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T he prelim inar y resul ts of t he  ow analysis and aerod y namic shape op t im iza t ion of a 2-
crew, 10-passenger blended-wing-bod y ai rcraf t con�gura t ion are p resented. F low analysis
is perfor med using an E uler-based parallel N ew ton- K r y lov-Schur  ow solver. A sequen-
t ial quad ra t ic program ming algor i t h m t hat allows for l inear and nonlinear const raints is
em ployed for t he op t im iza t ion. G radients are e � cient ly com pu ted t h rough t he discrete
ad joint approach. R esul ts of two independent , single-point p lanfor m op t im iza t ions to min-
im ize t he su m of induced and wave drag at t ransonic speed are p resented and com pared.
For a blended-wing-bod y ai rcraf t cru ising a t M ach 0.85, a reduc t ion in induced and wave
drag of almost 40%, rela t ive to t he baseline geomet r y, is achieved at t he target l if t coe � -
cient . A par t ial sec t ion op t im iza t ion resul ts in more t han 50% drag reduc t ion rela t ive to
t he baseline geomet r y.

N omencla t u re

↵ Angle of at tack , degrees
C L Lift coe � cient
C D Drag coe � cient
C p Pressure coe � cient
x=c x-coordinates non-dimensionalized by root-chord length
y=c y-coordinates non-dimensionalized by root-chord length
M T O W Maximum Take-O↵ Weight

I . I nt ro d uct ion

Increasing environmental concerns and fuel prices drive the need for a more fuel e � cient means of air
travel. T he blended-wing-body (B W B) con�guration is one such promising alternative. Liebeck1 showed
that a B W B designed for approximately 800 passengers and a range of 7000 nautical miles results in a 27%
reduct ion in fuel consumption per passenger-km compared to a conventional aircraft con�guration.

Several features of the B W B con�guration make i t advantageous to the tube-and-wing con�guration.
From an aerodynamics perspect ive, one such aspect is the lift-generat ing centerbody of the B W B | a gain
over the cylindrical fuselage of a conventional aircraft .2 T he B W B shape has also been shown to be more
naturally area-ruled, making higher cruise Mach numbers more at tainable with a lower drag penalty .1 , 3

From a noise-reduct ion perspect ive, since the B W B eliminates the tail, has smooth lift ing surfaces, and
minimizes exposed edges and cavit ies, i t is inherently a low-noise design.4 From a structural perspect ive,
the lift and payload are much more in line with each other on the B W B than on a conventional aircraft .1

Despite the promise of the B W B , certain challenges exist . One such challenge is posed by the B W B's
non-cylindrical pressure vessel, which results in increased structural weight in order to handle the increased
stresses.5 W ith the elimination of the tail, control and stabili ty also become issues for this con�guration.
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T he B W B con�guration is essentially a  ying wing which must carry a payload with minimum structural
weight penalty and generate lift with minimum drag penalty, while operat ing in a stable manner over its full
 ight envelope. T his makes for a highly integrated aircraft con�guration which ult imately requires signi�cant
research employing a mult idisciplinary perspect ive.6

Various research groups, including Liebeck et al.,1 , 7 { 9 have studied the B W B con�guration from both
an aerodynamics and multidisciplinary perspect ive. At Cran�eld, as part of the European Multidisciplinary
Optimization of a Blended-W ing-Body project , Qin et al. have also carried out various optimizations using
a high-�deli ty Reynolds-averaged Navier Stokes solver and have considered interest ing si tuations such as a
B W B with forward sweep on the outer wing.2 , 10 , 11 At Cambridge and MI T , the Silent A ircraft Init iat ive
considered a B W B-type aircraft with a focus on reducing noise, such that the aircraft is inaudible outside the
airport boundary .4 Pambagjo et al.12 , 13 have studied the B W B concept applied to medium-sized aircraft .
Peigin and Epstein14 also performed a high-�deli ty C F D-driven optimization on the B W B con�guration,
performing both single-point and multi-point optimizations. O ther interest ing concepts include a hydrogen
fuel cell powered B W B evaluated by N ASA 15 and C-wing B W Bs.16

Our project consists of three steps:

✏ inviscid aerodynamic shape optimization ( ASO) with a focus on cruise condit ions;

✏ Reynolds-averaged Navier-Stokes ASO incorporating addit ional low-speed requirements;

✏ multi-disciplinary optimization (M D O).

