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Abstract. Baseline-IX is a tailless aircraft design with compound wing attached to a short body, a transition
between a straight, swept flying wing design and a blended wing-body. Baseline-IX planform was designed
to deal with a small BWB UAV that is capable of cargo delivery and surveillance missions. The design is in-
fluenced by the requirement of cargo space to carry batteries medical and other emergency supplies in its
fuselage with a nose-mounted mission camera with a wingspan under 2.0 meters. This paper focuses on
studying the aerodynamic characteristics of the novel Baseline-1X, inspired by its predecessor, the Baseline-V.
Aerodynamic characteristics of Baseline-IX were investigated and validated through numerical computational
simulations and wind tunnel experiments. The maximum lift-to-drag ratio of Baseline-IX obtained through
this study is 15.14 for 1:2.4 scaled model and 17.46 for 1:1 prototype. Numerical simulation and wind tunnel
experiments’ lift-to-drag ratio percentage difference is 4.92%. Baseline-IX's lift-to-drag ratio surpasses 14.09%
and 24.28% over similar-missions UAV operating in the market while both are larger in size. Baseline-IX has

the potential to be developed as a small, easy to carry cargo delivery and surveillance BWB UAV.
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1. Introduction

Blended wing-body (BWB) is a fixed-wing aircraft with its
wings and fuselage merged smoothly resulting in some
designs almost resemble a pure flying wing. Compared to
classic tube-and-wing (TAW) design, the unconventional
configuration’s main advantages are high aerodynamic ef-
ficiency and the ability to deploy a significant amount of
lift for the same flying conditions (Jemitola & Okonwo,
2022). It has been quantified that 2-3% of total atmos-
pheric emissions are contributed through commercial
aviation and has kickstarted the research on alternative,
fuel-friendly aircraft configuration (Aprovitola et al., 2022;
Dimitriou et al., 2022). The issue of reducing the weight of
aircraft components has recently been widely addressed
in helping to reduce power consumption. In addition to
structural changes, researchers are developing and us-
ing new materials, especially composite materials. These
materials are required to have at least similar mechanical
properties to those previously used and to reduce weight
significantly (Karpenko et al., 2023; Karpenko & Nugaras,
2022) has presented analyses of the dynamic properties
of the new materials used for the wings of flying objects.

BWB showed remarkable performance improvements
compared to conventional aircraft, including a 15% reduc-
tion in take-off weight and a 27% reduction in fuel burn
per seat mile (Liebeck, 2004). The conventional tube-and-
wing configuration has 33% more total surface area (BWB)
configuration that has lower wetted area and lower drag
(Ammar et al., 2017; Li et al,, 2012; Liebeck, 2004; Okonkwo
& Smith, 2016). This opens potential for efficient cargo or
surveillance under UAV development.

Chen et al. (2019) mentioned that BWB concepts can
be put into three categories. First, BWB with double swept
planform and a short aft-body, secondly a Hybrid Wing
Body (HWB) that has leading-edge carving over the centre
body, and Integrated Wing Body (IWB) which is more con-
ventional with an extended aft-body (Chen et al, 2019).
BWB concepts over the years of research have encouraged
trade-offs between different disciplines to make it work
(Dehpanah & Nejat, 2015; Dimitriou et al., 2022; Liebeck,
2004; Mohammad Zadeh & Sayadi, 2018).

Aside from a fully blended BWB planform, a practical
approach by Jemitola and Okonkwo, stated that a box-
wing configuration offers lower design risk than a BWB
due to its less radical change from conventional aircraft
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configuration (Jemitola & Okonwo, 2022). This phase grad-
ually implements blended wing-body to airframe designs
before evolving into smoothly BWB planform. Papadopou-
los et al. (2022) said that the combination of BWB and
box-wing planform has its own advantages. BWB planform
offers aerodynamics advantage while box-wing platform
offers more cargo space (Papadopoulos et al., 2022).

Fraction-in-size BWB UAVs can move swiftly and serve
different purposes not only limited to cargo transfer but
for mapping, filming, small cargo delivery, and surveillance
and reconnaissance (Dimitriou et al., 2022). This BWB UAV
design has a wingspan of between 1.0 meters to 3.0 me-
ters. Zeng et al. (2020) studied 4 different aerodynamic
optimization scenarios of their BITU BWB while Wau Bulan
UAV by Kusumohadi et al. (2021) in early conceptual phase
has incorporated wau bulan shape into their Wau Bulan
UAV planform (Kusumohadi et al.,, 2021; Zeng et al., 2020).
Raja et al. (2023) optimizes computational aerodynamics
and control investigations on their VTOL Hybrid BWB UAV.
Arora et al investigate aerodynamics over BWB with dif-
ferent airfoil at different station through computational
analysis and wind tunnel experiment (Arora et al., 2023).

There are few blended-wing body UAV studies that
consider cargo space payload delivery. DEALER UAS with
mission profile of emergency supplies delivery has a wing-
span of 7.15 meters (Kapsalis et al., 2021). 3.0 meters wing-
span Zipline UAV (Zipling, 2022) also has similar mission
profile of cargo and surveillance to Baseline-IX.

There is a gap study of small BWB UAV design with
the purpose of quick emergency reaction and short dis-
tance missions. This paper focuses on the preliminary de-
sign phase of the application of a 2.0 meters wingspan
of a small cargo delivery and surveillance BWB UAV for
emergency missions. Progression from fully BWB planform
to a compound wing-body for ease in logistics. Aerody-
namics performance obtained through numerical compu-
tational analysis is always practiced, but in this paper, a
wind tunnel experiment is added for validation purpose.
The findings and methodology shared within this paper
will benefit aerodynamicists working on a similar planform
and provide knowledge on the preliminary design process
of a BWB.

