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This article presents the theoretical basis and applicability of XFLR5
code to conduct aerodynamic analysis of wind turbine airfoil model
NACA 6409 at low Reynolds numerical values. The new XFLR5 code
is developed based on XFOIL code, which is very popularly used in
the field of wing design in the world. The mathematical foundations of
XFLR5 include Lifting Line Theory (LLT), Vortex Lattice Method
(VLM) and Panel Method (PM). In this study, the PM method will be
used to analyze aerodynamic parameters such as lift coefficient C,
drag coefficient Cq4, factor C//Cq and pressure coefficient C, placed on
the surface of the NACA 6409 wing sample when operating at different
angles of attack. The PM method has a fast analysis time and the
obtained results show good agreement with previously published
experimental data.
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Bai bao nay trinh bay co s¢ Iy thuyét va kha nang tmg dung phan mém
XFLRS5 dé tién hanh phan tich khi dong hoc cia mau canh tuabin gi6
NACA 6409 tai cac gia tri s6 Reynolds thap. Phan mém XFLR5 méi
dugc phat trién dya trén phan mém XFOIL, day 1a phin mém duoc sir
dung rat phd bién trong linh vuc thiét ké mau céanh trén thé gi¢i. Co
s& toan hoc cua XFLRS5 bao gom ly thuyét dudng nang (LLT), phuong
phép 6 mang xody (VLM) va phuong phap thanh (PM). Trong nghién
ctru nay, phuong phap PM s& duoc sir dung dé phan tich cac thong sé
khi dong hoc nhu hé s6 luc nang Ci, hé sb luc can Cq, hé sb Ci/Cq va
hé s6 &p luc C, dat 1én bé mat cia mau canh NACA 6409 khi hoat
dong tai cac goc tan cong khac nhau. Phuong phap PM cé thoi gian
phan tich nhanh va céc két qua thu dwoc cho thay su phi hop tét véi
cac dir liéu thuc nghiém da duoc cong bd trude do.
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1. Giéi thiéu

Cénh tuabin gi6 1a thanh phan chinh, déng vai trd quan trong trong viéc khai thac ngudn tai
nguyén nang luong gio. Trudce ddy, cac phong thi nghiém Ién trén thé gi¢i da dau tu nhitng khoan
tién khong 16 dé thuc hién cac nghién ciu, phan tich thuc nghiém ddi véi cac mau canh khac nhau.
Mot s6 thi nghiém vé cac mau canh hoat dong trong vaing gia tri sé Reynolds thap c6 thé tim thay
tai tai liéu tham khao s6 [1], va mot s6 thi nghiém tai gié tri sé Reynolds cao tai tai liéu tham khao
s6 [2], [3]. Céc két qua thu dugc tir thuc nghiém sau d6 duoc dua vao lam co sé dir liéu cho cac
md hinh tinh toan trong céc phan mém phan tich. Mt s6 phan mém duogc st dung phd bién trong
linh vuc thiét ké canh tuabin gi6 c6 thé ké dén nhu 1a XFOIL, XFLRS5 [4], FLORIS, EXAWIND,
WINDSE, hay OPENFAST [5].

Trong g1a1 doan thiét ké khéi niém ban dau cho mau canh, phan mem XFLRS5 duoc nhiéu phong
thi nghiém va nha khoa hoc Iya chon sir dung. Ly do chinh la phan mém XFLRS5 dugc cung cap
mién phi, sir dung mot sé phuong phap cho viéc tinh toan nhanh va két qua c6 do chinh xac chap
nhan duoc. XFLR5 c6 kha ning thiét ké thuan va nghich céac loai mau canh va toan bo canh theo
tiéu chi ma ngudi st dung mong mudn. Bén canh d6, XFLRS con tich hop sdn ba mé hinh toan
khac nhau la LLT, VLM va PM [6]-[8] dé nguoi dang cé thé lya chon md hinh phu hop vaéi ting
bai toan cu thé trong khong gian 2 chiéu va 3 chiéu.

