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In this paper, we present research results on the aerodynamic
characteristics of the Advance Precision Composite Slow Flyer 10x7
propeller (APC 10x7 SF) of a quadrotor Unmanned Aerial Vehicle
(UAV) at different angular and vertical velocities of the propeller. We
simulated the aerodynamic characteristics of this propeller by using the
Finite Volume Method combined with the Reynolds-Averaged Navier-
Stokes method (RANS) and the k-epsilon turbulence model in the
commercial software Ansys Fluent. The numerical results for the
propeller show that, as the vertical velocity of the propeller increases,
the thrust and power coefficients decrease according to the law of a
linear function. In addition, in the case of hovering, we can ignore the
aerodynamic effect of the fuselage on the propeller, which helps to
reduce a lot of computational time without affecting the accuracy of the
numerical solution. The results obtained from this study are the basis
for simulating and selecting the configuration of quadrotor types in the
conceptual design phase.
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Trong bai bao nay nhom tac gia trinh bay két qua nghién ctu vé céac
dac trung khi dong luc hoc cua canh quat Advance Precision
Composite Slow Flyer 10x7 (APC 10x7 SF) cua mot thiét bi bay
khong ngudi 1ai quadrotor (UAV) tai cac van tée goc va van tc bay
1én thang khac nhau. Nhom tac gia mo phong cac dic trung khi dong
lyc hoc cua canh quat bing phuong phéap thé tich hitu han (Finite
Volume Method) két hop véi phuong phip mé phong trung binh
Reynolds (Reynolds-Averaged Navier-Stokes) va mo hinh réi k-
epsilon trong phan mém thuwong mai Ansys Fluent. Két qua mo
phong cho canh quat cho thay rang, khi van téc chuyén dong tinh
tién cua canh quat tang 1én thi hé so lyc kéo va cong suat giam theo
quy luat ham tuyén tinh. Ngoai ra, trong trudng hop bay treo ta co
thé bo qua anh huéng khi dong cua than thiét bi bay 1én canh quat,
diéu nay giup giam thiéu rat nhiéu khéi luong tinh toan ma van
khong 1am anh huéng nhiéu dén do chinh xac cua 1oi giai s6. Nhiing
két qua thu duoc tir nghién ciru nay 1a co s& dé mé phong va lua
chon ciu hinh cac dang quadrotor trong giai doan thiét ké y tuéng.
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1. Gigi thigu

Trong 10 nam tr& lai déy, viéc thiét ké ché tao cac dang may bay khong ngudi lai (UAV —
Unmanned Aerial Vehicle) dang duoc phat trién rat nhanh trong nhiéu linh vuc dan su va quéc
phong. Cac thiét bj bay khong ngudi 1ai ngay nay co thé dugc sir dung trong rat nhiéu nhiém vu
nhu van chuyén hang hoa, giam sat quan su, phun thudc trir sau trong linh vuc ndng-lam nghiép
[1]... Trong qua trinh nghién ciru thiét ké ché tao cac thiét bi bay khong nguoi 1ai néi chung va
quadrotor noi rleng, viéc m6 phong cac dac trung khi dong lyc hoc cta ching dong mot vai tro
quan trong ¢ giai doan thiét ké y tuong, nd giup cho nguodi thiét ké co nhitng cai nhin tong quan
vé mit khi dong luc hoc cua cac thiét bi bay khi chiing duoc dua vao hoat dong trong thuc té.