Table 1. UAV with similar mission to Baseline-IX

2. Baseline-IX design configuration

Baseline-1X's cargo delivery missions are targeted for medi-
cal kit and food supplies deliveries during emergencies
such as first aid kit, heat blanket, batteries, and energy food
bars. These supplies will help victims stranded within areas
that can be quickly accessible by Baseline-IX before being
rescued by local authorities. Baseline-IX will also be able to
provide surveillance assistance to local authorities with eve-
ry cargo delivery mission. Baseline-IX as a UAV with cargo
delivery and surveillance mission profile shown in Figure 1.

Based on research, currently there is a gap for UAV
of cargo delivery and surveillance mission that is within
the size of under 2.0 meters. DELAER RX-3 and Zipline
Platform 1 were chosen as unmanned aerial vehicles that
are similar in mission profile and have comparable wing-
spans. Zipline platform 1 is a fixed-wing, long-range cargo
delivery UAV that started out as the first medical logistics
service originated in Rwanda (Zipline, 2022). Baseline-I1X
UAV's wingspan is a bit over half of Zipline's wingspan
which requires more width of runway/take off space.
Baseline-IX is estimated to carry 20% more payload mass
compared to Zipline.

DELAER RX-3 is a BWB UAV with a wingspan just over
7.0 meters which is 4 times the size of Baseline-IX UAV.
DELAER RX-3 is designed for maximum weight of 40 kg car-
go delivery and surveillance missions (Kapsalis et al., 2021).
Baseline-IX and DELAER RX-3 share similar cargo delivery
and surveillance missions. However, due to size, DELAER
RX-3 is not easy to transport and requires a bigger hangar.
Specification of said UAVs is summarized in Table 1.

Cruise & loiter

Figure 1. Baseline-IX BWB anticipated mission profile

)

Cargo UAV <8
9 \}/77\*“
Baseline-IX UAV DELAER RX-3 (Kapsalis et al., 2021) Zipline Platform 1 (Zipline, 2022)
Mission Cargo delivery and Cargo delivery and Cargo delivery and
surveillance surveillance surveillance
Wingspan (m) 1.74 7.15 3.00
Payload mass (kg) 2.0 40.0 1.8
Cruising speed (km/h) 54 180 101

Delivery mechanism Parachute-floating delivery

Airdrop/airland

Parachute-controlled floating delivery
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Figure 2. Flight Technology and Test Centre's BWB designs: a — Baseline-V BWB; b — Baseline-IX BWB

Baseline-IX is an upgrade from Baseline-V (blended
wing-body and tail). The previous design lack large us-
able volume to include cargo in their missions. Scaling up
seems to be the option for more cargo space but it will
demand a bigger storage room or hangar. Baseline-IX was
designed differently from its predecessors to fulfill its mis-
sion profile purpose. Both Baseline-IX and Baseline-V are
shown in Figure 2.

Baseline-IX took a practical approach to serve its pur-
pose by extending a simpler planform with wing design
pulled from Baseline-V (compound wing) and adapting
tail-less configuration. Compared to its predecessor, it has
a shorter but larger fuselage in the middle, with moder-
ate blending to the wings, and slightly higher wing aspect
ratios. Baseline-1X has taken a little less radical approach
than its predecessor, Baseline-V which took a fully BWB
configuration. Jemitola and Okonkwo (Jemitola & Okon-
wo, 2022) stated that a practical approach of a box-wing
configuration offers lower design risk than a BWB due to
its less radical change from conventional aircraft configu-
ration. Baseline-1X's nose design is heavily influenced by a
stabilized gimbal camera to be carried, seen in Figure 3.
The compound wing is generated from an MH60 airfoil
which is attached to its nearly box-shaped fuselage.

As mentioned previously, Baseline-IX prototype shown
in Figure 3 below was built on the idea of surveillance and
cargo delivery missions. Through modular design method
the usage of cargo volume was adapted. The finalized de-
sign is simple and practical for easy, quick manufacturing
and repair downtime. The fuselage cargo space was de-
signed to place important UAS systems and to arrange the
emergency supplies as shown in Figure 4. The proposed
idea is the emergency supplies are stored in a crash-proof,
wet-proof case and dropped at precise locations by para-

Figure 3. Baseline-IX BWB UAV Prototype

Figure 4. Proposed cargo space usage for Baseline-IX BWB

Table 2. Specifications of Baseline-IX BWB

Specifications Baseline-IX BWB Prototype

Mean Aerodynamic Chord (m) 0.356
Wingspan (m) 1.74
Wing Area (m?) 0.468

chute-controlled mechanism. The drop door on the belly
of Baseline-IX will be controlled as well.

MH60 airfoil was chosen due to its low moment coef-
ficient suitable for tailless aircraft and with a relatively high
maximum lift coefficient. It is designed under 2.0 meters
wingspan for ease in logistics. The wingspan allows Base-
line-IX to easily be carried by hand and fit in most vans
and trucks for urgent and quick cargo missions. Table 2
shows the specifications of Baseline-IX BWB prototype.

3. Methodology

New BWB planforms will go through the preliminary
aerodynamic analysis and drag reduction study (Chen
et al, 2019; Li et al., 2012; Mohammad Zadeh & Sayadi,
2018). Afterwards, the practice goes through an evalu-
ation which includes control, stability, and trimming of
the BWB by using conventional or new technology (Chen
et al., 2019; Mohammad Zadeh & Sayadi, 2018; Panagio-
tou et al, 2022; Qin et al., 2004). Performance evaluat-
ed are lift-to-drag ratio, followed by fuel consumption,
range and take-off distance, including the static margin
(Viviani et al., 2020). Studies on flying characteristics of
an aircraft involve wind tunnel experiments, computa-
tional simulations, and prototype flight tests to develop
an aerodynamic model (Wang et al., 2020; Waters et al,
2013). These experiments and simulations reduce risks of
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Figure 5. Flowchart of methodology on the study of Baseline-IX BWB

a flight test and shorten the development cycle by reduc-
ing the number of prototype trials (Wang et al., 2020).

