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Abstract: This paper describes the aerodynamic design and assessment of a blended-wing-body
(BWB) configuration under the distributed electric propulsion (DEP) installation constraints. The aero-
dynamic design rationale and process is described, as well as how the DEP system is considered and
simplified in the optimization design process. Both the BWB configuration and the DEP induced
effects are numerically simulated and analyzed using the Reynolds Averaged Navier-Stokes (RANS)
computational fluid dynamics (CFD) flow solvers. To further demonstrate the feasibility and reliabil-
ity of the design approach, the wind tunnel tests of a scaled model of the designed BWB configuration
are carried out, and both the aerodynamic characteristics and the BWB surface flow are measured
and analyzed. The results indicate the reliability and feasibility of the optimization design method
introduced in this paper.

Keywords: blended-wing-body configuration; distributed electric propulsion; wind tunnel test;
aerodynamic characteristics; optimization design

1. Introduction

With the rapid air-traffic demand and growth as well as the increasing environmen-
tal problems, many technology paths have been explored to improve civil aircraft flight
efficiency and reduce the fuel consumption, among which the combination of distributed
electric propulsion (DEP) and blended-wing-body (BWB) has attracted much attention.
Compared with the traditional civil aircraft, the DEP-based BWB configuration has the
ability to highly integrate the propulsors and the airframe for enhancement of the aero-
propulsion integration benefits, and has shown great potential in vehicle efficiency im-
provements, propulsion efficiency improvements and noise pollution reductions [1-3];
it has therefore become a new research hotspot of aviation field in recent years, and a wide
number of studies have been carried out to deal with issues related to aerodynamics, struc-
tures and propulsion systems of the DEP-based BWB conceptual aircrafts. For example,
Rudi et al. [4] studied the performance benefits of DEP/BWB integration and reported a
5.3% fuel savings relative to the reference aircraft can be achieved, although the system is
found to be particularly sensitive to duct losses. Andrew et al. [5] studied the integration
benefits of DEP system and found that an 8% improvement in transonic efficiency can be
achieved as compared to conventional under wing engine installations with equivalent
propulsive areas. Michael et al. [6,7] carried out both computational and experimental
study of the aero-propulsive coupling effects of a set of boundary-layer ingesting (BLI)
fans mounted near the trailing-edge (TE) of a wing; the results revealed that significant
interactions exist between the sectional aerodynamic performance and thrust level, and the
changes of the stream-wise and stream-normal forces lift, drag, and pitching moment
varies nonlinearly as a function of angle of attack and fan throttle setting. Sebastian and
Tomas [8] make a series of propulsion system optimizations for an aircraft concept with
fuselage boundary layer ingestion, resulting in a net reduction in mission fuel burn of
0.6%~3.6% depending on technology assumption. All these efforts have shown that mu-
tual interferences between the DEP system and the BWB airframe can be used to achieve
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significant improvements in both aerodynamic efficiency and propulsive efficiency, even
though series of problems, such as the rather high fuel consumption of small turbofan
engines and the low weight efficiency of distributed motors, still exist for the time being.
Overall, the DEP-based BWB configuration can be considered as a viable option in the
next-generation high-performance aerial vehicle designer’s arsenal.

Despite the advantages, the adoption of the DEP system adds more geometric compo-
nents and shape constraints to the BWB configuration, and may result in an airframe body
strikingly different from typical BWB aircrafts, such as the wide-body airframe need for the
DEP system installation and the sinking inlet design of the embedded propulsive pattern,
etc., which significantly increase the difficulty and complexity of the BWB configuration
design problem. Even though there are numbers of researchers [9-16] investigating the
blended-wing-body configuration from different points of view, most of them focused on
the layout form, planform or the optimization design method itself. Hence, it is necessary
to carry out more extensive investigations on the aerodynamic design of BWB configuration
under DEP considerations, thereby gaining a deeper awareness of the DEP-caused design
difficulties. This is the topic of the present work.

