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Abstract This paper focuses on the effects of external geometrical modifications on the aerody-
namic characteristics of the MQ-1 predator Unmanned Combat Aerial Vehicle (UCAV) using com-
putational fluid dynamics. The investigations are performed for 16 flight conditions at an altitude of
7.6 km and at a constant speed of 56.32 m/s. Two models are analysed, namely the baseline model
and the model with external geometrical modifications installed on it. Both the models are investi-
gated for various angles of attack from —4° to 16°, angles of bank from 0° to 6° and angles of yaw
from 0° to 4°. Due to the unavailability of any experimental (wind tunnel or flight test) data for this
UCAV in the literature, a thorough verification of calculations process is presented to demonstrate
confidence level in the numerical simulations. The analysis quantifies the loss of lift and increase in
drag for the modified version of the MQ-1 predator UCAYV along with the identification of stall
conditions. Local improvement (in drag) of up to 96% has been obtained by relocating external
modifications, whereas global drag force reduction of roughly 0.5% is observed. The effects of
external geometrical modifications on the control surfaces indicate the blanking phenomenon
and reduction in forces on the control surfaces that can reduce the aerodynamic performance of
the UCAV.

© 2020 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Unmanned Aerial Vehicles (UAVs) are largely used for
surveillance, monitoring, reconnaissance, data relay and data
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cally designed for combats can be termed as Unmanned Com-
bat Aerial Vehicles (UCAVs) such as the MQ-1 Predator
manufactured by the General Atomics Aeronautical Systems.
External modifications on any UAV/UCAYV (such as antennas,
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camera etc.) can plays an important role to gather the data
such as digital aerial photographs, natural calamities (Earth-
quake, flood), communication and/or for geographical investi-
gations.] However, at the same time, these external
modifications can affect the performance of the aircraft, struc-
turally and aerodynamically, due to their location/positions.
This effect can be of high importance when the UAVs/UCAVs
are designed for extreme conditions therefore it is essential to
study their aerodynamic parameters for optimal designs. Gen-
erally, wind tunnel experiments can be an expensive option to
test various configurations and thus perform design optimiza-
tion, however, Computational Fluid Dynamics (CFD) have
emerged as an excellent alternative due to the speed and accu-
racy offered by the advanced CFD algorithms.

Several CFD studies have been performed to investigate the
behavior of unmanned aircraft, however, there is still a dearth
of literature in this domain for the CFD comparison of UAVs,
which can be due to various reasons such as commercial and/
or defense. Recently, Pepelea et al.” performed a CFD analysis
of a UAYV at constant velocity of 30 m/s and 10 different angles
of attack («) from —6° to 18°, however, this did not cover any
angle of bank (f) or angle of yaw (/). A similar study was pre-
sented by Prisacariu’® where the authors investigated a blended
wing geometry UAV, however, without any supporting data or
a verification/validation mechanism. Although both of these
investigations were of industrial nature, academia has also
shown interest in this area which is still largely unexplored.
In 2006, Hardie* analyzed the Van’s RV-8A using COSMOS
Design STAR software to conclude that the aircraft design
works well aerodynamically. They also suggested certain
minor design improvements to enhance the aerodynamic capa-
bilities of the UAV. Later in 2010, Sweeten’ analyzed three dif-
ferent UAVs (YAK-54, the MantaHawk and the Meridian)
using multiple software and high fidelity CFD. The results
were compared and analyzed to investigate the stability and
control of the UAVs under various conditions. Another effort
was presented by Jayabalan et al.’ in 2005, where they used
reverse engineering for further analysis and development of
the entire model of an unmanned flying wing air vehicle. Three
dimensional laser profile scanning of the reflex air foil and
fuselage, material research and selection and cost effective
reconstruction of the non-conventional air foil was carried
out. The effect of passive vortex generators was investigated
by Zhen et al.” where they analyzed the aerodynamic charac-
teristics of the Aludra UAV. In their work, both the experi-
mental and numerical investigations were carried out at
various angles of attack using a commercial software
(ANSYS-FLUENT) to conclude that higher coefficient of lift
could be obtained by placing the vortex generators near the
separation points.