The research methodology flowchart is shown in
Figure 5. First, was to determine the mission for the BWB
planform. With the intention to carry cargo/payload and
ease of transport, the design revolves around the mission
profile. To understand the aerodynamic performance of
Baseline-IX BWB, the planform was investigated by us-
ing three different experiments. Firstly, a half 3-D print-
ed scaled-down wind tunnel model to be tested in wind
tunnel facility. Secondly, a similar scaled-down model to
be simulated by VSPAERO. Lastly, prototype-sized model
which is simulated by VSPAERO as well.

Both simulated and experimental studies were con-
ducted on the Baseline-1X design. Through these process-
es, the aerodynamic characteristics of Baseline-IX were
determined, including the coefficient of lift, coefficient of
drag, lift-to-drag ratio, and pitch moment coefficient. This
paper compared and discussed both experimental and
simulated results with the additional visuals.

Wind tunnel experiment preparation

Experiments were conducted in Flight Technology and Test
Center (FTTC) laboratory, College of Engineering, Universiti
Teknologi MARA, Shah Alam, using the LST-1 low-speed
suction wind tunnel shown in Figure 6. This wind tunnel
has a test section area of (0.5 x 0.5 x 1.25) meter and
is equipped with a six-component external balance for
force and moment measurement. This study used only
three longitudinal force components (X, Z, and M) since

the Baseline-IX's wind tunnel model is a half-model type.
The wind tunnel model is fabricated by a 3-D printer us-
ing fused deposition method (FDM) and has undergone
finishing processed to be experiment-ready. Experiments’
findings are to validate the results obtained through nu-
merical computational simulations as were similarly done
by Apetrei et al. (2020).

A study by Wang et al. said similarity laws are applied
to obtain reliable and accurate result where one or several
similar parameters constitute the similarity condition (Tai
et al,, 2023). Wolowicz et al. (1979) reported that similitude
requirements must be satisfied to define scaled model ex-
perimental aerodynamic data to its full-scale aircraft. Scaling
ratio of wind tunnel model may affect changes in Reynolds
number and Mach number resulting in large difference be-
tween scaled and full-scale model (Tai et al., 2023).

Previous study by Wang et al. in 2019 (Wang et al.,
2019) revealed that effects on Mach number and Reynolds
number on the similarity motions of wind tunnel’s scaled
model can be ignored if it satisfies the specifications of
Mach number of less than 0.4 and a scaling ratio greater
than 1/13. The scaling down of Baseline-IX was done with
a rule of satisfying its Reynold number similarity. Experi-
ment was done regarding the prototype (full-scale)’s cruis-
ing speed 15 m/s for prototype (full size size). Satisfying
the same Reynolds number between both models and test
section of the wind tunnel facility, scaled down model was
calculated to experiment at airspeed of 36 m/s. Scaled ra-
tio for Baseline-IX is 1:2.4. Below Table 3 summarizes the
details of both models.



Table 3. Specifications of Baseline-IX BWB similarity ratio

Specifications Baseline-IX BWB Baseline-IX BWB

Scaled Down Model Prototype
Chord Length (m) 0.148 0.356
Wingspan (m) 0.350 (half-span) 1.740
Reynolds Number 3.54 x 10° 3.54 x 10°
Ratio 24 1.0

CAD software was used to draft the wind tunnel
model, which was then converted into G-codes, and then
3D-printed. The model was sprayed with black matte paint
after the finishing process. Baseline-IX's wind tunnel model
has a wingspan of 0.35-meters with a reference area of
0.0405 m2. Baseline-1X wind tunnel model has a 0.148-me-
ters chord length. The wind tunnel’'s model specifications
are shown in Table 3.

Pitch angle (Angle of Attack) for wind tunnel experi-
ments was increased gradually by one degree and varied
from —10 degrees to 25 degrees or until stall. Results of co-
efficient of lift, coefficient of drag and pitch moment were
recorded. The wind tunnel experiments were executed at
3.54 x 10° Reynolds number with 36 m/s airspeed. The
wingtip vertical stabilizers on the Baseline-IX wind tunnel
model were not fabricated with the model and assumed to
have no effect on the longitudinal forces which means that
the drag and lift interaction are assumed to be negligible.

The blockage ratio between frontal area of wind tunnel
model and the cross-section of wind tunnel's test section,
B were calculated to be of value 1.584% which is under 5%.
It is admitted that wind tunnels are restricted in recreating
flow fields identical to the actual environment. The factors
require corrections because of the tunnel walls upon the
flow over a model. Every institution with a wind tunnel
facility would have the same goal to produce reliable and
accurate data (Nasir et al,, 2017; Xu et al., 2020). Therefore,
additional analysis of corrections was done to the mea-
surements obtained from the wind tunnel experiment. This
includes finding the aerodynamic coefficients corrections
which are done based on formulas below.

AV =g,V M
KV,
_Mu

Eop = §3/2 ! (2)

where: V|, — uncorrected airspeed, K; — for vertical model
is 0.52, horizontal model is 0.74, S — working section area.

Figure 6. Flight Technology and Test Centre LST-1 Low
Speed Wind Tunnel (left); and the schematic of the wind
tunnel (right)

A. B. Abdul Muta‘ali. Aerodynamic investigation by experimental and computational simulation of a flying wing unmanned aerial...

