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Nghién ctru dac tinh khi dong luc hoc

cua rotor doi

Ping Trung Duén, Vii Ngoc Anh*

G Heé s6 lyc nang
Tém tit—Bai bio niy thio luin vé ly thuyét két C o R
hop giira ly thuyet dong lwgng (Momentum theory) la b) doc dudng lyc ning
va phuong phip phan tir cinh (Blade Element C, Heé s6 lyc ddy
theory) cho rotor déi. Phwong phap nay cho ra dugc C o L L
cdc két qua diy di vé phan bb ti sé dong vao, phan t,  HEso luc day cua rotor phia trén
bo goc ta:l (}(_)c theg banA klglhArotor ciing nhw cac !(Aet CT Hé s6 luc déy ctia rotor phia dudi
qua vé hé so luc day, hé so cong suat ciing nhu hi¢u ! ] )
suat hoat dong ciia rotor doi mot cach day di. Ty so C, He¢ so cong suat cua rotor
dong vao cho ting rotor trén dwegc ap dung nhu doi N X R I ,
g g s e A s P N g A C, Hg¢ s0 luc cong suat cam sinh cua rotor
véi rotor don, trong khi ty s0 dong vao cho tang Pi
roforvdu*é'i d}r(_)'c clfa t‘hﬁnh‘ hai vn‘mgi chiu,vﬁ l:h(“)ng C, Heé s cong suét hinh dang
chiu d4nh huéng béi dong tir rotor trén. Cac két qua i .
dwgc din dit véi gia thuyét dong tir tAng rotor tréen  Cpy Hg 6 cong suét cam sinh cua rotor trén
phat trién hoan toan va vung co that cwc dai xuat C He s6 cone suét cam sinh cia rotor dudi
hién trwéc khi vao tang rotor dwéi. Him hao hut Pil ; &
Prandtl ciing dugc hiéu chinh cho viung chuyén giao CPOL Hg¢ s0 cong suat hinh dang cua rotor dudi
trén tang rotor dudi giira vung chiu va khong chiu c VR ¢ hirth ] R
anh hwdng béi tang rotor trén. Két qua hi€u chinh va PoU He 56 cong suat hinh dang cta rotor trén
tinh toan cho cac hé so lwc day, cong suat, ty so dong C, Hé sé moment xodn
r}? Vé7htiﬁu su:?lth ?fla rr([)‘t‘or l(?l}ﬁi cl??t thﬁ7y sy phl:l hep Ham mit ap tai dinh rotor
et qua thyc nghi¢m. Tir nhimg ket qua cia phwong 1), Hé s6 chit lugng
phap két hgp phwong phap dong luwgng va phan tir . ]
canh (Blade Element Momentum Theory - BEMT), M, He s0 chat lugng cua rotor dudi
m‘gt giai thu.z.lqt. toi uu ngu su‘at f‘otor doi sé dugc M Ha s6 chét lugng cita rotor trén
trinh bay. Gidi thuit toi wu nay ap dung cho rotor u ;
xodn tuyén tinh dé tim ra phan bd géc xoin manglai N, S0 14 canh cua timg rotor
hi¢u suat cao nhat cho rotor doi. P Cong suét cua rotor
oo o oz . P, Cbéng suét cua rotor trén
Tir khéa—Rotor doi, ly thuyet ket hgp, BEMT, toi . <. B
wu, hiéu chinh, hi¢u suét. P, Cong suat cia rotor dudi
r Khoang cach ban kinh v6 thir nguyén
Ky hiéu R Ban klgnh rotor
T Luc day rotor
A Dién tich rotor ( cho 1 rotor) Tu Luc déy rotor trén
A, Diér} tich dong sau anh hudng 1én rotor T, Luc déy rotor dudi
dudi Q Moment xoén ciia rotor
o Chiéu dai day cung canh ] ) )
2 X Vi Véan toc cam sinh cua rotor khi bay treo
d Hé s0 luc can )
c ) . \'A Van toc dong ty do
H¢ s0 luc can khi lyc ndng bang 0 .
d ; ; ; g bang \'A Van toc bay leo
Ngay nhan ban thio: 07-3-2017; Ngdy chdp nhan ding: 07-8- Vi Vén toc cim sinh ctia rotor
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1 GIOI THIEU

otor d6i dd xudt hién trong dau thé ky XIX.

