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Abstract

The oil pipeline network requires periodic monitoring to detect pipeline damages, which may cause oil leakage with
severe environmental contamination. These damages can be generated by interference from third parties such as
construction works, sabotage, vandalism, excavations, and illegal oil theft. To detect the oil pipeline damages, it can
be used aerodynamic aerial vehicles (UAVS) with infrared cameras and image processing systems. This paper presents
the aerodynamic analysis of a UAV with a hawk shape (wingspan of 2.20 m and length of 1.49 m) for potential
application in the detection of oil pipeline failures. A 1:6.5 scale prototype of the UAV is fabricated using a 3D printer.
The aerodynamic coefficients of UAV are determined using computational fluid dynamic (CFD) simulations and
experimental testing with a subsonic wind tunnel. In addition, the lift and drag coefficients of UAVs are obtained as a
function of Reynolds number and angle of attack. Also, the air velocity profile around UAYV is estimated with the CFD
model. The proposed UAV could decrease the inspection costs of pipeline networks in comparison with the use of
helicopters or light aircraft.

Keywords: aerodynamic analysis; infrared camera; computational fluid dynamics; drag coefficient; lift coefficient;
oil leakage; oil industry; oil pipeline; subsonic wind tunnel; unmanned aerial vehicle.

Resumen

La red de oleoductos requiere monitoreo periddico para detectar dafios que puedan causar fugas de hidrocarburos con
severo dafio ambiental. Estos dafios pueden generarse por interferencia de terceros, tales como trabajos de
construccion, sabotaje, vandalismo, excavaciones y sustraccion ilegal de hidrocarburos. Para detectar dafios en
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oleoductos pueden utilizarse vehiculos aéreos no tripulados (UAVs) con cdmaras infrarrojas y sistemas de
procesamiento de imagenes. Este trabajo presenta el andlisis aerodindmico de un UAV con forma de halcon
(envergadura de 2,20 m y longitud de 1,49 m) para aplicacion potencial en la deteccidn de fallas de oleoductos. Un
prototipo a escala de 1:6,5 es fabricado usando una impresora 3D. Los coeficientes aerodinamicos del UAV son
determinados usando simulaciones de dinamica de fluidos computacionales (CFD) y pruebas experimentales con un
tanel de viento subsénico. Ademas, los coeficientes de sustentacion y arrastre del UAV son obtenidos como funcion
del nimero de Reynolds y el angulo de ataque. También, el perfil de velocidad del aire alrededor del UAV es estimado
con el modelo CFD. ElI UAV propuesto podria disminuir los costos de inspeccidn de oleoductos en comparacion con
el uso de helicopteros o vehiculos aéreos ligeros.

Palabras clave: analisis aerodindmico; camara infrarroja; dinamica de fluidos computacionales; coeficiente de
arrastre; coeficiente de sustentacion; fuga de hidrocarburos; industria petrolera; oleoductos; tinel de viento subsénico;

vehiculo aéreo no tripulado.
1. Introduction

The safety of the oil pipeline network is a priority
requirement in the hydrocarbon industry to avoid
accidents that may damage the environment and human
health. Oil pipeline network requires periodic inspections
to detect pipeline failures, which can cause oil leakage
with long-term and irreversible impacts on both natural
and human environments [1], [2]. In addition, these
pipeline damages can generate oil transportation losses
and high economic damages [3].

The oil leakage in a pipeline network occurs for several
reasons, including material failures due to corrosion,
cracks, pipe defects, incorrect operation, unreasonable
design, geological hazard, and interference from third
parties [4], [5], [6], [7], [8]. The geological hazard, and
interference from third parties include earthquakes,
floods, subsidence, implicit signage, construction works,
vandalism, sabotage, overload, excavations, and illegal
oil theft [9], [10], [11], [12]. Some vandalism, thefts, and
sabotages on oil pipelines have been generated by people
in conflict with governments or oil industries [13], [14],
[15].

