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ABSTRACT: In this paper, a three dimensional model of a box wing configuration is derived by a
semi-analytical approach and the aeroelastic behavior is studied. So far, the flutter characteristics have
been studied on the typical wing sections or via a whole lot more time and cost in the professional
software. The winglet is modeled by two longitudinal and torsional springs and in order to simulate
the effect of the winglet on the dynamic behavior, two ends of the springs are placed on the elastic axis

of the sections. The governing equations are extracted via Hamilton’s principle and in order to apply

the aerodynamic forces, Wagner unsteady model is considered. To transform the linear partial integro-  Keywords:

differential equations into a set of ordinary differential equations, mathematical techniques are employed. ¢ ...

For the purpose of validation, the flutter values of the box wing are obtained by MSC NASTRAN and B .
0X-wing

the proposed numerical procedure. The effects of the sweep angles and the winglet rigidity on the flutter

are investigated. The results reveal that increasing the sweep angles and the chord ratio, enhances the Wagner unsteady model

flutter speed, remarkably. Furthermore, increasing the torsional rigidity of the winglet is more significant

than the longitudinal rigidity on the flutter.

1. INTRODUCTION

Box Wing Aircraft (BWA) is introduced by Prandtl in
1924. The BWA decreases the induced drag compared to
the conventional wings. A reduction of induced drag in the
BWA has a significant influence on the airplane weight and
performance.

In recent years, most of the researchers have been focused
on the design of the BWA configurations and there is not yet
comprehensive literature studying the flutter of box wings. In
the present effort, aeroelastic modeling and flutter analysis
of a 3-D BWA configuration are carried out using Wagner
unsteady aerodynamic model.

2. METHODOLOGY

One way to derive the governing equations in complex
dynamic systems is to use several intermediate coordinate
systems. The BWA has included the front wing, rear wing, and
winglet that connects to the wings tip [1]. The intermediate
coordinate systems are placed on the airplane’s center of
gravity, root, and tip of wings. Fig. 1 shows a schematic of
the coordinate systems [2].

Furthermore, when the systems include concentrated
discrete nodes, can utilize the Delta Dirac function in order
to apply the properties of nodes in the governing equations.
Also, in order to simulate the torsional and longitudinal
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behavior of the winglet, is used two linear springs [3]. The
equations are obtained via Hamilton’s variational principle
and are as coupled Partial Integral Differential Equations
(PIDEs). The equations include parameter-dependent and
time-dependent integral parts which Dirac Delta function is
multiplied by itself several times in the parameter-dependent
terms. Furthermore, the time-dependent terms are presented
in Wagner’s unsteady model that is utilized to apply the
aerodynamic forces and moments.

3. NUMERICAL SOLUTION

The governing equations are solved by a novel procedure
as following steps:

® Develop the parameter-dependent terms: A new class of
generalized functions was developed by NASA report [4]. The
functions can derive from hyperbolic tangent and Gaussian
families which the hyperbolic tangent family is utilized in the
present work. Therefore, the parameter-dependent terms can
be developed using the mentioned relations and by the part
integral method.

® Eliminate the time-dependent terms: Using by part
integral method and some mathematical techniques as
Ref. [5], the time-dependent terms are eliminated from the
equations developed in the previous step.

® Transform Partial Differential Equations (PDEs) to
Ordinary Differential Equations (ODEs): The expanded
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Fig. 1. A schematic of the coordinate systems

Table 1. Validation of the flutter speed for the BWA

Component Method Ve (m/s) wr (Hz)

Wagner Theory 287 4.58

Front Wi
Tort Wing NASTRAN 289 3.29
Rear Wi Wagner Theory 274 6.89
car Wig NASTRAN 271 6.75
Wagner Theory 269 6.55

Box-Wi
oxITg NASTRAN 270 463

equations from the previous steps, will be as PDEs and
transformed to ODEs using the assumed modes method [6].