Wake blockage:

AV =¢,V, 3)
C
b =3 Cay 4)

where: ¢; - uncorrected coefficient of 2D drag, ¢ — wind
tunnel model’s length, h — height of the working section.
Streamline curvature correction:

57.3c

o= oy + 72 Cy + 4Gy, ) (5)
¢, =Cy(1-0-2); 6)
oC
Co1p=C , (1-2¢)+—L; 7
m1/2 mi( 8)+4 )
2u
2
w(c
=—|=1. 8
° 48£h] ®
Total corrected airspeed:
c
SSb _EcduV:Vu('Hg). (9)
Total corrected drag:
Cao =Cou (1-385 =26, )- (10)

Baseline-IX lift, drag, and moment corrected data were
plotted in graphs and discussed in this paper.

Baseline-IX tuft visualization experiment

Tuft visualization experiment was carried out to provide
visualization of the flow pattern on the surface of the
Baseline-IX wind tunnel model. White lightweight threads
2 cm in length were attached along the wetted surface
of the Baseline-IX wind tunnel model as seen in Figure 7.
Black surface finishing aids in providing a clearer visuali-
zation on tuft behaviour. The test was repeated with an-
gle of attack of —10 degrees until 25 degrees with 1-de-
gree increment and with the same 36 m/s airspeed to
the now tuft-equipped model. This experiment was done
to observe the behaviour of the tuft on the skin of the
Baseline-IX wind tunnel model.

Figure 7. Baseline-IX Wind Tunnel model assembly in
wind tunnel test section
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Numerical computational simulations

Numerical computational simulations were done in two
parts. In the first part, the same BWB model and envi-
ronment of simulation are to mimic the conditions of the
wind tunnel experiment for a 1-to-1 comparison. While
a second simulation was done on the Baseline-IX proto-
type model representing the actual size of the aircraft. The
simulation utilizes Panel Code Method (PM). Panel Code
Method works by superimposing the surface distribution
of a model with panels. It is a simplified form of fluid flow
equations that are derived from the Navier-Stokes equa-
tion (Erickson, 1990). Figure 8 below shows the mesh ge-
ometry of Baseline-IX generated before the panel code
method simulation.

Panel Code Method is a numerical method based on
Prandtl-Glauert equation for solving linear and inviscid
flow around aircraft at subsonic or supersonic speed
(Erickson, 1990; Marién & Scholz, 2021; Nasir et al., 2021).
Steady subsonic flow and supersonic flow satisfying the
Prandtl-Glauert equations which governs incompress-
ible and irrotational flow (Nasir et al., 2017). This Laplace
equation is linear and therefore a correct representation
of a flow that is considered inviscid and incompressible
(Nasir et al., 2021).

Panel code method is lacking in computing the drag
force due to its inviscid potential flow computation (Na-
sir et al., 2021). Therefore, to determine the coefficient of

Figure 8. Mesh geometry of Baseline-IX in OpenVSP

drag, the following formula is applied, where Cp; is the
incidence drag and is added to parasite drag. The parasite
drag is calculated below (Nasir et al., 2021):

Cp =Cpo +Cpyi (11)
0.5pV2S,,o,C¢FF
b= (12)
ref

Skin friction coefficient, C; calculations are based on
Equation (14) (Nasir et al., 2021):

— _ O, [
Cr = Ctr00%turb (Cf,%turbu[ent - %laminar )+

: (13)
(Cf,%[aminar . %Iammar).

The Blasius flat-plate laminar and turbulent approxi-
mations are taken into account, where Re is the Reynolds
number (Nasir et al,, 2021).

Laminar:

1.32824
Cf,lam :W, (14)
Turbulent:

0.72 (15)

C = .
f,turb
Re%

While Torenbeek'’s form factor estimation was adopted
as follows (Nasir et al.,, 2021).
Wing factor:

FF=1+27(t /) +100(t /)" (16)

Fuselage factor:

2.2 38
s 3’
(t7d)” (17d)
where t/c is the airfoil thickness and [/d are the body
length-to-diameter ratio (Nasir et al., 2021).

Both the prototype and 1:2.4 half-scaled down sim-
ulations were executed with angle of attack (AoA) from
0° until 25°, with an increment of 1.0 degrees each. The

AoA of 0° to 25° were decided to represent the same AoA
done in wind tunnel experiments. These acquired data

FF =1+

(17

Table 4. Three different models of baseline-IX To accommodate different testing conditions

1:2.4 Scaled Model
(Wind Tunnel Experiment)

1:2.4 Scaled Model
(Numerical Simulation)

1:1 Prototype
(Numerical Simulation)

Model ratio of 1:2.4
Half wingspan of 36 cm

Re = 3.54 x 10°
o = —=10° until 3°
V =36 m/s

Mach number = 0.105

Model ratio of 1:2.4
Total wingspan of 72.5 cm

Re = 3.54 x 10°
o = 0° until 25°
V =36 m/s

Mach number = 0.105

Model ratio of 1:1
Total wingspan of 174 cm

Re = 3.54 x 10°
o = 0° until 25°
V =15 m/s

Mach number = 0.044
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are sufficient to provide input to see the trend with wind
tunnel experiments’ results. Two types of outputs were
produced by numerical computational simulation; the first
one is where pressure contour and wake trailing can be
observed through visualization results. The second one is
where raw average direct data of the simulations are plot-
ted in graphs. The wind tunnel experiment and simulation
conditions are explained in Table 4.

Another input obtained from VSPAERO simulations is
the coefficient of pressure contour. These contours repre-
sent the pressure acting upon the surface of Baseline-1X
models (1:2.4 scaled down model and prototype-sized) as
the angle of attack increases.