To best address these issues discussed above, a small DEP-based BWB unmanned aerial
vehicle (UAV), as shown in Figure 1, is designed and studied by means of computational
fluid dynamics (CFD) [17] and wind tunnel test. It can be seen that the present DEP-based
BWB UAV use unique tailless configuration with high-level integration between the wing,
the fuselage, and an array of small engines distributed along the rear airframe under cowls,
which is obviously different from the conventional BWB forms. Table 1 lists the overall
dimensions, the flight conditions, and the cruise targets. It should be noted that the focus
of the present DEP-based BWB configuration design is that the requirements of cruise lift,
cruise pitching moment, static stability margin, and the maximum lift-drag ratio need to be
met at the same time at cruise. This is also the primary goal of the design optimization in
this paper.

Figure 1. Sketch of the DEP-based BWB UAV conceptual configuration.
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Table 1. Reference dimensions, flight conditions, and cruise targets of the present DEP-based
BWB UAV.

Parameter Value
Reference area Sref = 3.40 m?
Reference chord Cref = 0.78 m
Reference span b=440m
Moment reference point (MRP) location (1.10,0,0) m
Total mass m =80 kg
Altitude H =5000 m
Velocity V' =200 km/h
Chord Reynolds number Rec =2.0 x 10°
Cruise lift coefficient CL, cruise = 0.2
Cruise pitching moment coefficient CM, cruise ~ 0.0
Static stability margin AC\/ACL < —5%
Maximum lift-to-drag ratio (CL/Cp)max > 16.0
Cruise thrust Teruise =90 N

The remainder of this paper is organized as follows. In Section 2, the design methods
developed for the present DEP-based BWB UAYV are described in detail, including the DEP
considerations and simplifications, the airfoil parameterization, the numerical simulation
and the optimization design process. In Section 3, the aerodynamic performances of the
BWB configurations are compared and analyzed. The experimental validations are shown
in Section 4. Summary and conclusions follow in Section 5.

2. Design Methods under DEP Considerations
2.1. DEP Considerations and Simplification

The preliminary studies of our task group have shown that the cruise aerodynamic
performance of the present UAV mainly depend on the BWB characteristics; moreover,
the DEP system at the specified low thrust level leaves only slight effects on the lift-
to-drag performance of the BWB configuration, but has a relatively large effects on the
pitching moment performance. Thus, it is decided that the scope of the aerodynamic design
study is to only design the BWB configuration under DEP considerations (mainly under the
geometric constraints caused by the DEP installation), and several characteristic sections are
selected to be optimized while the BWB planform should remain fixed as much as possible.

As shown in Figure 2, the design object of this study can be simplified into the BWB
model with a planar space existing on the upper surface for the DEP installation, and there
are in total 4 characteristic sections with no twist angle along the span being chosen to model
the whole BWB configuration. Moreover, due to that the planar space plays a significant role
in determining the aerodynamic performance of the BWB configuration, the length of the
planar space is kept unchanged in both chord-wise and span-wise directions, and the DEP
thrust line compared with the center of gravity (CG) is also maintained as well throughout
the design process. Table 2 illustrates the span-wise location and related parameters of each
characteristic sectional airfoil, and all these parameters will be treated as the geometric
constraints in the following design process.

Table 2. Characteristic sectional airfoil parameters.

Parameter Section A Section B Section C Section D
Span-wise location zA=0m zB =048 m zC=1.00m zD =2.00m
Thickness tA =033 m tB=0.16 m tC=0.10m tD=0.03m
Chord length cA=180m cB=1.10m cC=070m cD=025m

Parameter Section A Section B Section C Section D




Aerospace 2022, 9, 36

40f18

MRPatx=1.10m

Cret = V-

|
| Section A B C D
| |
I b/2=2.20 m J
(a)
Jopp=0.12 m

«:iSj_gction A

Figure 2. Baseline BWB configuration under DEP installation constraints. (a) BWB planform sketch.
(b) Sectional airfoil profiles.