Trong nghién ctru nay, phuong phap PM trong khong gian 2 chiéu s& dugc st dung dé tlen hanh
xac dinh cac thong s6 dong hoc nhu hé s6 lyc nang Cy, hé sb luc can Co, ty s6 Ci/Cq va hé sb ap luc
Cp dat 1én bé mat cia mau canh NACA 6409 trong ba trudng hop s6 Reynolds khac nhau gom
Re=61400, Re=101800 va Re=203100. Mau canh NACA 6409 duoc thiét ké dé sir dung trong diéu
kién tc do gi6 thap.

2. Phwong phap nghién ctru

Phan tich mau canh bat ky trong khdng gian hai chiéu trong XFLR5 s& bt dau véi viéc tién
hanh chia mau canh va phan dudi gi6 thanh cac thanh nhu duoc trinh bay trong hinh s6 1. Tén goi
ctia phuong phap PM chinh 1a dya trén viéc chia mau canh thanh cac thanh va gén céc thdng sb
dong xody d6i luu cho timg diém trén bé mat mau canh. Vi thé phuong phap PM con dugc biét dén
véi tén khac 1a phwong phap chia thanh dong xoay (VPM).

Thanh duoi

. @ @ > - ° < 3 2 1 N2 N+Ny e l\.} 4

N+l v Z
— e — b
‘ =11 N2 i N2 MW

Hinh 1. Chia thanh phan mdu canh va duéi gié
Trong truong hop phan tich véi dong chay khdng nhét, truong dong cua mAu canh s& dugc xay
dung tir cac vi tri xac dinh caa dong tu do thoi dén. Ham thé cua trudng dong dugc xac dinh dua
trén cong thuc [8]:

Y(x,y)= uwy—vwx+i_!.y(s)ln r(s;x, y)ds+i!‘o(s)0(s; X,y)ds (1)

O day: 7,0 lan luot 1a d6 16n ciia dong xody va d 16n cua ngudn lién quan dén ton that nang
lugng do do nhot ciia dong gay ra trén bé mat canh va phan duoi gio; s 1a toa d6 cac diem doc theo
bé mat canh; r,6 1a do 16n va goc cua vecto noi diém s dén vi tri (x,y) bat ky trong mé hinh;
u, =q, cosa,V, =0, Sina lathanh phin van téc theo hai truc ox va oy cta dong tu do tai vi tr
(x,y) bat ky.
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Phan mau canh dugc chia lam cac thanh phang véi N diém, con phan dudi gi6 thi dugc chia véi
Nw diém nhu biéu dién trong hinh 1. Tai mdi diém s& c6 mot dong xody, do I6n cac dong xody 7,
nay sé ty 1& tuyén tinh véi cac diém. Tai mdi thanh trén mau canh va dudi gio déu dugc gan gia tri
ngudn 12 hing s6 o; phu hop theo timg diém, 1<i <N+ N, —1 . Do lon cia céc gia tri ngudn
s& phu thudc vao d nhot tai lop bé mat ciia mau canh va phan dudi gio.

Tai thanh duéi ¢ vi tri cudi cing cua mau canh, dong xody va nguon dugc xac dinh nhu sau:

1 .o
O-TEZE(yl_yN)‘SXt (2)

sxt 3)

