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Abstract

Although measurement probes on ground weather stations and weather balloons have
been normally utilized for turbulence measurements in the atmosphere, a need for an
airborne solution that allows turbulence profile generation which accounts for small
horizontal wind changes to be generated has been identified. Probes on manned
aircraft have been utilized which permit measurements that account for these hori-
zontal changes in eddies as opposed to fixed ground based systems. However, more
recently, Unmanned Aerial Vehicles (UAVs) have been implemented as atmospheric
measurement instruments as they provide a new solution for obtaining smaller scale
vertical and horizontal measurements at lower altitudes and cost. Drones are a per-
fect option for the study of lower layer atmospheric phenomena as they provide fast
enough speeds (compared to ship vessels), low enough altitudes, and at a reduced
spatial scale of measurement, therefore an increased resolution.

This project utilizes a 5-hole wind velocity probe mounted on a mid-sized UAV
for boundary-layer atmospheric turbulence measurements and potentially aerosol
particle detection. The wind vector is calculated through the pressure measurements
obtained from the five-hole probe while flying the UAV in straight and level flight
at different altitudes. The angles of attack and side-slip of the wind component are
derived through the pressure differentials between the top and bottom holes and left
and right holes respectively. Also a static pressure port is utilized for obtaining the
barometric pressure and a pitot-static system is used for redundancy. Temperature
and humidity sensors are also installed on the UAV and the temperature is used to
calculate the air density for the wind speed calculation and the humidity to make
turbulence models in the future.

The design of the mechanical parts for the probes and modifications of the drone
itself are performed as well as computational fluid dynamics simulations for their
positioning. The calibration procedures for the instruments are established using
measurements taken during wind tunnel testing. The development of the wind and
turbulence reconstruction models will be achieved upon completion of actual flight
tests. The project is under supervision of Patrice Medina and part of the ANTEE
team (Analysis of Trace Particles and Energy Transfer) led by Dr. Pierre Durand
of the “Laboratoire D’Aerology” in Observatoire Midi-Pyrenees in Toulouse. The
main use of this UAV measuring system is for the MIRIAD project (for its French
acronym, Scientific measurements of Mid-maritime Surface Flux utilizing a Drone)
and it will be used in the future for measuring aerosol transport over the oceanic
surface. However, this master’s thesis focuses on the calibration of the sensors, the
integration of the probes onto the UAV and the initial flight tests for turbulence
measurements.



Même si l’utilisation de sonde de mesures de turbulences sont normalement utilisées
avec des stations fixes météorologiques et des ballons captifs est normalement utilisée,
une solution aéroportée qui devrait permettre de générer un profil de turbulence qui
explique les petits changements horizontaux de vent a été identifié. Des sondes sur des
aéronefs ont été utilisés, cela permet de mesurer ces changements horizontaux dans
les tourbillons en complement aux systèmes fixes au sol. Cependant plus récemment,
les véhicules aériens non équipés (UAV) ont été mis en œuvre comme instruments
de mesures de l atmosphère car ils fournissent un nouvelle solution pour obtenir des
mesures horizontales et verticales à plus petite échelle et à des altitudes et des coûts
inférieures. Les drones sont une option parfaite pour l’étude des phénomènes at-
mosphériques en basse couche car ils fournissent la mesure du vecteur vent et de la
turbulence à de faible altitude et avec une échelle spatiale reduite de mesure, donc
avec une résolution accrue.

Ce projet utilise une sonde 5 trous pour la mesure du vecteur vent montée sur
un UAV de taille moyenne (25kg) dédié aux mesures de turbulences atmosphérique
des couches limites et de la détection potentielle des particules aérosols. Le vecteur
vent est calculé à partir des mesures de pressions obtenues à partir de la sonde 5
trous pendant le vol plat et en ligne droite de l’UAV mais avec des altitudes variées.
Les angles d’attaque et le glissement latéral de la composante vent sont dérivés des
différentielles de pressions entre les trous supérieurs et inférieurs et les trous gauches
et droits respectivement. De plus, une mesure de pression statique est utilisé pour
obtenir la pression barométrique et une sonde de Pitot avec pression statique est
utilisée sur l’UAV pour la redondance. Des capteurs de temperature et d’humidité
sont egalement installes sure l’UAV et la temperature est utilisée pour le calcul de
la densité de l’air pour la vitesse du vent et l’humidité pour faire des modeles de
turbulences a l’avenir.

La conception des pièces méaniques pour les sondes et les modifications du drone
lui-même sont réalisées ainsi que des simulations informatiques de dynamique des
fluides pour leur positionnement. Les procédures d’étalonnage des instruments sont
établies à l aide de mesures prises lors du test dans une soufflerie. Le développement
des modéles de reconstruction du vecteur vent sera testé a pendant les essais en vol
réels. Le projet est sous la supervision de Patrice Medina et d’une partie de l’équipe
ANTEE (Analyse des Transferts d’Energie et d’Espèces en trace) dirigée par le Dr.
Pierre Durand du Laboratoire d’Aerologie a Toulouse. L’utilisation principale de ce
système de mesure par UAV est destinée au projet MIRIAD (Système de Mesures
scIentifiques de flux de suRface en mIlieu mAritime embarqué sur Drone ) et il
sera utilisé à l’avenir pour mesurer le transport d’aérosol sur la surface océanique.
Cependant, cette thèse de master cible le calibrage des capteurs, l’intégration des
sondes sur les UAV et les de vols tests initiaux pour les mesures de turbulence.
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Chapter 1

Introduction

The need for airborne measurement platforms has given rise to the MIRIAD project
which utilizes an UAV dedicated to atmospheric turbulence and aerosol measure-
ments. In the past, turbulence measurements have been made utilizing manned
aircraft as well as five-hole probes on the nose of large airplanes. However, the size
of the aircraft limits the size of the eddies that are able to be measured. For this
reason, high-endurance drones provide an answer to the problem: a sufficiently so-
phisticated embedded system allows them to travel near the marine surface safely,
and an endurance of up to ten hours ensures a satisfactory sampling to harvest
measurements of high scientific quality. [1].

In this project, a five-hole probe which is mounted on the nose of a mid-sized
(4.2m2 wingspan) UAV is used to measure the wind in front of the aircraft. The
probe measures the pressure from the wind flow which has been distorted due to
the geometry of the aircraft itself, however utilizing flow potential equations a re-
lation can be made between these measured pressures and the undisturbed flow in
front of the aircraft. Therefore a realistic reconstruction of the turbulence along the
path of the drone can be acquired through the high frequency acquisition system on
the MIRIAD UAV. Specifically, pressure differentials between the top and bottom
holes in the probe are related to the wind’s angle of attack and the left and right
pressure differential is used to calculate the side-slip. Moreover, the central hole,
static pressure and temperature sensors mounted on the UAV, along with the air
humidity which is also recorded through a sensor on the UAV, are used to calculate
its airspeed. These measurements will allow for an estimation of the intensity of the
turbulence in the atmospheric boundary layer and of the energy and scalar fluxes
in low atmospheric layers. The wind components are obtained by subtracting the
aircraft airspeed vector from the aircraft ground-speed vector which requires a fine
measurement of aircraft positioning and attitude as well as a measurement of static
and dynamic pressure.

The specific contribution of this master’s thesis is the integration of the probes
onto the UAV which was discerned from results of both computational fluid dynamics
(CFD) analysis and tests performed in a wind tunnel. Also, the mechanical design
of the pitot-static tube and the static port were done during this thesis as well
as the electronic boxes and overall CAD assembly. In addition, the calibration of
the pressure sensors was performed during the wind-tunnel testing as well as error
identification and data post-processing scripts. The literature research and equation
derivation of the flow potential over the five-hole probe was conducted in order
to be able to utilize the equations for reconstructing the airflow in front of the
aircraft. Finally, this was all integrated into a final post-processing script which
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calculated the wind components and measures the turbulence in a test flight of the
UAV. Preliminary results of this initial flight test are presented as the flight was
accomplished August 28, 2017.