Moreover, simplifications of the complicated DEP geometry that consists of 14 ducted
fans (see Figure 3) are carried out by our task group to rapidly evaluate the DEP induced
effects on the BWB configuration. The external ducts are simplified into the rectangular
wall surface without thickness, and the rotor and stator blades are ignored and represented
by the setting of fan boundary condition within the ducted flow passage. After considering
the rotor and stator thrust contribution at its cruise state comprehensively, the fan boundary
is set at 30% chord-length location of the DEP box.

Figure 3. CAD model of the DEP system.

2.2. Sectional Airfoil Parameterization

In this study, the sectional airfoil profiles are quite different from that of the conven-
tional airfoils because of the existence of the specified planar segment. It is necessary to
develop a geometry parametric method that can meet current needs. As shown in Figure 4,
the sectional airfoil is decomposed into three parts and parameterized in a separated way.
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Figure 4. Sketch of the developed sectional airfoil parametric method.

2.2.1. Planar Segment Parameterization (PSA-PSB)

As described above, the sectional airfoil is optimized to obtain the design performance
targets under the premise that both length and height of the specified planar segment on
the upper surface remain constants. Consequently, it is able to define the PSA-PSB planar
segment only with the chord-wise location of point PSA (xpsa). Moreover, the variation
range of the xpgs has been determined as 1.20 m < xpgs < 1.60 m, which aims to limit the
designed configuration to a class of geometrically acceptable shapes.

2.2.2. Fictitious Airfoil Parameterization (LE-PSA and LE-TE)

Due to the consideration that the height of the specified planar segment on the upper
surface remains constant, the LE-PSA profile can be simply enlarged to the local chord
length along the x axis by multiplying the x coordinates by a factor c¢/xpsa, as shown
in Figure 5, and then the fictitious airfoil profile can be generated and controlled using
conventional parametric methods.

¥y
Real profile
: SPSA
LE Ypep—const, TE X

Figure 5. Generation of the sectional fictitious airfoil.

In this study, the Hicks—Henne bump functions [18] are used to control the fictitious
airfoil profile, which enables separate modeling of the upper and lower surfaces of the
baseline airfoil. The functions can be represented by the following equations:



Aerospace 2022, 9, 36

6 of 18

4
Yupper = Yu—base T k21 k- fr(x)

4
Yiower = Y1-base T X Ckt4 'fk(x) (1)
k=1
fr(x) = sin® [nx“(k)}
e(k) = 03, v — [0.10,0.35,0.65,0.90]

Inxy”

where Yy pase and V1 pase are vertical coordinates of the upper and lower surfaces of the
baseline airfoil, x; are horizontal coordinates of the prescribed control points with respect
to the airfoil chord, f(x) are the shape functions that will be added linearly to the baseline
profile to achieve the desired design improvement and c are the participation coefficients
(design variables) that are associated with all the shape functions.

2.2.3. Rear Curve Parameterization (PSB-TE)

As shown in Figure 4, the quadratic spline with a control point C is used for the rear
curve parameterization. To further simplify the design problem, a geometric constraint that
Yycp = ypsa = ypsp has been determined so that only the chord-wise location of the control
point CP (xcp) is taken as the design variable, and its variation range can be always defined
as Xpsp < Xcp < XTE-

As a result, the design variables and their boundaries of the sectional airfoil under
the DEP installation constraints can be summarized in Table 3. Obviously, xpss and xcp
are two common variables used by all the sectional airfoils with the planar segment PSA-
PSB under the DEP installation constraints. Moreover, the fictitious airfoil simplification
method enables section A, B and C to be parameterized with the same set of parameters,
which further simplify the multi-section design problem into a two-section design problem,
thereby reducing the number of design variables and the complexity of the design problem.

Table 3. Design variables of the sectional airfoil under the DEP installation constraints.