Mau thiét ké rotor d6i sém nhét xuat phat tir y
tuong cua Bright ¢ nam 1861 va mo6 hinh cua
d’Amécourt nim 1862 va cac mau thyc nghiém
duoc Igor Sikorsky ché tao nam 1910. Mau truc
thang sir dung rotor d6i chd nguoi dau tién duge
phat trién boi Emile Berliner, Corradino
d’Ascanio, va Louis Breguet nam 1930.

Rotor doi duoc dé cap trong nghién ciru nay 1a
loai rotor ¢6 hai ting canh quay nguoc chidu nhau.
Do ching dugc dat d(“)ng truc nén hoat dong cua
hai rotor s& gdy anh huong qua lai 1an nhau. Vi Iy
do d6 nén dac tinh khi dong lyc hoc qua rotor doi
rat phirc tap. Tuy nhién rotor déi c6 nhimg wu
diém vuot trdi so voi rotor don nhu: 6n dinh hon,
linh dong hon, néu cung ning tai trong nhu nhau
thi kich thudc rotor d6i s€ nho hon va may bay
tryc thang sir dung hé thong rotor d6i khong can
rotor duoi.

2 LY THUYET PONG LUONG CHO
ROTOR BOI

Dau tién, 1y thuyét dong lugng cho rotor doi s&
duoc trinh bay tom luot, vi day 1a 1y thuyét nén
tang cho viéc phan tich rotor. Ly thuyét dong
luvong dugc xdy dung dua trén cac dinh ludt bao
toan vé khdi lwong, dong lwong va ning luong cua
dong khi qua mot thé tich kiém soat gin véi rotor.
Dé don gian hoa thi ly thuyét nay tinh toan trong
gia thuyét dong khi khong nhét, khong nén dugc,
va hiéu suét rotor duoc thé hién thong qua h¢ $6
chat lugng ctia rotor, FM.

Ap dung 1y thuyét dong lugng cho rotor doi theo
bbn truong hop: Trudng hop 1: hai rotor quay trén

cling mot mit phang va cho ra lyc diy nhu nhau;
Trudng hop 2: hai rotor quay trén cung mot mat
phang va can bang moment v&i nhau; Trudng hop
3: hai rotor tao ra lyc déy nhu nhau, va rotor dudi
dit & ving dong sau co thit cuc dai cia rotor trén;
Truong hop 4: hai rotor cin bang moment vdi
nhau, va rotor dudi dat & ving dong sau cua rotor
trén co thit cuc dai.

So véi truong hop hai rotor hoat dong riéng 1¢
thi truong hop hai rotor quay dong truc thi cong
suat cam sinh 16n hon do cac rotor trong rotor déi
khi hoat dong s& anh hudng qua lai 13n nhau. K.

1a hé s dan xen cong sudt cam sinh thé hién ti s&
gifta cong suat cam sinh ctia hai rotor khi chiing
hoat dong & trang thai rotor d6i va khi chiing hoat
dong riéng 1é. DBoi voi bon truong hop ctia phuong
phép dong lugng da néu thi hé sb K, s€ co cac
gi4 tri khac nhau va dugc thé hién trong bang 1.

Bing 1. Hé s6 cong suit cam sinh trong bén truong hop [2]

Hé¢ s0 dan xen cong suat cam sinh,

Kint
1 1.414
2 1.414
3 1.281
4 1.266

Truong hop

Hé sb K, .~ cang lén thi hi¢u qud cua rotor doi
cang kém hon so véi truong hop hai rotor hoat
dong doc lap. Do d6 truong hop 4 1a phuong an
duoc lya chon cho céc tinh toan sau nay, vi d6 la

truong hop cho gia tri K, nho nhét.

