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As a high-performance aircraft, BWB (blended wing body) has attracted the attention of many countries around the world. A 300-
seat BWB design is proposed by the Airplane Concept Design Institute of Northwestern Polytechnical University, which is also
called SWB. The aerodynamic performance of it is evaluated by CFD (computational fluid dynamics). The CFD calculation
method is based on RANS (Reynolds-averaged Navier-Stokes), and it is verified by wind tunnel test results at take-off speed.
However, the aerodynamic design of the SWB needs to be improved to meet the market demand to increase its cruise Mach
number from 0.8 to 0.85. To achieve this goal, firstly, based on the previous calculation and analysis results, the basic shape of
SWB is improved by using “aft-body extending” technology and discrete adjoint optimization method. Then, the winglets are
applied to the improved basic shape to improve its cruise speed aerodynamic performance, and the Krueger flaps are applied
as its high-lift device to improve its take-oft and landing aerodynamic performance. The CFD calculation and wind tunnel test
results show that these improvements make SWB-2 have a good aerodynamic performance at the Mach number of 0.85.
Therefore, these design improvements are appropriate and effective for improving the aerodynamic performance of BWB.

1. Introduction

For many years, embodied in the B-47 are most of the fun-
damental design features of the conventional subsonic jet
transport: cylinder body, trapezoidal wing, empennage, and
podded engines hung on pylons beneath and forward of
the wing [1]. However, at the time of designing the B747,
it has been believed that the typical configuration with a
cylindrical body has reached its maximum performance,
and further development for commercial transport could
be a challenge [2]. Therefore, to obtain a significant increase
in performance, a nonconventional blended wing body
(BWB) aircraft is proposed by manufacturers and universi-
ties [3].

The BWB aircraft is a tailless design that integrates the
wing and the fuselage [4]. It represents a potential revolution
in subsonic transport efficiency for large airplanes [5]. By
blending a lift-generating center-body housing payload with

conventional outer wings [6], BWB obtains a compact aero-
dynamically efficient flying wing providing structural, aero-
dynamic, and payload synergy, offering high lift-to-drag
ratio (L/D), low fuel cost, and low noise {7, 8]. An increase
in (L/D),,,,, of about 20% over the conventional design has
been estimated for the BWB. However, these benefits can
only be realized as an improved aerodynamic performance
through careful and detailed aerodynamic shape design [4].

As a high-performance aircraft, BWB is very suitable for
“Green Aviation” [9]. With the emphasis on the environ-
ment and the pursuit of high-performance aircraft, BWB
has attracted the attention of many countries around the
world [10, 11]. In 1997, a 17 ft span model aircraft—BWB-
17 designed by Boeing combined with NASA and Stanford
University—demonstrated the feasibility of BWB [12, 13].
And then, in 2003, following the success of the BWB-17,
through a three-year project and lots of joint researches, a
450-passenger capacity commercial transport BWB-450
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(Figure 1(a)) was led to birth by Boeing and NASA [14]. The
BWB-450 was designed with a multidisciplinary design tool,
WingMOD. By using three boundary layer ingestion (BLI)
engines, the fuel burn per seat of BWB-450 can be reduced
by about 30% [15].

From 2002 to 2012, the European Union (EU) obtained
a series of BWB configurations through the 5th, 6th, and 7th
Framework Programs. The 5th EU Framework Program
consists of the Multidisciplinary Optimization of a Blended
Wing Body (MOB) and the Very Efficient Large Aircraft
(VELA) projects. The MOB project created a computational
design engine (CDE) for the multidisciplinary design and
optimization of a BWB. The VELA project gave rise to
VELA 1, VELA 2, and VELA 3. The design cruise Mach
number of VELA 3 is 0.85 and range is 7200 nm. The 6th
Framework Program is also named as NACRE (New Air-
craft Concept Research). NACRE PFW1 and PFW2
(Figure 1(b)) are derived from VELA 3 by some design
changes [7]. The 7th Framework Programs is called the
Active Flight Control for Flexible Aircraft 2020
(ACFA2020). A 450-capacity BWB with 2 podded turbofan
engines were designed from this project. Russia has also
proposed its BWB configurations, such as “IWB-750”
based on the VELA configuration [9]. The maximum
lift-to-drag (L/D) ratio of IWB can reach 25 at its cruise
Mach 0.85.