Choi et al.® analyzed the control surfaces of a commercial
UAYV using ANSYS software; forces and moments were calcu-
lated on different parts of aircraft. The purpose was to develop
a low cost micro drone with maximum dimension of 15 cm to
be used for imaging with an endurance of almost two hours
and a high degree of autonomy and for squad-level combat
environment. In 2014, Krishnamurthy et al.” investigated a
UAYV wing design; performed modifications on the wing geom-
etry and studied the effect of minute changes on flow charac-
teristics of the aircraft. For this, a virtual wind tunnel model
was created and CFD analysis was carried out at various angle
of attacks for each wing separately. Various aerodynamics

characteristics such as lift, drag, stall angle, lift-to-drag ratio
of each wing were determined. CFD simulations of a tilt-
rotor UAV configurations (TR-E2S1) were performed to
investigate its aerodynamic characteristics by Kim and
Chung.'® As a result of their investigations, the control sur-
faces such as elevator and rudder were deflected and wing inci-
dence angle was changed. Furthermore, the aerodynamic
instabilities were analyzed with the variation of pitch and
yaw angles. Finally, they concluded that a 12% scale wind tun-
nel test model is too small for accurate data collection, there-
fore, a high fidelity model for quantitative data comparison
should be developed. Similarly, Lazim et al.'' presented the
CFD analysis and wind tunnel testing of a UAV with an exter-
nal storage. As a result of this analysis, the effect of the exter-
nal storage was observed to be significant at the lower surface
of the wing and almost negligible at the upper surface of the
wing at low angle of attack. The area of influence on the wing
surface by storage interference was observed to increase with
the increase in the airspeed.

Mamat et al.'” presented aerodynamics behavior of a base-
line design of a Blended Wing Body (BWB) aircraft, developed
at MARA University of Technology (UiTM). They performed
steady three dimensional CFD analysis of the BWB at Mach
number 0.3 and wind tunnel experiments on 1/6 scaled model
of the same at Mach number 0.1; lift and drag coefficients and
pitching moment coefficients are measured at different angle of
attack with a view to analyze the aerodynamics performance of
the UAV. Brett et al."* examined the flow over the 1303 UCAV
platform, with a focus on the behavior that causes the onset of
pitch break at a Reynolds number of 5.6 million and Mach
number 0.25 and wind tunnel flow visualizations of the exper-
iment were performed to validate the numerical model. Casas
et al.'"* designed and analyzed a UAV to be used for fire
surveillance in Greece and California, where fire caused bil-
lions of dollars in damages and claimed hundreds of lives.
The simulation was performed using Spartan Phoenix free
stream conditions of 45 m/s airspeed at 0° angle of attack,
and at 20 m/s airspeed with 80° angle of attack with pressure
and temperature at 1atm and 300 K, respectively. Rabbey
et al." performed CFD analysis and experimental testing of a
UAYV which then participated in an international competition
SAE Aero Design West-2013 with a condition that empty
weight of the UAV must be less than 2 1b and must fly with
payload as heavy as possible for good scoring. Here again,
CFD was utilized at the design stage to improve the design
and aerodynamics parameters of the UAV. All the examples
above (and many more' '®) highlight one common character-
istic that the external modifications can affect the aerodynam-
ics performance of aircraft especially the small sized UAVs
where the effects can be even more pronounced. As experimen-
tal investigations can be expensive, CFD provides an excellent
alternative and can help to analyze the effects of external mod-
ifications in an efficient yet accurate manner.

This work presents our investigations into the aerodynam-
ics performance of MQ-1 Predator UCAV (see Fig. 1'?). Due
to its applications, MQ-1 can carry various external payloads
at any time and mounting of these modifications on any air-
craft is a challenge for aerodynamicists, where the surface area
of the fully loaded MQ-1 can be almost doubled (114 m?) than
its baseline (56 m?) variant. Therefore, it is imperative that
such a UCAV is designed for those external modifications
and the aerodynamics performance in extreme conditions.
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MQ-1 Predator UCAV."

Fig. 1

2. MQ-1 Predator UCAYV and its external geometrical
modifications

Due to the nature of the MQ-1 Predator UCAV, the geometry
is unavailable from the designers, however, several three
dimensional models are available through GrabCAD'’ which
are created by professionals. General specifications and char-
acteristics of MQ-1.?° Using these specifications a model of
MQ-1 has been selected that matches the standard specifica-
tions (see Fig. 2). The basic data used during this study can
be found in the Table 1. We present thorough investigations
starting from the verification of the calculations as there is
no experimental data available for validation. The verified
computational setup is used to extend the investigations to
analyze the effect of external modifications on the aerodynam-
ics performance of MQ-1.

