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NGHIEN CUU ANH HUONG CUA YEU TO BIEN DANG
PEN CAC PAC TiNH KHi PONG CUA CANH VAY
KIEU CON TRUNG O CHE PQ BAY TREO

Lé Vii Pan Thanh!”, Nguyén Anh Tuén!, Ping Ngoc Thanh?
'Khoa Hang khong - Vii tru, Pai hoc Ky thudt Lé Quy Dén
2Phong Sau dai hoc, Pai hoc Ky thudt Lé Quy Don

Tém tit

Céc thiét bi bay (TBB) canh vay siéu nho phong con tring hién dang dugc quan tim nghién
ctru do ¢6 nhiéu tmg dung trong thuc tién. Phan 16n cac nghién ctru vé cac dic tinh khi
ddng luc hoc ciia TBB canh vAy dang con tring tip trung vao dbi twong canh cing, bé qua
anh huong cta sy bién dang canh. Véi gia thiét nay, cac mé hinh nghién ciru va tinh toan
tr& nén don gian hon nhidu. Tuy nhién, canh cta cic TBB loai ndy ciing nhu ctia cac loai
¢con tring trong tu nhién 1a cac két cdu mém va nhe, do d6 yéu tb bién dang ciia canh 1a
khong thé tranh khoi. Trong nghién clru nay, cac tic gia s& mo hinh hoa két cdu canh vay
kiéu con triung dudi dang hé vat - 10 xo, két hop v6i chuong trinh tinh toan khi dong dwa
trén phuong phap xody UVLM dé nghién ctru bai toan twong tac két cau - chit luu. So sanh
két qua mo phong cuia canh clig va canh mém & ché do bay treo cho thdy, yéu t bién dang
gitp ting dang ké lyc nang cta canh cling nhu cai thién hiéu suit ning lugng.

Tir khéa: Canh vdy phéng con trimg; khi déng hec hoc; twong tac két cau - chdt heu.

1. Pit van dé

Céc thiét bi bay canh vay siéu nho phong con trang (Insect-mimicking flapping-
wing micro air vehicles — FWMAVS) hién dang duoc nghién cau phat trién voi nhiéu
kich thuéc, hinh dang, nguyén ly hoat dong khac nhau [1]. Ching c6 thé duoc ding cho
c4c muyc dich do tham, quan tric moi truong hay ciu ho ciu nan trong khéng gian hep.
Pé hoan thién thiét ké cua cac TBB phong con tring, cac nha nghién ctu thuong dua
trén cac dac tinh khi déng luc hoc, dong luc hoc bay cua céac loai cén trung ngoai
tu nhién.

Canh con trang 1a két ciu mém gdom céc gan va mang. Do su phuc tap cua két cau
canh cling nhu tinh khong dung 16n cua cac dic tinh khi dong, phan Ién cac nghién ciu
vé dic tinh khi dong luc hoc bay cua TBB canh vay dang cdn tring tap trung vao ddi
tuong canh cung [2-5]. Vi gia thiét canh khdng bién dang khi bay, cac mé hinh nghién
ctu va tinh toan tré nén don gian hon nhiéu.
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Tuy nhién, canh cua céc loai con tring trong tu nhién thuong bi bién dang 16n khi
vay trong khdng khi. Theo nghién ctu cua Combes va Daniel [6], goc uén & dinh canh
cua con tring canh vay do bién dang c6 thé dat 15 do, twong duwong khoang 25% bién
d6 vay cénh va bién dang goc xoin xap xi 30 do theo Willmott va Ellington [7]. Twong
tu, canh cua TBB canh vay loai ndy phai lam bang céc vt liéu da nhe dé dam bao vé
mat khdi luong cAt canh, cling nhu giam cong suat hoat dong cua dong co. Do do6, viéc
nghién ctru anh hudng cua yéu td dan hoi 1én cac dic tinh khi dong cua canh la van dé
hét strc quan trong.