For the determination of flutter, the problem is reduced to
that of finding the eigenvalues of the coefficient matrix in the
state-space. The eigenvalue o is a continuous function of the
air speed U_. ForU  #-, o is, in general, a complex value,
w=Re(w)+iIm(w). When Re(w)=- andIm(w)=-,
the wing is said to be in critical flutter condition and when
Re(w)=- and simultaneously Im (&) = -, the wing is said to
be in critical divergence condition.

4. RESULTS AND DISCUSSION

There is no numerical solution or experimental data for
the studied model so far. Therefore in this work, the flutter
analyses of the BWA are performed in MSC NASTRAN
software and the results are compared as in Tables 1. As can
be seen, a good agreement is reported.

The effect of torsional and longitudinal rigidity of the
winglet on flutter frequency and speed is demonstrated in Fig.
2. Increasing the longitudinal rigidity, diminish the flutter
speed and enhances the flutter frequency. On the other hand,
increasing the torsional rigidity develops the flutter speed and
has no effect on the flutter frequency.
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Fig. 2. The variation of (a) Flutter velocity (b) Flutter frequency
vs. stiffness of the longitudinal and torsional springs

5. CONCLUSIONS

The extracted equations included several parameter/
time-dependent integral parts. Furthermore, the Dirac Delta
function was multiplied by itself several times. The validation
revealed that can utilize the procedure for the solution of
PIDEs which include generalized functions, parameter-
dependent, and time-dependent integral parts.

The effects of some important parameters are studied on
the flutter such as sweep angle, and torsional and longitudinal
rigidity of the winglet. The results reveal that increasing the
sweep angles and the chord ratio, enhances the flutter speed,
remarkably. Furthermore, increasing the torsional rigidity of
the winglet is more significant than the longitudinal rigidity
on the flutter.
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Table 1. Geometric and physical characteristics of the box-wing
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Table 2. Flutter frequency and velocity

of Goland’s un-swept clean wing
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Table 3. Structural model of the box-wing
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Table 4. Validation of the box-wing flutter
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Fig. 7. The variation of (a) Flutter velocity and divergence (b) Flutter frequency vs. sweep angles of the front and rear
wings

ogdle aBl oo Vg o/) polie 4 Blaite ol 5 SN LS b el 5 e Al el andl (domy (S (I
P 5 pe azgs BB il el la JU o Kdie aygl talidl ol D W S8 s s
Vol i blsy lp el cnl o a8 05d oo laar b 2 W R 5 S g ol 0 Sde aygly Ol peis S
Oy dwlem Juu ax o el oo ools Hlas @ S p0 axdl sioen st Ol s
Sy M S 3 5 ey p glamzr Jb o, Kde ayly il P Lo p (0 eS g (i 45 e o (LS ased (ol il
A asdllae 350 Ve S8 o azdl (Job (i Gl Lalyn oS 5 e 5 d9diee odelie Vg ) polie o i A

oAYY



DAY+ U DA+ dio NFe o JLW NY D)L@.w HY 0,93 ‘).A.Ag).hﬁl ;{ul&n Uw.\...e(c d..;)mu

3.9
3.8
3.7
Ve 3.6
3.5
34
33

3,2 T T T

0.7

0.9

1.1 1.3 1.5 1.7 1.9

KSpring

(&

7.6
7.3

6.7
OF 6.4
6.1
5.8
5.5

52 T T T

01 03 05 07

0.9

1.1

KSpring

(&)

i 9 S5 (S0 738 (i 35 s 1 M S () 5 s () Sy 5f0905 A S
Fig. 8. The variation of (a) Flutter velocity (b) Flutter frequency vs. stiffness of the longitudinal and torsional springs

SIS el M LS B sl e Jgoyls
S3p0 & Glaz Jb wain oyl o yiage 5l (SO
Olyee 035 J13 (cwyp 0y90 M Julow jo o] Sl el
W) ladss ablge e g sl sla b 55 Job (5,035 ,31
Sy i) &1y e 5 sl slale 55 Jsb b liee o5 4
aw LS cnl jo s e LA azdl sk g somn e
s S aS canloads a8 )5 a5 50 Cod (ol gl iz S
wibge 5SS e Jb 5l gl Jb 5y o8 el (mg sl o

e Jb 5l e Jb 5y a5 el tmsg lp e o] S 90 g

OAYY

e Sl (Ko Lasl il den ol idg jekate 4y cewl aid S
Sl g0 a8 ol o 48,5 a3 asmlly Jsb i gy alises
3,50 Joe ) yeS azlly Jsb (e o5 col (ndy ln o
Sexdy Sy g ol A oy (S oo ) wil asdllas
Ols Bl b ol s 5l is Job gaw a5 el
P e s Bl S Al (Job shw ax e cad caslis
i SRals a4 col Jl jo ol g 0g wales s glas> U
I3 iz 3550 5 S5 GRlS omge aoill b

