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Abstract

This paper presents the aerodynamic performance of Baseline V blended wing-body aircraft via Computational Fluid Dynamic (CFD)
simulation. Baseline V has a set of close-coupled tail plane that can change its incidence and tilt angle for pitch and yaw control. Based
on previous research, Baseline V has insufficient longitudinal stability in term of pitch moment at zero angle of attack which is negative
value at zero tail incidence angles. When tail incidence is set at —10°, the moment coefficient at zero angle of attack is zero thus not suf-
ficient for trim flight with stable pitch moment slope. This leads to the idea of sweeping the tail of the aircraft to increase moment arm. In
this paper, two cases are considered which is 0° (case 1) and 30° (case Il) tail sweep angle in which both cases have tail incidence at —10°.
NUMECA suit is used as computational tool for this simulation. The simulated environment consists of half-model Baseline V BWB in
domain 20 times the length of the aircraft with body centre plane acts as a mirror. The angle of attack used for this simulation is between
-10° to +17° while airspeed is fixed at 15m/s or Mach 0.05. Due to aircraft’s small mean chord and low airspeed flight, its Reynold num-
ber is low at 1.0 x 10° even at its body chord. Therefore, Laminar Navier-Stoke Equation is used for the computational simulation. Lift,
drag and pitch moment coefficients with respect to angle of attack for both tail cases are computed from the simulation. The results from
the CFD simulation is then compared with wind tunnel experiment results measured at AEROLAB, Universiti Teknologi Malaysia. The
result shows that the trends of lift, drag and moment coefficients against angle of attack obtained from CFD simulations are similar to
plots obtained from wind tunnel experiment for both tail sweep angle cases. It is found that tail sweep angle case of 30° has slightly less
lift but higher drag coefficients compared with 30° tail sweep angle case while its pitch moment coefficient at zero angle of attack has
now improved to allow positive trim angle of attack. However, the former has much lower maximum lift-to-drag ratio than the latter.
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1. Introduction

Blended Wing-Body (BWB) aircraft has the potential to be more
efficient than current conventional configuration [1]. Various de-
signs of small BWB UAVs have been studied in past 13 years in
Universiti Teknologi Mara and found that not all BWB designs are
efficient because aerodynamic efficiency depends on many factors
[2]. However, compared to the conventional aircraft with separat-
ed fuselage and wing, a Blended Wing-Body aircraft design has
proven to be able to generate more lift, less parasitic drag, and
improve fuel efficiency to more than 20%. Studies show that, for
800-passenger aircraft, a BWB can offer 15% reduction in take-off
weight and 27% reduction in fuel burn per seat mile [3], and sig-
nificantly reduces noise (environmental friendly) [4] that shows
great improvements compared with conventional fuselage-wing
aircraft design of today.

Proposed for more than two decades with countless research and
study from all over the world, BWB aircraft’s proponents are still
convincing aircraft manufacturer to mass produce their BWB de-
signs for civil aviation purpose but none has achieved any consid-
erable success other than small scale prototypes. Although BWB
aircraft design seems to be a clear solution to the limitation of

aerodynamic efficiency of current conventional aircrafts, it still
have certain challenges that need to be tackled to ensure safe op-
eration.

A BWB aircraft is a configuration where the wing and fuselage
are integrated and blended which almost look like a large flying
wing [5] although BWB can have separate stabilizing and control
plane such as tail plane and canard fore plane. The fuselage are
mostly designed to also generate lift that, compared with conven-
tional aircraft, reduces wetted area for the same weight and
planform area of the aircraft. This lifting-body aircraft usually has
a wide aerofoil-like body [6]. It is found that this configuration
significantly reduces various drag force’s types [7][8] such as lift-
induced drag, skin friction drag, interference drag, and profile drag,
hence significantly improve its lift-to-drag ratio — a measure of
aircraft’s aerodynamic efficiency. The low wing-body load (lift
per planform area) reduces required structural strength and weight
thus BWB aircraft is able to reduce maximum take-off weight up
to 15% for the same payload capability of the conventional aircraft
[8].