Variable Definition and Unit Initial Value Upper Bound Lower Bound
chord-wise location of
XPSA point PAS (m) 1.30 1.60 1.20
Cre 18 participation 0.00 —0.01 0.01

coefficients (1)

chord-wise location of
xcp point CP (m) 142 1.80 1.32

2.3. Mesh Generation and CFD Solver

The commercially available CFD package Fluent version 19.0 is used to simulate the
quasi-steady flow-field around the BWB configuration in this study, and the computational
mesh is generated by preprocessing codes Gridgen for two-dimensional airfoil and ICEM
for three-dimensional model, respectively. The full three-dimensional Reynolds Averaged
Navier-Stokes (RANS) governing equations are discretized by the standard cell centered
finite volume scheme. Air is considered the ideal gas, and the turbulence effects are
considered by using the k-w shear stress transport (SST) turbulence model [19]. Moreover,
the second-order accurate Roe flux-difference upwind scheme is used for the convective
fluxes of turbulence equations, and the lower-upper symmetric Gauss-Seidel (LU-5GS)
implicit method is adopted for the time integration.

Figure 6 displays the computational mesh around the baseline airfoil at section A.
The O-topology grids with 361 cells in the stream-wise direction and 150 cells in the
normal-to-wall direction is used. The boundary layer thickness was applied based on the
Reynolds number of the flow, and the height of the first layer is set to be 0.001 m so that the
non-dimensional y-plus falls in the range less than 2.0.
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(@) (b)

Figure 6. Computational mesh around the baseline airfoil at section A. (a) Computational domain.

(b) Near-wall grids distribution.

Figure 7 shows the computational mesh used for the half model of the BWB configura-
tion. The structured mesh is selected in the 3D model in order to achieve a proper accuracy
versus reasonability of time for calculations, and the non-dimensional y-plus values at the
first nodes are kept less than 2.0 as well to be consistent with that of the sectional airfoils.
To examine the grid dependency in terms of results, a grid convergence study is conducted
by using three levels of computational mesh with the same height of the first layer. Table 4
summarizes the total number of cells, computational time, and results corresponding to
the three-grid level. The difference in the lift, drag and pitching moment coefficients are
found to be less than 2% for the results from the fine and medium grids, and less than
5% for the results from the fine and coarse grids, and the required computational time to
obtain converged solutions starting from free-stream conditions for the medium and coarse
grids are about 6 and 4 h using the same workstation with dual core, eight threads and
256G memory. As a result, the medium grid is selected. In addition to the high quality of
the aforementioned computational mesh, changes are applied automatically in the new
grid by changing the sectional airfoils in the optimization process. Figure 8 shows the
computational mesh used for the half model of the BWB configuration with simplified DEP
system, its difference from the BWB computational mesh is mainly reflected in the addition
of the rectangular wall surface and the fan boundary within the ducted flow passage as
mentioned above.

(a) (b)

Figure 7. Computational mesh around the half model of the present BWB configuration. (a) Compu-

tational domain. (b) BWB surface mesh and center plane cells near LE.
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Table 4. Results of grid independence test for the present BWB configuration.

Grid Number of Computational CL Cp CMm
r1 Cells Time Difference  Difference Difference
Fine 6.7 x 100 11h / / /
Medium 3.3 x 10° 6h 0.68% 1.30% 1.12%
Coarse 1.0 x 10° 4h 1.96% 4.72% 3.45%

Figure 8. Computational mesh around the half model of the BWB configuration with simplified
DEP system.

2.4. Optimization Design Process

Figure 9 illustrates the optimization design framework developed for the present BWB
configuration under DEP installation constraints. It mainly consists of four parts: sectional
airfoil design objective adjustments, sectional airfoil optimization design, BWB configu-
ration design evaluation and DEP induced effects evaluation. The whole design process
can be briefly summarized as: (1) allocate the design objectives of each sectional airfoil
based on the numerical analysis of the BWB configuration design evaluation and DEP
induced effects evaluation; (2) carry out the sectional airfoil optimization design in parallel.
Since sections A, B and C are parameterized into the same fictitious airfoil based on the
above simplification method, the optimization design of these three sectional airfoils will
be carried out in one process, at the same time, the optimization design of section D will
be conducted in another process; (3) update the BWB configuration geometry and the
computational mesh, conduct the numerical simulation at « = 2°, 4°, and perform the
objective function analysis, If the cruise targets as listed in Table 1 are satisfied, then go to
the next step, if not, then go back to the first step; (4) establish the DEP-based BWB model,
conduct the numerical simulation at & = 2°, 4°, and perform the objective function analysis,
If the cruise targets as listed in Table 1 are satisfied, then output the design results and
terminate the design process, if not, then go back to the first step.
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Figure 9. BWB configuration optimization design framework under DEP installation constraints.