Trong nghién ciru ndy, c4c tac gia di mo hinh hoa két cAu canh vay dan hoi dudi
dang céc vat cing ndi véi nhau bang cac 10 xo uén va xoin. M hinh dong luc hoc da vat
nay duoc két hop véi mot mo hinh khi dong dua trén phuong phap xody khong dimng
(Unsteady Vortex-Lattice Method - UVLM), tao thanh mét chuong trinh tinh toan tuong
tac két cau - chat luu (Fluid - Structure Interaction FSI) hoan chinh. Chuong trinh dugc
kiém chting bang cach so sanh két qua md phong véi dir liéu thuc nghiém da duoc cong
bd. Két qua md phong cua canh cing va canh mém & ché do bay treo dugc so sanh véi
nhau dé danh gia anh huong cia yéu té dan hoi 1én dic tinh khi dong caa canh.

2. M6 hinh tinh toan
2.1. M6 hinh déng luc hoc

Két cau canh duoc xap xi hoa duéi dang hé gom N vat cimg do dai Al ndi véi nhau
bang cac 10 xo ubn va xoan (Hinh 1a). Cac thdng s6 khdi lwong va quan tinh cua hé duoc
xac dinh dya trén mot mé hinh phan tir hitu han xay dyng tir dir liéu thuc nghiém [8].

Trong bai bao st dung 2 hé truc toa do: 1) Hé toa do toan cuc (X0 Y, Zo) c6 gdc
0, nam & gbc canh; 2) Cac hé toa do cuc b (Xk, Yk, Zk) (k>1) gan voi mdi vat thir k
(Hinh 1a).

Hé duoc phat dong bai chuyén dong ¢ ge canh twong duong véi vat thir nhat, dugc
xac dinh boi 3 goc Euler ¢1, 61, o1 S0 Vi mat phang vay canh (Hinh 1b). Mt phang vay
canh duoc dinh nghia 1a mat phang di qua 3 diém: gbc canh va 2 diém thip nhat va cao
nhat ciia mut canh trong mot chu ky vay. Goc ¢1 1a goc quét, thé hién chuyén dong tién -
lui ciia canh; goc aa 1a goc xoay, thé hién chuyén dong xoay quanh truc doc cia canh; goc
61 1a goc nang, thé hién chuyén dong nang ha so véi mat phang vay.

Vi tri va hudng twong ddi cua vat thir k (k > 1) so véi vat thir k-1 dugc xéac dinh
béi cac goc ubn 6, va xoan a, cua 1o xo thi k-1. Vecto toa do suy rong dung dé xac
dinh trang théi cia h¢ 1A ® =[6,,a,,6,, . ..., O, o |-
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X Xk ko T oy
Ok

a) b)
Hinh 1. a) M6 hinh hé vt - 16 xo md phéng canh vay; b) Mdt phang vdy va céc goc Euler.
Dong nang cua vat thir k duge xac dinh theo cong thuc:

T, =0 Lol +Zm Ve vy @

trong d6: m,, I, V¥, of tuong tng 12 khéi luong, tenxo md men quan tinh, van toc
trong tam va van téc goc caa mdi vat xac dinh trong hé toa do cuc bo. Cac dai lugng V&
va of duoc tinh dya trén van toc cua cac vat trude d6 va ma tran chuyén tuong ng.