By init ially focusing on aerodynamics, our ob ject ive is to identify the optimal aerodynamic shape in the
absence of multi-disciplinary considerat ions as a preliminary step to explore the design space and at tempt
to �nd signi�cant drag reduct ions. T his aerodynamically optimized geometry might then serve as a start ing
point for a mult i-disciplinary optimization taking into considerat ion structural and handling factors.

For the �rst step in this process, we explore the design space with a �xed-sect ion, planform optimiza-
t ion. T he next step involves freeing up the airfoil sect ions for sect ion optimization. T hese single-point
optimizations will be followed by multipoint optimizations over an expected range of operat ing condit ions.

In this paper, we describe the preliminary results of aerodynamic shape optimization of B W B con�gu-
rations based on the Euler equations to reduce induced and wave drag contributions. We present a brief
descript ion of the design mission considered, our sizing methodology for the B W B , baseline geometry pa-
rameterizat ion, an aerodynamic analysis of a baseline con�guration, and �nally, optimization results. In
part icular, results for �xed sect ion, planform optimizations are presented, followed by preliminary results for
sect ion optimization.

I I . D esign M ission

Table 1 summarizes the design mission requirements for the B W B studied in this paper. T hese speci�-
cations drive the internal volume constraints as de�ned in the following sect ion, which in turn in  uence the
B W B planform area sizing and weight est imation described in Sect ion I V .

C a p aci t y
Crew 2
Passengers 10

P er for m a nce P a r a m e t ers
Cruise Mach 0.85
Range (N M) 6000
Cruise A lt itude (ft) 41,000

T a b l e 1 . D esi g n m issi o n s p ec i � c a t i o n s f o r b ase l i n e B W B .
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Fuselage P a r a m e t ers
Seat pitch (inches) 35
Abreast 2 /4
Height of pressurized cabin (ft) 7.17

T a b l e 2 . U se r -s p ec i � e d r e q u i r e m e n t s f o r b ase l i n e B W B g e o m e t r y i n t e r n a l v o l u m e c o n s t r a i n t s.

F i g u r e 1 . H a l f o f t h e b ase l i n e B W B g e o m e t r y w i t h i n t e r n a l v o l u m e c o n s t r a i n t s.

I I I . I nter nal Volu me C onst raints

Su � cient space for crew, passengers, luggage, lavatories, and galleys is determined using a sizing tool
based on Refs. 17 and 18. For user-speci�ed parameters, such as number of passengers, seat pitch, height of
the cabin, etc., a polyhedron representing the minimum external bounds of the interior layout is generated.
Based on the results, minimum chord length constraint values and spanwise posi t ions of these constraints
can be determined for the optimization process. F igure 1 shows these minimum external bounds for the
speci�cations in Tables 1 and 2.

I V . Weight E st i m a t ion an d P lanfor m A rea Sizing

Sizing the baseline geometry is not limited to ensuring that the outer B W B shell envelops the polyhedron
representing minimum external bounds. T wo addit ional factors are considered: weight est imation and
planform area sizing, in order to ensure a reasonable wing loading relat ive to an exist ing, comparable tube-
and-wing aircraft . As a rough rule of thumb, based on data provided by Liebeck ,1 a target wing loading of
approximately 70% of that for a selected tube-and-wing aircraft was set . In addit ion, we also required that
the target C L value be within a reasonably expected range of values.

For the weight est imation, the maximum-take-o↵-weight ( M T O W ) is sub-divided as follows:

M T O W = W e m p t y + W p a y l o a d + W f u el (1)

where W e m p t y is the aircraft empty weight , W p a y l o a d is the payload weight , and W f u el is the fuel weight . T he
assumed fuel weight is a value appropriate for the design range in Table 1.

T he aircraft empty weight is further broken down as follows:

W e m p t y = W f usel a ge + W w i n g + W � x e d (2)

where W f usel a ge is the fuselage weight , W w i n g is the outer wing weight , and W � x e d is the �xed weight .
T he fuselage weight equation is unique for the B W B con�guration and as such, equations developed by
Bradley17 based on B W B F E M models are used. T hese equations are primarily for larger B W B aircraft;
however, they provide su � cient means of a rough est imation for our purposes. Furthermore, while Bradley
further divides the main body of the aircraft into a pressurized fuselage and non-pressurized aft-body which
supports the engines, the entire main body is treated as a pressurized fuselage for this work . As such, the
aft-body equations are not employed. T he wing weight is evaluated using an equation for exist ing aircraft
presented by Torenbeek .18 T he �xed weight consists of furnishings, avionics, controls, etc. and was est imated
using averaged values for exist ing tube-and-wing aircraft of comparable size.19 , 20 T hese equations reduce to
funct ions of the M T O W and thus the weight can be solved for.
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G eo m e t r ic P a r a m e t ers
Root-chord length (ft) 55.7
Semi-Span (ft) 34.7
Aspect Ratio 3.17
Half Planform A rea (sq. ft) 759