Three dimensional model of the MQ-1 Predator is shown in
the Fig. 3 which is utilized as the baseline model for this work.
The external modifications that can be mounted on to this
model can be the antennas, cameras and projectiles etc., as
shown in the Fig. 4. In the modified model, the antennas are
located at the top center of the fuselage section on the symme-
try line whereas the camera is located at bottom side of nose
section, again, on the symmetry line. The four projectiles are
located at the bottom side of wings. As there was excessive
detail present in the model, some surfaces are simplified and
locally modified to avoid discretization errors. For simplifica-
tion, the rotor blades present at the rear end of MQ-1 Predator
are also removed from both the baseline and modified model
(see Figs. 3 and 4).

7.5m

/el .
S~ = _UZ

(a) Side view

16.8 m

A
AN

46m

(b) Front view

Fig. 2 Geometrical dimensions of MQ-1 predator.

Table 1 Parameters used for computational modelling.

Parameter Value
Speed (km/h) 176

Mach number (Ma) 0.14
Reynolds number (Re) 9.768 x 10°
Altitude (km) 7.62

Wing area (m?) 12.775
Chord length (m) 0.913
Density at altitude 7.62 km (kg/m?) 0.588
Viscosity at altitude 7.62 km (kg/(m-s)) 3.0975 x 10~°
Baseline model surface area (m?) 56.4
Modified model surface area (m?) 114.0

Fig. 3 Baseline model of MQ-1 Predator UCAV.

Fig. 4 Model of MQ-1 Predator UCAV with external geomet-
rical modifications.

3. Governing equations and numerical approach

For compressible flows, the set of governing equations are
derived through a combined conventional Reynolds-
averaging and a Favre-averaging (mass-averaging) procedure,
where the physical fields of the instantaneous density p, veloc-
ity u;, temperature T and heat flux ¢; are decomposed into the
sum of a mean and a fluctuating component®' as

p=p+p, w=w+u, p=p+p, T

=T+T", qj:qf+q} (1)

where the overbar stands for the conventional Reynolds-
averaging and tilde denotes the Favre-averaging procedure.
Furthermore, for the sake of clarity, it is useful to distinguish
between the fluctuating physical fields associated with
Reynolds- and Favre-averaging procedures. Therefore, the sin-
gle prime superscript denotes the fluctuating component of the
conventional Reynolds-averaging procedure and the double
prime superscripts stand for the mass-averaging procedure.
According to Wilcox,”' the set of Favre-averaged mean gov-
erning equations of compressible turbulent flows consists of
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the mass, momentum, energy conservation and the turbulent
kinetic energy equations which can be written®' as
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g1 (770) + 5 (i) = 5+ (5 %) ©
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where the mean pressure field p, the total energy E, the heat
flux vector ¢; and the turbulent kinetic energy k can be
expressed by

p=pRT
p lon 1 _ , 0T
E: —u; _ Ni //l_ = —f
G—Dp 2t 4=y
k_] 7Y (6)
_zu,-u;

where R is the universal gas constant, y is the ratio of the speci-
fic heat at constant pressure ¢, and specific heat at constant
volume ¢y, and 4 is thermal conductivity. In the set of govern-
ing Eqgs. (2)—(5), the viscous stress tensor 7; is defined by
Ty = 218 — %Héﬁ% (7)
which is relying on the Navier-Stokes hypothesis, and where u
is the dynamic viscosity of the fluid, J; is the Kronecker delta
which represents the unit tensor,”’ and the mean rate-of-strain
(deformation) tensor can be expressed with Cartesian index
notation®' by

< lfow ou

Si=3 (a—x ¥ 8xi> ®
The Reynolds stress tensor in the governing equations of

the mean flow Egs. (2)—(5) is defined by

N 2 w2

Ty = —pu'l; =27 S — 315, 01 ~ 3Pk ©)

R=—
which is relying on the most commonly used Boussinesq
hypothesis, and where u; is the dynamic eddy viscosity. It is
important to note that the turbulent kinetic energy dissipation
¢ has to be modelled through an appropriate closure model. In
the present study, we carried out detailed investigations

through  Unsteady  Reynolds-Averaged  Navier-Stokes
(URANYS) simulations where the well-known two-equation k-
¢ turbulence model®! has been employed. The eddy viscosity
k-¢ model introduces two additional transport equations to
the mass and momentum conservation Egs. (2) and (3),
therefore

o 0\ D W\ Ok
E(pk)Jra—xi(pku,-)_a—%{(u+a—k>a—)€/_]+2pcﬂ

K
X 88y~ pe (10)

is the turbulent kinetic energy k transport equation, where the

turbulent kinetic energy dissipation ¢ is modelled through a
transport equation as

d ,_ 9 (_~\_ 0 ur\ O¢
E(ps) +3_xi<psui) oy Ku—i_ Ua) aVJ
2

— P
+2pC.C,.SySiik — CZeﬁE (11)

where the dynamic eddy viscosity p; is defined by
2

M = ﬁCu? (12)
and the model constants”' are
C,=009, C,=144, (C,=192, oy

=1, and ¢,=13 (13)