Phuong trinh Lagrange ddi véi toa do suy rong 17, €0 dang:

d 0T, 0T & iy S ok aky
a(6_771)__]_; q>)+kZ:1:(Fj -G))=Q, (2)

trong do: T = ZTK la tong dong ning cua tat ca cac vat, C*, ij ,G;( la cac hé sé khai
k=1

trién, Q, la luc suy rong theo toa do suy rong ;-

Két hop phuong trinh Lagrange (2) theo tat ca cac toa do suy rong, co thé dua ra
duoc phuong trinh chuyén dong cua hé duéi dang ma tran tong quat nhu sau:

M(®, D, 1) + H(®, D, t) = Q(D, D, 1) (3)
Ml Hl Ql
M H ‘.
trong @6, M=| ° |, H=| % |, Q= R tuong ung la cac ma tran khoi
M2N+1 HZN-Z QZN-Z

N N
luong, ma tran d¢ ctng va ma tran luc suy rong, véi M; =>"C', H, => (F-G}).
k=1 k=1
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Cu thé hon vé qua trinh dua ra phwong trinh chuyén dong (3) c6 thé tham khao trong
cong b [9].
2.2. M6 hinh khi djng luc hoc

Pé xac dinh cac dic tinh khi dong cua canh vay, bai bao nay sir dung phuong
phép xoéy khdng dirng UVLM [4]. Theo d6, canh duoc chia thanh cic tim ma trén d6
cd cac khung xody tir gi4c véi luu tdc bang nhau. Diéu kién bién chay khéng tham
Neumann duoc &p dung tai cac diém kiém tra trén cac tim, tir 6 thu dugc hé phuong
trinh dai s6 dé xac dinh luu téc cua mdi khung xody.

Chénh &p giita mat dudi va mat trén cia mdi tim duogc tinh theo cong thirc
Bernoulli [4]:

Ap,(t) = p{(\/i (©) xy;(0))-n, +%(t)} (4)

trong d6, p la khéi lugng riéng cia khong khi; V,(t) 1a van toc tuong déi cia dong khi
@i vai bé mat canh tai diém kiém tra cua tim thr i; y,(t) 12 vecto xody bé mat cua tim
thir i; n, 1a vecto phap tuyén; T, (t) 1a luu toc ctia cac doan xody trén tam thir i.

Phuong phap nay da duoc sir dung trong mét sé nghién ctu trude day [4, 10, 11]
dé xac dinh cac dac tinh khi dong cua canh vdy va da cho cac két qua twong di chinh
xac. Trong bai b&o nay sé nghién ctu canh loai nhady Manduca sexta, véi mé hinh ludi
khi dong dugc biéu dién trén hinh 2.

Hinh 2. M6 hinh luoi khi dong cuia canh Manduca sexta.
2.3. Két hop mé hinh déng luc hoc va khi déng luc hec

C6 su trao doi théng tin 2 chiéu gitra mé hinh dong luc hoc va khi dong (Hinh 3),
theo d6 tai thoi diém t+dt thuc hién cac buéc sau:

- Buéc 1: Str dung bién dang caa canh & budc thoi gian t dé tinh vi tri méi cua vét
xody. Tinh toan chénh ap Ap, trén mdi 6 lugi bang phuong phap UVLM theo muc 2.2.
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- Buéc 2: Tai khi dong phan bd trén canh duoc quy vé dang cac md men va luc
tap trung tac dung Ién céc vat trong mo hinh dong luc hoc, tir d6 dua ra ma tran luc suy
rong méi Q. Giai hé phuong trinh chuyén dong (3) véi luc suy rong méi thu duoc trang
thai bién dang méi cua canh.

- Buéc 3: Trang thai méi cua canh lai duoc sir dung nhu dir liéu dau vao cia budc
1 @ dua vao chuong trinh tinh khi d6ng, ctr thé qué trinh dwoc lip lai cho dén khi dat
dugc sai s6 can thiét.

- Buéc 4: Xéc dinh trang thai cudi ciing cua canh va truong luc khi dong tai thoi
diém t+dt.

Tai khi dong

Bién dang cua céanh

Hinh 3. Sor do két hop mé hinh dong luc hoc va mé hinh khi dong.

Trén co s& mo hinh dong luc hoc va khi dong hoc da trinh bay & trén, céc tac gia
da viét mot chuong trinh tinh toan tuong tac két cau - chat luu FSI bang ngdn ngir 1ap
trinh Fortran.