In 2002, the Silent Aircraft Initiative (SAI) was funded
by the Cambridge-MIT Institute. The SAX-12, SAX-29,
and finally SAX-40 in 2006 were led to birth by the SAI plan
[16]. The SAI was further explored during the NASA spon-
sored N+2 research at MIT [17]. In 2007, based on SAX-40,
Boeing proposed two configurations for N+2 (N2A and
N2B), as shown in Figure 2. However, the N2A is with pod-
ded engines, and the N2B still remains the SAX-40 embed-
ded engine [18]. In 2008, MIT proposed H3 configuration
for N+3. Although the H3 final design achieves neither the
N+3 noise nor fuel efficiency goals, it achieves all N+2 goals
with a relatively conventional propulsion system [19].

In China, a 300-seat BWB was proposed by the team of
Airplane Concept Design Institute of Northwestern Poly-
technical University (NPU-ACDI) in 2011 [20, 21]. It is
called the ship-shaped wing (SWB) for its body looks like a
ship, as shown in Figure 3. Flight tests, wind tunnel tests,
and computational fluid dynamics (CFD) are the main
methods used to study the aircraft aerodynamic perfor-
mance. Among these, numerical simulations are less expen-
sive and more efficient and can obtain full flow-field
information. The aerodynamic performance of SWB was
evaluated by CFD [22]. The grid generation software used
in this paper is ICEM, and the CFD calculation software is
CFD++. In addition, wind tunnel tests were also used to ver-
ify the CFD calculation results of some typical states.

2. The Aerodynamic Performance of SWB

The wingspan of SWB is about 63.1 m, and the length of it is
about 40.8 m. The planform of SWB and the airfoil shape of
its spanwise control sections are shown in Figure 4. There
are nine control airfoils in SWB spanwise direction. Airfoils
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1-4 are located in the center body, and preloading reflex air-
foils are used to improve trim requirements; airfoils 4-6 are
located in the blending area and reflex airfoils are used to
minimise loading at the junction; airfoils 6-9 are located in
the outer wing, and supercritical airfoils are used for wash-
out arrangement [1, 23]. The coordinates of x and z repre-
sent the chordwise and spanwise positions, c, represents
the root chord of BWB, and B represents the half-span
length [24]. For the sake of simplicity, a linear interpolation
of adjacent airfoils is applied to construct the 3D geometry
of BWB configuration.

The governing equation of the CFD method used to
evaluate the SWB aerodynamic performance is the 3D
RANS equation as follows:

2111, Wav + g (Hogn - Hognds=0, (1)

where W = {p, pu, pv, pw, pE}" represents the flow-field
conservation term, H, represents the inviscid flux terms,
H, represents the viscous flux term, 7 is the external normal
vector of the boundary Q of the control volume element, V
represents the volume, and S represents the surface area.

The finite volume method is used to solve the RANS
equations. Its inviscid term is discretized by the second-
order upwind Roe FDS scheme, and the viscid term is dis-
cretized by the second-order central difference scheme.
The turbulence model used is k-omega SST model. The
time-stepping method is an approximate factorization (AF)
implicit time-marching method; the multigrid method is
applied to accelerate the convergence process of calcula-
tion [25].

The grid of SWB used for CFD calculation is a multi-
block O-H structure grid with about 4.2 million cells, as
shown in Figure 5. The far field boundary is located 10 body
lengths from the configuration. The boundary condition
used on all solid surfaces is no-slip adiabatic wall condition.