1.1 Background

1.1.1 Boundary-Layer Dynamics

The boundary layer is the name given to the area of the atmosphere where important
energy and mass exchange and conversions occur between the air and the earth’s
active surface [2]. That is to say, where major phenomena take place including
the main drag forces on airflow. Under daytime convective conditions it extends 1
km in altitude, however it’s extent can vary from a few meters to a few kilometers
depending on the conditions. Within this layer several types of flow occur starting
with the sub-surface layer phenomena where the greatest thermal responses develop
(absorption and depletion). Then, laminar flow results as the air follows the path
of the surface in a parallel manner with no cross-flow. This region is usually only a
few millimeters thick (depending primarily on the surface roughness) and grows until
turbulent flow develops into a higher layer [2]. In general, airflow in the atmospheric
boundary layer can be described by mean wind, turbulence, and waves [3]. In order to
study these flows, humidity, temperature and wind velocity can be recorded within
the boundary layer and perturbations to the variables can be used to understand
wave and turbulent phenomena. This work focuses on measuring the aforementioned
turbulent phenomena which will be further explained in the following subsection.

1.1.2 Atmospheric Turbulent Flow

As mentioned previously, turbulence can be obtained from deviations of the mean
wind, and is visualized as swirls of motion called eddies [3]. It is caused by heating
of the earth’s surface by the sun, frictional drag and wakes of air flowing over the
surface and obstacles respectively [2]. Accurately measuring changes in wind is
crucial to understanding this turbulent phenomena. Turbulent wind velocity, v′,
can be obtained by equation (1.1) where V is the measured wind velocity (with an
Earth reference frame) and V is the mean wind over a given period of time (usually
30 minutes to an hour for a fixed probe and a few seconds for a UAV probe) [3].

v′ = V −V (1.1)

A well known way to study eddies and obtain measurements for V is by utilizing
a fixed meteorology tower that also measures temperature, humidity, etc. Then
Taylor’s hypothesis is used to obtain the variable gradients. However, the limitation
to this method is that it assumes an eddy does not change as it moves horizontally
(i.e. the horizontal flow of turbulence past a fixed point is due entirely to the mean
flow) [4]. This is generally true for small changes of wind measurements from the
mean however a finer measurement is possible with a moving platform. In order
to fully study eddies both in their vertical and horizontal profiles, meteorological
sensors have been incorporated onto aircraft. In this study, a mid-sized unmanned
aircraft is used to measure velocity, temperature and humidity of the boundary layer
at low and high altitudes. The wind velocity vector field is obtained through a series
of mathematical manipulations which will further explained in section 1.2.
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1.1.3 Turbulent Flow Past Bluff Bodies

A question that arises when considering the measurement of turbulent flow utilizing
an aircraft is precisely how the body of the aircraft itself affects the flow and if these
alterations correlate to the unperturbed flow. Rapid Distortion Theory (RDT), which
was generalized by Hunt in 1973, provides a response to this question [4]. Theoretical
work using RDT was performed by Durbin and Hunt in 1997 which derived the effect
of turbulent flow on the stagnation pressure over a round body. In their work, ε is
defined as the ratio between the length scale of the turbulence and the length of the
body. It was found that experimental data fit the theoretically calculated values as
ε → 0 and ε → ∞ and they concluded that for small ε there is distortion in the
overall turbulent air [4]. In other words, eddies larger than the aircraft body are
not distorted and can be measured. In this work, we utilize a five-hole probe with a
diameter of 9.2 cm.

1.2 Measurement Theory

In order to calculate an Earth-referenced velocity field utilizing an UAV two things
must be taken into consideration: the wind velocity vector with respect to the UAV
(VA, corrected from the flow distortion imposed by the UAV) and the airspeed, of the
UAV with respect to the earth (VG) [5] [6]. This concept is shown in equation (1.2)
where these velocities are added to obtain the air velocity with respect to Earth V.

V = VG + VA (1.2)

Although this equation seems simple, there are several parameters associated with
obtaining the wind velocity vector in the drone’s reference frame which will be dis-
cussed in section 1.2.1. To derive the UAV ground velocity VG, a global navigation
satellite system (GNSS) is used for acquiring the position of the UAV with a fre-
quency of 25 Hz. The binary data obtained from the GPS antenna is decoded to
obtain the aircraft’s ground velocity in the east direction VGX

, the northerly ground
velocity VGY

, and the downward velocity VGZ
.

1.2.1 Wind Velocity - Aircraft Referenced

The wind vector w.r.t the UAV is found by measuring the direction and speed utiliz-
ing a hemispherical five-hole pressure probe. It functions by allowing the free stream
air to enter through it’s five orifices highlighted in figure 1.1 and measuring three
differential pressures. Although the technical setup will be explained in detail in
section 2.1.2, this section will explain the theory.

The three measurements are the pressure differences between the vertical holes
P1 and P3, the horizontal holes P2 and P4, and the difference between the central hole
and a static port that is placed on the fuselage (not shown) P5 and P∞ respectively.
The first pressure differential (P1 − P3) will tell the angle of attack of the wind onto
the UAV and can be denoted Pα. The second, Pβ, relates to the wind’s angle of
side-slip and the third Pdyn gives the dynamic pressure of the wind (total minus
static pressures). How these pressures are used to obtain the earth referenced wind
velocity will be explained in section 1.2.2, however in this section their relation to
the angles of attack and sideslip will be derived.

Since the top airspeed of the UAV is 36 m/s, this system can be treated as
incompressible steady-state flow. Also, as the flow is irrotational, potential and the
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Figure 1.1: 5-Hole Probe

body forces are neglected, we can use Bernoulli’s version of the Cauchy-Lagrange
integral, equation (1.3) for the wind calculation, where the subscript∞ refers to the
undisturbed flow ahead of the airplane.

V 2

2
+
P

ρ
=
V 2
∞
2

+
P∞
ρ

(1.3)

The velocity vector at the surface of a sphere can be derived from the potential flow
(see appendix A) and is given as:

V =
−3

2
V∞ sin θ (1.4)

Where θ is the angle at a given point on the surface of the sphere, between the free
stream wind vector and the sphere radius at this point. Inserting equation (1.4) into
equation (1.3), we get the pressure distribution for potential flow over the sphere:

P − P∞ =
ρV 2
∞

2

(
1− 9

4
sin2 θ

)
In the derivation of this equation the wind vector has been aligned with the

longitudinal axis. At first, these results may seem unrealistic as they suggest that
the sphere would experience zero drag and in reality this cannot be the case and
the flow separates from the body. However it has been experimentally determined
that the air flow does remain attached to the surface for some time and therefore
the equations hold. [7] Now, in order to account for the angle of attack of the wind,

α, equation (1.5) can be considered where P̂ is the normalized pressure, P/q with q
being the kinetic energy density ( 1

2
ρV 2
∞ ). [8]

P̂ − P̂∞ = 1− 9

4
sin2(θ − α) (1.5)

As in this study pressure differentials are measured, equation (1.5) can be con-
sidered for any two given points and subtracted to obtain:

∆P̂α = P̂1 − P̂3 = −9

4
sin 2θ sin 2α

∆P̂β = P̂2 − P̂4 = −9

4
sin 2θ sin 2β

(1.6)

Given θ = −π/4 (which is the configuration shown in figure 1.1), equation (1.6) can
be approximated for α and β through a a Maclaurin series of which only the first
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term, equation (1.7), is used as it provides a a small error (< 5%) for small angles
(±15 deg) [8].

α =
2

9
∆P̂α [Radians]

α =
40

π
∆P̂α [Degrees]

(1.7)

This can also be done for β and both wind angles can now be related to the normalized
differential pressure as:

α = k−1∆P̂α

β = k−1∆P̂β
(1.8)

Where k is the sensitivity factor and taking equation (1.7) in degrees we can calculate
the sensitivity factor k = 0.078. This theoretical value will be compared to the
experimental results found in section 3.2.