2.4. Kiém chiing mé hinh

Chuong trinh tinh toan dwoc kiém ching bang cach so sanh véi két qua thuc
nghiém cua Lua va cong su [12]. Trong thuc nghiém nay, mot mo hinh canh tuong tu
canh cua loai nhay dugc cho chuyén dong véi quy luat diéu hoa va tién hanh do lyuc
nang tac dung Ién canh. So sanh bién thién hé sé lyc nang trong mot chu ky vay canh
duoc biéu di2n trén hinh 4.

Céc gia tri cuc dai va cuc tiéu caa hé sb lyc nang thu duoc tir md phong va thuc
nghiém dugc thé hién trong bang 1. Sai s6 déu khong vuot qué 2% gia tri hé s6 luc nang
cuc dai. C6 thé thiy, két qua md phong va thuc nghiém 13 kha gan nhau, didu nay ching
to su chinh xac cua mo hinh tinh toan.
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=——Mo phong
= =Thuc nghiem

0 0.2 0.4 0.6 0.8 1
t/T

Hinh 4. So sanh hé sé lirc nang giza md phong va thuc nghiém.

Bang 1. So sanh gid tri cuc dai va cuc tiéu cia hé o lwc ndng thu dieoc
tzr md phong va thuc nghiém

Clr_nax Clr_mn
Mé phéng 4,268 -0,04
Thuc nghiém 4,196 -0,092
Sai s6 1,7% 1,23%

3. Két qua va thao luan

Str dung mé hinh da trinh bay trong muc 2 dé nghién ctu hién twong FSI ciia canh
loai nhay Manduca sexta. M6 hinh két ciu canh duoc xay dung trén co sd dit lidu thyuc
nghiém cua O’Hara va Palazotto [13]. Tién hanh mé phong lan lugt cho canh cung va
canh mém trong ché do bay treo. Quy luat chuyén dong & gbc canh trong ché do bay
treo dugc xac dinh dya trén thuc nghiém cua Willmott va Ellington [7], theo d6:

¢,(t) =10°+50°cos(2x ft + %),

6,(t) = —10°, (4)
a, (t) = 90° — 45°sin(27 ft)

Véi tan s6 vay f = 26,1 Hz.

Trén hinh 5 biéu dién su bién thién caa cac goc Euler ¢ khu vuc mat canh trong mot
chu ky vay. C6 thé quan sat thiy su sém pha cua goc o va cham pha caa goc ¢ do bién
dang canh mém so véi canh cing. Hién tuong nay phu hop voi két qua thu duoc tir
mo phong cua Nakata va Liu [14]. GOc nang 6 & mut canh dao dong véi bién do khoang
10 d6. Nhu vay c6 thé thiy cac chuyén dong canh phic tap & mat canh mét phan 1a do
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cac dao dong két cdu mot cach bi dong gay ra thay vi ¢é chu dich. Mot sb cong bd trudc
day [11, 15, 16] di chi ra ring dao dong cua goc @ khdng cé loi v& mat nang lwong ddi
véi canh cang, do d6 cac dao dong nay trong thuc té c6 thé dén mot cach hoan toan bi
dong do bién dang cua canh mém va cac co ciu dan hdi & vi tri khop ndi than - canh.

90
= =canh cung

s ——canh mem __ 60 .
s} ° =)
2 = s
51007 b 30 =
> - on
= 2 0 =}
g : :
19} 9 -30 Q
5 50 & S
© -60 -

L | | [ | 290 | | ] | | | |

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
a) T b) T 0) T

Hinh 5. So sanh cac goc Euler tai khu viec mit canh: a) géc xoay; b) goc quét; c) géc nang.