2.1. The Aerodynamic Performance of SWB at Take-Off
Speed. The CFD calculation results at take-off speed
(0.2 Ma, low speed) are compared with the wind tunnel test
results to verify the feasibility of CFD calculation method.
The wind tunnel test was done in NPU NF-3 wind tunnel
using a 1/25 smaller model. The test Reynolds number is
4.67 x 10°. The model installed in the wind tunnel is shown
in Figure 6. The aerodynamic force coeflicient results of
wind tunnel test and CFD analysis are shown in Figure 7.
It can be seen from the results that the stalling characteristic
of SWB is soft, and the CFD results are in good agreement
with the wind tunnel test results except the pitching moment
coefficient at high angles of attack. However, the develop-
ment trend of the pitch moment coefficient of CFD and
wind tunnel test is the same under high angle of attack.
Therefore, although the pitching moment coefficient value
is slightly different from that of wind tunnel test at high
angle of attack, the CFD analysis method used in this paper
is feasible.
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(a) BWB-450

(b) NACRE PFW-2

FIGURE 1: BWB-450 and NACRE PFW-2 configurations [7].

(b) N2B

FIGURE 2: N2A and N2B configurations [18].

F1GURE 3: The SWB configuration.
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F1GURE 4: The planform and airfoils of SWB.

Figure 8 shows the SWB surface streamline results from
the wind tunnel silk thread technology and CFD analysis
results at angle of attack at « =80, 10°, and 14".

It can be seen from the results that at a =8¢, the silk
thread and CFD results indicate that the air flow over the
body and wing is attached, but the spanwise flow caused
by the large sweep back angle of the center body begins to
affect the blending area; at a =100, with the strength of
spanwise flow, a small flow separation region occurs at the
leading edge of the blending area; meanwhile, the stability
of the blending area boundary is getting worse, the silk swing
scope to out wing is getting bigger, but the air flow over the
wing is still attached. The CFD results are consistent with the
silk thread; at o =140, except for the silk on the wingtip,
most of the silk on the wing clearly swings to the leading
edge. It indicates that the flow separation is growing larger,
and the lift has reached to the top. The CFD results can also
show a larger backflow area. It can be seen that the silk on
the back of the center body is still attached, indicating that
the positively cambered trailing edge is appropriate.

The surface pressure contour of SWB at different angle
of attack is shown in Figure 9. It can be seen that with the
angle of attack increase, the flow separation will enlarge
the low-pressure area at the wing body blended area and
make the pressure distribution at the tail of the outer wing
uneven. Because RANS has limitations in simulating sepa-
rated flow, there is a little difference between the pitch
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(b) Surface grid

FIGURE 5: The grid of SWB.

FiGure 6: SWB wind tunnel model.

moment coefficient results of CFD and wind tunnel test
results.

2.2. The Aerodynamic Performance of SWB at High Speed.
Some typical aerodynamic characteristic curves of the SWB
at high speed at 11 km are shown in Figure 10. It can be seen
that the aerodynamic efficiency factor of SWB reaches to the
maximum (as shown in Figure 10(e)) at Ma=0.8, a =20,
and at this point, the L/D (K) ratio of SWB is more than
28, C; =0.2, C,; < 0; the slope of the C,; curve is negative
and has good linearity near this point. Therefore, SWB has
good aerodynamic performance at this point, Ma =0.8 can
be the cruise Mach number of SWB, and a=2¢ can be
the cruise angle of attack of SWB. Moreover, the drag diver-
gence Mach number of SWB is about 0.83 at C; =0.2.

The surface pressure contour of SWB at different Mach
number at cruise lift coefficient C;=0.2 is shown in
Figure 11. It could be seen that the SWB configuration is
basically shock-free at the cruise Mach number. The shock
wave strength at blended and wing area becomes larger with

Mach number increases, and position of the shock wave
changes back forward. However, the flow on the center body
is always isentropic shock-free flow; this is because of two
reasons: the large leading edge sweep back angle of the cen-
ter body and the reduced relative thickness of the long center
body.

