — Wind tunnel of the university of Liége, and the aerodynamic balance on which the model will be pose
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The aim here is to reproduce the conditions under which the model would be found if it was swept
along by the current of a river. The air velocities must to be appropriate to represent the same Reynolds
number as what will be experienced in the water. The model is therefore held in a stationary position but

behaves as if it was in motion.

The model is placed in a test chamber, on an aerodynamic balance to measure the forces acting
on it (Figure 68). The wind speed is measured by an anemometer (Figure 69) and a control box is used to
obtain the desired speed value.

A reference frame for the position of the model in the wind tunnel is available in Figure 70 and
Figure 71, with x,y,z the three axis and with O the yaw angle.

z
4 wind

Figure 70 - Referential in the wind tunnel side view (ground in gold, mannequin in black, prop in grey), for a model at 6 = 0°
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wind

Figure 71 - Referential in the wind tunnel, top view (wall in gold, mannequin in black, prop in grey) for a model at 6 = 0°

4.2.1. Firstresults

A first series of tests is carried out after the modification described in Section 4.1.1. on the model.
These results are detailed in this chapter.

A calibration is first performed to adjust the error in the results of the aerodynamic balance. To do
this, weights are placed on the model along the x-axis at four different locations and permit to obtain a
graph of the force compared to the torque along x-axis (Figure 72). The slope of the equation of this graph
is 0.0489 and allows to obtain the parasite force along the x-axis.

Then, four slots of results are made: one with the model at 0 degrees and naked, one at 180 degrees
and naked and then for the same two angles with a model with clothes on (Figure 73).
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Figure 72 — Mean of the calibration along x-axis force and its interpolation

Figure 73 - Position of the model in the wind tunnel with the first arrangement, for configuration 1 with and without clothes for
an angle of 0 degree (top) and 180 degrees (bottom)
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The Table 9 includes the conditions under which the experiment takes place. The dynamic viscosity
and the mass density of the air are obtained from the interpolation of Figure 74 and a data table
respectively (Thermexcel, 2001). The aerodynamics balance is used to calculate the force along x, y and z
axis and their respective torque for a known air speed.

Table 9 — Condition of the first results

Parameters Value Units
Temperature T 20.2 °C
Pressure P 99335 Pa
Dynamic air viscosity v 1.6*10° m?/s
The air mass density p 1.204 kg/m3
The wind tunnel section 4.5 (2.5m width*1.8m height) m?

20
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Figure 74 - Dynamic air viscosity as a function of the temperature and its interpolation (Huilier, 2010)

Moving averages are calculated to ensure that the number of samples and frequency are sufficient
for convergence of results (Figure 75 and Figure 76). These averages are used to conclude that the number
of samples taken during the tests is sufficient and representative. Thus, it is known that for the second

slots of test, a time of 15 seconds at a frequency of 200 Hz for each speed is sufficient to obtain usable
results.
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Figure 75 -Moving average of force (orange) for the model at 180 degrees with wind at 4.2 m/s and its standard deviation (grey)
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Figure 76 - Moving average of force (orange) for the model at 180 degrees with wind at 7.7 m/s and its standard deviation (grey)

The force along x is not the exact force that occurs on the model as the calibration is not yet taken
into account. The equation (8) is used to calculate the Fyreq.. Then, this Fy,real is applied to obtain the drag
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coefficient of the model with equation (9). The Reynolds number is also calculated according to equation
(10) in order to compare the results with those of different papers.

Ferear = Fe — 0.0489T, (8)
1

Fx,real =Cy EPUZA (9)

Re= 22 (10)

[

Once these calculations have been made, Figure 77 and Figure 78 are processed. The force results
seem logical, with lower recorded forces for low speeds and higher forces at high speeds. The results with
the naked or clothed model are quite close, which can be explained by the fact that in both positions, the
projected surface of the model is assumed to be the same.

The drag coefficient results are not very consistent with what can be found in the literature as the
range of value seem to be underestimated compared to the value found by Schmitt (1954) and also with
values that tend to vary with the Reynolds number. These poor results can be explained by the
measurements carried out in the wind tunnel with a dummy that does not stand upright on the base and
with measurements that may be hampered by the proximity of the feet to the floor or the presence of
tape around the arms of the model. A second series of measurements will therefore be carried out, after
ensuring the quality of the measurements by modifying the model rigidity.

7
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Figure 77 - Force x in function of the speed of the wind for the model in configuration 1, at 0 and 180 degrees with and without
clothes
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Figure 78 - Cp in function of Re for the model in configuration 1, at 0 and 180 degrees with and without clothes

4.2.2. Second results

The second series of results is carried out for other angle values than the previous ones of 0 and 180
degrees. This time, two calibrations are performed, one according to the x-axis and the other one
according to the x-axis.

Those two calibrations are then used to adjust the error due to the aerodynamics balance. For the
calibration along the x-axis, a 1 kg weight is placed at different locations on the model in order to obtain a
graph of the force along x-axis compared to the torque (Figure 79). The slope of the interpolation of the
graph points is here 0.0489 which is the same as for the first experimental results which proves that the
error of the balance is the same, which is consistent. This value is used to obtain the parasite force along
the x-axis.

For calibration along the y-axis, four different weights (1 kg, 500 g, 200 g and 100 g) are used as it is
not possible to move the weight to four different locations along the y-axis. This is used to obtain the graph
of the force along y-axis in comparison to the torque (Figure 80). The slope of the interpolation of the
graph points is here -0.1786. This value is also used to obtain the parasite force but here along the y-axis.

Once these calibrations are carried out, sets of results can be processed for the model in the position
of configuration 1 for many different angles ¢ (Figure 81).
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Figure 81 - Position of the model for different angle (180, 150, 220, 340°) and from different point of view for the onfiguration 1
on the wind tunnel (wind direction: white arrow)

Table 10 includes the conditions under which the experiment takes place, the dynamic viscosity
and the mass density of the air are obtained using the interpolation in Figure 74 and a data table
(Thermexcel, 2001) respectively. As with the first sets of results, the aerodynamic balance is used to
calculate the force along x, y and z axis and their respective torque for a known air speed.

Table 10 — Condition of the second results

Parameters Value Units
Temperature T 23.7 °C
Pressure P 99429 Pa
Dynamic air viscosity v 1.5*%10° m?/s
The air mass density p 1.188 kg/m?3
The wind tunnel section 4.5 m?
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Moving averages are calculated for each position studied and for the different wind speeds to
ensure that the number of samples is sufficient for the convergence of the results (Figure 83 and Figure
82) since the experiment is conducted for 15 seconds for each different wind speed and angle. From the
moving averages obtained, it can be concluded that the number of samples taken during the tests is
sufficient and representative.