One of the unique BWB aircraft designs is VX KittyHawk that is
configured with a delta wings to generate enough lift at low speed
flight. Delta wings benefit from vortex lift at increased angles of
attack, allowing them to achieve higher lift coefficients at higher
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angles of attack. However, high angle of attack flight also increas-
es drag force [9].

Other than careful attentions on aerodynamic shapes that influ-
ences flight performance [10], control surface configuration and
placement on BWB aircrafts are tricky and sometimes seems to be
out of norms. It is often found that issues concerning stability and
control emerged after one succesful succesful flight [11][12]. For
tail-less BWB aircraft, the non-existence of separate horizontal tail
behind is a disadvantage in term of longitudinal stability but can
still be stabilized and trimmed at particular angle of attack via
elevons deflecting up. However, this may cause large trim drag
depending on the strength of pitch moment [9].

The multiple coupling of various disciplines which include inertial
forces, aerodynamic loads, elastic deformations and flight control
system responses on the BWB aircraft affect its performance and
stability [4][8][13] that multiple simulations during design process
are needed. The shape of many BWB aircrafts can sometimes be
challenging to be manufactured easily [7]. Therefore, multidisci-
plinary optimization (MDO) algorithms has become as important
as the design shape of the BWB aircraft itself [14].

In addition, the wetted area and shock strength of a BWB aircraft
design need to be balanced in order to minimize drag [3]. Aerody-
namic performance and efficiency from less-than-ideal spanwise
lift distribution affects lift and induced drag, and also increases
drag from the reflex centerbody aerofoil. To lower the drag coeffi-
cient, one shall enforce the lift and geometric constraint in the
design [7]. A high fidelity method of Euler-based, single-point
planform of BWB achieves almost 40% drag reduction at a target-
ed lift coefficient. Drag can further be reduced by increasing geo-
metric flexibility [14].

Computational simulations or Computational Fluid Dynamics
(CFD) has been used by many to investgate, validate or optimize
aerodynamics on a BWB aircraft. Navier-Stoke CFD in both in-
verted design and direct solution shall be considered for final ge-
ometry [3]. By RANS solver, the conservation law needs to be
controlled by a cell-centred finite volume approach [10]. In com-
parisons with the conventional tail and wing (CTW) aircrafts [15],
the BWBSs are optimized using grids with 1.5x10° nodes, and the
CTWs use grids with 6.3x10° nodes. It was described in Reist and
Zingg [16] that those nodes will accurately predict the correct
friction/pressure drag ratio and thus capture the drag trade-offs
associated with changes in wing area.

The aerodynamics of inviscid optimizer (ASO) shall also be con-
sidered for cruise condition calculation [17]. Only then the goal
towards the multi-disciplinary optimization (MSO) shall be
achieved. Both Euler node solver and RANS node grids have the
same grid resolution on the surface, i.e. the same number and dis-
tribution of nodes in the chord-wise, span-wise and wall-adjacent
normal directions. In design approach, it is suggested that
planform optimization design to be the dominant step followed by
wing section inverse design as supplementary step [18].

The result of aerodynamic parameters such as lift, drag and mo-
ment coefficients obtained from CFD simulation is often verified
by results from wind tunnel. A study is conducted at Langley Full
Scale Tunnel [11] where the experiment involves testings of BWB
aircraft aerodynamics at low speed; tumble, rotary, baseline large
angle force oscillation, free flight and ground effect. It is neces-
sary to validate the data obtained from computational calculation
with the actual wind tunnel in order to simulate the aircraft with
actual condition of airflows and drags.

In 2016, a team of researchers from Universiti Teknologi Mara
proposes a novel planform of BWB aircraft resembling flying-
wing but with extended lifting body incorporating a close-coupled
horizontal tail that not only can have its elevator change its inci-
dence for pitch control but can also tilt its tail for yaw control. The
reason of the new design is to enable yawing control without hav-
ing a rudder on vertical tail[19]. It has been tested in UiTM’s
LST-1 wind tunnel and in AEROLAB UTM with varying angle of
attack at actual flight speed of 15 m/s (54 km/h) for five elevator
angle cases at zero tilt angle and varying sideslip angle for four tilt

angle cases at one fixed elevator angle. The result shows that the
aircraft’s highest lift-to-drag ratio is 32.0 and at 3.0 degree angle
of attack. It is also found that Baseline-V is statically stable in
pitch and yaw but has no clear indication in terms of roll stability.