Further details of the terms involved in the two-equation k-
¢ turbulence model can be found in.”"*” It is important to men-
tion that during the verification of calculations process, the
one equation Spalart-Allmaras (SA) turbulence model™ was
also evaluated due to its excellent performance in aerodynamic
flows. The Spalart-Allmaras (SA) model employs a transport

equation for the kinematic eddy viscosity v, coefficient as

% <ﬁ ;r> + 6%, (ﬁ;,;,) =P,
~ ~\ 2
Rt (D F R A D S

where P; represents the production of the turbulent viscosity
and D; is the destruction of the turbulent viscosity, and the
model constants in the transport Eq. (14) are

2
AV 57
The reader can see more details on the modelling of the pro-
duction P;’ and the destruction DV; terms of the turbulent vis-

and Cj, = 0.622 (15)

cosity v, in the original work of Spalart and Allmaras.”® In the
present work, the commercial ANSYS-FLUENT software
package has been used to perform all simulations using Finite
Volume Method (FVM). Within the density-based compress-
ible approach, Riemann solvers are employed and higher-
order of accuracy is obtained using a second-order accurate
Monotone Upstream Scheme for Conservation Laws
(MUSCL) which is a Total Variation Diminishing (TVD)
scheme and widely verified in industry and academia. Since,
the velocity of UCAV is relatively low (low subsonic rang,
i.e., Ma = 0.14), therefore, the governing equations are solved
in the low Mach number regime which are mostly considered
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as incompressible flows.”* A coupled scheme has been
employed for solving the governing equations which allows
the system of equations to converge faster and use less mem-
ory. In terms of spatial discretization, the gradient is selected
as least square cell-based method and all quantities such as
pressure, momentum, turbulent kinetic energy and turbulent
dissipation rate are second-order accurate which is mostly used
in the industry for satisfactory results.”*

4. Computational setup and mesh sensitivity study

The computational domain selected is based upon the Mean
Aerodynamic Chord (MAC) length, i.e., 0.913 m, such that
the upstream is 50 MAC length and the wake is 100 MAC
length to capture the wake correctly. A cylindrical domain is
created such that the radius is 25 MAC lengths and a sche-
matic diagram of the computational domain is shown in the
Fig. 5. The velocity inlet boundary conditions has been applied
for the inflow with a velocity magnitude of 56.32 m/s and the
turbulence intensity is fixed at 5%. The outlet zone is defined
as the pressure-outlet as it allows to define the turbulence
intensity and viscosity ratio which is set to 5% and 10%,
respectively. The gauge pressure for the outlet is defined as
0 Pa, i.e., the atmospheric pressure. The outer cylindrical
boundary is defined as the symmetry boundary with zero sur-
face roughness. It is trivial to mention that all the surfaces on
the UCAV geometry are considered as no-slip boundary
condition.

First of all, due to the lack of any previous experimental
and/or numerical solution available on this case, a thorough
Grid Convergence Index (GCI) study has been conducted
aligned with the recommendations and method suggested by
Roache” and NASA?® to verify the numerical computations.
The objective of this GCI study is to establish a suitable grid
resolution and hence computational resource requirements as
well as to understand the performance of turbulence models
to be used for the final analysis. In order to perform GCI study
three levels of grids have been created (see Table 2). Further
details on the Roache’s method for GCI can be found here.”

The hybrid mesh is generated with prism layer near the
UCAV surface and tetrahedron cells above the prism layer
where the inflation layer thickness is 0.054 m calculated based
upon the parameter set for this case. The inflation layer

100 MAC 50 MAC

(a) Side view

( —h— “
\ |

A1y
c

(b) Front view

Fig. 5 Computational domain for MQ-1 Predator UCAV
simulations.

Table 2 Computational meshes used for grid convergence
study.