As a result, there are totally 18 design variables for the optimization of sections A,
B and C which are constrained by the planar segment for DEP system installation, and 16
design variables for section D. The parallel sectional airfoil optimization design problem

can be formulated as:

CsecA, B, C = const.

Ipgp = const.

YpEp = const.

CmsecA, B,C € [C1, Culseca, B,
XpsA € [1.20,1.60]

xcp € (1.32,1.80)

s.t.

Objectivefunction : max] = (¢;/c;)

tnew, secD > told, secD

tnew, secA, B, C = told, secA, B, C

C

¢ € (—0.01,0.01); 1<k <16

CsecD = CONSt.

Cm,secD € [Clr Cu]secD

Objectivefunction : max] = wi- (¢;/¢4)gecp + W2 (C1/C4)ecp + w3 (c1/¢4)

secC

@

secD

®)

cx € (—0.01,0.01); 1 <k <16

where the lift-to-drag ratio of the sectional airfoil is chosen as the single objective, the weight
coefficients for section A, B and C are wq = 0.3, wy = 0.3 and w3 = 0.4, respectively. The thick-
ness, the chord length, and both length and vertical location of the DEP system are con-
strained. The pitching moment c;, generated by each sectional airfoil is set as the adjustment
parameter while ¢; and c,, respectively, represent the lower and upper limits of the ad-
justable interval. It should be noted that sections A, B and C always have significant
reflexed characteristics due to the existence of the planar segment, which makes their
pitching moments congenitally towards nose-up. However, since the DEP system occupies
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nearly 1/2 of the BWB configuration in the span-wise direction, this wide range of reflexed
characteristics is not conducive to the improvement of overall lift-to-drag performance.
Thus, we decided to constrain the pitching moment coefficients of the four sections to near
0.0 in the first round of optimization, so as to maximize the lift-to-drag performance at
cruise, this is quite different from the design concept of conventional BWB configuration.
In the following rounds of optimization, section A and B are used to adjust the pitching per-
formance of the BWB configuration, while section C and D are used to adjust the lift-to-drag
performance of the BWB configuration.

Moreover, the Kriging surrogate model [20] is used in the sectional airfoil optimization
design process to improve the computational efficiency of the searching stage. For each
section, a total of 80 sample points are estimated in parallel for constructing the Kriging
surrogate model. Furthermore, some adaptive sampling procedures and the updating
mechanism [21] by adding well-performance solution into the initial sample collection are
used to further improve the accuracy of the Kriging surrogate model. Moreover, the multi-
island genetic algorithm (MIGA) [22,23] is used to solve the sectional airfoil optimization
problems. The control parameters of the MIGA are set as: (1) the size of the population
is 100 (i.e., 10 islands and 10 individuals per island); (2) the probabilities of the crossover,
mutation and migration operator are 0.9, 0.2 and 0.5, respectively; (3) and the maximum
evolution generation is 20.

On the other hand, for both BWB configuration design evaluation and DEP induced
effects evaluation, meeting the cruising targets at the same time, including the cruise lift,
cruise pitching moment, static stability margin and the maximum lift-drag ratio, is the
criterion for whether the optimization process continues or not.

3. Results and Discussion
3.1. Sectional Foil Performance

Figure 10 shows comparison of the sectional airfoil profiles. It can be found that
the forward cambers of the optimized sectional airfoils are remarkably increased when
compared to the baseline sectional airfoils. The locations of the maximum thickness of all
these sectional airfoils are shifted backward, and the planar region significantly moves
backward as well.