Trén hinh 6 biéu dién su bién thién cua cac luc khi dong va cong suat cua canh
trong mot chu ky vay. Can chl y rang, cac luc phap tuyén va tiép tuyén duoc xac dinh
so v6i mat phang vay canh. C6 thé thay, luc va cong suat cia canh mém c6 su sém pha
S0 Véi canh cimg, twong wng véi sy som pha cua goc xoay a ¢ gan mut canh nhu di ndi
o trén.

Gia tri trung binh trong mét chu ky cua luyc phap tuyén ma canh mém sinh ra bang
7,26 mN, gan bang mot nira trong lwong cua con tring (15 mN), du dé dam bao nang d&
con trang trong khi bay treo. Gié tri nay 16n hon nhiéu gi4 tri twong (g cua canh cang
1a 4,48 mN, tuong duong 62%. Ly do chinh ctia sy chénh léch nay 1a do bién d6 goc vay
¢ & mat canh ctia canh mém ting tir 50 dén 67 do do bién dang uén (Hinh 5b). Can nho
rang, luc phap tuyén thuong ti 1é thuan véi binh phuong cua goc ¢ [17]. Khdng c6 sy
khéc biét dang ké vé luc tiép tuyén gita canh cang va canh mém.

353
(=]

20
. 100 = =Canh cung
Z > = Canh mem
15 4 ~
\E, \E, S 80 N
510 g £
> o ~ 60
5 2 5]
=] B g
(=N 17}
% 5 _}:% @ 40
S
g 0 Eh © 20
S| —
-5 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
a) YT b) c) T

Hinh 6. a) Luc phap tuyén; b) Lic tiép tuyén; c) Cong sudt.

Mot trong nhirng yéu té quan trong khi xét dén hiéu qua cia TBB canh vay do 1a
ti 16 cong suét trén mdi don vi luc P [18], duoc tinh bang cong suét trung binh trong
mdi chu ky vay chia cho luc phéap tuyén trung binh. P cang nho thi hiéu suét ning
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lwong cua canh cang cao. Tur bang 2 c6 thé thiy, sir dung canh mém c6 thé lam giam
mtc tiéu thy ning lwong so vai canh cing tir 4,86 xubng 3,45, trong duong 29%.

Bang 2. So sanh luc va cong sudt giiza canh citng va canh mém

Luc phép tuyén | Luec tiép tuyén | Cong suit Cong suét trén
trung binh trung binh trung binh moi don vi luc
(MN) (mN) (mW) (W.NY)
Cénh cimg 4,78 0,04 23,23 4,86
Canh mém 7,26 -0,07 25,02 3,45
4. Két luan

Trong bai bao nay, céc tac gia da xay dung chuong trinh tinh toan FSI cho canh vay

Kiéu con tring trén co sé két hop mo hinh dong luc hoc da vat va phuong phép tinh toan

khi dong bang xody khong dung. Két qua méd phong cho mé hinh cénh loai nhay

Manduca sexta & ché do bay treo cho thiy, st dung canh mém khong chi 1am ting dang

ké luc phap tuyén so vai canh cimg ma con 1am ting hiéu suat nang luong cia canh. Két

qua cta nghién cau co thé ding 1am co so trong viéc thiét ké ché tao cac TBB siéu nho

md phong con trang.
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EFFECT OF FLEXIBILITY ON THE AERODYNAMIC
CHARACTERISTICS OF AN INSECT-LIKE FLAPPING-WING
IN HOVERING

Abstract: Insect-mimicking flapping-wing micro air vehicles (FWMAVs) are currently of
great research interest due to their many practical applications. Most of the studies have
focused on the rigid wing, which is much simpler. However, the wings of these FWMAVs, as
well as those of insects in nature, are light and flexible structures, thus the deformation is
unavoidable. In this study, a spring-body system is used to model the insect-like wing structure,
combined with an aerodynamic program based on the UVLM model. The co-simulation
framework is validated with published experimental data. Results show that using the flexible
wing significantly increases the lift force as well as improves energy efficiency.

Keywords: Insect flapping wing; aerodynamic; fluid - structure interaction.
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