Grid level Grid name Number of cells
1 Fine 10 million

2 Medium S million

3 Coarse 2.5 million

consists of 20 grid points (for medium grid) all around the
geometry to model the boundary layer where a growth rate
of 1.2 is used. Fig. 6 presents various views from the coarse
mesh where the skewness is kept in the range of 0.13 to 0.38
with few elements between 0.63 to 0.93 and is maintained
below the recommended value of 0.95.%

The functional chosen for the GCI study is the drag coeffi-
cient (Cp) for each grid level. Two turbulence models were
analyzed during the GCI study, the k-¢ turbulence model
and the SA> model for their performance at this stage.
According to Roache,” the GCI,, is the GCI factor between
the Fine and Medium mesh and the GClI,; represent the
GCI factor between the Medium and Coarse grid levels, are
defined as in the Eqgs. (16) and (17) below. The overall GCI
for asymptotic range of convergence is calculated using Eq.
(18) and the results are presented in Table 3. The GCI is
defined as

(c) Inflation layer at the rear of fuselage

Fig. 6 Selected views from medium mesh level around MQ-1
baseline geometry.
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Table 3 Results of grid convergence study for modelling of MQ-1UCAYV.

Grid level k-¢ turbulence model Spalart-Allmaras (SA) model
Cp GCI Cp GCI
Fine 0.110721 0.113863
Medium 0.110676 0.9864 0.110888 0.9738
Coarse 0.107983 0.110633
Cp —C C Table 4 Parameters used for computational modelling of
GCly = £y (o= Co2)[Cot 550, (16) = £
w1 MQ-1.
(Cps — Ci3)/C Simulation Angle of attack o Angle of bank  Angle of yaw
GCly; = Fs”p—[’i” x 100% (17) case ©) ) v ()
"w—
Case-1 —4 0 0
GCI Case-2 =2 0 0
GCI = ﬁ x 100% (18) Case-3 0 0 0
12 Case-4 2 0 0
where r is the grid refinement ratio and p is the order of Case-5 4 0 0
accuracy. Case-6 6 0 0
The GCI for both the turbulence models provides almost Case-7 8 0 0
the same results, however, the overall GCI for k-¢ model is clo- Case-8 10 0 0
ser to 1 (the asymptotic range of GCI) than the overall GCI for Case-9 Lz 0 0
. Case-10 14 0 0
SA model, and hence this model has been selected for our anal-
. . . . Case-11 16 0 0
ysis. We then analyzed the difference in the functional values Case-12 0 ) 0
of Cp between the medium grid and the fine grid levels which Case-13 0 4 0
is negligible with percentage change of 0.04%. This indicates a Case-14 0 6 0
good grid convergence, thus, it would be plausible to use the Case-15 0 0 2
medium grid resolution, however, we decided to use the fine Case-16 0 0 4

grid level for our further analysis in this work. Using this
numerical setup and the grid level, sixteen simulation cases
are defined for different stall, rolling and yaw angles for both
the baseline and modified models. The results are summarized
in Table 4, where the speed and altitude remain constant as
56.32 m/s and 7620 m, respectively.

5. Results and discussion

5.1. Comparison of aerodynamic parameters

The lift is mainly generated by the wing when pressure at its
lower surface is higher than the pressure at the upper surface
due to some angle of attack where the lift force generated is
in the upward perpendicular direction of airflow.”® When flow
separation starts near leading edge the flow becomes more tur-
bulent. Higher angles of attack can result in stall; this phe-
nomenon reduces the lift component and aircraft is unable
to move forward. The stalling of the aircraft is dependent on
the wing shape, turbulent air and Aspect Ratio (AR). The
AR of the wing is defined*® by:
~ Span?

AR = 1
Area (19)

As the MQ-1 UCAV has a tapered symmetric wing, Eq. (8)
gives an aspect ratio of 22 and lift coefficient (C;) calculated is
almost zero at an angle of attack of 0°. Investigations are per-
formed on the baseline and modified geometry for various
angles of attack (from —4° to 16°) and the comparative curves
for both models are plotted. In the Fig. 7, the lift coefficient is
observed to be continuously increasing up to the angle of

attack of 14°, however, after this, the lift coefficient drops indi-
cating that the stall occurs at around 14°. Investigation on an
additional angle of 16° confirms this finding.

The lift coefficient parameter is also investigated for the
angles of bank (f) and angles of yaw (i) as shown in the
Fig. 7 (b) and (c), respectively. The effects of the angles of
banking and yaw on the lift coefficient are investigated
between 0° and 6° and 0°and 4°, respectively, but in isolation
of the each other and the angle of attack (o). This is mainly
due to the reason that we want to investigate the effects of each
of these parameters individually to assess the performance and
effect on the aircraft. For both the cases, it is found (as
expected) that the net force (lift) decreases as the angle changes
which is due to the resolution of lift into two components.
However, the slope of decrease in the (C;) is steeper in the case
of MQ-1 with modifications as compared to the baseline geom-
etry. The percentage change in the lift coefficient with modifi-
cations is nearly 39% between banking angles of 0° and 6° as
compared to the baseline case where percentage change is 29%
between the same angles. Similarly, the percentage change in
the lift coefficient with modifications is nearly 41% between
the angle of 0° and 4° as compared to the baseline case where
it is nearly 14% only.