9

Force X [N]

0 500 1000 1500 2000 2500 3000 3500
Torque Y [N]

Figure 82 - Moving average of force (light colors) for the model at 150 degrees with wind at 3.1 m/s (in orange), at 6.6 m/s (in
green) and at 9.3 m/s (in blue) and its standard deviation (dark colors)
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Figure 83 - Moving average of force (light colors) for the model at -10 degrees with wind at 3.1 m/s (in orange), at 6.6 m/s (in
green) and at 9.3 m/s (in blue) and its standard deviation (dark colors)
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The force along x and along x-axis is not the exact force that occurs on the model because the
calibration is not yet taken into account. The equation (11) is used to calculate the Fiotr. Then, this Fiotar is
used to calculate the drag coefficient of the model using equation (9). And as for the first set of results,
the Reynolds number is also calculated according to equation (10) in order to be able to compare the
results with those of different papers.

Frotar = (Fe — 0.0489 T,) * cos (6) + (F, + 0.1786T,)*sin (8)  (11)

The total force results are available in Figure 84. This graph permits to see the trend of the forces
which are increasing with the wind speed in the tunnel. For all angles, the trend seems to be quite similar
even if the forces tend to increase faster for some angles than for others. Normally, some angles should
have the same kind of trend, like 0 and 180° degrees or 20 and 340° degrees. This is not perfectly the case,
which can be explained by the fact that the model is not exactly symmetrical, with differences when the
feet or the head are in front or behind. For angles of 340 and 350°, the differences in the results can be
explained by the fact that in order to be able to compute them, it was necessary to move the model and
a calibration was not performed between the move and the taking of the results, so the calibration used
can be slightly different and lead to an error in the results. Another important factor is the wind speed.
Indeed, the chosen wind speed is between 3.1 and 9.4 m/s which is not very high. It is possible that the
body of the model vibrated a little when the results were taken - due to a notched piece that broke during
the wind tunnel experiment - resulting in these differences. Finally, as it can be seen in Figure 81, one of
the notched pieces placed in the ball joint of the model’s right leg broke during handling of the dummy,
causing a misalignment of one of the two legs and possibly having a slight impact on the results.

In addition to this, the clamping screw that holds the dummy against the wind force to prevent it
from rotating broke. This led, for some measurements with a larger projected surface A,, to not obtaining
results at too high speed (9.4 m/s or even 6.6 m/s for certain angles) because the model rotates and the
results are not usable.

Figure 85 represents the CpA as a function of the Reynolds number, which does not take into
account the total surface projected A, and the Figure 86 represents the Cp as a function of the Reynolds
number. This allows comparison of these results with those of papers for which similar graphs or values
are available. Normally, as for the forces, the trend should be fitting for opposite angles, but the same
errors than the previous ones may have impacted the results. This is particularly true for Cp values that
take into account the total area, as this value is already subject to its own uncertainties due to digitisation
of the model. The Cp results for the same angle at different Reynolds numbers should be within the same
value limit but this is not the case, some Cp results are quite different depending on the Reynolds number.
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Figure 84 - Force total in function of the speed of the wind for the model in configuration 1, for different angle © (legend)
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Figure 85 — Cp*A in function of the Reynolds number for the model in configuration 1, for different angle & (legend)
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In Figure 86, the uncertainties for an interval of 95% of the results are realized and are represented
by errors bars and available in the Appendix (Figure 123). In order to obtain the uncertainties of the drag
coefficient and the Reynolds number, the standard deviation of forces is first calculated using equation
(12) and the wind speed (U) accurate to one tenths of a m/s. Afterwards, equation (13) gives us the 95%
uncertainties for the drag coefficient. For the Reynolds number, only the uncertainties of the wind speed
are used. It is important to note that the uncertainties for the drag coefficient do not take into account
the uncertainties related to A,.

Z(Fi—F)Z
n—1
o= T (n=number of samples)(12)
Uncertainties Cp, = CD[(Z*:F) + (%)] (13)

These results of uncertainties (Figure 123) show that the values obtained at low speeds have
greater uncertainties than the measurements obtained at higher speed. In general, the uncertainties on
the results for the speed of 3.1 m/s are quite significant with, for the drag coefficient, a variation of +/- 7.2
% around the average while for 6.6 m/s, it is of +/- 3.6% and for 9.4 m/s it is of +/- 2.8%.

Figure 87 gives a better view of the previous results, with the force, the drag coefficient without
the total area, the total area and the drag coefficient with the total area as a function of the body angle in
the wind tunnel. This graph allows a better interpretation and comparison of the results with the literature.

Indeed, it is enough to see at a glance the minimum of the force at different wind speeds which is
always at an angle of 170. It can also be seen that the higher the wind speed, the greater the difference
between the values at different angles. Indeed, for a wind speed of 3.1 m/s, the force values hardly vary
according to the angle, whereas the difference widens considerably for values of 9.3 m/s. The highest
values seem to be at 240 degrees, which is consistent because these are the angles where the dummy is
exposed to the wind over the largest area, since values of 90 or 270 degrees could not be taken. If such
angles are to be calculated, it would therefore be logical that these values would have the highest force
values.

The graph of Cp*A as a function of Reynolds number follows the same trend as the graph of Cp*A
as a function of velocity, but with values much closer to Cp*A despite the differences in Reynolds number.
The largest differences between the three curves are those at 240 degrees simply because for this degree
only the value for a Re of 9.3*10° is made. The slight differences in results between the three curves are
due to the condition of the clamping screw on which the dummy is held and that did not allow some high-
speed results to be taken as for the angle of 240 degrees. The same trend as for the force results is followed
with smaller Cp*A values for angle of 170 or 350 degrees, and higher values that would be located at angles
of 90 or 270 degrees if these measurements were taken.

The graph according to A, shows that the above results follow a trend that is a function of their
projected area. Indeed, forces and CD*A tend to increase and decrease with Ap. This shows that the results
obtained follow a consistent trend.
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However, the graph of the Cp as a function of their Reynolds numbers does not follow the same
trend. Indeed, once the total surface is added, the minimum values obtained are those at 40 and 350
degrees whereas the maximum values are rather 0 and 190 degrees. Once again, if the values around 90
and 270 degrees are achieved, they would probably correspond to the minimum drag coefficient. The
values for a Reynolds coefficient of 9.3*10° are the ones that show the most variation as a function of the
model angle, which would tend to confirm that the values obtained for speeds of 3.1 m/s are not stable
and that in future experiments it would be better to work at higher speeds. The drag coefficient curves for
Reynolds of 1.98*10° and 2.79*10° seem to follow a more similar pattern, with slightly less consistent
values for the 340 and 350 degrees angles, which can be explained by the fact that for these values, the
dummy was moved, and therefore, they may not be representative.

Schmitt (1954) does the same kind of experiment on the human body in a wind tunnel. Indeed,
one of its positions: the supine position, is more or less the same as the one used to obtain the results in
Figure 87. However, he did not work with a single subject and these models vary from 1m62 to 1m88. It
can therefore be assumed that the comparison of the dummy should be based on the maximum result of
Cp obtained by Schmitt.