P er for m a nce P a r a m e t ers
C L 0.357
Est imated M T O W (lb) 89000

T a b l e 3 . K e y g e o m e t r i c a n d p e r f o r m a n ce p a r a m e t e r s f o r b ase l i n e B W B g e o m e t r y.

   
1 2 3 4 5 

X 

Y 

F i g u r e 2 . B l e n d e d - w i n g - b o d y g e o m e t r y r e p r ese n t a t i o n .

T he weight est imation is also dependent on the planform area. Given this relat ionship, our rough rule of
the thumb for wing loading, and the target C L considerat ions, the planform area was manually modi�ed and
sized around the internal volume polyhedron. K ey geometric and performance parameters result ing from
this sizing are listed in Table 3.

V . G eomet r y P ara meter iza t ion

B-spline-based surface patches { speci�cally, employing cubic B-splines { are used to parameterize our
smooth, aerodynamic geometries, such as those studied in this project . T he control points of these cubic
B-splines can then be used as design variables, enabling modi�cation of the aerodynamic surface.21

Various B W B geometries can be generated with our B-spline-based geometry parameterizat ion. As part
of this parameterizat ion, the aircraft is de�ned by �ve di↵erent sect ions, shown in F igure 2. For each of these
sect ions, di↵erent airfoils can be speci�ed and are �t with B-spline curves. T he control point coordinates
from this �t t ing are then used to de�ne the x- and z-coordinates of the control points de�ning the B-
spline surface patch for the baseline B W B , where the x-coordinates are in the chordwise direct ion. T he
y-coordinates, which are in the spanwise direct ion, are speci�ed at equal intervals over the user-speci�ed
semi-span of the aircraft . For sect ions 1 to 3 in F igure 2, the sweep, chord-lengths and span can be modi�ed.
In addit ion to these parameters, twist and dihedral can also be added to sect ions 4 and 5, which make up the
outer wing. Based on these parameters, the control point coordinate values in each direct ion are modi�ed
to generate the desired baseline shape.

In principle, i t is possible to consider almost arbitrary geometries within the feasible design space de�ned
by the constraints. In pract ice, however, i t is init ially preferable to consider various baseline shapes with
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F i g u r e 3 . E x a m p l es o f b ase l i n e s h a p es w h i c h c a n b e g e n e r a t e d u si n g o u r g e o m e t r y p a r a m e t e r i z a t i o n .

more limited  exibili ty. F igure 3 shows sample baseline shapes that can be used as a basis for optimization.
In this paper, we will present an optimization based on the �rst baseline geometry shown in F igure 3. As
detailed in Sect ion V I I I , this baseline geometry is divided into a main body sect ion and an outer wing sect ion
with �xed spans. Based on this de�nit ion, the shapes in F igure 3 di↵er from each other and this baseline
in that they lie in di↵erent design spaces. For instance, addit ional sect ions would be added for non-planar
elements such as those in the second geometry in F igure 3. As such, i t is bene�cial to have a  exible geometry
parameterizat ion tool such as the one described here. Ultimately, this reliance on the init ial geometry will
be eliminated.

V I . A ero d y na m ic A nal ysis O f B aseline G eomet r y

T he  ow analysis is performed using a high-�deli ty Euler-based parallel Newton-K rylov-Schur  ow solver
for mult iblock structured meshes.22 Using second-order accurate summation-by-parts (SB P) operators and
scalar numerical dissipation, the Euler equations are discret ized on each block . Simultaneous-approximation
terms (SAT s) are used to impose boundary condit ions and couple block interfaces. Advantages of using
SAT s with SB Ps include t ime-stabili ty, minimum requirement of C 0 mesh continuity at block interfaces,
accommodation of arbitrary block topologies and low interblock communication overhead.