4. Results and discussions

This section discusses the aerodynamic characteristics of
Baseline-IX's scaled wind tunnel model, half scaled down
simulation model, and prototype model. The results con-
sist of lift coefficient against angle of attack (a), drag coef-
ficient against angle of attack, drag coefficient against lift
coefficient, lift-to-drag ratio, and pitch moment coefficient
against lift coefficient.

Before the aerodynamics characteristics is discussed,
an overview of the results between raw and after cor-
rected wind tunnel results is shown in Figure 9 below.
The trendlines showed that the raw wind tunnel’s sets of
results show a higher slope value of 0.054 compared to
the corrected results with 0.047. The percentage difference
between raw and corrected wind tunnel results is 14.9%.
These findings correlate to Latif's analysis of the planform
of Baseline-V between raw and corrected wind tunnel re-
sults (Latif et al., 2017).

C, C,vsa
14
1.2
DogooBPooo o
A
1 %DADAA AAAAAAAAA
0.8 EA‘:A
A
0.6 %%
A
04 a
A
02 a ACL vs a (corrected)
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Figure 9. Graph of Lift Coefficient (C,) versus Angle of
Attack (o) between raw and corrected wind tunnel results

Lift coefficient

Figure 10 shows the graph of lift coefficient (C;) versus an-
gle of attack (a). Based on the figure, all three trend lines
of Baseline-IX wind tunnel experiment, scaled-down simu-

lated model, and simulated prototype have similar trend-
lines. Simulated results of half scaled down and prototype
model seems to be overlapping though the difference
in input such as wingspan. At around a = 17°, at C; of
1.02, the simulated models started to shift from their lin-
ear progression as seen in the graph plotted. While based
on the wind tunnel result, upon reaching the maximum
lift at 17 degrees at C; of 1.01 AoA, the lift starts to fall
and rise and then maintains a flat C; values between +17°
and +22°. It is believed that at these points the Baseline-IX
has already experienced stall. The difference of the value
of lift coefficient between wind tunnel experiments and
VSPAERO simulation at stall angle of a = 17°is 0.98%.

Wind tunnel experiment’'s C; shows higher slope
compared to both panel method code simulations with
Cio = + 0.066 per degree compared to simulations’ slope
of C;, = +0.060. Meanwhile, based on the graph in Fig-
ure 11, the lift coefficient at zero angle of attack (C;q) for
the wind tunnel experiment is just slightly above zero at
0.01 lift coefficient. The C;, for scaled model's simulation
is 0.02 and C,, for the Baseline-IX prototype is observed to
be at 0.02 as well. Angle of attack at zero lift (0,) of the
Baseline-IX wind tunnel experiment is 0.00 degree, where
it does not have any lift. The ag, for simulation results of
BWB Baseline-IX scaled-down model and prototype are
both at 0.00 degrees.

Summarized results are of lift coefficient (C;) versus
angle of attack (a) is shown in Table 6. The airfoil used
in this study possibly contributed to these characteristics.
Baseline-1X uses an MH60 airfoil which is a reflex-type air-
foil for purpose of a flying wing that has C;; = 0 due to
its t/c of around 10% (Muta'ali et al.,, 2020).

Utilizing the numbers extracted from the graph of Lift
Coefficient (C;) versus Angle of Attack () as tabulated in
Table 5, a mathematical relationship can be established
to represent Baseline-IX BWB. If lift is expressed in a lin-
ear relationship, it will be expressed as per the following
equation.

C, C,vsa
1.4
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Figure 10. Graph of lift coefficient (C;) versus angle of
attack (o)
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Table 5. Results summary from graph of lift coefficient (C,)
versus angle of attack (o)

1:2.4 Model 1:2.4 Model Prototype
Parameter Wind Tunnel VSPAERO VSPAERO
Experiment Simulation Simulation
Clmax 1.01 1.02 1.02
Cio 0.01 0.02 0.01
E 0.00 deg 0.00 deg 0.00 deg
Cio 0.07 0.06 0.06
¢ =G, a+C,=0.06a+0.009. (18)

Drag coefficient

Figure 11 shows all the curves of drag coefficient versus
angle of attack for the Baseline-IX wind tunnel experiment,
half 1:2.4 scaled-down model and full-scale prototype simu-
lation results. Drag coefficient versus angle of attack curves
shows parabolic trend lines in all three cases. The drag curve
of Baseline-IX wind tunnel experiment case is parabolic for
angle of attack lesser than the stall angle of attack.
Meanwhile, Figure 12 below shows a focus result of
applicable range of AoA of 0 degrees to 17 degrees ex-
tracted from the original graph of Figure 11 discussed
previously. Beyond the stall angle of attack at o = 17°,

c, Cpvsa
0.6
A CD vs a(Wind Tunnel)
CD vs a (VSPAERO)
05 ———"CD vs a (VSPAERO-prototype) A

04

30 35
[*9)

Figure 11. Graph of drag coefficient versus angle of attack

Cp Cpvsa
0.2
A CD vs a(Wind Tunnel) A
CD vs a (VSPAERO) .
———-CD vs a (VSPAERO-prototype) 7
0.1
4
0

Figure 12. Graph of drag coefficient versus angle of attack
(applicable AoA range)
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it is observed that the drag coefficient increases rapidly
in the wind tunnel experiment. Meanwhile, in both nu-
merical computational simulations between angle of at-
tack 0 degree and 15 degrees, the results seem to closely
mimic the wind tunnel experiment results.