A visualization of the stalling phenomenon is presented on
the UCAV wing as shown in the Fig. 8 at the stalling velocity
of 27.77 m/s based on the basic data. In the Fig. 9, compara-
tive visualization is presented for the angle of attack of 0°
and 14° for the stream-wise velocity. At the angle of attack
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Fig. 7 Lift coefficient (C;) for MQ-1 baseline and modified
geometry.

of 0°, the velocity over the wing is observed higher than the
stalling velocity whereas at 14° the velocity on the wing
appears to be very low and recirculation/separation region
can be observed resulting in stall. Same stalling phenomenon
is captured from the static pressure contours, as the pressure
above the wing is observed to be dropped at the stalling angle
of 14° as shown in Fig. 10.

Fig. 11 presents the stream-wise velocity contours on the
symmetry plane of the UCAV at the angle of attack of 12°.
The large recirculation zones behind the external modifications
on the fuselage are presented here, which can increase the drag
coefficient. A highly unsteady flow around the projectiles and
other external modifications on the body of MQ-1 UCAV gen-
erates Turbulent Kinetic Energy (TKE) around the projectiles.
Fig. 12 presents the generation of TKE in various directions
and at various locations on the geometry of UCAV with exter-
nal modifications. The TKE is captured in flight direction i.e.,
stream-wise direction, and is observed increasing from nose to
wing and reducing from wing to stabilizer as shown in Fig. 12
(a). In Fig. 12(b), the TKE is captured in lateral direction of
UCAYV which shows that in the turbulent zone, TKE is more
close to the wing and external modifications.

Drag being an opposite force to the thrust and parallel to
the relative wind direction and perpendicular to the lift compo-
nents. With increased angles of attack, bank or yaw, drag also
increases because, firstly, it is directly proportional to the sur-
face area and, secondly, the complex shapes of the external
modifications can also contribute to this. The drag coefficient
is investigated for various angles and is presented in the
Fig. 13. It can be observed that the drag reduces from angles
of attack between —4° and 0°, however, it then starts to
increase from 0° to 16° which is due to the changes in the fron-
tal area with the changes in the incident angle. The frontal area
of modified model is, of course, larger than the baseline model,
so drag coefficient is more for the modified model compared to
the baseline model. As the UCAYV stalls at an angle of attack of
14°, the drag coefficient is observed increased considerably
around and beyond this angle.

Further the drag coefficients are investigated for the angles
of bank between 0° and 6° and angles of yaw between 0° and
4°. Fig. 13(b) demonstrates that for an increasing banking
angle the drag coefficient increases for both the baseline and
modified models. However, drag coefficient for the modified
model is much higher (almost double) than the baseline model;
this could be due to the increased frontal area. Almost similar
behavior is observed for the angle of yaw in Fig. 13(c). It
means that the drag coefficient values are always in an increas-
ing order if the aircraft is moving in any direction such as roll-
ing, pitching or yawing, however, it can be noted that the slope

= velocity (m/s) 10 0 10 20 30 40

Fig. 8 Stalling phenomenon over wing of MQ-1 UCAV.
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(a) a=0°

(b) a=14°
z velocity (m/s)  -80-60-40-20 0 20 40 60 80

Fig. 9  Stream-wise velocity contours at projectiles on wings of
MQ-1 UCAYV for angle of attack of 0° and 14°.

(a) a=0°

(b) o=14°

Pressure (Pa) 300  -160.714 -21.4286 117.857 257.143

Fig. 10  Static contours at projectiles on wings of MQ-1 UCAV
for angle of attack of 0° and 14°.

of this change in drag coefficient is almost similar for both the
baseline and modified cases. This opposite to the findings for
the lift coefficient where it dropped drastically with the much
steeper slopes as shown in the Fig. 7(b) and (c).

Lift and drag force is generated at the center of pressure,
whereas the thrust force is generated at the axis of engine

. N
z velomty (m/S) 10 17 16 25 33 42 50 59 68

Fig. 11  Stream-wise velocity contours at symmetry plane of
MQ-1 UCAV showing recirculation zones behind external geo-
metrical modifications.

and weight force is generated at the center of gravity of an air-
craft. These four forces (lift, drag, thrust and weight) con-
tribute towards the net moment of an aircraft. As the
aircraft changes angle of attack, it creates moment about the
lateral axis and generates pitching moment. When the aircraft
changes the banking angle (about the longitudinal axis) a roll-
ing moment is generated. Similarly for normal axis, when angle
of yaw changes it generates the yawing moment. All moments
act through the center of gravity. The moment coefficient (C,,,)
for the MQ-1 UCAYV is investigated on both the baseline and
modified models for various angles as shown in the Fig. 14.