A parallel Newton-K rylov-Schur solution strategy is used to solve the discrete Euler equations. In par-
t icular, Newton's method is applied to the discrete Euler equations in two phases: an approximate-Newton
phase which ensures a suitable init ial i terate is found for the second phase, an inexact-Newton phase. In
order to solve the systems that arise in both these phases, a K rylov solver is employed. Speci�cally, F G M-
R ES { F lexible G eneralized Minimum R ESidual method { is employed along with the parallel addit ive-Schur
precondit ioner.

T he baseline geometry used for this  ow analysis and the subsequent optimizations is shown in F igures 1
and 4. T his is a clean geometry without control surfaces or propulsion components. T he present results were
obtained using an 18-block mesh with 580,800 nodes and o↵-wall, leading edge, and trailing edge spacing
of 0.005. T he target C L of the baseline geometry, 0.357, is obtained at an angle of at tack of 2.97 degrees,
result ing in a C D of 0.02720. Given this C L value and our aspect rat io, the drag value in the case of minimum
induced drag and zero wave drag would be 0.01280, indicating potential for improvement on this baseline
shape.

F igure 5 shows the pressure coe � cient plots at the target C L at the speci�ed spanwise locations and
indicates the presence of a strong shock on the top surface, including the main body surface. T he airfoil
sect ions for this baseline geometry are also shown. From F igure 6, with a maximum Mach number of almost
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F i g u r e 4 . B ase l i n e g e o m e t r y p l a n f o r m , f r o n t a l a n d si d e v i e w s.
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F i g u r e 5 . P r ess u r e c o e � c i e n t d is t r i b u t i o n o v e r t h e t o p s u r f a ce o f t h e b ase l i n e B W B g e o m e t r y a n d a t i n d i c a t e d s p a n w ise
l o c a t i o n s.
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Mach Number: 0.85 1 1.15 1.3 1.45 1.6 1.75
F i g u r e 6 . M a c h n u m b e r d is t r i b u t i o n o v e r t h e t o p a n d b o t t o m ( i n se t ) s u r f a ces o f t h e b ase l i n e B W B g e o m e t r y.

1.89, i t is evident that this shock is quite strong. T hese results indicate wave drag is likely a ma jor component
of the total drag, indicating further potential for improvement .

V I I . O p t i m iza t ion A lgor i t h m C om p onents

T he optimization is carried out using a gradient-based algorithm,21 which, in addit ion to the  ow solver
described in the previous sect ion, includes the following:

I n t egr a t ed geo m e t r y p a r a m e t er iza t ion a n d m esh m ove m en t T his parameterizes the mesh using B-
spline volume control points. T he geometry is parameterized as a B-spline surface, and the B-spline
control points are used as design variables. For the movement of the B-spline volume control points,
a linear-elast ici ty-based mesh movement is used. T he mesh is then regenerated algebraically. T he key
aspect of this integrated method is the decrease in C P U time: for instance, morphing a  at plate into
a B W B geometry takes 128s with the B-spline mesh movement versus 32.4h with the node-based mesh
movement on a single 1500M Hz Itanium 2 processor, while maintaining similar quality (orthogonality)
distributions.

A d joi n t -b ased gr a d ien t eval u a t ion T he cost of this method is almost independent of the number of
design variables. More speci�cally, the discrete-adjoint approach ensures an exact gradient of the
discrete ob ject ive funct ion, further ensuring compatibili ty with nonlinear optimization algorithms such
that the optimization process can converge fully .23 Note that the solutions of adjoint equations for the
lift constraint , as well as the mesh movement equations, are also carried out .

Seq uen t ial q u a d r a t ic p rogr a m m i ng op t i m iza t ion algor i t h m SN O P T 24 is used to carry out the opti-
mization and tie the above components together. Both linear and nonlinear constraints are used with
this optimizer. For instance, in order to implement linear sweep, the x- and y-coordinates of leading
edge control points are coupled in a linear manner. Minimum thickness constraints, on the other hand,
are non-linear constraints which depend direct ly on the nodes. Using the chain rule, the gradients of
these constraints with respect to the design variables can be obtained.
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F i g u r e 7 . V a r i o u s v i e w s o f t h e o p t i m i z e d B W B g e o m e t r y f o r C ase A .

G eo m e t r y C D D r ag R ed uct ion
Baseline 0.02720 -

A 0.01837 32.5%
B 0.01667 38.7%

T a b l e 4 . D r a g c o e � c i e n t s a n d p e r ce n t d r a g r e d u c t i o n s f o r b ase l i n e a n d o p t i m i z e d g e o m e t r i es.