Drag polar

Plots lift coefficient (C;) versus drag coefficient (Cp) as Fig-
ure 13 below, also known as drag polar, consist of wind tun-
nel experiment results and numerical computational simula-
tion results. A shallow parabolic trend is observed on the
wind tunnel experiment plots where low drag coefficient is
plotted at wide range of angles of attack and rises rapidly
as the curve approaches stall angle of attack. The range
of low drag coefficient in wind tunnel results is observed
to be within —4.0 degrees and 8.0 degrees angle of attack.
A steep rise in drag coefficient is observed at lift coefficient
lesser than C; = -0.3. A low range of drag coefficient is
also observed at o = 0.0° to +6.0° for simulations plots of
Baseline-I1X of 1:2.4 scaled model and the prototype.

The minimum values of drag recorded for all three
cases are 0.026, 0.012 and 0.008 which are for Baseline-I1X
wind tunnel experiment, 1:2.4 scaled model simulation and
prototype simulation, respectively. The curves show that
the minimum drag coefficient for wind tunnel does not
happen at zero lift coefficient but within range between
C,= (0.236 to 0.285). However, both simulations plotted
the minimum drag values around zero lift coefficient. Para-
site drag coefficient or drag at zero lift, Cp, is recorded
at 0.029 for Baseline-1X's wind tunnel model. The Cp, for
computational simulations are 0.0139 and 0.0137 for 1:2.4
scaled model and full-scaled prototype, respectively.

Cp Cpvs C;
0.6
A | CD vs CL (Wind Tunnel)
CD vs CL (VSPAERO)
0.5 ———"CD vs CL (VSPAERO-prototype) A

0.2 0 0.2 0.4 0.6 0.8 1 1.2 14

Figure 13. Graph of drag coefficient versus lift coefficient

Based on the graph of drag coefficient versus lift coef-
ficient, the trend line can be represented as:

Cp =Cp, +k'C, +kC2. (19)

Parameters extracted from the drag polar graph in
Figure 13 are drag at zero lift (Cpg), and both induced
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drag coefficients k' and k. Table 6 shows the information
extracted from the parabolic equation obtained from the
graph of drag coefficient against lift coefficient.

Table 6. Results summary from graph of drag coefficient
(Cp) versus lift coefficient (C;)

1:2.4 Model 1:2.4 Model Prototype
Parameter | Wind Tunnel VSPAERO VSPAERO

Experiment Simulation Simulation
Cpo 0.0285 0.0139 0.0137
k 0.2651 0.2756 03114
K -0.0298 -0.1687 -0.1899

Based on the value in Table 6, the parabolic drag re-
lationship was analyzed by using Baseline-IX prototype’s
simulation result and it can be represented below.

Cp =0.0137-0.1899C, +0.3114C2. (20)

Lift-to-drag ratio

Figure 14 shows a plot of lift-to-drag ratio (Cp/C,) versus
angle of attack (o) for Baseline-1X wind tunnel experiment,
1:2.4 scaled model and prototype simulations. It can be
observed from the following graph that the maximum lift-
to-drag ratio of Baseline-IX wind tunnel model is 14.43
at an angle of attack a = +9.3°. 1:2.4 scaled down model
has the steepest slope among all 3 cases with a maximum
lift-to-drag ratio of 15.14 at an angle of attack a = +6.0°.
Baseline-IX's prototype recorded a maximum lift-to-drag
ratio of 17.46 at an angle of attack o = +5.0°. The coef-
ficient of lift at maximum lift-to-drag ratio of wind tun-
nel experiment, 1:2.4 scaled-down model, and prototype’s
simulations are 0.684, 0.379, and 0.323 respectively.

There is a significant difference in the lift-to-drag ratio
between the prototype and 1:2.4 scaled-down model re-
sults due to the difference in its chord length. The bound-
ary layer that surrounds the airfoil is known to decrease
its thickness as the Reynold number increases, which is
relative to the thickness of the chord length. Table 8 shows
the results summary obtained from the graph in Figure 14.
The reason for such a difference in maximum lift-to-drag
ratio between all 3 cases is firstly due to the surface fin-
ishing of the Baseline-IX's wind tunnel model. The matte
paint finishing may contribute to surface drag during wind
tunnel experiments resulting in lower C;/Cp compared to
simulations. Baseline-IX was modelled as having a smooth
profile by VSPAERO, under sub-program panel method
code where no turbulence model existed. The prototype
which has the largest size among the other two will have
larger C,;/Cp, resulting in a lower drag on the Baseline-
IX prototype. Hence the highest maximum L/D of 17.46.
The percentage difference of maximum lift-to-drag ratio
between wind tunnel experiment and 1:2.4 scaled-down
VSPAERO simulation is 4.9% which is relatively small. Ta-
ble 7 shows summary for lift-to-drag characteristics for
Baseline-IX BWB.

c,/C, C/Cpvsa
CT20
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A A CL/CD vs a (Wind Tunnel)
A ——— CL/CD vs a (VSPAERO)
a ———-CL/CD vs a (VSPAERO-prototype)

a,

Figure 14. Graph of lift-to-drag ratio versus angle of attack

Table 7. Results summary from graph of lift to drag ratio
(C,/Cp) versus angle of attack (o)

1:2.4 Model 1:2.4 Model Prototype
Parameter Wind Tunnel VSPAERO VSPAERO
Experiment Simulation Simulation
C 14.43 15.14 17.46
L
9
a, +9.3 +6.0 +5.0
D
Therefore, lift-to-drag ratio:
L C
—=—L -144t0175. (1)
D

Pitch Moment Coefficient (C,,) versus Lift Coefficient (C,)

Figure 15 shows the plot of graph of pitch moment coef-
ficient against lift coefficient for all cases. The moment
coefficient is measured at a location of +129 mm from
Baseline-IX's leading edge. This Cy, versus C; plot shows
all has almost similar and positive magnitude slopes. The
linear region of the three cases shows a negative gradi-
ent of -0.013, -0.022, and —-0.017 for wind tunnel mod-
el, 1:2.4 scaled down simulation model, and Baseline-I1X
prototype, respectively. This specifies that the stick-fixed
neutral points are 1.3% mean chord behind the wind tun-
nel center. Specifically, these are the static margin K|, of
Baseline-IX. The slope’s percentage difference within the
linear region of 1:2.4 scaled down simulation model and
wind tunnel experiment are 69.0%.

