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Comprehensive design method for aerodynamic performance and stability of
HWB configuration in large cargo aircraft

. *
Zhang Ronghanl, Liang Yu*
(1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;
2. Institute of Unmanned Systems, Beihang University, Beijing 100083, China)

Abstract: To explore the application potential of the Hybrid Wing Body (HWB) configuration in the field
of large cargo aircraft, an optimization design method balancing aerodynamic efficiency and dynamic stability is
proposed. Taking the lift-to-drag ratio and the Dutch roll mode flight quality during the cruise phase as
optimization objectives, an aerodynamic/stability optimization framework is constructed. An Euler equation
solver with boundary layer corrections is employed for rapid analysis, while a high-fidelity RANS solver is used
to validate the optimization results. Based on the analysis of the initial configuration, the optimization framework
is applied to enhance the aerodynamic efficiency and dynamic stability modal response characteristics of the
target configuration. RANS calculation results show that, under the premise of maintaining design constraints,
the total drag coefficient of the aerodynamically optimized configuration is reduced by approximately 3.5 counts,
with the cruise lift-to-drag ratio increasing from 21.244 to 21.784, achieving an efficiency improvement of
approximately 2.54%. For the configuration optimized with both aerodynamic performance and dynamic stability

objectives, the total drag coefficient is reduced by approximately 2.4 counts, the cruise lift-to-drag ratio is
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improved to 21.609 with an efficiency increase of approximately 1.72%, and the product of the Dutch roll mode

damping ratio and the undamped natural frequency is increased from 0.02633 to 0.05117. This improvement

elevates the flight quality from Level 3 to Level 2 according to the MIL-F-8785C standard, significantly

enhancing the lateral-directional dynamic stability. The optimization framework effectively balances

aerodynamic performance and dynamic stability, providing insights and references for the engineering

application and optimization of HWB-configured large cargo aircraft.

Keywords: hybrid wing body (HWB); aerodynamic optimization; dynamic stability; Dutch roll mode;

Reynolds-averaged Navier-Stokes (RANS) simulation
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Fig. 6 Aerodynamic characteristic curves of HWB-0
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Fig. 9 Comparison of aerodynamic calculation results between two solvers
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Table 4 MIL-F-8785C flight quality specification
(Category B flight phase, CLASS-|ll aircraft)

AR AT R AR ZHER
Level 1 03<¢<20
A RS Level 2 02<¢<03
Level 3 0.15<¢<02
Level 1 £>0.04
GRS Level 2 0.0<¢<0.04
Level 3 T255s
Level 1 7<14s
RS Level 2 14s<1<3.0s
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CFwp > 0.15,
Level 1 {008, w,>0.4rad/s
[N 0.05<{*w, <0.15
fif IR Level 2 73002, wp>04rad/s
0.0 < Z*wy < 0.05,
Level 3 (300, w,>0.4rad/s
Level 1 72208
I IEREAS Level 2 8s<1<20s
Level 3 4s<1<8s
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Table 5 Design space for the optimization study

ZH Epd TR OOER OEE
Ay A BT G/ (°) 51.00 57.00
Ay SNEBRTS G/ (°) 25.00 35.00
by A B AR A B /m 3.245
by kink3% @ [F) A8 /m 6.480 7.920
b HE/m 43.934
1 gL R AR %K /m 23.000
€2 A BEMRL K /m 18.964
3 kink3% K /m 5211  6.369
C4 RAREEK /m 1.600 2.180
I FHEIBTRMA/() 4.00  6.00
I VHIREE L&A/ 28.00  44.00
X VEIREBEMATG S5L M 2R E /m 24.00  25.00
0 rh R AR £ /(°) 1.5
62 A B R AR /() 1.0
63 SR BB /() 0
64 SNRBBRIHIEE /() 3.3
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Fig. 11 Illustration of HWB design variables
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Table 6 Parameter comparison between HWB-0 and HWB-1

Wit AR & HWB-0 HWB-1
A/(®) 54.00 51.152
A2/(°) 27.00 34.918
by/m 7.200 7.573
c3/m 5.790 5.650
c4/m 1.89 1.631
Ii/) — 5.620
I2/(%) 36.00 28.914
x/m 24.365 24.849
CL 0.29992 0.29971
- Cn -0.03410 -0.03725
T S ref /m? 105.66 105.66
S wet/m? 817.571 815.540
LR AER N Cpp 0.00725 0.006 36