V I I I . B W B wi t h P lanfor m O p t i m iza t ion

V I I I . A . P la nfor m O p t i m iza t ion P rob le m D e� n i t ion

For the optimization, the geometry is parameterized such that it consists of two sect ions: the main body and
the outer wing. E xtending this to include more sect ions for more complex B W B geometries (to invest igate
winglets, C-wing geometries, etc. for instance) would be straightforward. T he airfoil sect ions | two modi�ed
versions of the supercrit ical airfoil, sc2041425 | are maintained on the entire shape through constraints which
scale the airfoils as the chord length varies. T hese airfoil sect ions are shown in F igure 5. On the main body,
only the trailing edge is free to move. On the outer wing, linear sweep and twist constraints are in place.
Minimum chord length constraints are applied in order to satisfy the internal volume constraints, as are
spanwise width constraints. T he overall span is �xed, along with the planform area. T he lift coe � cient is
constrained at 0.357, and the ob ject ive funct ion is the drag coe � cient . T wo cases are presented here and
other than the following variat ions, the problem de�nit ions for the two are identical:

C ase A F ixed angle of at tack of 3 degrees { since aircraft typically  y at angles of at tack of 2 to 3 degrees
to maintain a reasonable  oor angle for passenger comfort .

C ase B Free angle of at tack with no upper or lower bounds.

V I I I . B . P la nfor m O p t i m i za t ion R esu l ts

T he result ing geometries are shown in F igures 7 and 8. T he key di↵erences between the two geometries
include higher sweep and twist (washout) on the Case B geometry.

Table 4 compares the C D values for baseline geometry and the two optimized geometries. From this
table, we can see that the Case B geometry results in lower drag by a reduct ion of almost 39% relat ive to
the baseline geometry. However, this addit ional reduct ion in drag comes with an increased angle of at tack
of 4.43 degrees relat ive to Case A's 3 degrees.
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F i g u r e 8 . V a r i o u s v i e w s o f t h e o p t i m i z e d B W B g e o m e t r y f o r C ase B .
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F i g u r e 9 . S p a n w ise l o a d d is t r i b u t i o n s

T he three sub-�gures in F igure 9 show the spanwise lift distributions on the baseline and optimized
geometries, compared to ellipt ical lift distributions. T he baseline distribution is far from the ellipt ical lift
distribution, indicating the presence of wave drag. Apart from the main body, the Case A distribution is
closer to the ellipt ical distribution. However, the Case B distribution over the same outer wing portion
appears to be tending towards a more triangular / ellipt ical lift distribution. T he fact that this distribution
on the Case B geometry leads to the lowest drag is in agreement with results found by Qin et al.:2 in the
case where shocks cannot be eliminated completely, an ellipt ical lift distribution can no longer be the goal
for minimum drag design, as a compromise between wave drag due to shock wave formation at transonic
speeds and induced drag due to lift is required.

F igure 10 shows pressure coe � cient plots for Case B optimized geometry at the target lift coe � cient
of 0.357 and the same spanwise locations as on the baseline geometry ( F igure 5). A shock is st ill present
on the top surface, though not as strong as previously noted. In addit ion, the shock is primarily present
along the outer wing leading edge. Despite the drag reduct ion, the maximum local Mach number on the top
surface of this optimized geometry is quite high - approximately 2.44 ( F igure 11). Taking a closer look at the
drag polars of the baseline geometry and Case B optimized geometry ( F igure 12), we see that the optimized
geometry has improved performance over the range of lift coe � cients shown, not just at the design point .
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Pressure Coefficient: -1.66 -1.3 -0.94 -0.58 -0.22 0.14 0.5 0.86

Mach Number = 0.85
Angle of Attack = 4.43deg
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F i g u r e 1 0 . P r ess u r e c o e � c i e n t d is t r i b u t i o n o v e r t h e t o p s u r f a ce o f t h e o p t i m i z e d B W B g e o m e t r y ( C ase B ) a n d a t
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F i g u r e 1 1 . M a c h n u m b e r d is t r i b u t i o n o v e r t h e t o p a n d b o t t o m ( i n se t ) s u r f a ces o f t h e o p t i m i z e d B W B g e o m e t r y ( C ase
B ) .
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F i g u r e 1 2 . C o m p a r iso n o f t h e d r a g p o l a r s o f t h e b ase l i n e a n d o p t i m i z e d ( C ase B ) B W B g e o m e t r i es.