Now that we can calculate α and β, we must relate them to the aircraft frame of
reference. The wind vector w.r.t the UAV, VA, is shown in figure 1.2. In order to

Figure 1.2: UAV Coordinate System

obtain the x’, y’, and z’ components of the wind vector the following trigonometric
manipulations can be done. [9] It can be seen that:

VAX
= VA cosω = VA

1√
1 + tan2 ω

(1.9)

tanα =
−VAZ

VAX

, tan β =
−VAY

VAX

(1.10)

tanω =

√
VAZ

2 + VAY

2

VAX

(1.11)

Then we can substitute equation (1.10) into equation (1.11) to obtain:

tanω =
√

tan2 α + tan2 β (1.12)
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From this we can substitute for tan2 ω by plugging equation (1.12) into equation (1.9)
to obtain:

VAX
=

−VA√
1 + tan2 α + tan2 β

(1.13)

Similarly, this can be done for VAY
and VAZ

. If we define the denominator in equa-

tion (1.13) as D =
√

1 + tan2 α + tan2 β for simplicity, we can calculate the three
wind velocity components with respect to the UAV as:

VAX
= −VAD−1

VAY
= −VAD−1 tan β

VAZ
= −VAD−1 tanα

(1.14)

1.2.2 Wind Velocity - Earth Referenced

Now that the wind angles w.r.t the aircraft can be calculated, they must be rotated
to obtain the earth referenced wind velocity vector V. For this purpose the UAV
coordinate system and the ground based coordinate system are shown in figure 1.3.
Better know as the Euler angles, φ, θ and ψ, are the UAV’s roll, pitch and yaw
respectively. As mentioned in the previous section, α and β are the wind’s angle of
attack and side-slip and are shown in red and blue respectively. Notice α is positive
in the downward direction and β is positive in the clockwise direction when viewed
from above [5].

Figure 1.3: UAV and Ground Based Coordinate Systems (wind not to scale)

The sequence of rotations of the Euler angles to the earth based reference system
is as follows:

1. ψ is rotated about the z-axis, with rotational matrix:

sinψ cosψ 0
cosψ −sinψ 0

0 0 −1
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2. θ is rotated about the intermediate axis obtained when rotating the y-axis in

step 1 , with rotational matrix:

 cosθ 0 sinθ
0 1 0

−sinθ 0 cosθ



3. φ is rotated about the x’-axis, with rotational matrix:

1 0 0
0 cosφ −sinφ
0 sinφ cosφ


By multiplying these matrices the transformation matrix for the wind vector in
the UAV’s frame of reference to the earth’s reference frame can be obtained. Now
equation (1.2) can be used to add this transformed wind velocity to the ground
velocities. Also considering the initial manipulations obtained in equation (1.14) the
the air velocity with respect to Earth V can be broken down into its components as:

Vx = −VAD−1[sinψ cos θ + tan β(cosψ cosφ+ sinψ sin θ sinφ) + ...

... tanα(sinψ sin θ cosφ− cosψ sinφ)] + VGX

Vy = −VAD−1[cosψ cos θ + tan β(sinψ cosφ− cosψ sin θ sinφ) + ...

... tanα(cosψ sin θ cosφ+ sinψ sinφ)] + VGY

Vz = −VAD−1(sin θ − tan β cos θ sinφ− tanα cos θ cosφ) + VGZ

(1.15)

1.3 Flow Analysis

The airflow over the fuselage was modeled utilizing computational fluid dynamics
(CFD) software. This was done with the purpose of estimating the most adequate
position for the pitot tube, static ports and temperature and humidity probes. Al-
though the actual simulation setup will be explained in section 2.1.3, here the basic
computations will be explained.

The static pressure on the surface is calculated by finding the pressure coefficient
as shown in Equation (1.16). Where p∞ is specified as zero to model a flow and the
velocity is initiated 30 m/s.

cp =
p− p∞
1
2
ρv2∞

(1.16)

The external flow is simulated as air with a density corrected for the altitude of
Toulouse and at standard room temperature as 1.169 kg/m3.The turbulence model
used is Shear Stress Transport (SST) k-omega which utilizes the k-omega turbulence
equations for the near body flow and the k-epsilon in the shear flow [10]. The
model is based on the assumption that the principal shear stress is proportional
to the turbulent kinetic energy and uses a function to transition from the k-omega
calculation near the body to the k-epsilon in the far field.
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Chapter 2

Experimental Setup

The sensor and electronics configuration at used for the wind tunnel calibration which
was done at the Institut de Mécanique des Fluides de Toulouse (IMFT), was very
similar to the actual flight test setup. However, physically, there were some obvious
modifications that had to be made. For example, in the wind tunnel the aircraft yaw
and pitch were varied in order to simulate wind at different angles, however in the
actual flight test, the UAV will be flown straight and level and at a constant speed
so that the wind velocity and direction can be measured. Also, the mounting system
for the UAV in the wind tunnel does not allow for changes in yaw to be made i.e. the
mounting mast was only capable of modifying the angle and height (see figure 2.1).
Therefore the UAV was dismounted and remounted on its side to simulate different
yaw angles. In the following sections further detail on the calibrations conducted in
the wind tunnel as well as the electronics and acquisition system will be explained.

Figure 2.1: Wind Tunnel Setup

2.1 Wind Measurement

Although the theoretical measurement of the wind was explained in section 1.2.1, this
section will explain how the five-hole probe was actually mounted on the UAV. The
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wind direction was calculated using the pressure differentials of holes one through four
of figure 1.1 and the total wind pressure was measured utilizing hole five and a pitot
tube mounted on top of the UAV. The ground speed of the aircraft was calculated
from its geo-referenced position data utilizing a Tallysman TW 4500 antenna and
the IMU was used for attitude angles and rapid variations of ground speed. With
this information, the wind speed and direction with respect to Earth was calculated
as shown in section 1.2.2. Further detail on these measurements are given in the
following subsections.

2.1.1 Boreal UAV

The UAV was purchased from the French unmanned aerial systems company Bo-
real, based in Toulouse. They provided the aircraft and our team at Laboratoire
d’Aerologie integrated the scientific probes and sensors. The Boreal drone, made out
of lightweight composite material, has a maximum takeoff weight of 25 kg, 5 kg of
which are cargo, and a 4.2 meter wingspan. It endures up to 10 hours of flight with
a 1000 km range and up to 4.5 kilometer ceiling. This makes it ideal for the mission
of this project as the boundary layer of the atmosphere is on average 1km in height
but can vary from as low as a tens of meters to up to 5 km [3]. Also, the power feed
of the UAV allows for a 100 W supply which is more than enough for our acquisition
system (see section 2.2). The top cruise speed of the Boreal drone is about 36 m/s
which is perfect for our applications since we will be flying at 20 to 30 m/s. The
drone has an in-house built autopilot system and a navigation system which includes
a radar altimeter.

2.1.2 Five-Hole Probe

The probe is a semi-spherical surface mounted on the nose of the aircraft as shown in
figure 2.2. This configuration was chosen as it provides a symmetrical arrangement of
the holes with high structural strength ensuring a constant hole to hole distance and
reduced vibration. (As opposed to pressure probes mounted on long nose booms [11]
in front of the UAV which also present other drawbacks such as flight certification
concerns, and increased distance between the boom tip and IMU which results in
additional terms in the wind equations). Also, the IMU can be easily mounted inside
the probe which allows for the distance between the pressure reading and the IMU to
be minimized, hence errors in measurements using equation (1.14) will be minimized
as well [12]. In addition, this setup can be easily assembled onto future UAV’s.

The five holes on the probe were connected via plastic tubing of 3 millimeter
diameter to the pressure sensors. Pressure differentials were measured for Holes 1
and 3 and 2 and 4 as shown in figure 2.3 and Hole 5 was used for the dynamic
pressure measurement.