W Ce s il Bl e Sl ojlaen Glass U o Siae aygly



DAY+ B OAA aio A+ Jls Y 6)lad DF 093 58 ool SilSlo pusiio 4y 3

6 .
—K1t=0.1 o5
5.5 A ..;/
----- Kt=0.5 yd
5 o’
eeeee Ki=] ..-,t
e
4.5 {| — —Kr=2 301

74
735 |[——Ki=0.1

73 ]| ====- Kt=0.5 ]
725 eeeee Ki=]

75 || = —ki=2 >

wp 715
7.1

7.05

6.95

6.9 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

Afa 'Ar )
(<)
T pE (e o pb > 1 M S 3 () S e s () 2 0 yKie s gl ST loged A S
Fig. 9. Effect of sweep angle on (a) Flutter velocity (b) Flutter frequency vs. stiffness of the torsional spring

6.8
63 4| ——KI=0.1
58 4| °°°°"° Kl:05
sy || eeeee KI5 B
48 11— —KI[=2 ..._.
Vi 43 4
384 T p
................ s
3'3'.........----""'”“ //
-
2.8 1 -
/ —
2.3 4 R ~
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Af’ 'Ar (0)
(&)

Hob 5 (s 5 o 1 S iS5 () N s (1) 13,5k gl T fogad Ve JSC
Fig. 10. Effect of sweep angle on (a) Flutter velocity (b) Flutter frequency vs. stiffness of the longitudinal spring

OAYE



DAY+ U DA+ dio NFe o JL\» NY D)lAM HY 0,93 ‘).A.Ag).hﬁl ;{ul&n Uw.\...e(c d..;)mu

8
B —_—————— = _———
6.5 1

wp 67T e
5.5 /

5
B | — k=01 - KI=0.5 =sues K=l — —Kl=2
4 ) ) T j T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Aps-A, ()

(<)

S9b 35 (s b o 1 I S 5 () S s (1) 3,5k gl 55T Hlogmd o JSCb aalol
Continued Fig. 10. Effect of sweep angle on (a) Flutter velocity (b) Flutter frequency vs. stiffness of the longitudinal spring

3.9

3.7 .
354 i
Vp33 4o~

3.1 A

2.9 1

2.7 T T T T T T T T
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

(&

7.5
7.3 1

Tl te e —m——-—— ———— — — =

6.9
6.7 .

wp 63
o ST
611 cmmccmmmmmmmmmmmmmmmoTITIITTTT

5.9 A
//_ ——B=0.8 ==--- B=1
5.7 A

5.5 T T T T T T T

(<)
Al (o (M oz N il 3 (@) PO sy () e @ gl Jb g Cond Ol i loged ) S5
Fig. 11. The variation of chords ratio on (a) Flutter velocity and divergence (b) Flutter frequency vs. winglet torsional
stiffness

oAYO



DAY+ B OAA aio A+ Jls Y 6)lad DF 093 58 ool SilSlo pusiio 4y 3

44— — —B=0.8 ===-- B=I
~N
e N ceees B=]2 — —B-I5

3.8 4 .'°-....

§ \\."o..
3.6 \\\\ \..\.'Oo.