Fig 1: Baseline-V BWB with a close-coupled tail [19]

The design is a results of years of experience in evolution of BWB
design studies since 2005. Baseline V is based on lessons learned
in Baseline-1 which is a tail-less, cranked planform BWB [20] and
Baseline 11 [21] which is a radical change from its predessessor for
having smooth wing-body blend. Using Inverse-Twist method,
Baseline Il can achieve excellent L/D of 25.0 [22] but with ex-
tremely strong nose-down moment (too stable) that a small, medi-
um-aspect ratio control canard has to be added at the nose of its
body for positive trim angle of attack [23], however, its maximum
lift-to-drag ratio reduces to just mere 19.0. In the meantime, Base-
line 1l BWB with a broad chord, short span canard (low aspect
ratio) is analyzed to produce maximum lift-to-drag ratio of 10.0
[24]. Better aerodynamic performance shall be achieved if the
aircraft obtains a relaxed CG location.

2. Problem Statement and Hypothesis

Baseline V has insufficient longitudinal stability in term of pitch
moment at zero angle of attack which is negative value at zero tail
incidence angles. When tail incidence is set at —10°, the moment
coefficient at zero angle of attack is zero thus not sufficient for
trim flight with stable pitch moment slope. This leads to the idea
of sweeping the tail of the aircraft to increase moment arm. With-
out rebuilding the whole BWB configuration, one could control
aerodynamics centre, or neutral point, towards aft by increasing
the sweep angle which alters the static margin. Sweeping the angle
of tail can be the factor to improve its stability by increasing mo-
ment at zero angle of attack to positive value while maintaining
negative pitch moment-angle of attack slope without too much
penalty on lift-to-drag ratio. Therefore, this study focuses on
sweeping the angle of tail by referring it as case | and case Il for
or 0° and 30° tail leading edge sweep angle, respectively.

3. Methodology

Table 1 below shows the simulated conditions, tools and model
equations:
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Table 1: simulated conditions, tools and model equations

Parameter Scope of research
Model Used BWB Baseline V UAV Half Body ,UiTM
Angle of Attack -10°to 17°
Sweep Tail 0°and 30° only
Speed 15m/s
Mach number 0.05
CAD Software CATIA and Solidwork
CFD Software NUMECA
Flow Model Laminar Navier-Stoke Equation

The work begins by drafting Baseline V BWB CAD model in
CATIA as shown in Table 2. The CAD model must be converted
into parasolid (.x_t) file. By opening product file in CATIA and
then saved as Initial Graphics Exchange Specifications (.igs or
IGES), it enables the drawing to be opened using Solidwork soft-
ware. In Solidwork, the product drawing is converted into para-
solid (.x_t) file to be used in NUMECA. . The simulated
environment consists of half-model Baseline V BWB in domain
20 times the length of the aircraft with body centre plane acts as a
mirror.

For the result to be no longer dependent on the number of cells,
grid sensitivity study needs to be performed. CFD parameter vali-
dation will be performed after the grid independent is achieved.
This is shown in the Figures 2 and 3 for both case | and case Il
respectively at -10° angle of attack. Three cases of number of cell
are tested — 0.5, 1.5 and 3.0 million and the team has agreed that
the number of cells above 1.5 million is good enough produce
satisfactory, consistent computation results. There are three proc-
esses in CFD simulation — pre-processing, processing and post-
processing. The pre-processing stage uses Hexpress as meshing
tools to determine whether the mesh quality is acceptable. Proc-
essing is executed by FineOpen in NUMECA where the computa-
tional simulation takes place. The parameter of the simulation is
set up to be the same as the wind tunnel conditions in order to get
the same exact condition. CFView is used as visualization tool.

Table 2: Drawing for Baseline V for Case | and Case Il

Tail sweep angle Side/Plan View

00
Case |

30°
Case Il

4. Results

Figure 4 shows the lift coefficient, C_ between CFD simulation
and wind tunnel experiment versus angle of attack, a for Case I
and Figure 5 for Case II. For both cases, the plots’ trendlines are

assumed to be in cubic order within -20° <[] < +20° range.