Céc md hinh mé phong cac dic trung khi dong luc hoc ciia quadrotor chii yéu 1a cic mé hinh
réi vi s6 Reynolds tuong (ng véi van toc chuyén dong cua bién dang canh quat, dic biét 13 tai
dau mut 14 canh, thuong nam trong ving ma dong chay co tinh chat rdi. Dé tiét kiém thoi gian va
tai nguyén tinh toan, thong thuong nguoi ta st dung phuong phap mé phong trung binh theo
Reynolds (RANS - Reynolds-Averaged Navier-Stokes) ¢é mé phong nhimng dic trung trung binh
Cua dong chay rbi theo thoi gian. Cac nghién ciru mé phong khi dong hrc hoc cac quadrotor da
duoc tién hanh boi cac tac gia & nudc ngoai, Hwang va cong su [2] sir dung phuong phap mod
phong RANS cho dong khong nén duoc voi ludi khong cau trac dé mo phong quadrotor co 4
canh quat sap xép theo hinh thoi. Misiorowski va cong su [3] da nghién cttu anh huong cua viéc
sap xép Vi tri cac canh quat 1én qua trinh dich chuyén vé phia trudc cia quadrotor. Yoon va cong
su [4] mo phong cac dic trung khi dong khong dirng ctua multirotor bang so dd theo khong gian
v6i d6 chinh xac bac 5 va md hinh rdi DES (Detached Eddy Simulation), két qua tinh toan da chi
ra anh huong cua hién twong tuong tac giita cac canh quat 1én lyc kéo tong trong qua trinh bay treo.
Diaz va cong su [5] sir dung phan mém OVERFLOW dé mé phong UAV nhiéu canh quat véi cach
bd tri canh quat dang lai, cac két qua mo phong da chi ra rang luc kéo tong vé phia truéc cua
quadrotor ting 1én mot cach dang ké khi sir dung cach phdi tri khi dong hop 1y. Kutty va cong su
[6] tién hanh m6 phong cac dic trung khi dong caa canh APC 10x7 tai van téc quay 3000 v/p cua
canh quat. Loureiro va cong su [7] da@ m6 phong cac dic trung khi dong cua canh quat APC 14x7e
théng qua phuwong phdp mé phong dong lwong canh quat BEMT (Blade Element Momentum
Theory) va phuong phap CFD (Computational Fluid Dynamics), két qua tinh todn da cho thay sy
tin cay cta phuong phap BEMT d6i v6i dai van toc goc nho va wu thé ciia phuong phap CFD so
vGi BEMT tai cac van tdc goc 16n cua canh quat. Ji D. va cong su [8] di md phong cac dic trung
khi dong luc hoc caa mot dang quadrotor dua trén phan mém mé phong star CCM+ va st dung
nhiing dic trung khi dong nay dé x4y dung mé hinh dong hoc cho quadrotor. Zhu va cong su [9] di
nghién ctru cac dic trung khi dong luc hoc ctia dong khi 3 chiéu di qua canh quat thiét bj bay dé tir
d6 nang cao hiéu qua hoat dong cua thiét bi bay d6 tai cac van toc bay khac nhau. Oktay T. va cong
su [10] sir dung phan mém mé phong khi dong Ansys Fluent dé mé phong cac dic trung khi dong
luc hoc ctia canh quat 11x4.7. Yeong va cong su [11] nghién ciru bai toan tdi uu héa cac dic trung
khi dong luc hoc cua quadrotor ¢& nho dya trén phuong phéap CFD.

O trong nuéc, Pham va cong su [12] tién hanh mo phong tuong tac khi dong gitra canh quat
va than tryc thang. C6 thé thay s6 lugng cac nghién ctru da duoc cong b vé dic trung khi dong
luc hoc cua quadrotor & nude ngoai la kha da dang, tuy nhién so luong cong trinh tuong tu ¢
trong nudc van con han ché nén viéc chon dé tai nghién cau Vé cac dic trung khi dong ciia canh
quat va hé canh quat trong quadrotor ciia nhom tac gia la can thiét. Trong bai bao ndy, nhom tac
gia tién hanh mo phong va phén tich cac dic trung khi dong luc hoc canh quat APC 10x7 SF
cling nhu hé 4 canh quat APC 10x7 SF va than ctia quadrotor. Nhom tac gia st dung dang canh
quat nay do da c6 két qua thuc nghiém vé cac dic trung khi dong luc hoc cua né [13].
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2. Phuong phap tinh toan va bd tri md hinh
2.1. Phwong phdp tinh todn