Furthermore, the oil pipelines could be vulnerable to
terrorist attacks [15], [16]. These damage sources in the
oil pipeline network can cause significant risks to the
population around pipelines. These failure sources affect
the safe performance of the oil pipelines. For this,
inspection techniques that consider both the oil pipelines
and their environment are required for monitoring defects
in pipelines caused by geological hazards and
interference from third parties. However, the most
common processes for oil pipeline inspections (e.g.,
smart pigs and hydro-testing) are not suitable for pipeline
damages generated by vandalism, sabotage, and illegal
oil theft. For this case, other inspection techniques to
detect external agents of damage to oil pipelines are
required.

Researchers from UNAM have developed innovative
techniques for the inspection of leaks in pipelines
considering the steady-state behavior of hydraulic
gradients inside pipelines [17], [18], [19]. To identify oil
pipeline failures that cause oil leakage due to interference
from third parties, unmanned aerial vehicles (UAVS)
with infrared cameras and image processing systems can
be implemented. Several researchers [20], [21], [22], [23]
have designed UAVs with good results in their
performances.

Pant et al. [24] implemented video stabilization
algorithms for UAV-based active infrared thermography
inspection. This inspection system could be applied for
monitoring damage in pipelines. Kochetkova [25]
reported the application of UAVs with thermal imaging
cameras for monitoring large and small hydrocarbon
leaks in pipelines. Nowadays, DeltaQuad Pro is a
commercial UAV with a thermal vision that can be used
for the inspection of oil and gas infrastructure [26].

However, this type of UAV has a high cost that limits its
use. In this paper, the aerodynamic analysis of the design
of a UAV with a hawk shape is reported. In this UAV, it
may be adjusted a small infrared camera below its outer
surface. This camera could detect the oil leakage of the
pipeline network through the infrared radiation related to
the oil. This UAV has a good aerodynamic behavior for
its use in pipeline inspection, identifying the pipeline
sections with high risks and recognizing the potential
failure sources. This UAV will allow the reduction of
inspection costs and inspection time in comparison with
other conventional aircrafts such as helicopters or light
aircraft. This UAV could be remotely controlled, keeping
a stable flight. Thus, this UAV can be used for
monitoring damage in pipelines that causes oil leakage in
areas with difficult to access.

The aerodynamic analysis of our UAV is developed
using computational fluid dynamic (CFD) models
through the ANSYS-CFX software. A 1:6.5 scale
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prototype of a UAV is built with a 3D printer, which is
employed to obtain aerodynamic parameters (drag and
lift coefficients) using experimental testing with a
subsonic wind tunnel.

This paper is structured as follows: Section 2 describes
the CFD modeling of the proposed UAV. Section 3
includes the results and discussion about the lift and drag
coefficients of UAVs as a function of Reynolds number
and angle of attack. Finally, section 4 reports the
conclusions and future research.

2. CFD modeling

The proposed UAV is designed with a hawk shape
(Figure 1) to take advantage of its aerodynamic
configuration. The UAV wing uses the Wortmann FX
63-137 airfoil, which can allow good lift coefficients.
The designed UAV has a wingspan of 2.20 m and a
length of 1.49 m (Figure 2). The UAV could include a
small infrared camera below its outer surface to take
images of a pipeline network. These images could be
processed to detect oil leakage due to interference from
third parties. A GPS and a communication system of
UAV will allow real-time transmission of the images
(Figure 3).
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Figure 1. The design of UAV with a hawk

shape.
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Figure 2. The dimensions of proposed UAV.
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Figure 3. The schematic view of the UAV using a small
infrared camera and a communication system.