Pressure Measurement

As explained in section 1.2.1, the total pressure is measured by utilizing an anemome-
ter which captures both the pressure from the incident air as well as the static pres-
sure. In our system, the total pressure is read at hole 5 and the pitot tube. A static
pressure port is used to measure the stagnation pressure away from the incident air
and is mounted on the side of the UAV (at 30 cm aft of the nose, see section 3.4) as
well as static ports on the pitot-static tube. These static pressure measurements are
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Figure 2.2: Mounting of the 5-Hole Probe

N. Sensor Application Relevant Equation
1 Differential Pressure: HCEM010..B Wind angle of attack Pα = P1 − P3

2 Differential Pressure: HCEM010..B Wind angle of sideslip Pβ = P2 − P4

3 Differential Pressure: HCEM010..B Air velocity Pdyn = P5 − P∞
4 Differential Pressure: HCEM010..B Air velocity (redundancy) Pdyn = Ppitot − P∞
5 Barometric Pressure: HCE0611AR... Static Pressure (side of UAV) ρ = P∞/(RT )
6 Barometric Pressure: HCE0611AR... Static Pressure (redundancy) ρ = P∞/(RT )

Table 2.1: Summary of Pressure Sensors for Wind Calculation, see section 1.2.1 for
subscript notation of the relevant equations

subtracted from the total air pressure measurements to obtain the dynamic pressure:

Ptotal = Pdyn + P∞ (2.1)

Then, this dynamic pressure can be used to calculate the air velocity by utiliz-
ing Bernoulli’s equation. Rearranging equation (1.3), and noting that in our setup
Ptotal = P5 we can write:

V 2 =
2(P5 − P∞)

ρ
(2.2)

In order to eliminate one source of error by measuring static and total air pressures
individually, differential pressure sensors were utilized. The schematic of these pres-
sure sensors is shown in figure 2.3. Note that there are four pressure differentials
being measured and two barometric pressure sensors used for static pressure readings.

A summary of the pressure readings and their applications is shown in table 2.1
for further explanation. The pitot-static system is used for redundancy, in case the
pressure reading from the central hole in the 5-Hole Probe fails. It is worth noting
that the installation of the static port on the side of the UAV was not carried out
prior to the flight test but it will be implemented in the future, at which point
pressure differential 3 will be connected to the central hole and the static port.
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Figure 2.3: Pressure Sensors Diagram showing Set-up

2.1.3 Other Probes

Aside from the Five-Hole probe, pitot-tube, static port, and temperature and humid-
ity probes were manufactured. The actual pitot-tube is a cylinder which allows the
ram air to enter through its main orifice. However, it contains 4 perpendicular holes
on its greater surface which allow for the static air to enter and is funneled coaxially
to the center orifice to a separate exit pin as shown in view C-C of figure 2.4. In this
manner both the static and the total (ram) pressure can be measured separately.
The static port was designed in order to allow the static pressure to exit through a
side hole. This was done so that the port could be easily mounted and dismounted
from the UAV fuselage throughout wind tunnel testing. For actual flight, a different
design was made in order to allow permanent assembly onto the structure with a
simple through orifice.

The temperature and humidity housing was designed previously [13] and provides
a mean of controlling the air influx in order to decrease the adiabatic heating caused
by increased air velocity. In this manner, the total air temperature can be recorded
[14] and is approximated as the static temperature. All the probes were 3D printed
with Acrylonitrile Butadiene Styrene (ABS) material and assembled onto the UAV.
The placement of the probes was decided according to the results obtained from the
CFD analysis.

CFD Analysis

The CFD analyisis of the air flow over the UAV was modeled utilizing Autodesk
CFD. The flow analysis was modeled as external incompressible flow since the top
speed of the UAV is well bellow supersonic speeds. In order to simulate the flow
appropriately, such that the boundary conditions to simulate the airflow in the far
field did not affect the interactions with the UAV body itself, a far field volume
was created. The volume was a cuboid of air four times the length of the UAV
upstream and six times its length downstream. The boundary conditions applied
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Figure 2.4: Pitot-Static Tube, T/H Probes, a,d Static Port Models

C-C

 

D-D

C C

D

D

Pitot-Static 
Tube

Temperature and Humidity Probe

Static Port

to this external volume were 30 m/s in the inlet and zero pressure in the outlet.
In order to save computation time, the conditions for the walls were set as slip an
symmetry as well as for the left side of the UAV meaning the flow is unperturbed by
these surfaces. Therefore, only the results over the right side of the UAV were used
as the geometry is symmetrical.

The tetrahedral mesh was refined around the fuselage of the UAV and transitioned
to a coarser mesh in the far-field. A fifteen layer mesh enhancement was added to
the boundary mesh in order to secure a proper transition between the airflow and
the surface calculations. Also, to enhance the pressure drop prediction mechanism, a
modified Petrov-Galerkin advection scheme was selected (see [7] for more information
on the scheme). The results are shown in figure 2.5. It can be seen from figure 2.5a
and figure 2.5b that the velocity field is disturbed by the five-hole probe and the
stepped curvature of the UAV past the probe. Therefore, the best place to measure
the wind velocity is above the red zone in figure 2.5b which extends 3 cm high and
as far fore as possible. This was accomplished for the pitot tube which is 4 cm tall
and the tube extends into the green zone just past the boundary between green and
yellow. The temperature and humidity sensors were placed behind the pitot tube but
to the sides such that the flow is not disturbed by the pitot tube itself (see figure 2.1).
The static port positioning should be within the blue zone of figure 2.5c which shows
that the gauge pressure is zero, therefore making it the best place to measure the
static pressure. This will be corroborated through the wind tunnel testing as shown
in section 3.4.

2.2 Data Acquisition

The main processing board for the acquisition system is a ZTEX USB-FPGA Mod-
ule 2.13 and an RS232 link is used to transmit the data to Boreal’s autopilot system.
For the wind tunnel test, this was done through the USB port with a 0.33 Hz fre-
quency and through a Digilent SD card interface at a 100 Hz frequency. However,
for the actual flight tests the Boreal’s autopilot system transmits the data through
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(a) Velocity Traces

(b) Velocity Plane

(c) Static Pressure on Surface

Figure 2.5: CFD Analysis for Probe Placement
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Sensor Name Frequency [Hz]

IMU SPATIAL 25
GPS Tallysman TW4500 25

Differential Pressure HCEM010..B 100
Barometric Pressure HCE0611AR... 100
Temp/Humidity 1 SHT75 2.5
Temp/Humidity 2 SHT75 10

Table 2.2: Sensor Recording Frequencies

a radio antenna and is mainly used to verify that the system is running. The wind
calculation and post-processing is done with the data saved on the SD card at 100
Hz. However, every individual system records data at different rates and a summary
of these recording frequencies is shown on table 2.2. The pressure sensors record
data at the same rate that it is saved on the SD card, at 100 Hz. However, for other
sensors such as the IMU, the same record is taken during these faster samplings (i.e.
there are four repeated IMU recordings).

In order to process the data and calculate the wind velocity, the IMU, GPS, and
temperature and humidity data are re-sampled. The reason for having two temper-
ature and humidity recording frequencies is that the sensor provides a more stable
and accurate reading at low frequency. Therefore, the lower frequency temperature
and humidity sensor is used as reference.

The overall schematic of the electrical connections is shown in figure 2.6. Boxes
were manufactured in order to house all electronic components and protect them
from the environment. The boxes integrated the PMOD connections shown in the
schematic. Initially, these boxes were 3D printed with ABS material, however, in the
future they will be manufactured from aluminum.

In order to calculate the velocity, data fusion is accomplished through the IMU
processor. The FPGA sends a signal of a frequency between 30 kHz to 42 kHz which
is scaled to the operating range of the differential pressure sensor. A look-up table
was made in order to quickly access the corresponding velocity for each pressure
differential and sent to the IMU. The sensor’s zero offset was incorporated to this
look-up table in order to produce the correct velocity.

2.3 Wind Tunnel Calibrations

The wind-tunnel at the IMFT was used for initial tests on the system and establish-
ment of the calibration parameters. The tunnel can achieve speeds of up to 35 m/s,
it has a maximum diameter of 2.2 m and utilizes a propeller of 4.2 m span. The tests
shown in table 2.3 were performed in the wind tunnel throughout four days. The
first test was conducted with no wind and no angle in order to test data reception,
however the results were also used to calibrate the IMU pitch. In order to calibrate
the wind tunnel positioning system a laser pointing leveler was used to place the mast
in the correct position for each angle starting with the ”straight and level” position
at zero degrees as done in test A.1. Test A.2 was used to calibrate holes 2 and 4 in
the five-hole pressure probe. This is able to be achieved in the wind tunnel because
it provides wind from one direction (i.e. Vz = 0) and the UAV is fixed with only
one degree of freedom (no roll nor yaw). Then, the pitch pitch can be modified to
test different wind attack angles, which is used to calibrate the up-down differential
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Figure 2.6: Main Connections

pressure (P2 − P4). Then rotating the airplane by 90 deg, you can repeat the same
procedure for sideslip vs. yaw.