The trend lines of all three, wind tunnel and both
simulation results show a similar negative slope in linear,
applicable region, highlighted with red lines in Figure 15.
The trim condition is visibly in a negative slope which is
considered longitudinally stable. This trim condition can
be improved by elevon deflection that increases moment
at zero lift thus also increases trim angle of attack to opti-
mal flight condition where L/D is maximum. Pitch moment
coefficient versus lift coefficient characteristics summary is
presented in Table 8.
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Cy Cyvs Cp
0.04

A |CMvs CL (Wind Tunnel)
CM vs CL (VSPAERO)
———-CM vs CL (VSPAERO-prototype)

0.03

G

Figure 15. Graph of pitch moment coefficient versus lift
coefficient

Table 8. Results summary from graph of pitch moment
coefficient (Cp) versus lift coefficient (C))

1:2.4 Model 1:2.4 Model Prototype
Parameter | Wind Tunnel VSPAERO VSPAERO
Experiment Simulation Simulation
Cmo -0.005 -0.003 0.003
dc,, -0.013 -0.022 -0.017
dc,
dc
Cy =—21C, +Cpyp- (22)
M dCL L Mo

Prototype’s numerical computational simulation results
are used to represent Baseline-IX stability characteristics
as the result did not differ much from the wind tunnel ex-
periment. Therefore, a mathematical relationship that can
be established to represent the phenomenon is as below.

Cy =—0.017C, +0.003. (23)

Based on Cy, vs C; plot, Baseline-IX's prototype has a
negative slope which is -0.017. Stability improvement can
be made by adding vertical stabilisers and elevons to its
control surfaces and is to be implemented to ensure the
slope trim is at a positive value.

Baseline-IX tuft and pressure contour visualization

This section discusses the pressure contour obtained by
VSPAERO simulations and tuft visualization through wind
tunnel experiments. VSPAERO simulations produced pres-
sure contour visualizations which give added information
apart from the aerodynamics data. Figure 16 shows the
pressure contour visualizations of simulated 1:2.4 model
and prototype sized model.
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For tuft visualization, white lightweight cotton tufts are
attached to the black painted surface of half wind tunnel
model for surface flow observation. This helps in detect-
ing regions of unsteady flow and flow separation that oc-
curred instantaneously. Previous plotted results presented
that the aerodynamics characteristics between simulations
and wind tunnel experiments do not have big differences.
The trendlines are almost similar up to its stall region.

Figure 16. VSPAERO pressure contour visualization from
o = 5°to 20°
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Observation at zero-degree angle of attack of the
Baseline-IX wind tunnel model, the tuft pattern are fol-
lowing the direction of airflow in the wind tunnel test sec-
tion. The tuft patterns are the same as those observed on
the top and bottom of the wind tunnel model shown in
Figure 17. Figure 18 shows Baseline-IX 1:2.4 scaled down
model and prototype’s pressure contour at zero angle of
attack. Prototype’s pressure contour is seen to be in a
lighter shade (Cp > —0.25) compared to the scaled-down
model. This indicates that the prototype experienced high-
er pressure on the surface due to its larger wetted surface.
In Figure 20, the top and bottom surface’s pressure con-
tour's shades are identical to each other. This correlates
to white tuft patterns on Figure 19, where the behavior is
similar to top and bottom surface as well.

Moreover, at 0-degree AoA, the nose of Baseline-IX is
the only region in red due to this is where the coefficient
of pressure is higher than the rest of the wetted surface.
As the aircraft accelerates, the nose is the first part of the
aircraft that is in friction with the air. At this point, the co-
efficient of pressure is between 0.546 to 1.003 (Cp).

Figure 17. Wind tunnel’s tuft flow visualisation at
0-degree AoA

a)

b)

Figure 18. VSPAERO pressure contour visualization at
0-degree AOA: a — wind tunnel scaled model,
b — prototype-size model

At 6.0 degrees AoA, higher pressure was acting upon
the bottom surfaces of both wind tunnel model and
simulation models. As shown in Figure 19, the pattern
of mounted white tufts began to change. Boundary layer
separation is visible at the leading edge of the bottom of
the wind tunnel model. Small curls were developing and
visible at the top surface as well as on the trailing edge
of the wind tunnel model. This also correlates to pressure
contour change in Figure 20a, where the trailing edge of
both 1:2.4 scaled and prototype model's bottom surfaces
were experiencing higher pressure than the rest of the sur-
face, with C, = 0.375. The same conditions are observed
on the pressure contour of prototype-sized model except
for the leading edge where it is under higher pressure
compared to 1:2.4 scaled model (Figure 20b). The lowest
coefficient of pressure experienced by the leading edge of
1:2.4 scaled model model is Cp = —1.500.