Comparisons between CFD simulation and wind tunnel experi-
ment data in these two figures validates the accuracy of Laminar
Navier-Stokes model implemented in the simulation especially
within the so-called ‘linear lift region’ which is between -10°
<[] < +10° range. Maximum lift coefficients for both cases are
around 0.79-0.80 at angles of attack between 17° to 20°. Cubic C,
versus[ ][] trendline equations shown in Figures 4 and 5 in both
cases have extremely small third and second-order constants that
one can simply estimate the linear lift curve slope, dC /d[] and
zero angle of attack lift, C,, directly. The slope is higher for Case
I at 0.066 per degree than Case 2 at 0.056 per degree while C,, for
the former is 0.012 — higher than -0.023 recorded for the latter’s
CLo. However, these two C,, is too insignificantly small on the
plot with respect to full range of C._ values that it is assumed that
CLo~0.0.
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Fig 3: Grid Independent Study for Swept Angle 30° Tail

Figure 6 and Figure 7 show plots of drag coefficient against angle
of attack for both Case | and Case Il respectively. For Case I,
minimum drag coefficient occur sat oo = 0° for CFD simulation
and wind tunnel experiment. This shows a good agreement be-
tween the two method of investigation. Trendlines are set to be
parabolic in shape just like many actual aircrafts. From trendline
equations, one can find some important parameters of drag such as
induced drag factor K and drag at zero lift coefficient Cp,. Since
C_ at zero angle of attack is very small (near zero), the drag at
zero lift Cp, can be read directly from Cp versus a plot by looking
at the last number in the parabolic trendline equations in Figures 6
and 7. In this study it is found that Cp, for 30° tail sweep angle is
higher at 0.0242 than 0° tail sweep angle cases at 0.0105. The
reason as to why drag coefficient increases as tail sweep angle
increases is perhaps due to the tail sweep angle itself. At zero tail
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sweep angle (Case 1), the tail is very close to the trailing edge of
the wing that it almost “hide” itself from incoming airflow where
as in Case Il the tail sweep angle at 30° causes airflow behind the
wing to directly impact the tail plane.

Case |l -0 deg. tail LE sweep angle
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Fig 5: Lift coefficient against angle of attack for Case Il
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Fig 6: Drag coefficient against angle of attack for Case |
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Fig 7: Drag coefficient against angle of attack for Case Il

The curves of pitch moment coefficient, Cy, versus angle of attack,
a are presented in Figure 8 and Figure 9 for Case | and Case Il
respectively. Similar in approach to lift coefficient plots, cubic
equation regression is used to produce trendlines for pitch moment
versus angle of attack plots. From both aforementioned figures,
Case I’s trendline seems to be curvier than Case II’s in which the
latter looks almost linear. Again, just like lift coefficient trendlines,
the constants for third and second order part of the trendline equa-
tions can simply being ignored for angles of attack within ‘linear
lift region’. Within this region, the CM versus a trendline looks
linear.

Two important stability parameters need to be highlighted here is
the slope of the plot and pitch moment where Case | has dCy/d[]
=-0.022 and Cya= = -0.0054. This is lower than dCy,/d[] =-0.014
and Cya=o = 0.024. Alternatively, since C., for both cases is ap-
proximately zero then, the change of pitch moment with respect to
the change of lift dCy/dC_ = dCy/d[] x d[1/dC_ or negative of
static margin, -K,, is -0.3 and -0.25 for Case | and Case Il respec-
tively. This shows that static margin of the BWB aircraft is 30%
mean chord and 25% mean chord for Case | and Case Il, respec-
tively. In the meantime, zero-lift pitch moment Cy, is now equals
to Cya=o. FoOr both cases, the negative slope and positive value of
pitch moment at zero lift indicating that the aircraft is statically
longitudinally stable. Trim angle of attack for Case Il is 1.5°.