There was a data acquisition system issue during test B.1, therefore it was
restarted and recorded as test B.2 which was used to calibrate holes 1 and 3 in
the five-hole probe. Tests C were conducted in order to get a general idea of the
best position for the static port. Also, with C.2 it was attempted to determine how
the angle of attack would affect the static port reading at each position, however
the wind tunnel positioning system failed at such high airspeed and only the data
at zero degree inclination was useful. Finally, tests D.1 to D.4 were conducted to
further analyze the position of the static port at a finer scale and to test the UAV’s
flaps at 20 m/s. In the following chapter, the data analysis of the results of these
tests is explained in order to establish the calibration procedure of the sensors.
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Test Type
Wind

Speed [m/s]
Wind Direction [deg]

A.0 Acquisition Test 0 0
A.1 Sideslip Angle 0 +/-Y(0, 1, 2, 5, 10, 15)
A.2 Sideslip Angle 12 +/-Y(0, 1, 2, 5, 10, 15)
B.2 Angle of attack 12 +/-Z(0,1, 2, 5, 10, 15)
B.3 Angle of attack 20 +/-Z(0,1, 2, 5, 10) +Z(15)
C.1 Static Port Positioning 20 0
C.2 Static Port Positioning 30 +/-Z(0,1,2)

D.1-4 Static Port Fine Positioning 20 Z(0 +/- 5)

Table 2.3: Wind Tunnel Tests

20



Chapter 3

Calibration Results

This procedure involves utilizing the acquired data during the wind tunnel testing
and performs several analysis in order to obtain proper parameters for the calibration
of the pressure sensors and placement of the static port on the fuselage. There are
three main calibration procedures that can outline the process as shown in table 3.1.

3.1 Wind Angle Detection

In order to properly utilize the 5 hole probe for determination of the direction of
the incoming wind, the zero-offset of the differential pressure between both top and
bottom (Pα) and left and right (Pβ) were measured. The Pα offset was calculated by
taking the straight and level (α&β = 0°) flight sections from test B.2. The histogram
is shown in the left image of figure 3.1 with a mean offset of −0.9431 [mbar] which
is incorporated for future Pα analysis. Similarly, this was done for Pβ and the result
was −0.9616 [mbar] with a standard deviation as shown in the right image of
figure 3.1. The data in this case was taken from test A.2 sampled every 3 seconds
using the live data feed, as opposed to the 100 Hz frequency used for the Pα offset.

Furthermore, the IMU was calibrated according to each angle read out from the
wind tunnel positioning system as mentioned previously. The results are shown in
figure 3.2. The resulting linear fit equation is used to modify the IMU pitch reading
for further calibrations in this wind tunnel. Utilizing these offsets, a relation was
made between the Pα differential pressure and the IMU pitch and another between
Pβ and the IMU yaw. This was done utilizing equation (1.5) which relates these
angles to the normalized differential pressure (see section 1.2.1).

The results for Pα differential pressures are shown in figure 3.4 and it can be
seen that the sensitivity factor for the incidence angle α is kα = 0.0775 which is
in accordance with the literature (see section 1.2.1). This is also true for the β
sensitivity which came out to be kβ = 0.0663 as shown in figure 3.5 and in both
cases they are close to the theoretical value of 0.078 given by [8]. Again note that

1 Wind Angle Measurement
Holes 1 and 3
Holes 2 and 4

2 Dynamic pressure
Hole 5

Pitot Static tube

3 Static Pressure
Static Port

Static port from Pitot

Table 3.1: Steps for Calibration

21



Figure 3.1: Straight and level flight Pα (left) and Pβ (right) pressure offsets from zero

Figure 3.2: IMU Pitch vs Actual Pitch

the data for determining the the slide-slip is taken every 3 seconds as opposed to
at 100 Hz due to a recording issue during the wind tunnel testing. Although it is
more evident in the left image of figure 3.3, the linear relation begins to curve at
high angles. This is probably because the equations derived in section 3.2 are no
longer valid for high values of α since the stagnation point on the sphere is not on
the airplane main axis, however, the UAV will fly at or below 5 degree angles of
attack and will measure the turbulence at straight and level flight only. As shown in
both figure 3.4 and figure 3.5, the relationship is linear for these small angles.

3.2 Dynamic Pressure

The central hole in the five-hole probe was connected to a differential pressure sensor
along with the static ports on the pitot tube in order to measure the dynamic pressure
and calculate the wind velocity. First, the results from long term tests, made over
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Figure 3.3: IMU Angles vs Normalized differential Pressures

Figure 3.4: IMU Pitch vs Normalized differential Pressure (Pα) restricted to -5 to 5
degrees

Figure 3.5: IMU Yaw vs Normalized differential Pressure (Pβ) restricted to -5 to 5 degrees

the weekend at Laboratoire d’Aerologie, were used to find the zero offset for both the
central and pitot tube pressures as shown in figure 3.6.

The mean offset for the central-static system was −0.8408 mbar and for the pitot-
static system the mean was −1.0772 mbar. These results were incorporated into the
measurements at all velocities. Then, Tests A.1, B.2, C.1 and C.2 were used to obtain
the pressure data at different wind tunnel velocities in order to calculate the velocities
from these pressures utilizing equation (1.3). The air density is calculated using the
static pressure from the pitot tube and the temperature from the TH sensors. The
output is shown in figure 3.7, where the noisy plots are the central and pitot tube
calculated velocities.
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Figure 3.6: Zero Offset histograms for the Central and Pitot Static Systems

Figure 3.7: Time series of the Pitot Tube, Central Hole and Wind Tunnel Velocities

Also note that the data does not include discrepancies that were observed due
to high angle of attack due to wind flow blockage by the UAV body at these angles.
Since the central probe is less prone to these errors due to its position, it is chosen
as the primary source for the wind speed calculation. The black line is the actual
wind tunnel velocity which was recorded from the wind tunnel computer, however the
readings were made every 5 minutes so the values shown in the graph are interpolated
to match the sensor data sampling.

The differences between the actual wind tunnel velocity and the calculated pitot
and central hole velocities were calculated and averaged to obtain the error. These
results are shown in table 3.2 and were implemented in the original data. It is known
that pressure sensor accuracy is reduced at small pressures[15], and this can be seen
in the table. Note that at this point the data has not yet been cleaned from electronic
noise, furthermore, mechanical noise due to vibrational needs to be calculated. Also
worth noting is that the wind tunnel is only equipped with a pressure differential
probe and therefore did not measure the barometric pressure. Hence, their wind
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Central Hole Pitot Tube

Test Velocity
Mean

Error [m/s]
Error
[%]

Mean
Error [m/s]

Error
[%]

A.1 0 - 0.93 61.4 - 0.93 61.83
B.2 12 - 0.28 2.18 - 0.35 2.42
C.1 20 - 0.65 3.12 - 0.69 3.31
C.2 30 - 0.92 3.14 - 1 3.44
Average Error = - 0.613 2.81 - 0.665 3.06

Table 3.2: Mean Error for each velocity

calculation algorithm utilizes the barometric pressure given by the weather station
at Toulouse-Blagnac and is not corrected for altitude. Therefore, the differences in
the data can be due to this discrepancy and as such, the central hole of the UAV
can be used as the primary reference.

Up until this point the pressure readings have been taken as measured, however
the electronic noise and vibrational noise must be taken into account. For this, the
static pressure calibration tests (see the next subsection) can be utilized such that
the electronic noise can be distinguished.

3.3 Static Pressure

A long term barometric pressure measurement was done utilizing the IMU anemome-
ter, the static port on the fuselage and the static port in the pitot-static tube. These
were then compared to the barometric pressure from the weather station in the uni-
versity. The four pressures are shown in figure 3.8. The elevation difference between
the weather station and Laboratoire d’Aerology was taken into account for the com-
parison and the linear fit plots are shown in figure 3.9. These equations were used to
scale the Pitot and Static port barometric pressure readings. It can be seen that the
IMU presents a closer reading to the weather station than the static and pitot-static
barometric pressure readings, therefore this pressure (once corrected) will be used
for the calculation of the air density and furthermore velocity if the UAV.