In general, from the high-speed aerodynamic perfor-
mance analysis, it represents that the SWB has good aerody-
namic performance at Ma=0.8. However, as the drag
divergence Mach number of SWB is about 0.83, the aerody-
namic performance of SWB is not good at Ma = 0.85. Most
BWB designs have used Mach 0.85 as a cruise design point
as this is consistent with current large transport aircraft
operation [4]. Moreover, according to Liebeck [26], BWB
at this Mach number has the maximum payload efliciency.
Therefore, there was a requirement to design a BWB with
a cruise Mach number of 0.85. The aerodynamic perfor-
mance of SWB at Ma = 0.85 needed to be improved.

3. Improvement of SWB Aerodynamic Design

3.1. Basic Shape Improvement. To make SWB more compet-
itive in the market, the cruise Mach number of SWB needs
to be increased to 0.85. From Figure 10, it can be known that
the drag divergence Mach number of SWB is below 0.85,
and at 0.85Ma, the SWB maximum L/D is about 17 at
1.5°. Tt is slightly lower for the BWB, which has good aerody-
namic efficiency [27]. Therefore, the SWB aerodynamic
design needs to be improved [28].

Theoretically, aerodynamic optimization design can
solve this problem very well. However, if the correct optimi-
zation direction is unknown, it can take a lot of time to find
the optimal result from a large number of optimization
parameters and a big optimization space. To improve the
optimization efficiency, some empirical improvements are
firstly applied to the SWB basic shape. Then, the aerody-
namic optimization is based on the improved basic shape.
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F1GURE 7: Typical aerodynamic characteristic curves of SWB at take-off speed.

As can be seen from Figure 11, due to the increase of
Mach number, the shock wave on SWB upper surface moves
from the leading edge to the trailing edge and propagates
from the wing to the center body. From BWB-450 to N2A,
it can be seen that the center body of BWB is changed from
“short and wide” to “long and narrow.” This is because the
shock wave is easy to generate at the “short and wide” center
body, reducing the effective area of the wing and adversely
affecting the high aerodynamic efficiency of the BWB [29].
Meanwhile, the “short and wide” center body will make it
difficult to arrange the passenger cabin, cargo space, and
the emergency evacuation of airplane personnel.

Therefore, the length of the rear of the SWB center body is
extended to increase the length of the center body. Since the
increasing of sweep angle is a good way to improve the aircraft
transonic aerodynamic efficiency, the sweep angle of the SWB
is increased. The basic shapes of the original SWB and the
improved new SWB (SWB N) are shown in Figure 12.

It is difficult for SWB N to obtain good aerodynamic
performance only when the basic shape is improved. Aero-
dynamic shape optimization is a good way to improve the

aerodynamic performance of SWB N [30, 31]. Therefore,
the SWB N is optimized using the discrete adjoint method
at Ma =0.85, a = 1.5 o. The adjoint method provides a more
efficient method of calculation gradients, which is indepen-
dent of the step size and of the number of design vari-
ables [32].

The discrete adjoint equations need to be constructed
based on the flow governing equation. The residual error
of the control equation R can be expressed as a function of
the flow-field conservation variable W, grid coordinate X,
and design variable 3. The following is the convergent gov-
erning equation:

R=R(W(B), X())=0. @)

In aerodynamic optimization design, the objective func-
tion is generally aerodynamic coefficient or its combination,
so it is also a function of flow-field variable W, grid coordi-
nate X, and design variable 8. Therefore,
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(c) a=140

FIGURE 8: Surface steam lines of SWB wind tunnel test and CFD results at take-off speed.