Comparing the results of Cp obtained in the wind tunnel with those available in Figure 88, it can be
seen that the wind tunnel results are not in the same ranges of Cp. Indeed, the values of Cp obtained by
Schmitt (1954) are rather situated between 1.5 and 4 depending on the angle. Our values are between 0.5
and 0.88. They are therefore 3 to 4 times smaller. However, the results obtained by Schmitt are for a speed
of 27.49 m/s, which is 3 times higher than the maximum speed used in the wind tunnel. This could explain
some of the differences in results, which would be related to insufficient speeds during the wind tunnel
tests. Another main difference between this study and the papers of Schmitt (1954), is the fact that rather
than using an estimated frontal area for each subject, he used a basic parameter which was vH/S (with v=
volume, H= weight and S= surface area of the subjects) instead of Ap. This is the reason why these result
curves are much more stable, with a regular trend, than those obtained for our models. And this could
explain the difference in values between these results and those obtained in the wind tunnel.

Despite this, the trend seems to be confirmed. Indeed, the minimum values of the drag coefficient
of the results in Figure 88 are those for 90 and 270 degrees, which is equivalent to the angle at which one
would expect to obtain the smallest Cp in Figure 87. And conversely, the results are highest around 180
degrees.
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Figure 88 - Supine position, g=9 Ib/ffz (Schmitt, 1954) .

The CpA of a model is performed by D’Auteuil et al. (2012) at different wind speeds (Figure 89).
The speed of 9.3 m/sec done in the wind tunnel equals 33.48 km/h. The position of the model in this
paper is very different from the position realised in the experimental process, so the results should be
taken with caution. The range of CpA for a static position varies from 0.09 to 0.1 (static position) in the
article and from 0.09 to 0.25 in Figure 87. These values are therefore closer, with difference in value that
can be explained by the fact that the results obtained by D’Auteuil et al. (2012) for the static position are

made for a single angle position.
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Figure 89 — Drag area coefficient from the integration of surface pressures in laminar flow with the CpA for 33 km/h in purple

(D’Auteuil et al., 2012)
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More importantly, the results obtained in the article by D’Auteuil et al. (2012), suggests that
speeds above 40 km/h are necessary to obtain more stable drag coefficient values, which could explain
the quality of the results obtained in the wind tunnel and add to the total error that could occurred on the
results.

If comparing the drag coefficient without the total projected surface area to those obtained in
wind tunnel experiments with cyclists’ models, the results seem to fit in (Table 11). Indeed, once again,
the position of the model, lying down has a lower drag coefficient than the position of a cyclist on a bicycle
but despite this, the range of values of the results is quite close to those acquired by different authors,
especially for the high drag coefficient obtained.

Table 11 - Comparison of drag areas for several wind tunnel experiments for cyclist model (Defraeye et al., 2010) with the results
obtain for the model

Author Position Wind Drag area Test section Number of
speed (CoA) [m?] size [m?] cyclists
[m/s]

Kyle and Burke (1984) Hill descent 9-15.5 0.23 3*2.1 1

Dal Monte et al. et al. Time trail 15 0.246 - 9.6%4.2 1

(1987) 0.254

Broker et al. and Kyle Time trail 13.3 0.203 / 5

(1995)

Zdrakovic et al. (1996) Time trail +/-8.2 0.17-0.23  2.2*1.6 2

Gilbertini et al. (2008) Time trail, 13.9 0.223 4*3.84 1

dynamics

Garcia-Lopez et al. etal. Time trail 15 0.260 3*2.2 5

(2008)

Results obtain in the Lying down 3.19.4 0.09-0.25 2.5%1.8 1(*nota

wind tunnel of Liege cyclist 1)

The results can also be compared to values coming from a skying techniques comparison from a
recent paper (Ainegren et al., 2018). Indeed, in this article, the values of Fp, CoA and Cp are given as well
as their total projected surface (Table 12Error! Not a valid bookmark self-reference.). This allows
comparison of some of the results obtained which are in the same range of projected surface area even
though they are not in the same range of air velocity and if their positions are not similar.
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Table 12 - Comparison of drag coefficient for skiing techniques with results obtain for the model in a lying down position
(Ainegren et al., 2018) (Ta, Tb, Tc, Td = different downhill positions; available on Figure 11)

Position Air velocity (m/s) Fp[N] CoA[m?] A[m?] Cp

Ta 14 21.89 0.20 0.23 0.84
Tb 14 19.79 0.18 0.28 0.63
Tc 14 20.10 0.18 0.31 0.58
Td 14 25.60 0.23 0.37 0.62
30 3.1 093 0.16 0.23 0.72
6.6 3.89 0.15 0.66
9.3 7.65 0.15 0.69
40 3.1 0.89 0.15 0.27 0.58
6.6 435 0.17 0.63
130 3.1 1.18 0.21 0.30 0.69
6.6 5.02 0.19 0.65
9.3 9.46 0.18 0.61
230 3.1 131 0.23 0.30 0.76
6.6 551 0.21 0.71
9.3 9.97 0.19 0.65
240 3.1 143 0.25 0.36 0.69

As it can be clearly seen in Figure 90, the results obtained for the different skiing methods show
quite similar results in terms of drag coefficient to those obtained in the wind tunnel despite the
inaccuracies that have already been discussed above. This comparison seems to confirm that the results
obtained in the wind tunnel for a given total projected surface can be quite similar, although these results
are obviously not perfectly identical. This can be explained simply by the fact that despite this projected
surface, the whole hidden part behind this surface also interacts with the wind and can be very different
between the skiing methods and the position of our model position.
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5. Improvements

5.1.  Numerical modeling

The numerical modelling of the model is well advanced in this dissertation, but despite this, the exact
total surface of the model could never be obtained, even though it is known to be below the threshold of
2.241 m2. Two methods can be explored in the future to obtain a more accurate result.

The first method is already a little bit discussed in Section 3.2.4 and consist in comparing the model
(Ken) with other models where the total surface of the mesh is known (such as the screw). It is best to
find a set of models that are rather humanoid shape so that the comparison is as reliable as possible. Given
the use of this type of numerical modelling in various domains, including video games, it should be possible
to find this type of mesh in database (Figure 91). An accurate percentage error can then be assessed and
the total surface area of Ken can be adapted according to these results. However, this method is not ideal
as the total surface area is still an approximation and will not be exact.

Figure 91 - Human dataset of Caesar data set (Khan, 2018)

The second way to obtain this value, is to obtain a continuous mesh without any holes or overlay
on the model. The software used in this dissertation are not enough to achieve this goal but combination
of Blender and another software named Metashape, can eventually lead to the desired result. Indeed, the
close holes parameter of Metashape is quite advanced, allowing for example to close the holes on a
particular selected region. Another tool that is available on Metashape and not on Cloud Compare is the
extrapolated parameter on the build mesh dialog that allows to generate the surface already without any
holes, leading to a closed mesh.