1
Ve 25(71_7/N)

V6i s 1a vecto chia doi va vuong goc véi thanh duoi, t 1a vecto don vi doc theo thanh dudi.
Khi di x4c dinh dugc cic diém chia thanh cho mau canh, ham thé cua dong tai vi tri bat ky

trong mo hinh c6 thé trién khai theo nhu cong thic sau:
N+Ny -1

w (X, y):umy—vmx+E > wi(xy)20,

j=t

=z
LN

1N N
. {l//ly (X’y)(71+171)+‘//j (X’y)(yjﬂ_]/j)} (4)
j=1
+${w§(x,y)\5xf\+w§+(x,y)§°f}(71—7N)

biém co toa dod
x.y) bat ky

Hinh 2. Xdc dinh c4c toa dg (x,y) bat ky doi véi mét thanh thi j
Cac gia tri truong dong don vi trong cdng thirc 4 sau khi thay céc toa do nhu trong hinh 2 thi
duoc xac dinh nhu sau:

z//j”(x,y)=ZInrl—x_2Inr2+x_2—Z+§/(491—92) )
- IV + 1 —2 —2 1
l//jy (X,y)=[(X1+X2)1//J.7 +r22Inr2—rfInrl+§(x1 =X ):lz_x—z (6)
- v = r
I//J?(X’ y)=X202—x16?1+yln(r—1j (7)
2

Tai mdi diém trén bé mat mau canh thi trudng dong phai co gia tri bang truong dong W, |, tir
cong thac sb (4), (5), (6) va (7) ta thu dwoc hé phuong trinh sau:
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N N+Ny, -1

ZaijVj_‘//o:_uochJrVocXi_ Z bjo;;1<i<N (8)
j=1 j=1

Céc h¢ s6 ay, by duge xéc dinh tir céc truong dong don vi trong cdng thic s6 (5), (6) Va (7), ¢ day:

1 . _
% :W[\PZ (%0 Y% (70797 (%09 % (7107, )} ©)

]
1 wo

bij:Zle (Xi’yi) (10)

Két hop hé phuong trinh s6 (8) véi didu kién Kutta 7, + 7, =0, ta thu dugc hé tuyén tinh
(N +1)x(N +1) tai N diém ddi vsi 7, va ham dong trén bé mat mau canh ‘P, .

Trong truong hop diém i=1 va i=N 14 tring nhau, thi cac phuong trinh twong @ng cua ching
trong hé phwong trinh s6 (8) s& bang nhau, khi d6 khong thé xac dinh dwoc gia tri cua 7, . Khi do
thi phuong trinh cta diém i=N s& bj loai bo va thay thé bang gié tri ngoai suy trung binh cia » ddi
V6i diém tai vi tri dudi:

(72=2r,+7)~(Mne = 27ua+74) =0 (1)
Khi d6 céc gid tri cia ¥, dugc xac dinh nhu sau:
N+Ny, ~1
¥i =70 COSA+ Yo SiNa+ D bho;1<i<N (12)
=L
O day: 7y, Voo 12 d0 x0dy ciia dong ty do tai goc tan cong 1a 0°va 90°; b, =—a;'h; lama tran

phu thudc vao ngudn.

Déi véi dong khong nhot thi cac gid tri o; =0, do ¢6 ma chung ta thu dugc gia tri 7, tir céng
thac (12).

Trong treong hop dong nhét thi:

Uy =%7;1<i<N (13)
_ . . N N-+Ny -1
Uy =Vyen=u,n —v,n+> cy+ > clo;N+1<i<N+N, (14)
i1 =

Vi U, 1avan téc tai cac didm trén b& mat cia miu canh; n 1a vecto don vi vudng géc véi dong
duoi.
Do lon caa nguon lic nay sé dugc xac dinh théng qua do ton that khoi luwgng cua dong khi di
chuyén gitra cac diém trén bé mat ctia mau canh:
m. ., —m
O_i — i i+1 i (15)
S S
Céc gia tri van téc U,; trong truong hop dong nhét sé duge xac dinh thong qua céc gid tri trong
truong hop dong khéng nhét nhu sau:
N+Nyy, -1
Ug =Upy+ D, d;M;I<i<N+N,, (16)
j=1
V6i Uy, 1a van tc tai mdi diém trong truong hop dong khdng nhét; dij 12 ma tran phu thudc
vao khéi lwong, ma tran nay dwoc xac dinh dya trén hinh hoc cia mau canh va gdc tan cong cua
dong tu do.
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Cubi cung, luc nang, hé sb luc nang, luc can, hé s6 luc can va hé sb ap luc ddi voi miu canh
dugc xac dinh nhu sau [9], [10]:

N L
L:vaw]/i ; CI :1— (17)
= S PA
2
N D
D:;puwyi ! Cd :1—2 (18)
= 5 PAQ,
2
N
Z?’i
C,=1-| =— (19)
a.