------ Baseline
Optimized

i
-
----------- -

Figure 10. Baseline and optimized sectional airfoil profiles.

Figure 11 shows comparison of the sectional airfoil performance between before and
after the optimization. The pitching moment coefficient is computed with the 1/4 chord-
length location taken as the moment action point for each sectional airfoil. It indicates
that the lift-to-drag performance of the sectional airfoils, especially the section A and B,
are significantly improved as the planar segment moves backward. Moreover, the pitching
performance of the sectional airfoils are designed to be more near zero at all these angles of
attack, which is quite different from the design concepts of conventional BWB configuration.
This is because that the existence of the planar segment makes the airfoils at section A to C
have to be negatively curved within their rear regions, which compensates the requirement
for a BWB configuration to be reasonably well trimmed (Cy; ~ 0.0), and also allows the
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symmetrical airfoil at section A with the maximum chord length to be designed for better
lift-to-drag performance rather than for better pitching performance.

L. P —— e 0.04 ¢
——3— Baseline - Section A - + +
|~ ——&—— Optimized -Section A _ T T I ==, Beasline.- Section A R :
1.4 -~ -5 —'Baseline-sectionp-— — —— —.——— g _F— =& Optimized - Séction A _ _ . _ 1.~ .0 10 C O
i B Ootbuke - Siction B 0.035 |- — '~ -6~ - -Baseline - Section 8- - —- 1. —- L. .. -}
s — = Optimized - Section B = A= OBk : R ¥
|-~ —--G—-— Baseline - Section C—- = = Opfimized - Section B : 7
1.2 —.A- - O z a —-={3—-~/ Baseline - Section C -
ptimized - Section C . ==l f h 1,
| S ety o 0.0 =
L i o } i=:===1 Optimized - Séction D ,-’
B 0.025 '
08fF -~ A
o | o’
0.6 0.02F
04F - - b
R O S SO S S 0.015
0.2F &7 s
- - - 0.01F
OF & : i
e S S S S S e e e e e e O Sy S mett e
02— L L 0.005 0 3 10
0 5 aP 10 al
(a) (b)
0.08 ¢ 1 = L S it 80— Py . T |
{ ' ——&—— Baseline- Seation & | I 1
1l t [——&—— |- Optimized -Sqction A —| i |
1= -0 - Baseline~ Section B | i i
0.06 1= [= =&~ = Optimized -Section B | i H
1 T =+ ==~ Baseline- Segtion ¢ | 60F ! 1
=1 =+ =+~ Optimized - Sgction € | i |
1 T =~~~ Baseline; Seqgtion D- - —| i
0.04F j-=- [~~~ Optimized «Sgction D | i
E | \ 1
0 ; | 40f- :
002 = T ' ov ' H i
! i~ 'a- 1 | i i
Y SO S N TS ! L.—-d —E—| Baseline- Sedtion A- |
ok i o e, ; 20k - || _ =& Optimized - Section A _|
¥ S -A_'#_» ! ! - || |= -~ -| Baseline- SectionB |
N R et - SEES TR okl ok T T = =b= = Optimized - Sdction B |
L-.4 L e g=r b b ool - = |- Baseline’- Section €|
002 o ITE=t - R - | L. |=:=p—--| Optimized - Saction C |
e F - 2.2 P - ST TTE L | | | | (I}~ ~| Baselinel- Section D |
[ L I [ oF [T = =A== Optimized - Section D |
J I} ! L I} L | | t t 1 | t + [; | ]
.0.04L—1 I 1 i i —
0 5 al 10 0 5 al 10
(0) (d)

Figure 11. Comparison of the sectional airfoil performance between before and after the optimization.
(a) Lift performance. (b) Drag performance. (c) Pitching performance. (d) Lift-to-drag performance.