3 LY THUYET KET HGP PONG LUGNG VA
PHAN TU CANH (BEMT)

phan t

Rotor tré
(a) Rotor trén vanh khin

Rotor trén

(b) Rotor duéi | |ving co that cue | phan tir

| |dai (rotor trén) \© vanh khan
| [|ecasy,

|J‘ i i

K 1
Vet 2uy

[ ving ciia rotor duoi |
/i dnh hudng bdi ]
\ rotor trén ]

- "‘ < Rotor dudi

N . 4

Ve+ 2v ! Vo 2
viing co thét cuc
¥ dai(rotor duéi) ¥

Hinh 1. M6 hinh dong chay dugc sir dung trong ly thuyét két
hop cho rotor d6i véi rotor dudi nam ¢ vi tri dong sau cia rotor
trén co that cuc dai. [2]
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Dua trén 1y thuyét dong luong va 1y thuyét phan
tir canh, 1y thuyét két hop nay xét su thay doi dong
luong ciia dong khi qua mot thé tich kiém soat gin
v6i mot phan tir vanh khan trén rotor. Thiét ké theo
truong hop 4, rotor dudi s& nam ¢ vi tri ma dong
sau cua rotor trén bat dau co thit cuc dai. Vi tiét
dién cua dong sau cua rotor trén khi co thit cuc dai
nho hon so voi dién tich rotor dudi, nén s€ c6 mot
phan trén rotor dudi khong chiu anh hudng boi
dong sau cuta rotor trén. Dién tich vung chiu anh
hudng bdi dong sau cua rotor trén duge ky hiéu 1a
A .

C

3.1 Rotor trén
Luu luong khéi lugng ciia dong khi qua mot
phén tir vanh khan:
dr /. +Vu):27tp(Voo +v, )ydy )
Ap dung dinh 1y bién thién dong luong;
dT, =2p(V, +v, )v,dA=4np(V, +v, )v,ydy (2)
Vi phéan h¢ $6 luc déy trén mot don vi dién tich
vanh khan:

ac. - dT, :4Tcp(Vm+Vu)V;ydy
’ p(nRz)(QR) prR* (QR)
R 15 G
OR OR R/l R
=4\, rdr
) V +v v \%
Véi: A=——2_ A 4

orR ~"TOrRTOR
Vi A, =A-A_ , nén vi phan hé sd luc déy trén
mot dién tich vanh khan dugc ghi lai nhu sau:
dc, =4x(2=2 )rdr 4)

Vi phan hé sb cong sudt trén mot dién tich vanh
khan:
ac, - dp . (Vw +v, )dTu3 _pdc.
p(rR*)(QR) p(aR7)(@R) " (5
=417 (A=1, )rdr

Két qua nay duge xay dung voi gia thiét khong
¢6 hao hut do cic cudn xoay trong dong sau, didu
nay chi dung ddi véi cac rotor c6 mang tai trong
nhe. Trong nhitng trudng hop rotor co tai trong
16n, rotor s& c6 hao hut tai dinh canh va tai chd cit
gan gbc canh. Sy hao hut ndy duoc biéu dién qua
ham hao huyt ctia Prandtl, ky hi¢u 1a ham F:

T

F= (gjcosl (exp(—f)) (6)

Trong do f c6 cong thuc:

N (1-
f=—b I-r (7
2 rd
0 la goc dong vao (¢=k(r)/r) .

Khi 4p dung ham hao hut cta Prandtl vao ly
thuyét dong lugng. Cong thirc ctia vi phan hé sb
Iuc dﬁy duoc viét lai nhu sau:

dC, =4FA(A-1, )rdr ®)

Mit khéc, theo 1y thuyét phan tir canh duoc
trinh bay boi Leishman, vi phan hé s6 luc day ciing
¢6 cong thire sau [3]:

ac, =Locrar= (0, —ar)d
T—Eclr r= 2<ur—r)r 9)

Trong d6, 0 la goc dat canh cua bién dang
canh tai phan tir vanh khan. Tir cong thie s6 (8) va
(9), mot phuong trinh cua ti so dong vao dugc rat
ra nhu sau:

oC
10
. (10)

Sép xép lai thanh phuong trinh bac 2 theo A :

csC1 CSC1
A+ — =\, |A-—=0,r=0

= (0,r* =Ar)=4FA(h -2 )r

11

8F 8F (1n

Cong thirc cua A c6 dugc sau khi giai phuong
trinh trén:

2
oC cC
A(rn, )= b ol gy
* 16F 2 8F

oC,
L 16F 2

Tir biéu thirc (6) va biéu thirc (12) cho thay c6
mot mdi quan hé qua lai gitta F va A : c6 A thi méi
tinh duoc F, c6 duge F rdi thi méi tinh duoc A .
Nhu vay Akhong thé dugc tim ra mot cach truc
tiép. Giai phap dugc sir dung 1a cho F nhan mot

gid tri ban dau F = 1 (twong tmg N, —>0), gia tri
nay dugc ding dé tinh A, sau d6 dung gia trj A
vira tinh ra dé tinh lai F, sau d6 dung gié tri F nay
dé tinh lai A .