The aerodynamic analysis of the UAV is obtained using
a computational fluid dynamic (CFD) through the CFX
module of ANSY'S software. Other authors have used the
ANSYS software to predict aerodynamics coefficients of
UAVs with satisfactory results [27], [28]. For this
aerodynamic analysis, we built a control volume to
simulate the air around UAV (Figure 4). This control
volume contains a cylinder that is employed to rotate the
UAV. In this control, volume to simplify the numerical
simulation, we were not considering the small infrared
camera located below the outer surface of the UAV.
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Figure 4. Control volume and boundary conditions of
the UAV CFD model.
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Figure 5 depicts the mesh of the control volume, that
includes a fine mesh around the first layers of the outer
surface of the UAV. The initial velocities along the three
Cartesian components, the temperature, and air pressure
are 0 m/s, 25 °C, and 1 atm, respectively. In addition, a
turbulence model of Shear Stress Transport (SST) is used
due to it is suitable for geometries with curvatures (e.g.,
aerodynamic profiles). This turbulence model considers
the effects of the transition to high levels of turbulence
[29].

For the convergence criterion of CFD simulation, the
steady-state and a maximum residue of 1 x 10* were
considered. In the inlet volume, a subsonic flow regime
with a velocity of 20 m/s and a turbulence intensity of
5 % was regarded. In the outlet volume, a relative
pressure of 0 Pa is used. The four walls of control volume
and the outer surface of UAV are assumed as free slip
walls (i.e., ideal walls) and as no-slip walls, respectively.

the UAV CFD model.

For the aerodynamic analysis of UAVs using ANSYS
software, the SST turbulence model reported in the
literature [30], [31], [32], [33] was assumed. This SST
model combines the best elements of k — & turbulence
model and k — o turbulence model through a blending
function F1. Both models are considered in the transition
region. F1 has value one near the wall surface and zero in
the free shear flows and outer part. With these
magnitudes of F1, k — o, a model is activated in the near-
wall surface. On the other hand, k — & model is employed
in the rest of the flow. Thus, the SST model uses two
equations of k — @ model near the wall surface and k — ¢
model in the rest of the flow. The SST model has an upper
limit for the turbulence shear stress along with boundary
layers that restrict the high shear stress magnitudes. This
SST model predicts the aeronautics flows with high
adverse pressure gradients and separation [30]. The
equations of this model for turbulent kinetic energy (k)
and turbulence frequency (w) are given by [30]:
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where k is the turbulent kinetic energy, o is the fluid
density, t is the time, x is the space coordinate
component,  is the fluid viscosity, o is the turbulence
frequency, Ui is the mean flow velocity component in the
xi-coordinate direction, S is the magnitude of the mean
vorticity, vis the kinematic viscosity, y is the distance to
the nearest wall surface, and g, *, o, ok and . are model
constants.

The turbulent eddy viscosity (z4) is determined as

ak

max (a,®, SF,) ©)

M=

where a; is a constant and F, is a second blending
function estimated as

F, = tanh [[max (;:fy'ioz_o:)]z] (6)
P, =min(B,, 104 pko) (7)

_ M,
R—M@(j[&j+asj ?

The SST model coefficients j, a, ok and oo, indicated
with the symbol ¢, are determined by blending the
coefficients of the original k — @ model, considered as ¢,
and using those of converted k — & model, defined as ¢..
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Figure 6. Lift force of UAV CFD model as a function of Reynolds number.

¢p=Fa+(1-F)é 9)
¢=(0v.0,,B.2) (10)

The constants for the SST model are the follows: g =
0.09, oy = 5/9, ,5'1 = 3/40, Okl = 0.85, Cwol = 0.5, o = 0.44,
p2=0.0828, ok = 1, 6wz = 0.856.

For the UAV mesh is required to know the distance
between the UAV outer surface and the first layer of the
mesh. This distance (As) can be determined by [34]:

uy”
As="2 11
Y (1)

where y* is a dimensionless parameter that depends on
the turbulence model, p is the air density and U" is the
fluid velocity when it is in contact with the geometry.

By using equation (1), a fine mesh is done around the first

layers of the outer surface of the UAV. Furthermore, the

characteristic length (Lc) of UAV is determined

considering a rectangular section (a width and b

thickness), which is given by [35]:

L —2_ab 12

° a+b (12)

The friction coefficient (Cs) of the UAV outer surface is
obtained by:

C, =[2log(Re) —0.65] ** (13)

where Re is the Reynolds number.