3.2. BWB Configuration Performance

Figure 12 depicts the comparison of the baseline BWB configuration and the designed
BWB configuration generated with the optimized sectional airfoils. Figure 13 shows the
comparison of aerodynamic performance. The results suggest that, as compared with the
maximum lift-to-drag ratio of 17.24 for the baseline configuration at o« = 6°, a maximum
lift-to-drag ratio of 20.08 for the designed configuration at « = 4° represents a 16.59% in-
crease; furthermore, the pitching performance of the designed configuration is significantly
improved as compared with that of the baseline configuration, both the pitching mo-
ment at the cruise state (Cr, cruise = 0.2; CM, cruise ~ 0.0) and the static stability margin
(AC\m/ACt = —15.38%) meet the design requirements well. This proves the reliability and
feasibility of the aforementioned design process.
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Figure 12. Comparison of the BWB configuration between before and after the design process.
(a) Baseline configuration. (b) Designed configuration.
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Figure 13. Comparison of aerodynamic performance of the BWB configuration. (a) Lift performance.
(b) Drag performance. (c) Pitching performance. (d) Lift-to-drag performance.

3.3. DEP Induced Effects Evaluation

Table 5 illustrates the aerodynamic performance of the BWB configuration with and
without the DEP induced effects at « = 2°, 4°. It indicates that when compared with
aerodynamic performance of the clean BWB configuration, the DEP system which operating
at a specified thrust level can lead to 28.23% lift increment, 38.26% drag increment, 18.37%
pitching moment reduction and 7.25% lift-to-drag ratio reduction at « = 2°, and 17.61% lift
increment, 21.06% drag increment, 42.95% pitching moment increment and 2.90% lift-to-
drag ratio reduction at & = 4°. This means that the lift-to-drag performance of the present
BWB configuration will become slightly worse and its static stability margin will also be
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reduced from 15.38% to 9.44% when the DEP induced effects are taken into account, but on
the whole, the design requirements can still be met.

Table 5. Results of grid independence test for the present BWB configuration.

Aerodynamic

/ Coefficient BWB DEP-Based BWB Increment

CL, 0.1899 0.2435 +28.23%

_ 0 Cp 0.0115 0.0159 +38.26%
&= CL/Cp 16.513 15.314 —7.25%

Cm 0.0049 0.0040 —18.37%

Cy, 0.3232 0.3801 +17.61%

10 Cp 0.0161 0.0195 +21.06%
&= CL/Cp 20.075 19.492 —2.90%
Cm —0.0156 —0.0089 +42.95%

/ ACy/ACY, —15.38% —9.44% +38.62%

4. Experimental Validations
4.1. Wind Tunnel Testing

The wind tunnel experiments were carried out in the FL-8 3.5 m x 2.5 m low speed
closed circuit wind tunnel of the Aviation Industry Corporation of China (AVIC) Aerody-
namics Research Institute (ARI) in Harbin (see Figure 14). The FL-8 wind tunnel is equipped
with an octagonal form test section, and the flow-field quality within the test section is
able to reach up to 0.0001 drag measurement accuracy. For this test, atmospheric condi-
tions were measured at wind tunnel location (p = 1.20978 kg/m?, = 1.7853 x 107° Pas,
T =14.8 °C and p = 99 kPa). Stainless steel was used to manufacture the scale model [24] of
the designed BWB configuration in portion with 1: 1.8, and the test velocity was fixed at
68 m /s, which corresponds to a Reynolds number equal to 2.0 x 10°.

Figure 14. Wind tunnel test in FL-8.

4.2. Experimental Data Analysis
4.2.1. Aerodynamic Characteristics Measurement

The aerodynamic characteristics of the numerical and experimental results for the
designed BWB configuration are compared in Figure 15. According to the results, from
« = —6° to & = 10°, on the linear behavior of the curves, both the aerodynamic force values
and the variation trends are in quite good agreements. As it was expected, a maximum
lift-to-drag ratio of 22.31 at « = 4° can be achieved, and the pitching moment meets the
design requirements as well. However, for high angles of attack, the present numerical
methods can not exactly predict the stalling performance. Even though the correct pre-
stall angle of attack (@ = 10°) is presented using the numerical methods, the aerodynamic
trends of the whole configuration from &« = 10° to & = 26° show remarkable differences
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between the numerical and experimental results, which puts forward extremely high
computing capability for the separated flow simulations in stall. It is also worth mentioning
that soft-stall performance of the designed BWB configuration can be observed from the
experimental results, which analogues to the aerodynamic behavior of actual aerial vehicles.
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Figure 15. Comparison of aerodynamic performance between the numerical results and the exper-