Sau khi co duoc ti s6 dong vao, dwa vao ly
thuyét phan tir canh cho rotor don cia Leishman,
dé tang tinh chinh xéac, hé sb luc ddy va hé s cong
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suat khong duoc tinh theo cac cong thuc (5), (8),
(9) vi céac cong thirc nay duogc xay dung véi céac giad
thuyét nham don gian hoa cac cong thirc cho nén
s& gy sai s6. Thay vao d6 hé sb luc ddy va hé sb
cong sudt s& dugc tinh theo cac cong thirc dugc
dan dit boi trinh bay sau day:

dT =N, (dLcos¢—dDsin¢) (13)
dQ =N, (dL.sin¢-+dD.cos¢)y (14)
dP=N, (dL.sin¢+dD.cos¢)Qy (15)
N (dLcos¢—dDsin
dc, = a1 —= o ¢ ; ) (16)
PA(QR) pPA(QR)
Trong d6:
1
dL=EpU2cCldy (17)
1
dD:EpUchDdy (18)
o= arctan[&j (19)
r

y
(hwéng ra)

Hinh 2. Cac thanh phin lyc trén mot bién dang canh [3]

Va
U? - (Qy)z +(Vi2+ Ve )2 Y (20)
(OR) (R)
Khi do
INc/ , ., .
dc, :En_R(r +A )(C1 cos(q))—Ccl sm(d)))dr
21
Tuong tu, vi phan hé sb cong sudt co cong thirc:
dc, =%%(r2 +}\,2)(Cl sin(¢)+Cd cos(d)))rdr
:%%(rz +;‘2)C1 sin(¢)rdr
+%%(r2 +A7 )Cd cos(d))rdr =dC,, +dC,
(22)

Nhu vay hé s6 luc ddy va hé s6 cong sudt s&
duoc tinh theo tich phan cua céac cong thuc (21) va
(22).

3.2 Rotor phia duci

Nhu da gidi thi€u, dién tich rotor phia dudi
duoc chia lam hai vung: vung chiu anh huong bdi
dong sau cua rotor phia trén va vung khong chiu
anh hudng boi dong sau cua rotor phia trén. Trong
diéu kién 1y twong, néu rotor dudi nim & vi tri
dong sau cuia rotor phia trén co thit cuc dai, khi
d6, ban kinh vung chiu anh huong la

C

1
r = \/;: 0.707 tuong duong voi A/A_ =2, va

van tdc dong tu do vao rotor nay la V_ +2v_ . Khi

do, ti s6 dong vao cua vung chiu anh huong nay cé
cong thirc sau:

2
(r )= [clsglF _kw+(A2/Ac>ku] oG,

[cclu xw+(A/Ac)xu]

16F 2

(23)
Trong do: 0, la goc dat canh cta rotor dudi tai
vi tri dang xét.
Trong céac thi nghiém thuc té cho thdy r.=0.82
2]
Poi vai vung rotor phia dudi khong chiu tac
dong boi dong sau cua rotor phia trén thi cong thirc
ti s6 dong vao tuong tu nhu cong thic ti sb dong

vao cua rotor phia trén.
oC ’ oC oC
Men)= | Tete | T g [T R
16F 2 8F I6F 2
(24)

Nhu vy, khi c¢6 thong tin vé goc dit canh, xoén
canh, day cung canh va bién dang canh thi ti sb
dong vao s& tinh dugc bing cac cong thirc (12),
(23), (24) va hé s luc day va hé s6 cong suit s&
tinh dugc nho tich phan cac cong thic (21) va
(22).