Moment coefficient values are presented for various angles
of attack in the Fig. 14(a). From —4° to 0°, the moment coef-
ficient is observed to be increasing (in negative side), because
the net force is acted in downward direction and observed
exactly opposite for angles of attack of 0° to 16°. The rolling
moment and yawing moments are also investigated for the var-
ious angles of bank and yaw and presented in the Fig. 14(b)
and (c). As the net force is increased for bank and yaw angle,
both the moments are also observed increasing. As net force is
more for the modified model, hence all moment’s coefficients
are also more compared to the baseline model. Considering
the Fig. 14(b) it is observed that the moment coefficient
changes drastically for the modified model such that the per-
centage change is roughly 300% as compared to the same
for the baseline model. This is also indicated by the steep slope
in the moment coefficient with respect to the banking angle.
The significant changes in the rolling moment for the modified
geometry can be attributed to the additional drag imposed on
the geometry due to the modifications, which results in an
unbalance at higher banking angles (f) and in turn may result
in unstable flight. On the other hand, for the angles of yaw the
slope of the moment coefficient of modified model is similar to
the baseline case.

5.2. Effect of locations of external geometrical modifications

The identification of suitable locations for external modifica-
tions is one of the biggest challenges in aerodynamics; it is
an optimization problem. It must be mentioned here that it
is not the objective of this research to optimize the locations
of the external modifications on the MQ-1 UCAYV, but to ana-
lyze the effect of locations/positions on the overall aerodynam-
ics. Optimization is a huge research area and can be
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Fig. 12 Turbulent kinetic energy (TKE).

investigated subsequently in line with the outcomes of this
research. Here we are mainly interested in the overall effect
of external modifications on the aecrodynamic performance of
the MQ-1 UCAYV. The locations to install the external modifi-
cations should be such that it should produce less drag without
effecting the aircraft performance.

Old and new locations of antennas are shown in Fig. 15. In
this work, the two antennas at locations 4 and C are relocated
to analyze the local and overall effects. The antenna at location
A (we label this as the Antenna-1) is relocated to the location B
to take the advantages of the larger antenna’s wake, so it is
placed just behind it. The thickness of Antenna-1 is also less
as compared to the larger antenna which should help. Cylin-
drical antenna (we call this the Antenna-2) at location C is
placed just behind the camera to take advantages of camera
wake. In both the cases, pressure is observed directly hitting
the frontal large antenna and the camera, so it is expected that
there would be less drag due to the small antennas. Simulation
is performed for angle of attack 0° for both the baseline and
modified models and velocity profiles clearly indicates, that
because of wake region less drag is produced, as shown in
Fig. 15.

Different drag values due to this arrangement along with
old and new locations are summarized in Table 5. For
Antenna-1, a decrease in drag of 1.64 kg is calculated which
means that the drag force for the Antenna-1 at the new loca-
tion C (the new location) is observed to be reduced by 18%
by relocating it behind the larger antenna. On the other hand,
for Antenna-2, drag is observed to be reduced considerably to
1.5 kg which is reduction of 96% in drag force for Antenna-2
at the new location D. An overall aircraft drag reduction of
48.33 kg is observed which translates to 0.5% reduction in

overall drag of the MQ-1 UCAV by only relocating these
two small antennas. It also indicates the possibility of installing
further antennas (if required) on the MQ-1 UCAYV without any
effect on its performance. It must be noted that any reduction
in the overall drag of the aircraft can be translated directly in
to the cost effectiveness and even more importantly endurance
and longer flight times for such UCAVs.

5.3. Effect of external geometrical modifications on control
surfaces

So far we have analyzed the effect of relocating the external
modifications on the aerodynamics of MQ-1 UCAV. Here
we will analyze the effects of such modifications on the control
surface on the UCAYV under various flow conditions. The MQ-
1 has inverted V-tail type horizontal stabilizers on left and
right hand side along with the vertical stabilizer beneath the
fuselage. The investigations are particularly focused on the
horizontal and vertical stabilizers of MQ-1. Fig. 16 presents
the overall picture of the flow around the UCAV for an angle
of yaw of 4° where the streamlines are colored by the stream-
wise velocity.