S \‘c..
‘\~~~ ~ ....—‘-0-.7'.' -------------
Y A e R T

3.2 _/\
3 .
2.8 T T T T T T T T

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

Kl
(AN
7.8
—B=08 ="
— eoeeec®
73 4| -=--- B=1 T ettt
— // .-"...
eseee B=] D P e

Fig. 12. The variation of chords ratio on (a) Flutter velocit

(&)
oo (o o 33 53 S 5 () 508 s () 53 i 5her JU 5 s Sl 510905 MY S

y and divergence (b) Flutter frequency vs. winglet longitudinal

stiffness

SeVlgpl gl b diges Sy woSl DVolas 251y &
iy sl eolaiwl b eiSh aS Slados sgume o i gl sl
Ll Jb SeeaVlg T @¥olae ais )5 pleul 2ol (g5ludase
L)"‘ 9 Qloads C‘)M‘ ;/JLC 9 5.l.> LQLQJL LTS ébLM )‘ oalawl
3,50 Sl b gaman Jaw pol> guasd o oS cul Jb o
alta¥lg pl Sldllae o0 50 opl pogdle .ol ai8 3 |3 axo5
00 oy gaats sl 5l s sl Jb S (el
L l38ls 5l 5l oolaiwl Hloy jo canl S5 4 p3Y el ons
Syl o8 ol o 0l s A ie Bro 4 3l Al ogdle

SW e p b alide sla el Sl s S Sl oY

59 ok Camad Gl loges Sl yss aig; 4 azgi b cenl 2555
Dgden Slrzr Jb P GulS 8 g Cae e 50 Bl iz ge oL
ey 5o (05 Gl ecde Jb 4 Cod sl U 59 gog 55,5
3 dob e Ve il Glgs oo cnlple )l (g po 1) 53
28,5 5k s bl sl ke G e | e Jb @ S sl L
1388, SRS el BRI 5 33 S8 eimon

A o sl g5

S5 A —F
d)l.a » bLL ‘_g)‘;\f)l.g 9 Q}Ll.;.aLm J..a‘ )‘l solawl b dJlas L';-.’.‘ 4

oA



DAY+ U DA+ dio NFe o JL‘“ NY D)Lo.w HY 0,93 ‘).....g)ml ;i.yls‘o u»o.\...e(c d..;).a.w

m . Jb Sy bl
JE 35
Jbcad s

N/m" b Jgowe

N/m" oy Jooe

Lolsn 60 Ji5 5550

a9l5 e Jb Olaw g a5 slajlo
5 5.
a9l b Jb SlaBn piusw o5 slajls
Jiw )-~’-’ }‘ J‘ﬁ 9 '))5“‘“;
a9l3 b Jb lane pisw &5 slajls
JS...; )—'-*-’-’ }‘ g a).i..a.c
m’ b ghaie gl gl loe
m" Jb ghis gho (o oo ynl Glae
N/m (28 st oo,
m Jt Jsb
N ( Saloogpl 595
kg o>
Nom . Seoliyognl los
il e Sz
el by
J o JS ciiz 35
m/s dga Jlew Ce oo
m/s « i Cee po
m/s “5{‘;15 L s
J o il 655
msZLSUM‘))QJbWﬁM
Jb sied IS s sl JSC8 s
J bl lag e bawgs oads plil IS

Py S e 89,485 )8 Slatie i
Loy 5oy

3,5 aygly e Jb Slatee i

SIS 90,504 agly b Jb Slabee piwo

D

~
~o
L

T S 88 o~ e T I N~ 0~

S =

N
Q

XY,z
XYZ

X,z

OAYY

B oy By el 5550 ol 45 3,55 ol , S (slos ludas
Olagos o ool ildae 1 eslaal 14 0l wales glasgs
gy By LU o o lidse as 1) Sl ] Ansit¥lg o
O ) e S (b ol b Sl 0l
oolatwl b aS” SVoles i alamdle a5 aisSilon 3,k 5l .anles
wl.mg.,‘ﬁouumsdﬂ.m u.")éo\.\.w ﬁ‘)‘GLbbUWJ?ws)
& ol Gl 53 sl S plyie 4 Gliee |y O3l ol s
Sl s Volae o a0 o] 5l ooliiwl b olgs o a5 5,91 Gl
O 5 oley 4 asly JIS! slvales Jolis a5 JLZ0kglo Ly
s oo s 8 5 5 el il (53ldae g alllan ) 5o