The curves of L/D versus angle of attack, o are shown in Figure
10 and figure 11 for case | and case Il respectively. For both cases,
the maximum L/D in CFD simulation are less than the experimen-
tal L/D value. Maximum L/D for Case 1 is 14.0 while for Case 2,
the maximum L/D is 7.0 only. For both cases, the angle of attack
at maximum L/D is at 6.0 -7.0°. Since trim angle of attack for
Case Il is 1.7° then its trim L/D is around 3.0 only! Take note that
the tail incidence is already set at -10°. In order to trim to optimal
angle of attack where L/D is the highest, the one and only possible
way now is to increase the magnitude of tail incidence which will
further increase the drag hence decrease L/Dy, further down.
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Fig 8: Pitch moment coefficient against angle of attack for Case |
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Fig 11: Lift-to-Drag ratio against angle of attack for Case Il

Figure 12 shows velocity profile while Figure 14 shows pressure
contour of the aircraft during its highest lift to drag ratio. From
both figure, we can see the aircraft still generate lift force as the
velocity on the top is higher than the bottom region which causes
the pressure at the top region is lower than the bottom region.
Meanwhile at +9° angle of attack, the L/D begin to drop which
shown in Figure 13 and figure 15 whereby the velocity starts to
move slower than before and the pressure became higher than
before at top region from the intensity shown.

Figure 16 shows velocity profile and Figure 18 shows pressure
contour of the aircraft during its highest lift —to-drag ratio. From
both figure, we can see the intensity of velocity is higher at above
region and the pressure is lower compared to the bottom region.
At +11° angle of attack, the intensity shows the same pattern as
case | which is the velocity become less and the pressure become
more at the top region. Figure 17 and 19 show the velocity profile
and pressure contour respectively. Since the velocity decreases at
angle of attack +11°, a blue-black background is used to make the
velocity streamline colour visible for figure 17.

Fig 12: Velocity profile at 7° angle of attack, Case

Fig 13: Velocity profile at 9° angle of attack, Case

Fig 14: Pressure Contour at 7° angle of attack, Case

Fig 14: Pressure Contour at 7° angle of attack, Case
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Fig 15: Pressure Contour at 9° angle of attack, Case

5. Concluding Remarks

Plots from CFD simulations presented here show similar trends
for lift coefficient, drag coefficient and moment coefficients for
both cases compared with wind tunnel experiment plots. Tail
sweep of 30° has lower value of lift coefficient for a given angle
of attack due to lower lift curve slope, higher drag coefficient at
zero lift, and slightly relaxed stability (less steep pitch moment
slope). However, maximum lift-to-drag ratio has decreased tre-
mendously from around 14.0 to only 7.0 if switching from 0° tail
sweep angle to 30° tail sweep angle setup. Although trim angle of
attack has increased to 1.7°, it is still insufficient because the most
efficient angle of attack of this aircraft is around 6.0-7.0°. In short,
the results of this study are summarized in Table 3.

Table 3: Summary of results

Fig 16: Velocity profile at 9° angle of attack, Case 11

Parameters Case I; 0° tail sweep Case I1; 30° tail sweep
dC/d0 +0.066/° +0.056/°
Cig +0.01 = 0.0 -0.02~=0.0
CLmax 079 080
DCLmax 17.0° 20.0°
Chbo 0.010 0.024
K’ -0.012 -0.011
K=1/(0eAR) 0.14 0.16
L/Dpmax 14.0 7.0
[ /Dmax 6.0° 7.0°
dCw/dO -0.022/° -0.014/°
Cnmi=0= Cmo -0.005 = 0.0 0.024
Dtrim 0.0° 1.7°
dCw/ dC\ = -K, -0.30 -0.25

Fig 17: Velocity profile at 11° angle of attack, Case Il

NUMECA Sk oo ]

Fig 18: Pressure Contour at 9° angle of attack, Case Il

NUMECA =

Fig 19: Pressure Contour at 11° angle of attack, Case Il

If one were to maintain tail sweep angle of 30° without resorting
to increase the magnitude of tail incidence to trim to L/Dp.x then
one of the solution is to move the centre of gravity backwards so
that static margin become only 5%. However, with L/Dp,, of only
7.0 which is worse than conventional aircraft then perhaps the
original design with 0° tail sweep angle would make more sense
because of its high L/D and with advance electronic control avail-
able at cheap price, longitudinal stability and control will not be-
come a big issue then.
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