4 HIEU CHINH HAM HAO HUT CUA
PRANDTL CHO RANH GIOI CUA HAI
VUNG TREN ROTOR PHIA DUCI

Doi voi rotor phia dudi, theo 1y thuyét, do tac
dong cua dong sau cua rotor phia trén nén vung
chiu anh huong cua rotor trén s€ co ti so dong vao



22 SCIENCE & TECHNOLOGY DEVELOPMENT JOURNAL -
ENGINEERING & TECHNOLOGY, VOL 1, ISSUE 3, 2018

cao hon vung khong chiu canh hudng, nhu vay tai
ranh gidi gitra hai ving nay s€ c6 mdt sy gidn doan
vé ti s6 dong vao ciing nhu gian doan vé ap suét.
Diéu nay khong ding véi thyc té vi tinh nhét cia
khong khi dan t6i tinh lién tuc vé phan bd ap suét
va tinh lién tuc ctia phan bd ti sb dong vao.

Muc nay trinh bay mot phuong phap loai bo
budc nhay cua ti s6 dong vao tai ranh gidi cia hai
vung béng cach hi€u chinh lai ham hao hut cua
Prandtl dé ap dung cho ving nay. Ham nay dugc
xdy dung nhu sau:

Xét tai vi tri ranh gi6i giita hai ving, goi AA_la
budc nhay cua ti s6 dong vao khi qua vi tri ranh
gidi nay, khi do:

A}\‘c :}\‘rar’ _}\'rﬁrﬁr (25)
Ham Prandtl duoc hiéu chinh lai nhu sau:
N |r.-r
F . ——2cos” exp ——b°—| +1
me T 2 A,
(26)

Khi d6 biéu thirc cua ti sb dong vao dugc hiéu
chinh lai nhu sau:
Doi voi ving bi anh hudng bai rotor phia trén:

o€, A +(A/A, ) o€
. +

Mr, )= “fr
” 16F 2 8F
oC, A +(A/A A
[ Ao (ara), LV
16F 2 2 Cc—ml mot
27

Pbi voi ving khong chiu anh hudng boi rotor
phia trén:

2
oC oC
AMr,) =, || —= T 0r
16F 2 8F

oC
- _l“ - }\'_39 + l A)\‘c—midFmod
16F 2 2

5 HIEU SUAT
Hiéu suét 1a ti s§ giita cong suat 1y tudong cho
rotor tao luc ddy va téng cong sudt thuc t& cin
cung cap cho rotor. Cong suit thuc té ciia rotor bao
gom: Cong sudt cam sinh va Cong suat hinh dang:
Cong suat 1y tudng

(28)

FM =

Cong suat cam sinh + Cong suat hinh dang

CPideal

B KCPi +CP0
(29)

Trong d6 1 1a hé s6 diéu chinh cong suit giita
tinh toan va thuc té. Hé sb « bao g6m cac hiéu
chinh do bdé qua céac hi¢n tugng vat ly nhu: dong
khong ddng nhit trén cac vanh khin, cic cudn
x0n trong dong xa, su x0én dc¢ cua dong xa, su co
lai ctia dong sau trén thuc té it hon trén 1y thuyét. ..
Thong thudng, dbi véi don rotor, k=1.15 [3].

Dbi vai cac rotor trong hé théng rotor doi, hiéu
sudt duoc tinh nhu sau:

Rotor phia trén:

C,.
FM, = ——Pudedl (30)
KCPiU + CPOU
Rotor phia duoi:
C, .
FMI — PLideal (3 1)
KCPiL + CPOL
Hé rotor doi:
FM — CPUideal + CPLideaI (32)
K(CPiU + CPiL ) + CPoU + CPnL
32 2
Véi: C —.C ]

PUideal = > “PLideal =
N2 V2

6 KIEM NGHIEM LY THUYET BEMT HIEU
CHINH

Pé kiém dinh cac 1y thuyét phan tir canh véi
phan hiéu chinh ¢ ranh gi¢i hai ving trén rotor
phia dudi, bai bio nay so sanh két qua tinh toan
dat duge vai két qua thyc nghiém tham khao tir thi
nghiém rotor déi trong ham gi6 ctia Harrington.

- 0,012
/' Harrington Rotor
z "% 6=0.152

ref P e

k=115

k=1

0 0,0005

0,001

Hé Sé Céng Suét C,

0,0015

Hinh 3. Kiém nghi¢m Iy thuyét BEMT hi¢u chinh véi thyc
nghiém [2] thong qua quan h¢ giira hé s6 cong suat va hé so
lyc day cua Harrington Rotor 2.