5 0[5 22 H 1 R 5 Cp, FEAR A 0.006 36
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KA AESS KR & M, THECR A& T3 K # N-S T
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21.784, IRTLF LN 2.54%.
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Table 7 RANS validation results of the aerodynamic optimized
configuration

ZH HWB-0 HWB-1
Ocruise 2.046 2.328
a, 0.3000 0.3000

Cp 0.01412 0.01377

Cpy 0.008 62 0.00829

Cp, 0.00550 0.00548

c, -0.0354 -0.0439
(L) D) eruise 21.244 21.784
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Fig. 16 Surface Pressure Distribution of HWB-0 and HWB-1
(Left: HWB-0; Right: HWB-1)

FITRAR (g 0 IE B HEK o
BEE AT AR KA

/ 1.5‘|’ C, / / 2‘5I° C, /

(extes)x(by=b,)/2+
(cytcy)*(b/2—b,)/2=cons]

f a (C=0.3) 7

! NSGAII LHS ;

& 17

L Linear interpolation

DR Tl B AR A0 5 Wi 3 1 BEL 0 3 B Cp, » TR BB R £E
[ 55 38 34 25 AF T CREAR S B 3D XA AT )5 91

T AT R 2 H0HE AT X LE A7
e A, 7] PR B0 R G
OMin : Cp,
@Max 4 Ong
Cr=0.30
) 1ca<00s
MY 03<4<20
Sret = Stref0

Kd: Cp Cpye C, 53 AT T BB 2 B T R4
REARD 3 5 ZR B Gy R & 53 ) SR 2 R A R e ) A
BB JE Ly o, R i 22 R ASEZS W JC FHLJE [ A 400
et P Seeg o 27 3l 9 A0 AX A4 BL R0 4] 463 4 B 1) a4 B DA
K AN R BN S B B R
42 RULFEEE
BT LT 2 50 BRL 7 72 45 6 B T E A8 R
CFD 15 75 % LRt A% R A 53, #5382 HWB [ 3h i
AR At 0 Y R PR SER  Jt F BEL B AN i ==
RIS VAT SR A AR =, SRR an s 17 B .
TR 2 4.1 AR ZM BN T, R& U EZH
TIRH Cp, BB e /IME, 7] I A fif 22 RS B BELJE EE

z (é"wn)dmch ;
(6 poF)
bl AT % /——(RANSH Ma=0.78 LID /

@ler
! (Ma=0.78 L/D),r ;

SatEgE SIE ML RIZIER

Fig. 17 Flowchart of Aerodynamic Performance and Stability Optimization Process
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Table 8 Comparison of parameters between HWB-2

and HWB-0
P HWB-0 HWB-2
A 54.00° 52.415°
Ay 27.00° 34.994°
by 7.200 m 7.641 m
) 5.790 m 5.607 m
cs 1.89m 1.605 m
I — 5.453°
I 36.00° 41.831°
x 24.365 m 24.674 m
cL 0.29992 0.29974
Ch -0.03410 -0.04657
#IR 4 0.5585 0.5073
KAF
S ref 105.66 m” 105.66 m*
S wet 817.571 m* 815.565 m*
Btk Cop 0.00725 0.00651
H b5 la * wnd 0.02633 0.05117
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Table 9 RANS validation results of aerodynamic performance
and stability optimization configuration

ZH HWB-0 HWB-2
Ocruise 2.046 2.390
Cr 0.3000 0.3000
Cp 0.01412 0.01388
Cpp 0.00862 0.00841
Cpy 0.00550 0.00547
Cn ~0.0354 ~0.0459
(L/D)cruise 21.244 21.609
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Table 10 Dynamic stability modal characteristics parameters

HWB-0 HWB-1 HWB-2
i R ¢ 0.5585 0.5481 0.5073
i i &

" TKAT B Level 1 Level 1 Level 1

K A 4 0.0045 0.0057 0.0204

T AT AT Level 2 Level 2 Level 2
R T 0.267 0.296 0.201
R KAT R Level 1 Level 1 Level 1

{wn 0.026 33 0.01873 0.05117

e ¢ 0.03547 0.03145 0.04182

RS wn 0.74246 0.505 41 1.22374
KAT R Level 3 Level 3 Level 2

B A T 312.79 343.48 430.74
A RAT R Level 1 Level 1 Level 1
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Fig. 22 Dutch roll mode time-domain response graph
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