D8 b SVl gz Lol (sleasl 9o a8 oo soliiwl iy
Sly (i 5 (BeS JSD S 295 93 0925 PR Ll w8 S
SSiklo )l Juilyans S¥olee JSo 45 oS> Y oles o JU
ol GsSsss 3l aYolee (pl (goae J> Cpz g 0nls C‘)M‘
2l (@Sl OYolee goae o orw,liel Cya 090 5 ool
b a5 al awglae o J18le 5 5l > 5 il b ol oy
O Wlie ol jo abliee gildae cenlie CBs sams Ll
Sy g azdl (o g (Jsb (e b g Lol 0 SCdie agly I 5]
390 b e slael b Glye a4 laar Jb 5 52
Olime (rals aS sl las adlllae cpl ol .Cunl a8 )3 1 )8 axg3
e o Slazrg LB Gl carge Wigs e axdl o (Jsb (i
g e el iy i 5 GRS o s w058 (sl
aly Gl ecnl 2 ogdle aas W) (o5, Slaaa JU O 55
9935 (o0 W Sae s 50 0L sl IRl iz ge Lol 0 ke
e Jl & o sl s 3 9 5553 85 el o 3

B o i slaa b 5 e GlBEl p g xS I

e G
eSS e
SeaVlg ol dar (y0s el a
StV gmee A.E.
A.R



DAY+ 15 OA+Q dxbo MY e - Jl.u) NY b)lo..u.' QY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

[3] R. Ajaj, M. Friswell, D. Smith, A.J T.A.J. Isikveren, A
conceptual wing-box weight estimation model for
transport aircraft, 117(1191) (2013) 533-551.

[4] L. Demasi, R. Cavallaro, A.J.A,j. Mairquez Razon,
Postcritical  analysis

configurations, 51(1) (2013) 161-177.

of PrandtlPlane joined-wing

[5] P.Jansen, R. Perez, Effect of Size and Mission Requirements
on the Design Optimization of Non-Planar Aircraft
Configurations, in: 13th ATAA/ISSMO Multidisciplinary
Analysis Optimization Conference, 2010, pp. 9188.

[6] D.J.D.Et.u.E Schiktanz, Master Thesis, Hamburg, HAW
Hamburg, Conceptual design of a medium range box
wing aircraft, (2011).

[7] M.P. Scardaoni, M. Montemurro, E.J.A.S. Panettieri,
Technology, PrandtlPlane wing-box least-weight design:
a multi-scale optimisation approach, 106 (2020) 106156.

[8] L. Di Palma, N. Paletta, M. Pecora, Aeroelastic design of a
joined-wing UAYV, 0148-7191, SAE Technical Paper, 2009.

[9] C.A. Eger, A. Ricciardi, R.A. Canfield, M. Patil, Design of a
scaled flight test vehicle including linear aeroelastic effects,
in:  54th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, 2013, pp.
1563.

[10] R. Bombardieri, R. Cavallaro, L. Demasi, A historical
Perspective on the Aeroelasticity of Box Wings and
Prandtl-Plane with New Findings, in, 57th AIAA/
ASCE/AHS/ASC Structures, Structural Dynamics, and
Materials ..., 2016.

[11] M.H. Durham, R. Ricketts, Flutter of a joined-wing high
altitude vehicle, in: Aerospace Flutter And Dynamic
Council Meeting, 1989.

[12] D.-H. Lee, Aeroelastic tailoring and structural
optimization of joined-wing configurations, Purdue
University, 2002.

[13] .M. Van Aken, Alleviation of whirl-flutter on a joined-
wing tilt-rotor aircraft configuration using active controls,
in, American Helicopter Society, 1991.

[14] R. Cavallaro, R. Bombardieri, L. Demasi, A.J.J.o.F.
Iannelli, Structures, Prandtlplane joined wing: Body
freedom flutter, limit cycle oscillation and freeplay studies,

59 (2015) 57-84.

Hon g ofde 4l b Jb Slaide plawes 030 2

gl SVl S 50 9 052 55 0 (le alold
m Jb ahais Yo

Slg @Dle

e 390 (sl o 4 dnly il n,(t)
JU stz 950 sl IS lgs .