imental data. (a) Lift performance. (b) Drag performance. (c) Pitching performance. (d) Lift-to-
drag performance.

4.2.2. Surface Flow Visualization

In order to further explore the differences between the present numerical methods and
wind tunnel tests in predicting the aerodynamic performance of the BWB configuration at
high angles of attack, the surface flow distributions on the upper surface of the designed
BWB configuration of both numerical and experimental results are compared and analyzed
in Figures 16 and 17, and the angle of attack studied varies from « = 8° to « = 28° with an
angle interval of 4°.
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Figure 16. Numerical surface flow distribution development with angle of attack. (a) a = 8°.
(b) « =12°. (c) & = 16°. (d) & = 20°. (e) « = 24°. (f) & = 28°.

.
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Figure 17. Cont.
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(e) ()

Figure 17. Experimental surface flow distribution development with angle of attack. (a) a = 8°.
(b) x =12°.(c) a = 16°. (d) @ = 20°. (e) a = 24°. (f) a = 28°.

At o = 8°, the numerical results agree with the experimental observation very well,
and the flow is completely attached on the upper surface of the designed BWB config-
uration except for the presence of span-wise flow deflection along the front edge of the
planar region.

At o = 12°, the numerical results show that large-scale horizontal vortex rolls are
formed within the central region due to the intensification of the described span-wise flow
deflection; however, the experimental results suggest that flow separation occurs in some
local areas near the wingtip. This means that the numerical simulation overestimates the
adverse effects of the span-wise flow deflection when compared with the experimental
results, thus leads to the notable differences in predicting the stall performance of the
designed BWB configuration (see Figure 15).

As the angle of attack increases, the vortices have gradually become stronger and
larger, and most of the surface flow is separated at such high angles of attack. According to
the numerical analysis, the horizontal vortex rolls induced by the span-wise flow deflection
expand to both sides as the angle of attack increases, in contrast, the vortices observed
in this experiment steadily move inboard from near the wingtip to the “fuselage” of the
designed BWB configuration. It proves that both the separated flow mechanism and
developments at high angles of attack described by the numerical and experimental results
are quite different, which further helps understand the discrepancy in stall performance of
the BWB configuration as mentioned above.

5. Conclusions

The aerodynamic design of a small new-conceptual DEP-based BWB UAV has been
developed in this study. Based on the specified DEP installation constraints, a segmented
parameterization method of airfoil and a high-efficiency optimization design process of
BWB configuration is developed and demonstrated. Both the CFD simulations and wind
tunnel experiments serve as methods to evaluate the design quality of the present BWB
configuration, verifying that all the design requirements have been achieved.

The results obtained with analytical, computational and experimental methods in-
dicate that a well-performed DEP-based BWB configuration can be designed by using
the parameterization methods and design optimization framework established in this
paper, as a result, a maximum lift-to-drag ratio of 22.31 at « = 4° is achieved while both
the pitching moment and the static stability margin at the cruise state meet the design
requirements well. However, due to the assumptions that have been made to simplify the
design problem, only the BWB configuration is designed under specified DEP installation
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constraints, and the DEP induced effects is analyzed based on a simplified model after
the design is completed. Moreover, it appears that the present numerical methods are not
adequate to model the performance of the designed BWB configuration at high angles of
attack, which is closely related to the development of the flow-field. In subsequent studies,
it will be of great importance to further improve the numerical methods and study the
airframe/propulsion integrated aerodynamic performance; only in this way can we reach
the real goals of the high-performance DEP-based BWB configuration.
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