Véi A la dién tich don vi cia mau canh (A=1m?).
3. Két qua va ban luan

Mau canh NACA 6409 c6 chiéu dai tinh tir diém dau t6i diém cudi 1a 1m, bé day téi da 1 0,09m
tai v tri 0,293m va d¢ cong tdi da 1a 0,06m tai vi tri 0,396m. Céc thong s6 va hinh hoc chi tiét cua
mau canh dugc thé hién trong hinh 3 va bang sb 1. Mau canh nay duoc str dung dé danh gia va
phan tich anh huong cua goc tan cong téi cac hé sé luc nang, luc day va ty 1é C/Cq tai hé sb
Re=61400, Re=101800 va Re=203100.

Do day t6i da
Do cong toi da

] I_ 7__

Pudmg thing ndi diém dau va diém cudi, ¢
Hinh 3. Mdu canh NACA 6409
Bang 1. Thong so hinh hoc ciia mau canh NACA6409 [11]

STT Théng s6 Gia tri
1 Do day t6i da 9% tai 29,3% cua ¢
2 Do cong t6i da 6% tai 39,6% cua c
3 Puong thing ¢ 1 mét

Tép toa do hinh hoc cia mau canh NACA 6409 duoc nhap vao phan mém XFLRS va duoc chia
thanh 150 di€m, tuong (g vai 149 thanh. S0 Reynolds dugc chon la Re=64100 va céac gdc tan
cong la tir -3° dén 5° trudng hop phan tich dau tién.

1.1+
—=— XFLRS] | |
R IS 0.070 —=— XFLR5|
xp__| i
09 e 0.065 —*—Ex
0.8 —m d
a Ve "

0.7 = 0.060
0.6 A\
05 - 0.055 3
0.4 ad

_ o y

o) 3 0.050
0.3 7 \
02 ® 0.045 \
0.1 \ I/,-(

0.040 n
0.0 i | ——
m e
0.1 - 0.035 ~, -
0.2 N
0.3 , 0030 ,
4 3 2 a1 0 1 2 3 4 5 6 4 3 =2 1 0 1 2 3 4 5 &
AoA AoA

Hinh 4. Hé sé liec nang (trai) va hé so luc can (phai) theo cac goc tan cong khac nhau [1]
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Tir hinh 56 4 ¢6 thé thy rang, cac gia tri hé s6 luc nang va h¢ s6 lyc can thu dugc tir mo hinh
phan tich bam sat cac gia tri thu duogc tr thuc nghiém. Trong pham vi goc tan cong tur -3° den 5°
thi C, c0 gia tri tang lién tuc, con Cq dat gia tri nho nhat tai goc tan cong la 0,5°.

§§A+XFLR5‘ |
s l=—Exp | e /‘\n\ik./.
16 >
14
12
- 10 / ~
Q 8
O & ol
. V4
2
0 1
-2
-4
,

AOA
Hinh 5. Hé sé cong sudt theo cac goc tan cong khac nhau [1]
Ty s6 giira hé s6 luc nang va hé sé luc can ciing chinh 13 hé s6 cong suat ciia mau céanh, tir hinh
5 cho thay hé s6 cong suat tang dan Ién theo goc tan cong va dat gid tri cao nhat tai géc tan cong la
2,5°, sau do thi gia tri nay lai giam dan vai cac goc tan cong I1on hon.