Hé s6 cong sudt trong hinh 3 dugc tinh theo
cong thitc: C, =xC,, +C,,

Hinh 3 cho thay: véi K=1 thi khi hé s6 luc day
cang tang thi sai 1éch gilta duong tinh toan so voi
dudng thuc nghiém cang 16n vi khi d6 anh huong
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clia cac hién twong vat 1y da bi bo qua thé hién
cang 16 rét, khi k =1.15 thi dudng 1y thuyét vé sat
véi duong thyc nghiém. Do d6 vdi cac tinh toan
phia sau, bai bdo nay s€ dung gia tri k=1.15.

0,8
o Harrington Rotor
=, °= 0.152 >
| W “.
& 05 «
3 04 '
503 Thire Nghié
' b e iem
T 02 4 ' g o
0.1 BEMT hiéu chinh
0
0 0,005 0,01 0,015
Hé S6 Luc Pay, L

Hinh 4. Kiém dinh Iy thuyét BEMT da hi¢u chinh véi thuc
nghiém [2] thong qua quan h¢ giita h¢ so luc day va hi¢u suat
cua rotor doi trén rotor 2 ctia Harrington.

0,8
o7 | Harrington Rotor

S5 o=0054 /__’__...-——-
.‘:_;. 8,5 , -
S 02 /
)] .
5 03 S Thirc Nghiém
i
T2 4

o1 |/ = BEMT hiéu chinh

1]
1] 0,002 0,004 0,006

Hé S6 Luc Péy, C:

Hinh 5. Kiém dinh Iy thuyét BEMT da hi¢u chinh véi thuc
nghiém [2] thong qua quan h¢ gitta h¢ so luc day va hi¢u suat
cua rotor doi trén rotor 1 ctia Harrington.

Ngoai ra, viéc kiém dinh 1y thuyét BEMT da
chinh stra con c6 thé thyc hién thong qua xem xét
mbi quan h¢ gitia hé s6 luc déy va hiéu suit nhu
hinh 4 va hinh 5.

Hinh s6 6 thé hién phan bd ti s dong vao cua
rotor phia dudi thu dugc tir phuong phap BEMT
da hi¢u chinh lai h¢ s6 ton that Prandtl cho vi tri
ranh gidi gilra vung chiu anh hudng cua rotor trén
va ving khong chiu anh huong. Két qua thu duge
cho thdy budc nhay tai vi tri ranh gii giita hai
vung cua phuong phap BEMT da khong con sau
khi hi¢u chinh. Hon nita phuong phap BEMT da
hiéu chinh cho két qua gan gidng véi phuong phap
FVM (Free-Vortex Method) ¢ ving 1> 0.82.

0,087
< BEMT hiéu chinh
y 0,077 FVM
— BEMT : !

démg véo
=] =]
o o
w o
=~ =~

‘8 0,047 \(
0,037 Harrington Rotor 1 *
c=0.054.C. =0.004
0,027
0,2 0,4 0,6

Toa dd ban kinh vé the nguyen, r

Hinh 6. So sanh phan bb ti s6 dong vao trén rotor phia dudi

gitra cac ly thuyét.

Toém lai, qua cic kiém nghiém cho thay, véi
viéc st dung hé s6 hiéu chinh cong suit
k=1.15[2], phuong phap BEMT d& hiéu chinh
cho két qua rat sat voi cac két qua thu duoce tir cac
thuc nghiém. Két qua phan bd ti sé dong vao cua
phuong phap BEMT da hi€u chinh phu hgp véi
thuc t& hon.

7 TOI UU HOA XOAN CANH CUA ROTOR

Ap dung 1y thuyét BEMT véi phan hiéu chinh
ham mit mat cia Prandtl cho vung ranh gidi giita
vung trong va vung ngoai trén rotor phia dudi.