Figure 3.8: Static Pressure Measurements from the 4 sources

Also, utilizing these tests, a four hour window moving average was taken of the
four measured pressure differentials (Pα, Pβ, Pdyn and Ppitot − P∞). The results are
shown in figure 3.10 and it was be observed that there is an oscillation in the fifth
hole’s pressure reading. This was theorized to be to do the thermal expansion of
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(a) IMU
(b) Static Port

(c) Pitot-Static Port

Figure 3.9: Linear Fit Comparison of the three instruments

the tubing due to temperature changes during the day and night. However, a second
long term measurement was made in order to rule out a tuning issue and it was found
that the problem was with the sensor itself and will be replaced prior to flight.

Figure 3.10: Pressure Differential Long-Term Measurements

3.4 Static Port Positioning

An appropriate position of the static port on the fuselage was calculated by both
aerodynamic simulation using FEA methods and actual tests in the wind-tunnel (as
mentioned in table 2.3). The wind tunnel tests were conducted by changing the
position of the static port in increments of 6 cm every 10 minutes. The pitot-static
system however, remained fixed throughout the whole testing in order to reference the
results such that, when the difference between the two pressure readings is minimum,
the static port position will be correct. The static port on the pitot tube was averaged
during the time when the static port was fixed at a certain position and the static port
pressure reading was averaged at each position. The results are shown in figure 3.11
where the orange line shows the pitot-static port changing with time and the blue
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line shows the static port reading changing at each position. Also, a further test was
made repositioning the static port in increments of 3 cm between 24 and 33 cm aft
of the nose.

Figure 3.11: Average Static Pressure at each postion

We can see that the two curves intercept at between 30 and 33 cm aft of the nose.
However, in the fine positioning results, the intercept was shown to be at 30 cm. The
results from the CFD analysis coincided with these findings such that the area of
zero gauge pressure on the fuselage is within this region. This can be observed in
figure 3.12 where both analysis are plotted.

Figure 3.12: CFD Static Pressure and Wind Tunnel Results for Static Port positioning
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Chapter 4

Flight Tests

The initial flight test was conducted at a Boreal UAV flight test area in Mazamet,
France, 110 kilometers south of Toulouse. The flight plan was made such that the
UAV could fly straight and level in two opposite directions at a certain height and
then climb to next level and perform the same straight and level flight. This would
allow to make wind turbulence measurements in both the vertical and horizontal
planes.

4.1 Flight Plan

For the initial flight test, the flight plan carried out will be of a standard holding
pattern shaped as a hippodrome. The UAV will fly straight and level at 200 m height
(AGL) for 850 m to the north-west and then perform a coordinated 180 degree turn
and continue 850 m maintaining altitude. Then, it will descend 10 m and fly the
same pattern repeatedly until the floor of 100 m is reached. The ceiling of 200 m
is imposed by the drone flight legislation. The flight pattern is shown in figure 4.1.
Note that these images are simply for visualization purposes therefore the ascending
paths are not shown and the height increments are not to scale. Only the first five
patterns are shown, whereas the plan is to fly twice as many in order to reach 100
m.

The trained UAV pilots will be performing the changes in altitude at the start
point, however the autopilot will be engaged throughout each holding pattern in
order to ensure a constant altitude. Also, a constant speed of around 27 m/s will be
maintained as it was seen in the wind tunnel testing that the wind speed calculation
was most accurate at higher speeds. In the future, a similar flight pattern will be
made however, a special permission will be requested in order to close the airspace
and fly to one kilometer altitude.

Figure 4.1: Planned Flight Pattern, views from side (left) and above (right)

28



4.2 Flight Data Analysis

The data obtained in the flight tests is processed and analyzed in Matlab. Firstly,
the data is cleaned to remove faulty recordings on the SD card. Then, the data from
the different instruments which have differing sample rates (as stated in section 2.2)
is re-sampled in order to be able to perform the wind calculation. Also, the calibra-
tions obtained from the wind-tunnel testing are implemented such that the accurate
readings are used and unit conversions are performed. For obtaining the wind an-
gles, the velocity from the central hole is calculated in order to use equation (1.5).
Then, the angle of attack, α, and side-slip β are calculated using equation (1.8) and
the sensitivity factors calculated in section 3.2. Finally, the wind in each direction
is calculated using equation (1.14). Also, the times when the UAV is turning are
calculated in order to distinguish these areas in the velocity plots. For the turbulence
calculation, a moving average is taken of the velocity calculation and subtracted from
the actual wind measurements as seen in equation (1.1). The full code used for this
post flight analysis is included in appendix B.

4.3 Results

Due to technical difficulties with the UAV carburetor and availability, the actual
flight tests were delayed until August 28, 2017, therefore the results shown in this
report are only preliminary. As planned, the UAV was flown in the hippodrome
flight pattern at different altitudes of 10 m decrements. However, differing from the
initial flight plan, it was flown in a counter clockwise direction if viewed from above.
The path can be seen in figure 4.2 and it is easy to notice that there is a slight
overcorrection when initiating turns. This is due to the fact that the UAV controls
still need further trimming which can be expected as this was its first flight. Also
worth noting is that straight and level flight was hardly achieved as seen on the 3D
flight path of figure 4.2 which impedes a proper turbulence reconstruction for this
flight as a longer steady flight is needed to obtain the average wind velocity. Due to
terrain and ceiling restrictions a vertical profile of only 80 m was achieved. The UAV
was flown up to an altitude of 200 m and then descended to 120 m as opposed to the
planned 100 m. Also, there was a malfunction with the temperature and humidity
data acquisition so a constant temperature was used.

Figure 4.2: Actual Flight Path on Aug. 28, 2017

Nevertheless, the wind speed and direction in the meteorological reference frame
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was calculated throughout the entire flight. Then utilizing the UAV’s attitude data
given by the IMU, the moments when the drone was turning were discerned. This is
shown in figure 4.3 where a zoom to one of the straight legs of the flight is made and
the red triangles represent the velocity when the UAV is turning. Notice that the
blue section is only about 15 seconds long which is true for the rest of the straight
and level legs of the flight.

Figure 4.3: Zoom of one straight and level section of the flight

These flight legs were extracted and plotted in order to observe the wind vector
more closely. This is shown in figure 4.4 where the measured wind velocity is shown
in blue and the mean wind in red. Further analysis must be done in order to calculate
the turbulence vector from this data.

Figure 4.4: Measured and Mean Wind (Straight and level leg of the flight)

However, this was done for one straight leg of the flight as a demonstration and
the results are shown in figure 4.6. The vectors show the turbulence as calculated
with equation (1.1) utilizing the wind average of just this section of flight. The
vector scale ranges from 0.09 to 0.18 m/s. Overall, it can be seen the direction is
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from the west which is in accordance to what was observed at the time of the flight
test. However, this is not a realistic representation of the turbulence because, as
previously mentioned, in order to calculate the average wind a leg of at least 1km of
straight and level flight should be utilized. Nevertheless, the MATLAB code can be
used in future flights.

Figure 4.5: Wind Velocity Frequency Spectrum

In addition, a closer look at figure 4.4 reveals different oscillations. A Fourier
transform of the data was made in order to further study these oscillations. The
results are shown in figure 4.5 and it can be seen that there is a lobe at about
6 Hz. This is speculated to be due to motor induced vibrations on the aircraft
structure. These vibrations must be physically remedied prior to another flight for
actual turbulence reconstruction.

Figure 4.6: Wind Vector for a Section of Straight Flight
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Chapter 5

Conclusion

A relation between the five-hole probe pressure differentials and the angles of attack
and side-slip of the wind vector was successfully achieved. Therefore, the angles were
calculated using these pressure differentials and the temperature and static pressure
probes on the UAV. Moreover, the wind vector in the meteorological reference frame
was calculated by rotating the measured wind components to the aircraft reference
frame and subtracting it from the aircraft’s ground based wind speed. The latter
was properly measured through the fine-positioning system and global navigation
satellite system on-board the UAV.