F=F(W(B),X(B)). (3) dF  9F dW 0FdX

e Aol 5
dp " oW dp " axdp ©)
The following is the complete derivative of equations (2) . .
and (3) on f: Bring equations (4) to (5):
dR _ ORdW 0RdX _ A dF _ E_E(a_R>13_R ax (6)
df " owdp T oaxdg (4) dp |oX ow\ow/) oX|dp
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FIGURE 9: Surface pressure contour of SWB at different angle of attack at take-off speed.

inverse, and the cost of solving large-scale matrix inverse will IW IW

Solving equation (6) will involve solving the matrix (a R ) T (a F>T
be huge, so let the adjoint variable y be

Equation (6) can be written as

r_ OF (OR\ @)
vV oaw\aw) b _[9F _ v OR] dX. (9)
ag  |oX 0X| dp
At this time, the matrix inversion calculation can be con- This is how to use the discrete adjoint method to solve
verted to the calculation of solving linear equations, that is, ~ the gradient of aerodynamic objective function to design

to solving the adjoint variable y from variables. General minimum residual (GMRES) [33, 34]
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FIGure 10: Typical aerodynamic characteristic curves of SWB at high speed.

method is applied to solve the adjoint equation. Sequential
quadratic programming (SQP) [35] method is applied for
optimization calculation. The freeform deformation (FFD)
[36] method is applied as the surface parameterization and
deformation method. In FFD, an initial box encapsulating
the object to be redesigned is parameterized as a Bezier solid;
a set of control points are defined on the surface of the box.
The solid box is parameterized by the following expression:

Lm,n

I
X(u,v,w) = z Pi,j,kBi(”)B;n(”)BZ(”)’
i,jk=0

(10)

where u,v,we€[0,1] and is the Bernstein polynomial of
order. The Cartesian coordinates of the points on the surface
of the object are then transformed into parametric coordi-
nates with the Bezier box. The control points of the box
become design variables, as they control the shape of the
solid and thus the shape of the surface grid inside. The
FFD box and control points used in SWB N optimization
are shown in Figure 13. The airfoil shape, inclination angle,
and twist angle can be adjusted by changing the position of
control points.

The objective function is to reduce the drag at a given

lift:
C,\? Ch\ 2
F=wL<1—C_fz~> +wD<1—C_g),

where w; and w, are weight coefficients used to adjust the
weights of lift and drag in the objective function, Cj is the
target lift coefficient to be maintained, and Cj, is one order

(11)

smaller than the initial drag coefficient, similar to the initial
resistance, but generally cannot be reached.

The final optimized shape is SWB ON. To distinguish it
from SWB clearly, the SWB ON is named as SWB-2; the
original SWB is named as SWB-1.

The surface pressure and streamlines of SWB-1 and
SWB-2 at cruise speed (Ma =0.85), « = 1.5+, are shown in
Figure 14. It can be seen that due to the shape improvement,
the shock wave on the upper surface is moved from the cen-
ter body and trailing edge to the leading edge of the wing,
thus improving the aerodynamic performance of SWB-2 at
a=150.

The aerodynamic coefficient results of CFD analysis
about SWB-1 and SWB-2 at cruise speed are shown in
Figure 15. It can be seen that both configurations reach the
maximum lift-to-drag ratio at « =1.50, and the K of
SWB-2 at cruise Mach number is about 12% larger than that
of SWB-1. Therefore, due to the improvement of the shape,
the aerodynamic efficiency of the basic configuration is
increased about 12% at & = 1.5 o . However, the static margin
of SWB is reduced, but it still meets the static stability
requirements.

The aerodynamic coeflicient results of CFD analysis
about SWB-1 and SWB-2 at take-off speed (0.2Ma) are
shown in Figure 16. It can be seen from the results that the
take-off speed aerodynamic performance of SWB-2 is also
better than that of SWB-1. Moreover, compared with
SWB-1, the static margin of SWB-2 is reduced at take-off
speed. However, the maximum C; of SWB-2 at take-off
speed is only about 3 times of the C; under cruise condition;
it cannot satisfy the high- and low-speed coordinated design
(about 5 times required).
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(b) Ma=0.83

(d) Ma=0.85

FIGURE 11: Surface pressure contour of SWB at different Mach number at C; =0.2.