Trong qua trinh moé phong khi dong luc hoc, nguoi ta thuong xuyén quan sat dugc hién tuong
chay réi trong dong khi. Do day 1a mot hién tugng vat 1y rat phuc tap va chua cé mot cong thic
giai tich nao co thé md phong dwoc hién tuong nay nén trong thyc té nguoi ta thudng ding cac
mod hinh r01 dé mo ta cac thanh phan cua Gng suat Reynolds trong phuong trinh Navier- Stokes.
MBS hinh r6i k- epS||0n (k —&) [14] 1a mot trong nhitng moé hinh rdi dua trén cac két qua thuc
nghiém phd bién nhét trong linh vyc m6 phong khi dong luc hoc CFD. M6 hinh nay dugc st
dung dé moé phong dong chay réi trung binh theo thoi gian, n6 bao g6m 2 phuong trinh dé mo ta
2 tham s6 cua dong chay rdi 1a dong nang réi (the turbulent kinetic energy - k) va mirc do tiéu tan
dong nang rbi (the rate of dissipation of turbulent kinetic energy - ¢ ).

Phuong trinh ctia mé hinh 1di k — & (1-2) ¢6 dang

Phuong trinh dong ning rdi

o(pk) o(pku) o | u ok
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trong d6 u, 1a vector thanh phan van tdc theo phuong i, E; la thanh phan ciia muac do bién dang
ctia tensor van toc i va j, 4, 1a do nhot réi dugc xac dinh theo cong thic x4, = pC #kz / ¢ . Phuong
trinh (1, 2) chtra cac hé sé6 C . Tr 0., Cy,, C,,, chung duge xéc dinh thong qua thuc nghiém sao

cho sai s giira két qua md phong va thuc nghiém 1a nhé nhat, gia tri cia chung dwgc xac dinh
nhu sau [15].
C,=009 o,=100 o,=130

C, =144 C, =192

2.2. M6 hinh nghién cuu

Trong nghién ctru nay, nhom tac gia sir dung mo hinh canh APC 10)57 SF (Hinh 1) co duong
kinh 0,254 m (10 in.) va bude 1a 0,1778 m (7 in.), bién dang tai goc va dau mut canh quat lan luot
1a Eppler 63 va Clark-Y, canh quat APC 10x7 SF duoc s dung chu yeu o nhung quadrotor ¢& nho.

\\\_z-f@/\

aaa \\\
Hinh 1. Cdnh quat APC 10x7 SF tai cdc géc nhin khdc nhau

2.3. Chia luoi viing tinh todn

Mién khong gian bao quanh canh quat dugc chia luéi dang ludi tir dién voi 16p bién ngay sat bé
mét duoc chia rat min dé c6 thé mé phong duge dong chay cua dong khi nhét ngay sat bé mat vat thé.
Sau d6 luéi tinh toan dugc chuyén sang dang da dién dé co thé giam s6 lugng 6 ludi va ting toc do
hdi tu trong qua trinh giai (Hinh 2, 3). Nhom nghién ctu thyc hién kiém tra do hoi tu cua loi giai
thong qua qué trinh ting sd luong 6 ludi trong mién tinh toan. Két qua khao sat luc kéo tai van toc
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2,44 m/s cho thay, gid tri h¢ s6 luc kéo gan nhur khong thay doi khi tang s lugng 6 ludi tir 700 nghin
den 1,5 triéu phan tir lugi (Bang 1). Do do, ludi voi 1,2 triéu phan tur dugc chon nham tict kiém thoi
gian tinh toan ma khong anh huong nhicu dén d6 chinh xac cua o1 giai so.
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Hinh 2. M6 hinh ludi trong mién tinh todn

Hinh 3. Luéi trén bé mat canh quat

Bang 1. Anh huong cia s6 leong 6 ludi dén luc kéo

Trwong hop 1 2 3 4 5 6
S6 luong 6 ludi (triéu 6) 0,7 0,85 1,03 1,2 1,4 1,5
Luc kéo (N) 1,54 1,55 1,57 1,58 1,58 1,59
Luc kéo (thuc nghiém, N) 1,60