The wind tunnel tests presented useful data in order to adequately calibrate the
sensors. In addition the sensitivity values obtained through the post processing of
this data matched the theoretical values derived in the literature review. Also, the
position of the static pressure on the UAV fuselage found in the wind tunnel tests
was in agreement with the results obtained from the CFD analysis and an adequate
position for the static port was found. Calibration procedures were established which
could be used for future calibrations prior to actual flight. Additionally, a discrepancy
found in one of the differential pressure sensors was identified which allowed for the
sensor to be changed prior to flight.

Although further analysis must be done in order to calculate the turbulence
vector at all altitudes, the first flight test of the MIRIAD UAV was successful. It
provides useful data to test the turbulence reconstruction algorithm and the wind
velocity with respect to the meteorological reference frame was made. This short
flight test provides the grounds to elaborate a full flight for measurements of the
entire boundary layer at higher altitudes of up to 1 km. As a further recommendation
for future work, a test could be added during the wind tunnel calibrations to study
how mechanical noise changes the sensor readings with respect to wind speed. In
the tests presented in this work, only three speeds were tested therefore a conclusive
relation could not be made, however it was seen that the noise increased with an
increased velocity table 3.2 .

This UAV used for the MIRIAD project has shown to be capable of making high
resolution and high frequency measurements of turbulence in the lower atmosphere.
It is capable of carrying the payload needed to make both turbulence and aerosol
measurements in the future. Contrary to manned aircraft, it allows for greater flexi-
bility in implementation, reduced operating costs and access to lower altitudes. Also
it allows exploration on a smaller scale with higher spatial resolution than larger
aircraft.
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Appendix A

Pressure Distribution of the
Velocity Potential Over a Sphere

The velocity potential for irrotational flow φ is related to the flow velocity V as
shown in equation (A.1).

V = ∇φ (A.1)

This can be broken down in cylindrical coordinates as:

Vr =
δφ

δr

Vθ =
1

r

δφ

δθ

Vϕ =
1

r sin θ

δφ

δϕ

(A.2)

Also, we must consider the flow intensity q, which is the ratio of the mass flow
rate to the fluid density, from a point source. At any point, only the radial velocity
will be non-zero as the irrotational flow is coming from the source at which the
system is centered on [7]. Considering a sphere centered on this point source and the
conservation of mass we can write:

q = 4πr2Vr (A.3)

Taking only the radial velocity of equation (A.2), we can substitute the velocity
into equation (A.3) to get the velocity potential differential:

δφ

δr
=

q

4πr2

Integrating this equation, we get the potential for a source:

φ =
−q
4πr

In the same manner, we can describe the potential for a dipole (source and sink)
as:

φ =
mr

4πr3
(A.4)

Where m is the dipole moment and is equal to qδro and r is the position vector.
(See [7]). Now, we can describe the flow over a sphere with its center of mass aligned
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with the x-axis, which in turn is also aligned with the free stream velocity. Now, we
can calculate the velocity potential for this described system by adding the uniform
flow potential, φ = V∞x, to a new version of equation (A.4).

φ = V∞x+
mx

4πr3
(A.5)

On any point outside the sphere x = r cos θ so equation (A.5) becomes:

φ =
(
V∞r +

m

4πr2

)
cosθ (A.6)

Say the radius of the sphere is a so at the surface r = a. Then, to satisfy the imperme-
ability condition of incompressible flow ( δφ

δn
|s = 0), we can differentiate equation (A.6)

(with r = a).
δφ

δa
=
(
V∞ −

m

2πa3

)
cosθ

Equaling this to zero and solving for m we get:

m = V∞2πa3 (A.7)

Substituting equation (A.7) into equation (A.6), we get:

φ = V∞

(
r +

a3

2r2

)
cos θ (A.8)

We can use equation (A.8) to solve for equation (A.2). Since Vϕ is zero in this case
(i.e. flow bounded by surface) we have:

Vr =
δφ

δr
= V∞

(
1− 2a3

r3

)
cos θ

Vθ =
1

r

δφ

δθ
= −V∞

(
1 +

a3

2r3

)
sin θ

Then, on the surface (r = a), Vr disappears and

Vθ = −3

2
V∞ sin θ (A.9)
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Appendix B

MATLAB Code

clear all; clc; close all

%% Load Data

%%%%%%%%%%%%%%%%%%%%%%% Set up constants

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%For calcuating velocity

R = 8.3144598; %gas constant [m^3PaK^-1mol^-1]

m = 0.02897; %mass if 1 mol of air

R = R/m; %air constant[J/kgK]

%%Offsets for calcuating wind direction

P_dyn_central_offset = 0.8408;

P_dyn_pitot_offset = 1.0772;

P_alpha_offset = 0.9431;

P_beta_offset = 0.9616;

P_baro_offset = [0.84654 -110.39];

alpha_k_offset = [0.077512 -0.021813];

beta_k_offset = [0.067174 -0.0076319];

%%%%%%%%%%%%%%%%%%%%%%% Initialize parameters

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

filename = '/Volumes/Miriad/Zaida/dataVOL1Data_1.mat'; %'G
:\Zaida\dataVOL1Data_1.mat ';

load(filename)

time_unix = data.AD_NAVIGATION (:,end);

P_dyn_pitot = data.Pressures (:,13);

P_all = data.Pressures (: ,8:11);

euler_angles = data.AD_NAVIGATION (: ,16:18);

TH1 = data.TH13 (: ,2:3);

TH2 = data.TH2 (: ,2:3);

NAV = data.AD_NAVIGATION (: ,6:14);

clear filename

%% Clean Data

%%%%%%%%%%%%%%%%%%%%%%%%%% Remove Dirty Data

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%Delete gorund data and calibration turns

time_unix = time_unix (91034+69265:293965) /1e3; %divide by

1k to get unixtime from m.secs +69265

NAV = NAV (91034+69265:293965 ,:);

P_all = P_all (91034+69265:293965 ,:);
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P_dyn_pitot = P_dyn_pitot (91034+69265:293965);

euler_angles = euler_angles (91034+69265:293965 ,:);

TH1 = TH1 (91034+69265:293965 ,:);

TH2 = TH2 (91034+69265:293965 ,:);

% Remove repeated data for resampling IMU , NAV , TH

for k = 2:5:( length(NAV) -3)

NAV(k:k+3,:) = nan;

euler_angles(k:k+3,:) = nan;

end

%find the index of the data that is not properly recorded

(varies for Temp)

unix_time_diff = diff(time_unix);

index_dirty = find(unix_time_diff > 1 | unix_time_diff <

0);

index_dirty_TH = find(TH1(:,2) <0);

%use the indexes to convert the dirty data to NaN

time_unix(index_dirty) = nan;

NAV(index_dirty ,:) = nan;

P_all(index_dirty ,:) = nan;

P_dyn_pitot(index_dirty) = nan;

euler_angles(index_dirty ,:) = nan;

TH1(index_dirty) = nan; TH1(TH1(:,1)< - 35 | TH1(:,1) >

50) = nan;

TH2(index_dirty) = nan; TH2(TH2(:,1)< - 35 | TH2(:,1) >

50) = nan;

TH1(index_dirty_TH ,:) = nan;

%clean time vector

time_linear = linspace(time_unix (1), time_unix(end),

length(time_unix)); %create samples every 10 ms

%clean yaw

yaw_u = unique(euler_angles (:,3), 'stable ');
yaw_u(isnan(yaw_u)) = [];

yaw_u = yaw_u *180/pi;

time_yaw = linspace(time_unix (1), time_unix(end), length(

yaw_u));

X=cosd(yaw_u);

Y=sind(yaw_u);

% [X1 ,~]= resample(X,time_yaw ,0.1,1,1,'spline ');
% [Y1,temps ]= resample(Y, time_yaw ,0.1,1,1,'spline ');
X1 = interp1(time_yaw , X, time_linear ,'spline ');
Y1 = interp1(time_yaw , Y, time_linear ,'spline ');
yaw = mod(atan2d(Y1 ,X1) ,360);

euler_angles (:,3) = yaw;