|

O PRV VRV VA VI vava Ry LAV VIV vivrors. Y YW

o

Hinh 6. Hé sé ap luc dat 1én bé mat mdu canh tgi géc -3°

_\' ERRAR) 117 M s BT

T T 55 —
R Al PApa ~

S O S S S——

Hinh 8. Hé sé ap lire dat 18n bé mat mau canh tai goc 5°

Hé s6 &p luc tai mdi diém trén bé mit mau canh dugc biéu dign trong hinh s 6 véi goc tan cong
1a -3°, hinh s6 7 véi g6c tan cong la 0° va hinh sb 8 véi goc tan cong la 5°. Két qua phan tich cho
thay gia tri va chiéu cua cac vecto luc tac dong 1én mdi diém cua mau canh. Tai goc tan cong 1a -
3° thi tong lyc nang nho hon tong lyc can, do d6 ma mau canh s& bi day hudng xudng phia dudi.
Tuy nhién, tai g6c tan cong la 0° thi tong lyc nang Ion hon téng luc can, do vy ma mau canh duoc
day huéng 1én phia trén. Tuong ty, tai goc tan cong la 5° thi khoang cach giira tong luc nang va
téng luc can c6 gié tri 16n hon, mau canh dwoc nang 1én véi mot luc manh hon.

Trudng hop phan tich ther hai sir dung sé Reynolds 16n hon Re=101800 va goc tan cong thay
doi tir -3° dén 10°.
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Cl

suit cyc dai nay.

codng tir 0° dén 8°

16

cl
o
©

174
16 ]—=—XFLR5

—e—E

154

0.051

0.048

14

13

0.045

[ —=— XFLR5
| —e—Exp

12

0.042

11
1.0

0.039

0.9

0.036

0.8

0.033

Cd

0.7
0.6

0.030

e

0.5

e

0.027

0.4

03

0.024

-

0.2

0.021

"

f

0.1

-

0.018

0.0

1
5 -4-3-2-1012 3 456 7 8 9 101112

0.015

AoA

X

0-
5] —=— XFLR5S

AoA
Hinh 9. Hé sé lirc nang (trai) va hé sé luc can (phdi) theo cac goc tan cong khac nhau [1]
Céc két qua thu duoc tir phan tich dugc bicu dién trong hinh s6 9 va hinh s6 10 cho thay céc gia
tri phéan tich van c6 su phu hgp nhat dinh vai cac gia tri thuc nghiém. Tuy nhién, su chénh léch
gitra phén tich va thuc nghiém da 16n hon khi so véi treong hgp phan tich dau tién.

60l —*— Ex| ‘
55 X
50 et ‘,\
45 v Lo L
e |
40 ¥ P
3 35
Q 30
S o
20
15
10 4
K .

AocA

1
5 -4-3-2-1012 3 456 7 8 9 101112

Hinh 10. Hé so cong suat theo goc tan cong khac nhau [1]
Tir cac két qua trong hinh s6 10, hé s6 cdng suat s& dat dugc gia tri lon nhét tai goc tan cong la
8,5°. Hinh so 11 trinh bay su phan bo cua hé s6 ap luc doc theo mau canh tai géc lam viéc cé cbng

[ %]
NS SRS S S e ——

1
5-4-3-2-10123 456 7 8 91011 12

Hinh 11. Hé s6 &p luc trén bé mat mau canh tai géc tan cong 8,5°

M® hinh phan tich cudi cung dugc chon 14 trudng hop sé Reynolds Re=203100 va gdc tan cong
trong khoang -3° dén 12°. Twong ty nhu hai mé hinh phia trén, cac gia tri thu dugc tir phan tich van
bam sét gia tri thuc nghiém nhu trinh bay trong hinh s 12 va hinh s 13. Tuy nhién, hé sb cong
suit trong hinh sé 13 cho thay d6 chénh léch dang ké vé& mat gid tri, dic biét trong vang goc tin