3. Két qua va thao luan
3.1. Sw thay déi ciia hé sé luc kéo, cong sudt va hiéu sudt theo vdn téc tinh tién ciia canh quat

Heé s6 J, luc kéo C,,cong suat C,, hiéu suét n dugce xac dinh nhu sau [13]
\

J=—0 3

5 (3
C

" oDt @
P

Co =~ D7 ®)

TV _cJ ©

P C,

trong d6 p 1a mat 6 khong khi va V 1a van téc ciia dong khi huéng vé phia canh quat dimg yén
(tvong duong véi canh quat tinh tién 1én trén trong dong khi tinh), n 1a sé vong quay clia canh
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quat trong 1's, D 1a dudng kinh canh quat, T 13 luc kéo canh quat, va P 1a cong sudt do mo
men khi dong cuia canh quat tao ra. C6 thé thiy so véi cong thirc co ban vé hé sb luc nhu luc
nang, luc can thi trong cong thirc ddi vei C, , dai luong n’D? doéng vai tro 1a binh phuong van
toc, con D déng vai trd 1a dién tich dic trung cta canh quat. Dong khi trong bai mé phong 1a
dong khong nén duoc do dong khi c6 van téc thap, dai van téc mé phong trong bai toan dugc xac
dinh tir cong thuc (3) (Bang 2).

Bang 2. Ddi van toc tinh todn

Truong hop 1 2 3 4 5 6
V(m/s) 2,438 3,0 3,581 4,242 4,864 5,486
J(0=3000v/p) 0,192 0,236 0,282 0,334 0,383 0,432
V(m/s) 2,438 3,048 3,623 4,250 4,860 5,536
J(0=4000v/p) 0,144 0,180 0,214 0,251 0,287 0,327
012+ .
% 0.11 $
2 01+ * .
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J
(a)
013 ‘ 065 . .
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J J
(b) (c)

Hinh 4. Két qua mé phong va thuc nghiém tai van téc gée 3000 vong/phiit,
a) hé so luc kéo, b) hé so cong suat, ¢) hi¢u suat

Co6 thé thay rang, su sai khac giita két qua thuc nghiém va mé phong tai van toc goc 3000
v/p (Hinh 4) 1a khong dang ké khi sai s6 16n nhat c6 gia tri dudi 3%, do vdy co thé st dung
mo6 hinh tinh toan nay cho cac van téc goc khac cua canh quat. Cac Kkét qua trén Hinh 4 va
Hinh 5 cing cho thay rang, khi hé s6 J tang 1én thi hé s6 luc kéo, cong suat giam theo ham
tuyén tinh con hiéu Suat ting theo ham tuyén tinh. C6 thé giai thich hién tugng trén nhu sau,
khi van téc chuyén dong tinh tién theo phuong thing diing cua canh quat ting 1én, gbc tan
thuc té gitta dong khi va cac bién dang cua canh quat giam di dan t6i luc nang giam theo ham
tuyén tinh nén luc kéo ciing nhu hé s6 cong suat cing giam do n6 1a hé qua cua tong hop luc
nang cac bién dang canh. Ngoai ra, khi vén tdc canh quat ting 1én, hé s6 cong sut va luc
kéo, tuy nhién hi¢u suat gan nhu khong thay doi.
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Hinh 5. Két qua mé phong tai van toc géc 3000 vong/phiit va 4000 vong/phiit,
a) hé so luc kéo, b) hé so cong suat, c) hiéu suat

3.2. Phéin bé dp suit

contour-2
Static Pressure

8.19e+02
542e+02

266e+02

-1.08e+01
-287e+02
-564e+02
-841e+02
-1.12e+03
-139e+03
-167e+03

-1.95e+03
[Pa]

contour-2
Static Pressure

7 58e+02
5.17e+02
2.76e+02
 3.52e+01
-2 06e+02
-4 46e+02
-6.87e+02
-9.28e+02

-1.17e+03

-141e+03

-165e+03
[Pa]