%%%%%%%%%%%%%%% Create timeseries for object manipulation

%%%%%%%%%%%%%%%%%

tic

P = timeseries ([P_all P_dyn_pitot], time_linear , 'name','
P_all ');

P.DataInfo.Units = 'mbar';
Temp1 = timeseries(TH1 , time_linear , 'name','Temps ');
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Temp1.DataInfo.Units = 'Celsius ';
Angles = timeseries(euler_angles , time_linear , 'name', '

angles ');
Angles.DataInfo.Units = 'rad';
Angles.DataInfo.Interpolation = tsdata.interpolation('

linear ');
Pos = timeseries(NAV (: ,1:2), time_linear , 'name', '

position ');
H = timeseries(NAV(:,3), time_linear , 'name', 'alt');
V = timeseries(NAV (: ,4:6), time_linear , 'name', 'vels');
V.DataInfo.Units = 'm/s';
Acc = timeseries(NAV(:, 7:9), time_linear , 'name', 'accs')

;

Acc.DataInfo.Units = 'm/s^2';
toc

Data_Collection = tscollection ({P, Angles , Temp1 , V, Pos ,

H, Acc}, 'name', 'data_coll ');
%Interpolate all data to remove NaNs

tic

Data_Collection = resample(Data_Collection ,Data_Collection

.Time);

toc

%Clear temporary variables

clear P_all P_dyn_pitot euler_angles T NAV

%% %%%%%%%%%%%%%%%%%%%%%%% Apply Corrections

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%Create some vectors

TH1 = Data_Collection.Temps.Data;

Alt = Data_Collection.alt.Data;

H1 = TH1(:,2);

time_dt = datetime(time_linear ,'ConvertFrom ', 'posixTime ',
'Format ','dd -MMM -yyyy HH:mm:ss.SSS','TimeZone ', 'Europe
/Zurich ');

time_dt_s = cellstr(time_dt);

%%Apply calibrations obtained in the wind tunnel

P_alpha = Data_Collection.P_All.Data (:,1) + P_alpha_offset

;

P_beta = Data_Collection.P_All.Data (:,3) + P_beta_offset;

P_dyn_central = Data_Collection.P_All.Data (:,2) +

P_dyn_central_offset;

P_dyn_pitot = Data_Collection.P_All.Data (:,5) +

P_dyn_pitot_offset;

P_baro = (Data_Collection.P_All.Data (:,4)+ P_baro_offset

(2))/P_baro_offset (1) ; %pitot tube

%Apply conversions

P_baro = P_baro * 100; %

Convert to Pascals

T1 = TH1(:,1)+ 273.15; %

Convert to Kelvin
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e_angles = Data_Collection.angles.Data *180/( pi); %

Convert to degrees

Lat = Data_Collection.position.Data (:,1) *180/( pi);

Long = Data_Collection.position.Data (:,2) *180/( pi);

%Clear temporary variables

clear index index_dirty nanx unix_time_diff

P_dyn_central_offset P_dyn_pitot_offset P_alpha_offset

P_beta_offset P_baro_offset

%% Have fun with data

%%%%%%%%%%%%%%%%%%%%%%%%%% Calculate Velocity

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%Calculate air density

r = P_baro ./(R*T1);

v = sqrt(abs ((200.* P_dyn_central)./r)); %Bernoulli eq'n
using mbar

v_pitot = sqrt(abs ((200.* P_dyn_pitot)./r));

%%%%%%%%%%%%%%%%%%%%%%%%% Calculate Wind Angles

%%%%%%%%%%%%%%%%%%%%%%%%%%%

%Normalize the pressure differentials(P/q where q is the

dynamic E density)

P_alpha_norm = P_alpha ./mean(abs(P_dyn_central));

P_beta_norm = P_beta ./mean(abs(P_dyn_central));

%Add offset and divide by sensitivity (alpha = dP_norm:k)

alpha = (P_alpha_norm - alpha_k_offset (2))./ alpha_k_offset

(1);

beta = (P_beta_norm - beta_k_offset (2))./ beta_k_offset (1);

%%%%%%%%%%%%%%%%%%%%%%%%%%%% Get Ground Speed

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

V_north = Data_Collection.vels.Data (:,1);

V_east = Data_Collection.vels.Data (:,2);

V_down = Data_Collection.vels.Data (:,2);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Calculate Wind

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

phi = e_angles (:,1); %roll

theta = e_angles (:,2); %pitch

psi = e_angles (:,3); %yaw

tic

%%simplified Lenchow eqn 's
V_x = -v .* sind(psi + beta) + V_east;

V_y = -v .* cosd(psi + beta) + V_north;

V_z = -v .* sind(theta - alpha) + V_down; %check if Vdown

should be neg

%Clear temporary variables

clear m R P_alpha_norm P_beta_norm

%%complex Lenchow eqn 's
D = ( 1 + (tand(alpha)).^2 + (tand(beta)).^2) .^0.5;

first_term = sind(psi).*cosd(theta);

second_term = tand(beta).*( cosd(psi).*cosd(phi) + sind(psi

).*sind(theta).*sind(phi));

third_term = tand(alpha).*( sind(psi).*sind(theta).*cosd(
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phi) - cosd(psi).*sind(phi));

V_c_x = (-1./D).*v.*( first_term + second_term + third_term

) + V_east;

first_term = cosd(psi).*cosd(theta);

second_term = tand(beta).*( sind(psi).*cosd(phi)-cosd(psi)

.*sind(theta).*sind(phi));

third_term = tand(alpha).*( cosd(psi).*sind(theta).*cosd(

phi) + sind(psi).*sind(phi));

V_c_y =( -1./D).*v.*( first_term - second_term + third_term)

+ V_north;

second_term = tand(beta).*cosd(theta).*sind(phi);

third_term = tand(alpha).*cosd(theta).*cosd(phi);

V_c_z = (-1./D).*v.* (sind(theta) - second_term -

third_term) + V_down;

V = sqrt(V_c_x .^2 + V_c_y .^2);% + V_c_z .^2);

%%Calculate Wind Direction

V_direction = atand(V_c_y./V_c_x); %wind

heading

omega = atand(sqrt(tand(alpha).^2 +tand(beta).^2)); %UAV

reference frame

%Clear temporary variables

clear first_term second_term third_term D

toc

%% %%%%%%%%%%%%%%%% Get Moving Average Velocities

%%%%%%%%%%%%%%%%%%%%%%%%%

format long

dt_tot = seconds(time_dt(end)-time_dt (1));

freq = ceil(length(time_dt)/dt_tot);

coeffs = ones(1, freq)/freq;

fDelay = (length(coeffs) -1)/2;

delay_dt = seconds(fDelay);

% P_baro_mean = filter(coeffs ,1,P_baro);

Vx_mean = filter(coeffs ,1,V_c_x);

Vy_mean = filter(coeffs ,1,V_c_y);

Vz_mean = filter(coeffs ,1,V_c_z);

V_mean = filter(coeffs ,1,V);

%%Calculate Turbulence

v_prime = V-V_mean;

v_x_prime = V_c_x - Vx_mean;

v_y_prime = V_c_y - Vy_mean;

v_z_prime = V_c_z - Vz_mean;
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Vx_prime_mean = filter(coeffs ,1,v_x_prime);

Vy_prime_mean = filter(coeffs ,1,v_y_prime);

%% %%%%%%%%%%%%%%%% Find time when UAV is turning

%%%%%%%%%%%%%%%%%%%%%%%%%

roll_id = find(phi > -4 & phi < 4);

roll_id_not = find(phi < -4 | phi > 4);

roll_straight = phi(roll_id);

V_straight = V(roll_id);

dt_straight = (1: length(V_straight))./freq; %time in

seconds

V_mean_straight = filter(coeffs ,1, V_straight);

v_prime_straight = v_prime(roll_id);

alpha_straight = alpha(roll_id);

beta_straight = beta(roll_id);

v_x_prime_straight = v_x_prime(roll_id);

v_y_prime_straight = v_y_prime(roll_id);
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