Another point that can be improved concerns the modeling of the limbs which are not perfectly
identical on the right and on the left of the model and which can also be improved by using metashape or
another software.
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5.2.  Experimental modeling

As discussed in Section 4.1.1, the placement of the model in the wind tunnel still needs to be improved.
Indeed, the notched piece used to lock the ball joint is easily breakable (Figure 92). The handling of the
mannequin then becomes tricky as it requires extreme delicacy and changing the broken parts requires a
certain amount of time that cannot be devoted to collecting data. To avoid this inconvenience, the part
must either be made of a more resistant material or even redesigned to better withstand the weight of
the model.

Another solution is to take or build a 100% rigid model like the one used in the paper by d’Auteuil et
al. (2012) and perform the wind tunnel tests with this rigid model. But this limits the configurations in
which the mannequin can be placed, unless several rigid models are created.

Figure 92 — Break of the notched piece

In order to be able to compare the set-up of the model in the wind tunnel with the literature
articles, wind tunnel tests can be carried out with the model in positions similar to those described in
Section 4.2.2. The difficulty with this installation is to maintain the model in the desired positions but also
to obtain the total projected surface of those positions.

An alternative is to test the set up with more smaller parts of the body model such as the arm or
the leg. Indeed, several articles focusing on particular body parts are available such as the paper by
Gardano et al. (2006) which focuses on the arm or Péyhdnen et al. (2000) which focuses on the leg and
foot. The advantage is that the projected surface for the different body parts is available from the modeling
performed on the mannequin. The disadvantage is that the drag coefficient of these results is lower than
the whole-body coefficient.
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The configuration 3 (reference for a drowned body) should fit well to comparisons with articles
focusing on the drag coefficient of cyclists and skiers, for certain position. It would be interesting to see if
a position closer to that of the papers can be tested before conducting test on configuration 3 to validate
the set-up.

In addition to the different positions to be tested in the wind tunnel, it is necessary to test the impact
of clothing on the results.

According to the results obtained previously, the wind speed in the wind tunnel should be chosen
carefully. Either a higher wind speed improves the quality of the results, or the setup should give a more
accurate wind speed in order to obtain lower uncertainties. The acquisition time can also be a little longer,
but this does not change the results very much since the moving averages of the force converge for the
chosen acquisition time in this configuration.
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6. Conclusion

This work is a contribution to the search for victims of drowning in urban area, by the calibration and
validation of a full-scale experimental model. The two essential parameters among others for such a
model are identified as the projected area and the drag coefficient.

To obtain the projected surface area of the full-scale model, two acquisitions are conducted, using a
laser scanning method and photogrammetry. These acquisitions are made on the model in an upright
position (named configuration 1). Then, using multiple software’s including Cloud Compare, a numerical
3D model of the full-scale model is processed. This model can be adjusted according to the desired
configuration of the full-scale model in order to be adaptable to experiments. The resulting mesh allows
to obtain projected surface area by using a MATLAB routine, for any x, y, z angles. This permits to
establish an initial database.

Then, experiments are conducted in a wind tunnel section of 4.5 m?, reproducing the condition
under which a drowned victim would be. The model is modified so that it can be placed on an
aerodynamic balance to measure the forces acting on it and the wind speed is measured by an
anemometer. Measurements are conducted for a frequency of 200 Hz.

These experiments give the followings results:

1. The force is higher for higher projected surface area. It is then minimum for an angle of 0 and
180 degrees and maximum for an angle of 90 and 270 degrees.

2. The Cp*Ais between the range of 0.09 and 0.25. And the drag coefficient (Cp) is between the
range of 0.5 and 0.88 for Reynolds numbers comprised between 0.9*10° and 3*1068,

3. For a Reynolds number of 0.9*10°, the drag coefficient results are of poor quality, with higher
uncertainties than the drag coefficient results for higher Reynolds numbers.

4. The drag coefficient is maximum for an angle of 0 and 180 degrees and minimum for an angle of
90 and 270 degrees, this is the opposite of the trend of forces as a function of the projected
surface area.

This wind tunnel experiment provides a first estimation of the drag coefficient values of the full-scale
model. These values are compared to other literature results originating from various fields such as
cycling, skiing or skating.

This experiment could be improved by adapting the speed of the wind to obtain more stable drag
coefficient, and be applied to more different projected area. Different positions of the model that can be
compared to literature should also be applied. Once these modifications performed and the setup of the
experiment validated, more experiment should be conducted for the configuration of a body in the same
position as a drowned victim, with and without clothes.
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Appendix

Numerical appendix

Table 13 - Projected surfaces for configuration 1 with variation along the x-axis for main positions

configuration 1

m2

Total surface torso Wil -8 Right leg

X zy Numbers of pixels

-90 0 -180 179118 0.36194| 0.14413 0.11506 0.02607 0.07668 0.00000
-90 0 -135 269148 0.54387] 0.19585 0.11910 0.09909 0.07318 0.05665
90 0 -90 299210 0.60461| 0.25179 0.10720 0.10430 0.07094 0.07039
90 0 -45 291252 0.58767| 0.22139 0.10527 0.11170 0.06376 0.08556
90 0 0 177689 0.35906| 0.12214 0.02249 0.10258 0.01428 0.09757
90 0 45 270105 0.54580| 0.20184 0.10487 0.11942 0.02987 0.08980
90 0 90 298857 0.60390| 0.24795 0.10774 0.10605 0.07504 0.06712
90 0 135 289679 0.584921 0.23086 0.10546 0.11350 0.07391 0.06119
-90 0 180 179117 0.36194| 0.14413 0.11506 0.02607 0.07668 0.00000
Table 14 - Projected surfaces for configuration 1 with variation along the x-axis for different positions

configuration 1 m?

X zy Numbers of pixels | Total surface Right leg Right arm
-90 0 -165 165831 0.33515] 0.12622 0.10379 0.01599 0.07956 0.00959
-90 0 -150 59797 0.45156] 0.15178 0.10715 0.07008 0.08206 0.04232
-90 0 -120 79928 0.60357] 0.23431 0.12242 0.11234 0.07234 0.06217
-90 0 -105 301483 0.60931] 0.24642 0.11372 0.11037 0.07291 0.06588
90 0 -75 293197 0.59256 1 0.24790 0.10008 0.10488 0.06756 0.07214
90 0 -60 79560 0.598591 0.24173 0.10199 0.11040 0.06594 0.07853
90 0 -30 74342 0.559341 0.19208 0.09785 0.11777 0.05958 0.09205
90 0 -15 230710 0.46627] 0.14563 0.06814 0.10859 0.04722 0.09670
90 0 15 172386 0.348401 0.12377 0.01524 0.11296 0 0.09643
90 0 30 61007 0.45901] 0.16863 0.07093 0.12338 0.00297 0.09426
90 0 60 80228 0.603621 0.23064 0.11742 0.11918 0.05245 0.08394
90 0 75 300527 0.60737] 0.24130 0.11321 0.11344 0.06240 0.07703
-90 0 105 293965 0.59411] 0.24762 0.10350 0.10644 0.06552 0.07104
-90 0 120 79467 0.597891 0.24558 0.10464 0.10978 0.06922 0.06868
-90 0 150 73793 0.55520] 0.21993 0.11564 0.10305 0.07376 0.04283
-90 0 165 232748 0.47039] 0.19122 0.12008 0.07837 0.07246 0.00826
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Figure 94 - Position of the model for configuration 1, with rotation along the x-axis
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Table 15 - Projected surfaces for configuration 1 with variation along the x-axis for main positions