As the angle of attack increased throughout the ex-
periment, change of tufts pattern was gradually observed.
At o = +12.0 degrees angle of attack shown in Figure 21,
where most of the white tufts of the bottom part of the

Figure 19. Tuft flow visualisation at 6 degrees AoA

a)

b)

Figure 20. VSPAERO pressure contour visualization at 6
degrees AOA: a — wind tunnel scaled model,
b — prototype-size model
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wind tunnel model are curling, indicating the region was
experiencing flow separation. While the tufts attached
on the top surface of the half wind tunnel model were
mostly curling at the back of the wings and along the
wing tip. In Figure 24, are the pressure contour additional
visualizations of 1:24 scaled down model and prototype
model. Tuft visualization was supported by panel method
visualization result with the same angle of attack. Pressure
contour visualization shows that top surface (Figure 22a)
experienced higher pressure (Cp = 0.350) along the trail-
ing edge just like tuft behaviour shown on top wing sur-
face in Figure 21. The bottom surface of both 1:2.4 scaled
down and prototype model have highest pressure along
the leading edge (0.375 < Cp < 1.00). This condition is
backed up tuft behaviour on bottom surface where the
curls are more visible along the leading edge where the
flow separations have occurred.

The white threads on the surface of wind tunnel
model’s curls are visually obvious on both top and bot-
tom surfaces at AoA 17 degrees. These visualizations
showed boundary layer separation occurred on top and
bottom surfaces. The pressure contour from numerical

Figure 21. Tuft flow visualisation at 12 degrees AoA

a)

b)

Figure 22. VSPAERO pressure contour visualization at 12
degrees AOA: a — wind tunnel scaled model, b — prototype-
size model
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Figure 23. Baseline-IX wind tunnel model's tuft flow
visualisation at 17 degrees angle of attack

a)

b)

Figure 24. Pressure contour of Baseline-IX: a — scaled-
down model at 17 degrees AoA (top view), b — prototype
at 17 degrees AoA (top view)

computational simulation in Figure 23 highlights that at
o = +17.0° lift starts to decline. The pressure is highest
on the wings, just after the leading edge until the trail-
ing edge for both the scaled-down model and prototype
(Figure 24a and 24b). The visualizations indicating high
pressure decrease as it moves along to the trailing edge.
These simulation’s visuals and tuft behaviour observations
correlate to the stall angle obtained through lift coefficient
graph plotted in Figure 11. Figure 24b where high pressure
acted upon most bottom surfaces of 1:2.4 scaled down
and prototype models (Cp >0.375) were supported by the
tuft behavior on bottom surface in Figure 23.

5. Conclusions

The aerodynamic performance and the percentage dif-
ference between Baseline-IX with other UAV with similar
mission profile shall be concluded. The aerodynamic per-
formance that can be discussed as a common ground is
the maximum lift-to-drag ratio (glide ratio) due to the lack
of Zipline UAV's aerodynamic performance information.
Xu (2017) estimated that Zipline or any other fixed-wing
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planform would have a maximum L/D of between 10.0 to
15.0. For this discussion, C;/Cp = 15.0 is considered for
Zipline UAV. Due to the larger wetter surface of Baseline-
IX, the maximum L/D is 14.09% higher than Zipline UAV
even though it is half the size. By comparison to DELAER
RX-3 UAV, Baseline-IX is 24.28% difference in maximum
lift-to-drag ratio and in a fraction of size.

VSPAERO numerical simulation and wind tunnel experi-
ment of Baseline-IX: both scaled down models show that
high percentage difference is seen on the parasite drag at
51.72% and slope of graph for moment coefficient which
is at 69.23%. Parasite drag between numerical simulation
and wind tunnel experiment resulted in higher percent-
age which is due to VSPAERO drag value only represent
induced drag. The percentage difference of Baseline-1X
aerodynamic characteristics has a small difference with lift-
to-drag ratio of 4.92%. While the C; . for both methods
produce a 1% difference. It can be concluded that VSPAE-
RO is able to produce almost similar results to wind tunnel
experiments in terms of few characteristics. However, just
like any simulations approach, they lack in getting the pre-
cise drag value on a physical model. In terms of producing
quick design and understanding overview of a planform,
OpenVSP and VSPAERO can be of an assistance, in regard
to the findings in this paper.

Further investigation of added winglet to Baseline-
IX wind tunnel model is likely to produce a higher ratio
of lift-to-drag. For near future improvement on the de-
sign, a pair of elevons added on Baseline-IX wings will
provide more control surface to the aircraft. Enhancement
of fuselage design will give Baseline-IX even more space
for cargo. Current compound wing-body design can be
blended into a proper blended wing-body design for a
smooth transition between body and wing without chang-
ing its overall wing planform sweep angle, area, and span.
These changes are expected to improve the lift-to-drag
ratio significantly due to a reduction in interference drag
and lower wetted area. A higher lift-to-drag ratio means
better flight performance, particularly longer flight range
and endurance. For an electric-powered UAV, this would
also mean lighter battery capacity and mass for a given
flight range, hence a slower, easier launch.

This research contributes to research by aerodynami-
cists working on a similar planform to Baseline-IX. This
manuscript provides insight into the preliminary design
phase of an easy to transport, practical cargo delivery and
surveillance BWB UAV. Baseline-IX's planform has the po-
tential to be one of the small UAV to provide cargo deliv-
ery and surveillance services just like proven products such
as Zipline and DELAER RX-3.
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Notations

Symbols

Cp — Drag coefficient;

Cpo — parasite drag;

Cp; — incidence drag;

C, - lift coefficient;

C,o — coefficient of lift at 0° AoA;
Cimaxmaximum lift coefficient;

Cp — coefficient of moment;

Cpmo — coefficient of moment at zero lift;
Cp — coefficient of pressure;

S — planform arega;

a — angle of attack;

o, — angle of attack at zero lift;

a, —angle of attack at maximum L/D.

Sub-/superscripts

Ao0A — angle of attack;

BWB — blended wing-body;
L/D - lift-to-drag ratio;

LST-1 — low speed wind tunnel;
Re — Reynolds number;

UAS — unmanned aerial system;
UAV — unmanned aerial vehicle.