—— SWB
----SWBN

FIGURE 12: The basic shape of SWB and SWB N.

3.2. Winglets Added. Although the aerodynamic perfor-
mance of SWB-1 is improved by 15% through the basic
shape improvement, the result is still not very satisfactory.
A way to continue to improve its aerodynamic performance
needs to be found.

A winglet is a device used to improve the efficiency of an
aircraft by lowering the lift-induced drag caused by wingtip
vortices [37]. At present, winglets are commonly used in
high-speed transport airplanes to increase its fuel efficiency.
The winglets can increase the range of an airplane by as much
as 7% at cruise speed. In general, any wingtips that do not end
the wing simply horizontally are considered as some kind of a
winglet, such as blended winglets, wingtip fence, and raked
wingtip [38]. The blended winglets are used in SWB-2 to
continue improve its aerodynamic performance.

The geometric parameters of the blended winglet include
height (H), leading edge sweep angle (), taper ratio (Ct/Cr),
and inclination angle (y), as shown in Figure 17. The initial
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FiGure 13: FFD box of SWB N.

Cp: -0.8 -0.35

0.1 0.55 1

FIGURE 14: The surface pressure and streamlines of SWB-1 and SWB-2 at cruise speed, a =1.50.

shape of the winglet can be obtained by lofting the BWB
wingtip airfoil according to these parameters. The blended
winglets are attached to the wing with a smooth curve. Then,
it is optimized using the discrete adjoint method based on
FFD parameterization method as described in Section 3.1.

The shape of optimized winglet and SWB-2 with wing-
lets is shown in Figure 18. To distinguish the basic configu-
ration of SWB-2 from it with winglets, they are called SWB-
2 BC (basic configuration) and SWB-2 WC (winglet config-
uration), respectively.

The lift-to-drag ratio and C; — C, curve of CFD analysis
about SWB-2 BC and SWB-2 WC at cruise speed are shown
in Figure 19. It can be seen that the addition of winglets
increases the lift-to-drag ratio of SWB-2 BC at the cruise
angle of attack. And at the fixed value of C;, the value of
Cp of SWB-2 WC is always smaller than that of SWB-2

BC. It indicates that the winglets reduce the lift-induced drag
well.

The surface pressure and streamlines of SWB-2 WC and
BC at high speed, a = 1.5 o, are shown in Figure 20. It can be
seen that the surface pressure of the SWB-2 WC and BC is
similar. Therefore, the influence of the added winglets is
not obvious. However, the surface streamlines of the SWB-
2 WC deviate towards the wing. It indicates that the winglets
slightly increase the cross flow on the surface.

At take-off speed, the addition of winglets changes the
aerodynamic performance of SWB-2 BC a little. Hence, this
is not described in detail here.

3.3. High-Lift Device Added. The high-lift device is a key
technology for civil aircraft to increase taking-oft weight,
shorten taking-off and landing distances, enhance airport
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FiGURE 15: Cruise speed aerodynamic performance compared with SWB-1 and SWB-2.

adaptability, and coordinate high- and low-speed perfor-
mance [39]. The traditional high-lift devices represented by
the three-stage lifting device (composed of leading edge slat
and trailing edge slotted flap) has obvious lifting effect, but
the additional moment caused by it is large and is difficult
to balance [40]. As the BWB is a high integration configura-
tion, it has inherent shortcomings of short longitudinal con-
trol surface force and low trim efliciency [41]. Therefore, the
traditional high-lift devices are difficult to be applied to
BWB. Moreover, as an advantage configuration, hybrid/nat-
ural laminar flow (H/NLF) technology is expected to be
applied in BWB, but the traditional high-lift devices will
destroy the continuity of the upper surface of the wing [42].