The shear stress around the UAV outer surface is
calculated by [28]:

£, =5C,pU° (14)

where U is the fluid velocity.

The fluid velocity (U") around the UAV outer surface is
estimated as [34]:

Ur= [ (15)

Yy =— (16)

3. Results and discussion

For the aerodynamic analysis of the UAV CFD model,
we use an air velocity range between 1 and 20 m/s,
keeping an angle of attack (AoA) of 0°. Figures 6 and 7
depict the lift and drag forces of the UAV CFD model as
a function of its Reynolds number. The lift and drag
forces increase when the Reynolds number increases.
The maximum values of the lift and drag forces are
76.57 N and 7.15 N, respectively.

Figures 8 and 9 illustrate the lift and drag coefficients of
the UAV CFD model as a function of Reynolds number,
considering AoA of 0°. The lift coefficient increases
when the Reynolds number is higher than 4 x 10°.
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0.105 prrrr

0.104 F

0.102

CL

0.1

0.098

oCL
CL fitted curve [ -3.22x107°x® + 9.9696x107'x" - 1.1704x107x*

+6.4x107%3 - 1.6018x10x % + 1.6266x107x + 0.0925 ] R’= 0.95666 |

0096baal o o o o1 TH L L PP IR A B PP PR P |
042 1 2 3 4 5 6 7 8 9 95

Reynolds number x10°

Figure 8. Lift coefficient of the UAV CFD model as a function of Reynolds number.

1 e}

0.0125 aCD 3

CD fitted curve [ -1.2565x107x% + 3.6586x10x" - 4.0219x10™%°

+2.056x10x° - 4.8777x10°5x + 0.0145 ] R>=0.99689

0.012f

0.0115F

CD

oo11f
0.0105

0.01F

(Y11 ] P M PP S S B B S EPEPEP PP |
X 3 4 5 6 7 8 9 9.5

Reynolds number x10°

Figure 9. Drag coefficient of the UAV CFD model as a function of Reynolds number.



Aerodynamic analysis of unmanned aerial vehicle with hawk shape for monitoring oil leakage

On the contrary, drag force decreases when the Reynolds
number is higher than 0.5 x 10°. The maximum values of
lift and drag coefficients are 0.1043 and 0.0126,
correspondingly. In the aerodynamic analysis of the
UAV CFD model, we included a range of an AoA
between 0° and 22° keeping a constant velocity of 20 m/s
(Figures 10 and 11).

Thus, the lift coefficient increases when AoA changes
from 0 to 20°. The maximum lift coefficient (0.548) is
obtained with an AoA of 20° and a velocity of 20 m/s.
However, the drag coefficient decreases when the AoA
is higher than 20°.

{.:.'J}REVISTA uis
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Furthermore, we determine the lift coefficient as a
function of the drag coefficient for the UAV CFD model,
as shown in Figure 12. In these CFD simulation results,
the lift coefficient decreases when the drag coefficient
overcomes the value of 0.094.

Figure 13 depicts the air velocity profile around the
surface of the UAV CFD model. Figure 14 shows the air
velocity profile around the wing of the UAV CFD model,
in which small turbulence in the wing ends is observed.
The aerodynamic coefficients of the UAV were
measured using a subsonic wind tunnel of open circuit
AerolLab [36].
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This tunnel (Figure 15(a)) has a test section with
dimensions of 0.305 x 0.305 x 0.610 m. Furthermore, this
tunnel has an aerodynamic balance that can measure the
liftand drag forces. Also, the tunnel has a mechanism that
can modify the AoA of the UAV. This mechanism is
connected to a data acquisition system. For the
experimental test, the UAV wing is scaled from 1.1 m to
0.25m, and the UAV half is only used in the wind-tunnel.
This UAV prototype is built through a 3D printer
(Zortrax M200) and it is supported to wind tunnel
through a circular bar of 3/8 inches. Thus, the UAV
prototype is connected to the aerodynamic balance of the
aerodynamic tunnel (Figure 15(b)).