configuration 1

z y Numbers of pixels

180
135

-135
-180

0

O OO O O o o o o
OO O O O o o o o

76320
139639
178783
160912

78055
141162
177689
159327

76314

0.15422
0.28217
0.36127
0.32516
0.15773
0.28525
0.35906
0.32195
0.15422

0.04090
0.10193
0.14404
0.13853
0.08800
0.11778
0.12214
0.09000
0.04090

m2

0.03491
0.09415
0.11501
0.08718
0.01310
0.01635
0.02259
0.04832
0.03491

Total surface torso NSAa -8 Right leg

0.03494
0.04256
0.02593
0.03163
0.01121
0.06816
0.10248
0.10111
0.03494

0.02158
0.04353
0.07628
0.06781
0.02157
0.00187
0.01428
0.02147
0.02158

0.02189
0.00000
0.00000
0.00000
0.02384
0.08295
0.09757
0.06105
0.02189

Table 16 - Projected surfaces for configuration 1 with variation along the x-axis for different positions

2

configuration 1 m
X z y Numbers of pixels | Total surface Right leg
-175 0 0 83235 0.16819| 0.04477 0.04381 0.03919 0.02167
-170 0 O 25121 0.18901| 0.05112 0.04884 0.04793 0.02161
-160 0 O 29650 0.22308| 0.06247 0.04980 0.06151  0.02090
-155 0 0 118834 0.24012| 0.06624 0.04962 0.06882  0.02070
-145 0 O 140274 0.28344| 0.07688 0.05004 0.08632 0.02194
-140 0 O 40264 0.30294| 0.08312 0.04951 0.09523 0.02031
-130 0 O 44979 0.33841| 0.09798 0.04794 0.10492  0.02065
-125 0 0 173864 0.35132| 0.10512 0.04601 0.10697 0.02068
-115 0 O 183117 0.37002| 0.11585 0.04347 0.10846  0.01952
-110 0 O 49757 0.37436| 0.11874 0.04067 0.10979 0.01794
-100 0 O 49044 0.36900| 0.12178 0.03230 0.10533  0.01578
95 00 180228 0.36418| 0.12194 0.02715 0.10379 0.01538
-85 0 0 176378 0.35640| 0.12143 0.02245 0.10092 0.01288
-80 0 0 47236 0.35539| 0.12223 0.02299 0.09996 0.01073
-70 0 0 46276 0.34817| 0.12535 0.02417 0.09366  0.00672
65 0 0 168201 0.33988| 0.12504 0.02393 0.08959  0.00515

89

0.01875
0.01951
0.02839
0.03474
0.04827
0.05478
0.06693
0.07254
0.08272
0.08721
0.09381
0.09591
0.09873
0.09949
0.09828
0.09616
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121099

102111
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21961
78238
83136
25333
30059
68137

143587
41347
45440

174310

183536
50063
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182364

176978
47688
46591

168124

155971
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119020
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76058

O O O O O 0O 0000000000000 O0ODOO0OOO oo oo
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0.31861
0.30395
0.26744
0.24470
0.20633
0.18808
0.16523
0.15809
0.16799
0.19060
0.22616
0.13768
0.29014
0.31223
0.34314
0.35222
0.37086
0.37666
0.37508
0.36849
0.35761
0.35880
0.35054
0.33972
0.31516
0.29987
0.26200
0.24050
0.19771
0.18051
0.16176
0.15369

0.12458  0.02042
0.12189  0.01818
0.11469  0.01325
0.10707  0.01115
0.09604  0.00836
0.09206  0.00727
0.08819  0.00684
0.08576  0.00884
0.08829  0.02192
0.09494  0.03277
0.10089  0.05226
0.05912  0.05112
0.12571  0.07565
0.13434  0.08331
0.14581  0.09349
0.14693  0.09687
0.14855  0.10493
0.14900 0.10921
0.14869  0.11380
0.14607 0.11412
0.14056  0.11437
0.13749  0.11750
0.13012  0.11508
0.12497  0.11165
0.11526  0.10520
0.10952  0.10030
0.09292  0.08819
0.08356  0.08081
0.06656  0.06614
0.06126  0.05994
0.04356  0.04590
0.04087  0.03583

0.07898
0.07358
0.06080
0.05389
0.03877
0.03067
0.02107
0.01784
0.01246
0.01454
0.01771
0.00397
0.02772
0.02918
0.03225
0.03420
0.03592
0.03617
0.03213
0.02956
0.02823
0.03173
0.03937
0.04078
0.04099
0.04094
0.04298
0.04329
0.04121
0.03974
0.04586
0.04162

0.00370
0.00274

0

0
0.00400
0.00549
0.01056
0.01472
0.02719
0.03299
0.04592
0.02143
0.06106
0.06540
0.07087
0.07292
0.07722
0.07833
0.07840
0.07753
0.07445
0.07208
0.06598
0.06231
0.05371
0.04910
0.03792
0.03283
0.02165
0.01713
0.01458
0.01582

0.09093
0.08756
0.07869
0.07259
0.05916
0.05259
0.03856
0.03093
0.01813
0.01537
0.00937
0.00204

0.00072
0.00130
0.00424
0.00395
0.00205
0.00122

0.00215
0.00244
0.01187
0.01956

Table 17 - Projected surfaces for configuration 1 with variation along the x-axis for different positions

configuration 1
X z y Numbers of pixels | Total surface
-165 0 0 100902 0.20393
-150 0 O 34871 0.26236
-120 0 0 48186 0.36254
-105 0 O 185171 0.37424
75 00 174944 0.35357
-60 0 O 43895 0.33026

90

0.05783
0.07096
0.11144
0.12023
0.12315
0.12589

m2

torso WA [S-8 Right leg

0.04894 0.05436
0.05080 0.07767
0.04476 0.10865
0.03827 0.10779
0.02531 0.09671
0.02122 0.08492

0.02106 0.02174
0.02153 0.04140
0.01977 0.07792
0.01745 0.09050
0.00953 0.09888
0.00403 0.09419
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0.12049
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0.07500
0.05484