. 0.060
=== XFLR5 —=— XFLR5
o« Exp | 0055{ o Exp
> 0.050
% 0.045 /‘
g 0.040 /
ol 0.035
3 0.030 /. )d
0.025 "
0.020 e
(-_-))'/ 0.015 "yl e !
yut
0.010 s i
0.005

1
5-4-3-2-1012 3456 7 8 91011121314

AoA

AoA

1
5-4-3-2-1012 3456 7 8 91011121314

Hinh 12. Hé s6 luc nang (tréi) va hé sé lic can (phdi) theo cac géc tan cdng khac nhau [1]
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95

90 ] —=— XFLRS
851 —e— Exp | a'tiiy
80
75 T
70 I
65 ani\|
60
55 !
§ 50 i \
O 45 AL
40
35 F u
30 M
2 il ¥
20
15 /
10

1
5-4-3-2-10123 458678 91011121314
AoA

Hinh 13. Hé so cong suat theo géc tan cong khac nhau [1]

Trong md hinh ny, ca gia tri thu duogc tir phan tich va thuc nghiém déu cho thay cong suat dat
gia tri 16n nhat tai gdc tan cong la 7°. Diéu nay chi ra thyc té 1a cing mot cau hinh mau canh, nhung
khi l1am viéc trong cac diéu kién sé Reynolds khac nhau thi s& cho cong suit cuc dai tai cac goc
khéc nhau. Ly do boi vi khi gié tri s6 Reynolds tang 1én s& xuat hién thém céac hién twong lién quan
dén cac dong chay xody phirc tap khac nhau. Ty vao khoang gia tri sé Reynolds ma cac dong xody
nay c6 thé dugc xac dinh nhu 1a dong xody nho hoic dong xoay l6n. Cac dong xody nho thi chi co
anh huong dén cac diém 1an can xung quanh chung, nhung cic dong xody 16n lai ¢6 thé anh huong
dén nhiéu diém xa hon hoic ciing c6 thé anh huong bao trim ca mot phan cua mau canh. Do vay,
can phai c6 cac nghién ctu, phan tich ddy du cac diéu kién 1am viéc thyuc té cua mau canh dé c6 sy
diéu chinh, mang lai hiéu qua cao hon. Hinh s6 14 biéu dién cac vecto luc va hé sé ap luc dit 1én
mau cénh tai goc tin cong la 7°.

Hinh 14. Hé s6 &p luc trén bé mat mau canh tai goc tan cong 7°
4. Két luan

M3u canh NACA 6409 duoc thiét ké pht hop vé6i qué trinh hoat dong cia tuabin gi6 trong diéu
kién van toc gi6 thap, sé Reynolds c6 gia tri nho.

Phan mém XFLR5 cho phép thuc hién cac mé hinh tinh todn ban dau cho mau canh vai thoi
gian phan tich nhanh va phuong phap thuc hién don gian, phu hgp véi ca cdc nha nghién cau va
nha dau tu thwong mai trong linh vuc dién gié.

Phuong phap chia thanh PM trong khéng gian 2 chiéu 1a co s dé tién hanh cac phan tich chuyén
sau hon trong hinh hoc 3 chiéu, sir dung cac phuong phap khac nhu LLT va VLM.

Cac md hinh phan tich trong XFLRS cho két qua chinh xac cao voi diéu kién cac sé6 Reynolds
thap Trong diéu kién sé Reynolds ting dan 1én thi d6 chinh xé4c ctia cac md hinh phan tich s& bi giam
xudng do han ché trong mé hinh toan lién quan dén dong chay xoay ddi Iuu trén bé mat mau canh.

Loi cam on
Nghién ctru nay duoc nhan su ho tro tir Vién Khoa hoc Ning luong (IES) thudc Vién Han Lam

Khoa hoc Cdng ngh¢ Viét Nam (VAST). Nghién ctru nay dugc cap kinh phi boi VAST, theo ma
s6 VASTO07.01/22-23.
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