Krueger flaps are proposed as early as 1947 by Krueger.
However, they are not very practical until the laminar flow

technology and the new configuration such as BWB appear.
Kruger flaps are arranged on the lower surface of the front
part of the wing, and the rotary motion mechanism along
the leading edge is adopted to avoid damaging the continuity
between the leading edge and the upper surface of the wing;
in the take-off and landing phase, the deployed Kruger flaps
not only have the effect of increasing lift but also have the
effect of shielding the leading edge of the wing, which can
prevent insects and dust contamination, and are suitable
for the design of laminar flow wings. In ERA project, the
BWB with Krueger flaps is designed and tested at take-off
speed [43].

The design parameters of Krueger flaps include shape
parameters and flap parameters as shown in Figure 21. The
geometry of Krueger flaps head is a spline curve formed by
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FIGURE 16: Take-off speed aerodynamic performance compared with SWB-1 and SWB-2.
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F1GURE 17: The geometric parameters of blended winglets.
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FI1GURE 18: The shape of winglet and SWB-2 with winglets.
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FIGURE 19: Cruise speed aerodynamic performance compared with SWB-2 BC and WC.

four control points k;, k,, ks, and k,; k; is the head start
point, k, is the head leading edge point, k; is the head lower
surface maximum thickness point, and k, is head end point.
The curve between K, and k; on the lower surface of the
wing is the curve behind the head on the upper surface of
the Krueger flaps. The flap parameters consist of hinge posi-
tion (H,, H,) and deflection angle 6. Based on a response

surface method (RSM) that relies on a regression kriging
approach [44], the Krueger flaps are designed and applied
to the SWB-2.

The Krueger flaps at the leading edge and simple flaps at
the trailing edge constitute the high-lift device of SWB-2, as
shown in Figure 22. The SWB-2 WC with high-lift device is
called as SWB-2 HL.

The aerodynamic performance of SWB-2 WC and SWB-
2 HL at landing and take-off states has been tested in the
AVIC ARI FL-51 wind tunnel using a 1:22 scaled model
(as shown in Figure 23) at Re = 5.5 x 10°. The wind tunnel
results are shown in Figure 24. The results show that the
three configurations have good stall and pitch moment per-
formance. The high-lift device combined with leading edge
Krueger flaps and trailing edge simple flaps can meet the
take-off and landing lift requirements, and the low head
moment increment is within the controllable range of the
longitudinal control surface.

The surface pressure and streamlines of SWB-2 HL
(take-off state) and WC at Ma=0.2, a =150, are shown in
Figure 25. It can be seen that, at « = 15 o, the surface flow
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FIGURE 21: The design parameters of Krueger flaps.
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FIGURE 24: Aerodynamic performance compared with SWB-2 WC and HL at take-off speed.

SWB-2 WC

F1GURE 25: The surface pressure and streamlines of SWB-2 HL and BC at Ma=0.2, a =150.

of SWB-2 WC is completely separated, but through the
installation of Kruger flaps, the surface flow becomes the
attached flow. Therefore, the Kruger flaps can improve the
SWB-2 aerodynamic performance well.

4. Conclusions

In general, this paper solves the problem that the cruise
aerodynamic performance of SWB becomes worse due to
the increase of cruise Mach number by improving the plan-
form shape and optimization design; the cruise aerodynamic
performance of SWB is further improved by adding wing-
lets; in addition, it also improves the low-speed take-off
and landing performance of SWB by designing high-lift
devices consisting of leading edge Krueger flaps and trailing
edge simple flaps.

The CFD calculations and wind tunnel test results indi-
cate that these improvement methods are appropriate and
effective for improving the aerodynamic performance of
BWB. Therefore, it shows a clear and meaningful way to
increase the BWB cruise Mach number and to improve the

BWB aerodynamic performance at cruise speed and take-
off speed.
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All data included in this study are available upon request by
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