0.00939
0.00761
0.04233
0.06897
0.10202
0.11065
0.11500
0.10961
0.07349
0.05257

0.04675
0.02344
0.01637
0.02433
0.03460
0.03505
0.03764
0.04012
0.04226
0.04190

0.00201
0.00814
0.03973
0.05690
0.07575
0.07786
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0.05731
0.02729
0.01401
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0.01197
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Figure 95 - Position of the model for configuration 1, with rotation along the x-axis

Table 18 - Projected surfaces for configuration 2 with variation along the x-axis for main positions

configuration 2

X zy Numbers of pixels | Total surface

-90 0 180 47625 0.35443| 0.17411
90 0 135 78998 0.58791| 0.24935
-90 0 90 83742 0.62321| 0.25765
-90 0 45 76906 0.57234| 0.22988
90 0 0 47771 0.35551| 0.16051
90 0 45 78141 0.58153| 0.24370
-90 0 -90 83603 0.62218| 0.26090
90 0 -135 76669 0.57057| 0.23669
-90 0 -180 47938 0.35676| 0.16055

m2

0.12589
0.11116
0.11096
0.10644
0.02248
0.10680
0.11114
0.12811
0.02311

torso NSAA[E-A Right leg

0.02666
0.11572
0.10877
0.12566
0.12970
0.11531
0.10584
0.10070
0.13022

0.02776
0.05718
0.07049
0.04593
0.00097
0.05238
0.07063
0.05581
0.00092

0.00000
0.05451
0.07534
0.06443
0.04185
0.06333
0.07367
0.04927
0.04195
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Table 19 - Projected surfaces for configuration 2 with variation along the x-axis for different positions

configuration 2

Total surface torso

X zy Numbers of pixels

90 0 -165 231600 0.46276
90 0 -150 72405 0.54878
-90 0 -120 83043 0.62026
90 0 -105 312356 0.62412
90 0 -75 300197 0.61004
90 0 -60 80595 0.60197
90 0 -30 73168 0.54452
90 0 -15 232639 0.47275
90 0 15 183567 0.37303
90 0 30 64839 0.48253
90 0 60 83145 0.61877
90 0 75 313651 0.63738
-90 0 105 302108 0.61392
90 0 120 80720 0.60072
90 0 150 73092 0.54395
90 0 165 234048 0.47562

0.19735
0.22825
0.25532
0.25877
0.25829
0.25511
0.22953
0.20191
0.17484
0.20170
0.24735
0.25761
0.25688
0.25449
0.23339
0.21349

mZ

Left leg NNEAE-@LEftarmy Right arm

0.06906
0.10204
0.12381
0.11520
0.10343
0.10375
0.09946
0.07138
0.01575
0.07177
0.11950
0.11687
0.10675
0.10604
0.11764
0.12392

0.12590
0.12419
0.11393
0.11092
0.10799
0.11223
0.12040
0.12793
0.13003
0.12490
0.12099
0.11724
0.10989
0.11147
0.10494
0.08100

0.02298
0.03997
0.06473
0.06975
0.06796
0.06180
0.03897
0.02330
0.00629
0.02894
0.05974
0.06976
0.06891
0.06385
0.04783
0.03589

0.04747
0.05433
0.06246
0.06949
0.07238
0.06908
0.05616
0.04824
0.04612
0.05522
0.07118
0.07591
0.07148
0.06486
0.04015
0.02132
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Figure 96 - Position of the model for configuration 2, with rotation along the x-axis

92




Table 20 - Projected surfaces for configuration 2 with variation along the x-axis for many different position

Configuration 2 m?

X z y Numbers of pixels | Total surface [i{el§o] left leg Ngf<ddE=@leftarm | right arm
-180 0 O 37657 0.28024| 0.04196 0.03588 0.03595 0.07615 0.09032
-165 0 O 42348 0.31516| 0.06511 0.05043 0.05541 0.06146 0.08275
-150 0 O 45926 0.34178| 0.09946 0.05148 0.07912 0.04397 0.06775
-135 00 47647 0.35459| 0.12645 0.05017 0.10420 0.02654 0.04723
-105 0 O 185425 0.36910| 0.17742 0.03801 0.12659 0.00506 0.02203
90 0 0 47803 0.35704| 0.16108 0.12942 0.02448 0.04207 0.00000
75 0 0 176078 0.35182| 0.13555 0.02604 0.12835 0.00000 0.06188
60 0 0 45180 0.33745| 0.13482 0.02224 0.09860 0.00240 0.07939
-45 0 0 42148 0.31367| 0.12215 0.01508 0.06015 0.02428 0.09201
30 00 39605 0.29581| 0.10264 0.00922 0.03412 0.00000 0.09965
-15 0 0 143950 0.28763| 0.08768 0.00786 0.02525 0.06849  0.09833

000 38161 0.28297| 0.09001 0.01338 0.01118 0.07653 0.09187
1500 156409 0.31252| 0.09631 0.04227 0.01689 0.07923 0.07782
3000 46086 0.34297| 0.12485 0.06686 0.02487 0.07650 0.04988
45 0 0 47807 0.35578| 0.14617 0.08980 0.03217 0.06949 0.01816
60 0 O 48586 0.36158| 0.15638 0.11098 0.03592 0.05830 0.00000
75 00 184117 0.36650| 0.15968 0.12448 0.03542 0.04394 0.00297
90 0 O 47658 0.35467| 0.17398 0.12697 0.02635 0.02737  0.00000
105 0 O 177047 0.35376| 0.17829 0.12338 0.03781 0.01428 0.00000
120 0 O 45583 0.33923| 0.16111 0.11357 0.04171 0.02285 0.00000
135 0 O 42573 0.31683| 0.13602 0.09573 0.04354 0.04153 0.00000
150 0 O 38879 0.28934| 0.09970 0.07475 0.04301 0.05826 0.01362
165 0 O 141885 0.28243| 0.06176 0.05318 0.04244 0.06947 0.05559
180 0 O 37657 0.28024| 0.04196 0.03588 0.03595 0.07615 0.09032
-180 -135 -90

!

8
)
)
J .