The angle of yaw has been particularly selected as it ensures
non-symmetrical flow on around the UCAV. For clarity the
fuselage and wings are hidden from the view and only the sta-
bilizers and modifications are made visible in Fig. 17. Further-
more, Fig. 17(a) presents the streamlines around the UCAV
without any external modifications. In the absence of any
modifications, the streamlines appear very compact around
the control surfaces. On the other hand, in Fig. 17(b), the
streamlines are presented for UCAV with the camera and
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Fig. 13  Drag coefficient (Cp) for MQ-1 baseline and externally
modified geometry.

antennas installed (and visible). In this case, the streamlines
appear to be spread around the control surfaces. More impor-
tantly, it can be observed that the flow velocity has reduced
near the leading edge of the horizontal and vertical stabilizers.
Such a condition when the flow upstream of control surfaces is
grossly distributed (spread) is referred to as blanking.
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Fig. 14 Moment coefficient (C,) for MQ-1 baseline and
externally modified geometry.

The blanking phenomenon is observed on control surfaces
and reduced efficiency of control surfaces is concluded at the
angle of yaw of 4°. Table 6 presents the resultant force com-
parison of the baseline and modified model for various control
surfaces. Nearly 50% reduction in the resultant forces is expe-
rienced by the modified model on the Right Hand (RH) stabi-
lizer, whereas due the angle of yaw the Left Hand (LH)
stabilizer experienced slight increase (12%) of forces on the
modified model. Net resultant force calculated for modified
model is less compared to the baseline model at the control
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Fig. 15 New locations for external geometrical modifications,
where antennas at locations 4 and C are moved to locations at B
and D.

Table 5 Comparison of drag values on MQ-1 UCAV.

Modification Drag (kg)

Old location New location
Antenna-1 9.11 7.47
Antenna-2 48.19 1.5
UCAV 8775.89 8727.55

. u ‘m
z velocity (m/s) -20-10 10 30 50 70 %0

Fig. 16 Stream-wise velocity contours at symmetry plane of
MQ-1 UCAYV for new locations of the antennas.

surfaces. However, for the vertical stabilizer not much differ-
ence in the forces has been observed. From these observations
and calculations, it can be concluded that the addition of exter-
nal modifications can have drastic effect of the aerodynamics
and control of the MQ-1 UCAV. The analysis has been per-
formed under averaged conditions for the UCAV. It can also
be deduced that when operating under extreme conditions
these negative effects would only be pronounced.

(a) Streamlines on baseline geometry

(b) Streamlines on modified geometry (flow spread
indicates blanking phenomenon)

Fig. 17  Effect of external geometrical modifications on control
surfaces.

Table 6 Comparison of resultant forces on MQ-1 UCAV.

Control surface Resultant force at angle of yaw of 4°

Base model Modified model
Horizontal stabilizer (RH) —97 —50.04
Horizontal stabilizer (LH) 72.47 81.10
Vertical stabilizer 8.0 7.92

6. Conclusions

The investigation on the effects of modifications on MQ-1
Predator UCAV has been presented in this work. Emphasis
was on the aerodynamic parameters, effect of locations of
modifications on UCAV and the effect of external modifica-
tions on control surfaces. In this work, various angles of
attack, bank and yaw are considered (in isolation to the others)
to analyze the lift coefficient (C;), drag coefficient (Cp) and
moment coefficient (C,,) which are studied for baseline and
modified UCAV geometry. It has been observed that the addi-
tion of external modifications can drastically affect the aerody-
namic performance of the UCAV. The lift coefficient which
has been observed to drop and the drag coefficient has been
observed to be increased. The effects of relocating the external
modifications at suitable locations such that they can reduce
the drag can result in overall drag reduction of 0.5% globally
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whereas locally this can improve the drag by up to 96%. This
proposed location is tentative in nature, but of course, several
other important factor would play a major role in deciding
these locations and need careful consideration at the design
stage. It has also been identified that for the modified aircraft,
the performance (efficiency) of control surfaces is effected by
external modifications. As the MQ-1 UCAYV is mainly for long
range and endurance operations, any improvements in the
aerodynamic characteristics and control strategies can help
improve the overall behavior, performance and operational
efficiency of the MQ-1 UCAV. All the findings in this paper
indicate strong need to further analyze the MQ-1 Predator
UCAV and the external geometrical modifications require
careful consideration through optimization. Furthermore, the
investigation of those cases when the lift coefficient is positive
for positive angles of bank and yaw should also be considered
as a future work.
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