I X . B W B O p t i m iza t ion wi t h I ncreased G eomet r ic F lex ibili t y

I X . A . O p t i m iza t ion P rob le m D e� n i t ion

Similarit ies between this optimization and the planform optimizations include the baseline geometry and the
geometry parameterizat ion, which consists of two sect ions { the main body and the outer wing. In addit ion,
the planform area is �xed. T he same target C L is speci�ed, and the ob ject ive funct ion is the drag coe � cient .
T he angle of at tack is included as a design variable. T he key di↵erences include the following: x- and z-
coordinates of the control points are now design variables. T herefore, the optimizer can modify the spanwise
sect ion shapes. T he span is e↵ect ively constrained because the y-coordinates are held �xed. T he main body
and outer wing sect ions of the B W B each have a speci�c volume constraint , along with constraints that
prevent surfaces from crossing over each other. Collinearity constraints help ensure C 1 continuity at the
leading edge and between the two sect ions. F inally, minimum thickness constraints are included to ensure
the outer shell envelops the internal volume polyhedron.

I X . B . O p t i m iza t ion R esu l ts

T he results presented are preliminary. T he optimization was feasible in the sense that all the constraints were
satis�ed; however, the target optimality tolerance was not achieved, i.e. the optimization did not converge
fully. T he result ing geometry is shown in F igure 13. T he twist distribution is evident from the front and rear
views of the optimized geometry. At this Mach number, one would expect a shock-free  ow. Presumably,
this could be achieved by adding some sweep, but the lack of convergence of the optimizer appears to have
prevented this.

G eo m e t r y C D D r ag R ed uct ion
Baseline 0.02720 -

A (Planform) 0.01837 32.5%
B (Planform) 0.01667 38.7%

Sect ion 0.01313 51.7%
T a b l e 5 . D r a g c o e � c i e n t s a n d p e r ce n t d r a g r e d u c t i o n s f o r b ase l i n e a n d o p t i m i z e d g e o m e t r i es.

Table 5 compares the C D values for baseline geometry, the two planform optimization geometries and the
sect ion optimization geometry. T he sect ion optimization geometry has the most signi�cant drag reduct ion.
At one degree, the angle of at tack for this geometry is also the lowest of all shapes considered, including the
baseline geometry.
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F i g u r e 1 3 . V a r i o u s v i e w s o f t h e sec t i o n o p t i m i z e d B W B g e o m e t r y.

F igure 14 shows pressure coe � cient plots for the sect ion optimized geometry at the target lift coe � cient
of 0.357 and the same spanwise locations as on the baseline geometry ( F igure 5). Pro�les of the optimized
airfoils at these spanwise locations are also included. Despite the signi�cant drag reduct ion and varying
sect ions of this optimization, a very weak shock st ill exists towards the rear portion of the wing.

F igure 16 shows the spanwise lift distributions on the optimized geometry and the baseline geometry,
compared to ellipt ical lift distributions. From this, we can see that the distribution of the sect ion optimized
geometry is much closer to the ellipt ical distribution than any of the shapes considered. T his occurs because
wave drag has been largely eliminated. I t is not clear, however, how these sect ions would perform in a
turbulent  ow.

X . C onclusions

T hrough a high-�deli ty, inviscid Euler-based, single-point planform optimization of a 10-seater blended-
wing-body aircraft con�guration, almost 40% drag reduct ion relat ive to the baseline geometry has been
achieved at the target lift coe � cient . T he potential for further drag reduct ion with increased geometric
 exibili ty is demonstrated via the preliminary results for the sect ion optimization, through which up to 52%
drag reduct ion is achieved relat ive to the baseline geometry. Optimizer convergence di � cult ies encountered
highlight the need for improvements to the optimization algorithm and the problem formulation.

X I . Fu t u re Wor k

✏ Reformulate optimization problem to obtain full convergence;

✏ Multi-point optimization which ensures optimal performance over the full operat ing envelope;

✏ Considerat ion of non-planar geometries;

✏ Repet i t ion of these studies on more re�ned meshes; and,

✏ Incorporation of structural and handling constraints.

Ultimately, similar steps will be carried out based on the solution of the Reynolds-averaged Navier-Stokes
equations.
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F i g u r e 1 4 . P r ess u r e c o e � c i e n t d is t r i b u t i o n o v e r t h e t o p s u r f a ce o f t h e sec t i o n o p t i m i z e d B W B g e o m e t r y a n d a t
i n d i c a t e d s p a n w ise l o c a t i o n s.
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