Figure 97 - Position of the model for configuration 2, with rotation along the x-axis
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Table 21 - Projected surfaces for configuration 3 with variation along the x-axis for different positions (negative angle)

Configuration 3

m2

Total surface [R{e)&e) (il (-8 right leg

X z vy Numbers of pixels

-90 0 -180 237719 0.49560| 0.23548
-90 0 -179 238670 0.49758| 0.23564
-90 0 -178 242957 0.50652| 0.23573
-90 0 -177 248143 0.51733| 0.23564
-90 0 -176 253206 0.52789| 0.23583
-90 0 -175 258950 0.53986| 0.23581
-90 0 -165 296718 0.61860| 0.23382
-90 0 -150 315630 0.65803 | 0.20944
-90 0 -135 310136 0.64658 | 0.16826
-90 0 -125 285152 0.59449| 0.13973
-90 0 -124 278445 0.58051| 0.13687
-90 0 -123 272008 0.56709| 0.13343
-90 0 -122 266599 0.55581| 0.13059
-90 0 -121 261559 0.54530| 0.12818
-90 0 -120 258580 0.53909| 0.12600
-90 0 -119 257151 0.53611| 0.12390
-90 0 -118 257171 0.53615| 0.12213
-90 0 -117 257973 0.53783| 0.11983
-90 0 -116 259706 0.54144| 0.11713
-90 0 -115 261649 0.54549| 0.11534
-90 0 -110 266207 0.55499| 0.10322
-90 0 -109 263192 0.54871| 0.10079
-90 0 -108 258799 0.53955| 0.09830
-90 0 -107 254126 0.52981| 0.09579
-90 0 -106 249449 0.52005| 0.09331
-90 0 -105 245312 0.51143| 0.09086
-90 0 -104 241599 0.50369 | 0.08845
-90 0 -103 238943 0.49619| 0.08686
-90 0 -102 236691 0.49152| 0.08494
-90 0 -101 235726 0.48951| 0.08321
-90 0 -100 236064 0.49215| 0.08101
90 0 -99 238099 0.49639| 0.07890
-90 0 -98 241738 0.50200| 0.07611
90 0 -97 245903 0.51266| 0.07449
90 0 -90 264323 0.55106| 0.06639
90 0 -84 244369 0.50946| 0.07539
-90 0 -83 240499 0.50140| 0.07783
90 0 -82 238042 0.49627| 0.07999
90 0 -81 235995 0.49201| 0.08250
90 0 -80 234528 0.48895| 0.08402

94

0.15984
0.15940
0.16002
0.16007
0.15956
0.16080
0.16180
0.16544
0.16584
0.16148
0.16098
0.16010
0.16015
0.15956
0.15940
0.15881
0.15797
0.15708
0.15618
0.15533
0.15196
0.15130
0.15052
0.14984
0.14902
0.14861
0.14783
0.14657
0.14596
0.14533
0.14529
0.14511
0.14404
0.14394
0.14079
0.13802
0.13755
0.13796
0.13744
0.13671

ooy

0.00294
0.00397
0.00715
0.01132
0.01591
0.02077
0.06914
0.12682
0.14986
0.15615
0.15571
0.15635
0.15644
0.15560
0.15598
0.15556
0.15535
0.15504
0.15458
0.15319
0.15060
0.15001
0.14939
0.14871
0.14802
0.14729
0.14672
0.14531
0.14475
0.14419
0.14399
0.14324
0.14193
0.14155
0.13846
0.13757
0.13710
0.13760
0.13745
0.13786

0.09734
0.09636
0.09595
0.09584
0.09578
0.09532
0.09311
0.09003
0.09169
0.09415
0.09408
0.09400
0.09400
0.09421
0.09445
0.09453
0.09463
0.09462
0.09479
0.09479
0.09467
0.09471
0.09458
0.09447
0.09430
0.09408
0.09399
0.09349
0.09341
0.09316
0.09401
0.09337
0.09289
0.09296
0.08318
0.03390
0.02451
0.01622
0.00993
0.00598

0.00000
0.00166
0.00766
0.01445
0.02081
0.02717
0.06074
0.06628
0.07093
0.04298
0.03286
0.02320
0.01463
0.00775
0.00000
0.00331
0.00606
0.01125
0.01876
0.02684
0.05454
0.05191
0.04676
0.04099
0.03541
0.03058
0.02670
0.02397
0.02245
0.02363
0.02785
0.03577
0.04703
0.05972
0.12224
0.12458
0.12440
0.12451
0.12468
0.12438
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235042
237447
241827
246665
251737
265332
262287
259728
257826
255890
254870
255003
257256
261540
266535
272417
309237
315031
294145
265784
260551
255493
250260
245172
240871
237411

0.49002
0.49503
0.50416
0.51425
0.52482
0.55317
0.54682
0.54148
0.53752
0.53348
0.53136
0.53163
0.53633
0.54526
0.55568
0.56794
0.64470
0.65678
0.61324
0.55411
0.54320
0.53266
0.52175
0.51114
0.50217
0.49496

0.08653
0.08843
0.09116
0.09340
0.09514
0.11212
0.11425
0.11626
0.11812
0.11982
0.12162
0.12300
0.12441
0.12585
0.12734
0.12893
0.16078
0.19868
0.22369
0.22918
0.22972
0.22984
0.22995
0.22977
0.22982
0.22988

0.13639
0.13619
0.13535
0.13503
0.13534
0.13521
0.13583
0.13633
0.13634
0.13430
0.13670
0.13474
0.13732
0.13805
0.13786
0.13816
0.13605
0.11508
0.05700
0.01991
0.01549
0.01126
0.00729
0.00365
0.00083
0.00000

0.13759
0.13781
0.13837
0.13850
0.13833
0.14136
0.14256
0.14245
0.14279
0.14337
0.14399
0.14452
0.14516
0.14556
0.14607
0.14647
0.15203
0.15789
0.16175
0.16279
0.16254
0.16263
0.16262
0.16284
0.16311
0.16268

0.00501
0.00823
0.01489
0.02305
0.03174
0.04106
0.03102
0.02338
0.01734
0.01134
0.00659
0.00481
0.00741
0.01403
0.02310
0.03328
0.07815
0.07394
0.06776
0.04218
0.03590
0.02954
0.02307
0.01652
0.01021
0.00454

0.12449
0.12437
0.12439
0.12426
0.12428
0.12341
0.12316
0.12307
0.12294
0.12267
0.12246
0.12229
0.12203
0.12178
0.12131
0.12110
0.11770
0.11119
0.10304
0.10004
0.09955
0.09938
0.09882
0.09836
0.09820
0.09786

mereny

0.00295
0.00285
0.00339
0.00601
0.01295
0.05544
0.10575
0.12042
0.07481
0.06494
0.05558

0.09722
0.09725
0.09732
0.09689
0.00000
0.09884
0.10381
0.10702
0.10404
0.10422
0.10428

0.00000
0.00086
0.00595
0.01280
0.02821
0.07694
0.08193
0.08093
0.08539
0.08757
0.08994

Table 22 - Projected surfaces for configuration 3 with variation along the y-axis for different positions (positive angle)
Configuration 3 m
X zy Numbers of pixels | Total surface right leg
-90 0 180 237654 0.49546|0.23552 0.15977
-90 O 179 237449 0.49504|0.23490 0.15917
-90 0 178 239597 0.49951]0.23457 0.15829
-90 O 177 244046 0.50879]0.23416 0.15892
-90 O 175 207609 0.43283]0.23304 0.15863
-90 O 165 293105 0.61107]0.22575 0.15410
-90 O 150 312486 0.65147]0.21297 0.14703
-90 O 135 307812 0.64173]0.19590 0.13746
-90 O 123 270136 0.56097]0.16699 0.12974
-90 O 122 264140 0.55068|0.16470 0.12925
-90 O 121 259028 0.54002]0.16193 0.12829
-90 0 120 254771 0.53115]0.15890 0.12830
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119
118
117
116
115
105
104
103
102
101
100
99
98
97
90
83
81
80
79
78
77
76
75
74
65
64
63
62
61
60
59
58
57
45
30
15