#Sly &b #(1)
A JUUEE I Y )

Sy slds &b 5D

bl 5o IS8 o jlam Jb 4S5 slaylo

Z, sy, 77’5
* e Jb o, Kde 4yl A
* el 0,5V el r

kg/m" dga arils O

s d9e Sl Olej 4 atls il Y. (t)
X jgme sbiwly jo b gdomn SISO s o

rad
ORP R
Losly oy Ji5 55 5o 0
L D
s> Jb A
ot F
JRE k
e Jb r
&l

[1] D. Dal Canto, A. Frediani, G.L. Ghiringhelli, M. Terraneo,
The lifting system of a PrandtlPlane, Part 1: design and
analysis of a light alloy structural solution, in: Variational
analysis and aerospace engineering: mathematical
challenges for aerospace design, Springer, 2012, pp. 211-
234.

[2] A. Frediani, V. Cipolla, E.J.JV.A. Rizzo, A EM.CLA.
Design, The PrandtlPlane configuration: overview on

possible applications to civil aviation, (2012) 179-210.

OAYA



DAY+ U DA+ dio NFe o JL‘“ NY D)Lo.w HY 0,93 ‘).....g)ml ;i.yls‘o u»o.\...e(c d..;).a.w

[21] R.C. Costen, Products of some generalized functions,
National Aeronautics and Space Administration, 1967.
[22] S. Fazelzadeh, A. Mazidi, Nonlinear aeroelastic analysis of
bending-torsion wings subjected to a transverse follower

force, (2011).

[23] G. Karpouzian, L.J.A.j. Librescu, Nonclassical effects on
divergence and flutter of anisotropic swept aircraft wings,
34(4) (1996) 786-794.

[24] M. Goland, The flutter of a uniform cantilever wing,
(1945).

[25] Z.Qin, L.].J.o.f. Librescu, structures, Aeroelastic instability
of aircraft wings modelled as anisotropic composite thin-
walled beams in incompressible flow, 18(1) (2003) 43-61.

[26] ].M. Housner, M. Stein, Flutter analysis of swept-wing
subsonic aircraft with parameter studies of composite
wings, (1974).

[27] A. Mazidi, S. Fazelzadeh, PJ.J.0.A. Marzocca, Flutter
of aircraft wings carrying a powered engine under roll

maneuver, 48(3) (2011) 874-883.

[15] S.A. Fazelzadeh, D. Scholz, A. Mazidi, M.I. Friswell,
Flutter characteristics of typical wing sections of a box
wing aircraft configuration, (2018).

[16] D. Sacchetti, R. Bombardieri, J. Serafini, R. Cavallaro,
G. Bernardini, ACTIVE FLUTTER SUPPRESSION FOR
PRANDTL PLANE CONFIGURATION.

[17] PARSIFAL, Aeroelastic analysis of the baseline
PrandtlPlane, CORDIS and INEA, 2020.

[18] R. Bombardieri, R. Cavallaro, R. Castellanos, EJ.a.p.a.
Auricchio, Studies on Coupled Flight Dynamics and
Aeroelasticity of a Prandtlplane Configuration, (2021).

[19] S.A. Fazelzadeh, A.H. Ghasemi, A.J.LJ.o.A. Mazidi,
Vibration, Aeroelastic analysis of unrestrained aircraft
wing with external stores under roll maneuver, 21(3)
(2016) 327-333.

[20] S. Shams, H. Haddadpour, M.S. Lahidjani, M. Kheiri, An
analytical method in computational aeroelasticity based
on Wagner function, in: 25th International Congress of

the Aeronautical Science, Hamburg, Germany, 2006.

Amirkabir J. Mech Eng., 53(12) (2022) 5809-5830.
DOI: 10.22060/me;j.2021.19690.7092

A. H. Ghasemikaram, A. Mazidi, S. A. Fazelzadeh, Modeling and Flutter Analysis
of a Three Dimensional Box-Wing using Wagner Unsteady Aerodynamic Model ,

22 gl Ao (pl & &gy

oAYA