For the experimental test, we used a similar criterion to
obtain the velocities relations between the UAV
prototype and the UAV CFD model. In this criterion, the

{;.‘J}REVISTA uis
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UAV prototype and the UAV CFD model have equal
Reynolds numbers. Table 1 shows the velocities relations
between the UAV prototype and the UAV CFD model.

v :ﬁﬁll (17)

Due to the location (Mexico City) of the wind tunnel, the
maximum velocity that can be obtained is 36 m/s. Thus,
the maximum velocity used for the UAV prototype was
8 m/s. Figure 16 represent the experimental results of lift
coefficients of the UAV prototype considering the same
Reynolds numbers of the UAV CFD model. The
experimental values of the lift coefficients decrease when
the Reynolds number increases. The maximum and
minimum values of lift coefficients are 0.126 and 0.028,
respectively.

(a)

(b)

Figure 15. (a) The AeroLab subsonic wind tunnel and (b) the UAV prototype.

0.13 prerr————— T

0.12F

01

Experimental CL

0.04

0.02 Lasal

o Experimental CL

—Experimental CL fitted curve [ 2.3x

-12_2

X -16x°x+03]  R’-099688 |

14 15 2 25

3 35

Reynolds number x10°

Figure 16. Experimental lift coefficient of UAV prototype using the AeroLab subsonic wind tunnel.
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Boschetti et al. [37] reported that the lift coefficient could
decrease due to an increment of Reynolds numbers or the
UAYV geometry.

On the other hand, Figure 17 shows the experimental
results of the drag coefficients of the UAV prototype. The
maximum and minimum values of the drag coefficients
are 0.011 and 0.001, respectively. The drag coefficients
increase when the Reynolds number is higher than
1.89 x 105 however, the drag coefficient decreases when
the Reynolds number overcomes 3.307 x 10° The
maximum experimental values of the lift and drag
coefficients are 0.126 and 0.0107, correspondingly. For
the lowest value of the Reynold number, the measured
lift coefficient achieved the maximum magnitude
(0.126), keeping a low value of drag coefficient (0.0021).
The experimental results of lift and drag coefficients of
the UAV prototype are lower than those obtained from
the UAV CFD model.

Table 1. Velocities relation between the UAV prototype
and UAV CFD model

UAV prototype | UAV CFD model
velocity (m/s) velocity (m/s)
3 13.28
4 17.71
5 22.13
6 26.56
7 30.99
8 35.42

The proposed UAV has a good aerodynamic
configuration, that could allow its implementation in
inspections of oil pipelines. For this, the UAV requires a

small infrared camera, a GPS, and a communication
system for the real-time transmission of images. The
infrared camera can be collocated on the bottom surface
of the UAV. This camera could identify by infrared
radiation the oil leakages in pipelines caused by
interference from third parties. This UAV design could
detect pipeline sections with high risks and recognize the
potential failure sources. The proposed UAV could
decrease the inspection costs in comparison with other
conventional aircrafts such as helicopters or light aircraft.

4. Conclusions

The aerodynamic analysis of a UAV (wingspan of 2.20
m and length of 1.49 m) with a hawk shape is presented.
A UAV CFD model is designed to estimate their lift and
drag coefficients as a function of the Reynolds number
and Angles of Attack (AoA). In addition, a scaled
prototype of the UAV was built through a 3D printer
(Zortran 200). The left and drag coefficients were
measured using a subsonic wind tunnel. For a a velocity
of 20 m/s and AoA of 0° the UAV CFD model
determined lift and drag forces of 76.57 N and 7.15 N,
respectively. The maximum lift coefficient (0.548) is
obtained with an AoA of 20° and a velocity of 20 m/s. A
small infrared camera, a GPS, and a communication
system could be implemented on the bottom surface of
the proposed UAV. Thus, the UAV could detect oil
leakage in the pipeline network caused by interference
from third parties, including sabotage, vandalism,
excavations, and illegal oil theft.

For future research work, we will build the UAV with its
infrared camera and control system.
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