O R N W &~ WU

251951
250898
251772
253677
255714
246379
241347
231974
231974
229728
229107
230260
233541
236914
262311
244813
237386
235413
234457
235579
237623
241162
244872
249781
260513
257904
254953
252900
252625
254785
259032
264521
270943
308269
313878
296112
259121
253786
248687
243890
238890
236428

0.52527
0.52308
0.52490
0.52887
0.53312
0.51365
0.50316
0.48941
0.48941
0.47894
0.47577
0.48005
0.48689
0.49984
0.54687
0.51039
0.49491
0.49079
0.48880
0.49114
0.49540
0.50278
0.51051
0.52075
0.54312
0.53557
0.53153
0.52725
0.52668
0.53118
0.54003
0.55148
0.56487
0.64268
0.65438
0.61734
0.54022
0.52910
0.51847
0.49767
0.49804
0.49291

0.15634
0.15361
0.15070
0.14803
0.14533
0.11655
0.11472
0.11440
0.11395
0.11264
0.11324
0.11503
0.11530
0.11634
0.11137
0.11129
0.11029
0.11010
0.11017
0.10995
0.10965
0.10985
0.10907
0.10902
0.11148
0.11357
0.11717
0.12027
0.12456
0.12844
0.13250
0.13579
0.13914
0.17531
0.20565
0.22313
0.22969
0.22958
0.22949
0.22502
0.22995
0.22993

0.12706
0.12684
0.12572
0.12561
0.12359
0.06862
0.05957
0.04203
0.04203
0.03761
0.03629
0.03777
0.04397
0.05251
0.10622
0.11539
0.11646
0.11737
0.11760
0.11796
0.11790
0.11845
0.11933
0.12009
0.07747
0.06782
0.05909
0.05290
0.04983
0.05119
0.05691
0.06608
0.07609
0.12393
0.10853
0.05948
0.01570
0.01180
0.00786
0.00420
0.00097
0.00043

0.04422
0.04379
0.04763
0.05323
0.06033
0.11326
0.11417
0.11542
0.11542
0.11356
0.11182
0.11091
0.11149
0.11209
0.11144
0.06482
0.04847
0.04337
0.04106
0.04275
0.04739
0.05430
0.06225
0.07143
0.13953
0.14200
0.14295
0.14515
0.14554
0.14653
0.14752
0.14802
0.14901
0.15640
0.16223
0.16326
0.16357
0.16298
0.16274
0.15961
0.16296
0.16342

0.10327
0.10228
0.10224
0.10128
0.10122
0.09762
0.09705
0.09761
0.09761
0.09601
0.09546
0.09558
0.09575
0.09673
0.09439
0.09276
0.09331
0.09349
0.09337
0.09386
0.09372
0.09350
0.09335
0.09370
0.09049
0.08899
0.08757
0.08591
0.08433
0.08288
0.08161
0.08079
0.08022
0.07264
0.07201
0.07377
0.03578
0.02890
0.02203
0.01418
0.00723
0.00177

0.09439
0.09656
0.09860
0.10073
0.10265
0.11761
0.11765
0.11996
0.11996
0.11911
0.11897
0.11968
0.12038
0.12217
0.12345
0.12613
0.12638
0.12646
0.12660
0.12661
0.12673
0.12668
0.12651
0.12651
0.12415
0.12320
0.12356
0.12301
0.12242
0.12214
0.12149
0.12080
0.12041
0.11440
0.10595
0.09769
0.09547
0.09583
0.09635
0.09465
0.09693
0.09735
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Figure 98 - Position of the model for configuration 3, along the x-axis
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Experimental appendix for first slots of results
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Figure 99 — Calibration of the aerodynamics balance along x-axis
1.55

1.5

1.45

1.4

1.35

Force [N]

1.3
1.25
1.2
1.15

1.1
0 500 1000 1500 2000 2500

Number of samples

Figure 100 - Moving average of force (orange) for the naked model at 0 degrees with wind at 3.4 m/s and its standard deviation
(grey)
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Figure 101 — Moving average of force (orange) for the naked model at 0 degrees with wind at 7.6 m/s and its standard deviation

(grey)

Experimental appendix for second slots of results

Force X [N]

©
w

© o o o o
N 0 o W »

©c ©
o B N

*

2 3 4 5 6 7 8
Torque Y [N]

Figure 102 - Calibration of the aerodynamics balance along x-axis
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Figure 103 - Calibration of the aerodynamics balance along y-axis
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Figure 104 - Moving average of force (orange) for the model at 0 degrees with wind at 3.1 m/s and its standard deviation (grey)
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Figure 105 - Moving average of force (orange) for the model at 0 degrees (orange) with wind at 6.6 m/s and its standard
deviation (grey)
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Figure 106 - Moving average of force (orange) for the model at 0 degrees with wind at 9.3 m/s and its standard deviation (grey)
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Figure 107 - Moving average of force (light colors) for the model at -20 degrees with wind at 3.1 m/s (in orange), at 6.6 m/s (in
green) and at 9.3 m/s (in blue) and its standard deviation (dark colors)
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Figure 108 - Moving average of force for the model at 30 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 109 - Moving average of force for the model at 40 degrees with wind at 3.1 m/s and at 6.6 m/s
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Figure 110 - Moving average of force for the model at 130 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 111 - Moving average of force for the model at 140 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 112 - Moving average of force for the model at 160 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.4 m/s
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Figure 113 - Moving average of force for the model at 170 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.4 m/s

111



5
A
A
4
z
x
o 3
o
(5]
[T
2
1 —
0
0 500 1000 1500 2000 2500 3000 3500
Torque Y [N]

Figure 114 - Moving average of force for the model at 180 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.4 m/s
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Figure 115 - Moving average of force for the model at 190 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.4 m/s
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Figure 116 - Moving average of force for the model at 200 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.4 m/s
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Figure 117 - Moving average of force for the model at 210 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s

115



6
5
4
z
x
[
o
o
L
3
2
1
0
0 500 1000 1500 2000 2500 3000 3500
Torque Y [N]

Figure 118 - Moving average of force for the model at 220 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 119 - Moving average of force for the model at 230 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 120 - Moving average of force for the model at 240 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 121 - Moving average of force for the model at 340 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 122 - Moving average of force for the model at 350 degrees with wind at 3.1 m/s, at 6.6 m/s and at 9.3 m/s
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Figure 123 - Cp in function of the speed of the wind for the model in configuration 1, for different angle ¢ (legend) and its
uncertainties
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