(b)
Hinh 6. Phdn b6 dp suat tai mat dudi, mat trén cua canh quat tai vdn toc géc 3000 v/p,
a) vdn toc tinh tien V = 0 m/s (bay treo), b) vadn toc tinh tien V=2,44 m/s (J = 0,192)
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C6 thé thay rang, chénh ap trong trudng hop bay treo 16n hon rd rét (2700 Pa) so véi truong
hop bay 1én véi van téc V = 2,44 m/s (2400 Pa), cho nén lyc nang trong truong hop bay treo s&
Ié6n hon trong trudng hop bay 1én véi van toc V = 2,44 m/s (Hinh 6).

Ngoai ra, nhom tac gia tién hanh khao sat cac dic trung khi dong luc hoc ciia quadrotor
V6i hé 4 canh quat APC 10x7 SF va than vé6i hinh dang hinh hoc don gian trong ché d6 bay
treo. Hinh 6 chi ra phan bb ap suat du tai mat trén va mat dudi cua quadrotor trong ché do
bay treo. Co thé thay rang phan bd ap suat du tai mat trén ciing nhu mat duorl cua 4 canh quat
la gidng nhau. Tuong ty nhu dol véi trudong hop chi ¢é 1 canh quat, ap suat du tai mat dudi
cua 4 canh quat 16n hon 4p suét du tai mat trén nén xuat hién lec kéo hudéng tir dudi 1€n trén
trong ché d6 bay treo cua quadrotor (Hinh 7). Ngoai ra, ta cling thay rang than cia quadrotor
gan nhu khong dong vai tro dang ké trong viéc tao ra luc kéo do chénh 1éch ap suét giira mat
dudi va mit trén cia than khong rd rét, do vdy trong truong hop nay ta cé thé bé qua anh
hudong cia than khi nghién ctru cac dac trung khi dong luc hoc ctiia quadrotor ma khong lam
anh huong ro rét dén két qua tinh toan.

)

fontour-1
Batic Pressure
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4.59e+02

2.91e+02

1.22e+02

-4.69e+01

-2.16e+02
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-5.53e+02

-7.22e+02
-8.90e+02
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=
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e+ i \
e+ |
{
7.22e+02
-8.90e+02
paseal | ¢

y ‘
Hinh 7. Phdn bé dp sudt dw tai mdt trén (trdi) va mdt duéi (phdi) cua quadrotor trong ché d¢ bay treo
4. Két luan

Trong bai bao nay, nhom tac gia da tién hanh nghién ctru va phan tich cac dic trung khi dong
luc hoc cua canh quat APC 10x7 SF ciing nhu h¢ 4 canh quat va than cua quadrotor. Qua nhiing
két qua thu dugc ¢ trén, bai bao co6 thé dua ra két luan nhu sau:

Doi véi 2 van toc goc 3000 v/p va 4000 v/p, hé so luc kéo C,, hé sO cong suat C, cla canh quat
giam theo ham tuyén tinh ciia J , trong khi d6 hé s6 hiéu qua 7 tang theo ham tuyén tinh ciia J.

V6i cing mot hé s6 J , khi van toc quay cia canh quat tang 1én thi hé s6 luc kéo C,, hé s6

cong suat C, tang 1én, nhung hé sb hi¢u qua 77 gan nhu khong thay doi.

Trong ché do bay treo va van téc goc 3000 v/p, hé s6 luc kéo C,, h¢ s6 cong suét C, cua
ting canh quat trong hé 4 canh quat giam di so véi hé sé luc kéo ciia canh quat don lé do c6 su
tuwong tac khi dong giita cac canh quat véi nhau. Viéc nghién citu cu t’hé hién tuong tuong tac khi
dong gitra cac canh quat s€ dugc tién hanh trong nhiing nghién ctru tiép theo.
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