Muc tiéu cua viée tdi wu xoén canh cua rotor doi
1a dé dat duoc gia tri hiéu sult cao nht, déng thoi
cling phai dam bao momen xodn giita hai ting
rotor c4n bang nhau. Do ¢6 sy tac dong qua lai cta
hai tang rotor 1én nhau nén xodn téi wu ciia cac
rotor trong h¢ rotor doi s€ khac véi cac rotor don
thong thuong. Nhi€m vu cla viéce tdi wu xodn canh
la dé dat duogc phéan bd gbc tn toi wu tir d6 dat
duoc hiéu sut t6i wu.

Viéc tdi wu xo0dn canh duoc thuc hién cho rotor
2 cia Harrington, c¢6 ban kinh 3.81m, dugc thu
nghiém ¢ van tde xoay 250 rpm, s6 Mach tai vi tri
0.75R 1 0.3, s6 Reynold 1a 2.5E06. Pic diém ctia
canh nay 1a tir vi tri cut-off ra dinh canh, canh nay
¢6 d6 dai day cung canh khong ddi nhung do day
clia canh giam dan. Nhu vay, bién dang cénh s&
thay d6i doc theo chiéu dai canh. Nhung dé don
gian, bai bdo nay gid st bién dang cénh la nhu
nhau tai moi vi tri doc theo canh. Bién dang canh
thuong dugc st dung cho cac rotor may bay truc
thang 1a NACAO0012, dac tinh cia bién dang canh
nay dugc tham khdo tur tai li€u tham khao [5] va
thé hién & hinh 7 va 8.
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1,2
1 Nham tiéu chuan,
Re =6x10°
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0,6
0,4
0,2

Heé sé luc nang, C,
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Goc tan,a

Hinh 7. Hé s6 luc nang theo goc tin ctia bién dang canh
NACAO0012 [5]

0,02 .
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Hé sé lwc nang, C,

Hinh 8. Hé s8 luc can va hé s luc nang cua bién dang canh
NACAO0012 [5]

Giai thuat t6i wu dugc trinh bay nhu so do thé
hién trong hinh 9.

DPau Vao: Airfoil, RPM,
R,c,®6 6 .8 .6
L L e
v
R, (12),(27), (28)
' Tinh toan t8i wu:

C,uCo (21)
Cay Co 1Co oCa (22)

I

| aQ=0,Q |

- Ham muc tiéu: F=1-FM
- Rang budc: AQ=0
- Bién: 0 9 6 ,0

g, ot | i

M
Hinh 9. Giai thut t6i uvu

Dbi véi Rotor 2 clia Harrington, quan sat do thi
hinh 4 ¢6 thé thiy rd khi hé sd lyc day ting thi
hiéu suét cta rotor ting theo. Hé sb luc déy ting la
do goc tan clia bién dang canh doc theo rotor ting.
Boi vi & nhitng vi tri goc tin nho thi ti s luc nang
trén lyc can cua bién dang canh nho, nén hi¢u sut
clia rotor tai vi tri mit cit d6 ciing nho theo. Géc
tan tang thi hiéu suat tang, tuy nhlen dén mot gia
tri t6i han th1 goc tn tang, ti s luc nang trén luc
can giam rat nhanh dan t6i hiéu suit ciing giam
nhanh. Nguy hiém hon nita 14 & nhfrng goc tan cao,
canh dé gip phai hién tuong mat luc nang (stall)
Bai bdo nay s& tim ra gia tri xodn canh toi wu dé

dat duoc hiéu suét tét nhat khi hé sb luc déy toan
=0.016. Db véi
Harrington, khi canh khong xoén, két qua cua giai
thut t61 vu cho duogc gia tri hi€u suat toi vu la FM
=0.74 khi 0, =14.2°, 6, =15°. Phén b goc tan
t6i uu dugc thé hién hinh 10.

Khi t6i uu X04n tuyén tinh cho rotor 2 cua
Harrington, két qua cho thay FM = 0.76 khi:
0, oo =5°,0, , =16.8°,0 =20°,0,_, =13°.
Phén b6 géc tan tdi uu duoc thé hién hinh 11.

rotor doi, C, rotor 2 cua

I-root 1-tip
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13 Harrington Rotor 2
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Hinh 10. Phan b6 goc dat canh va goc tAn ctia rotor 2 clia
Harrington khi cho hiéu suat tot nhét trong trudng hop khong
xoan.

Nhu vay, trong truong hop gilt nguyén gia tri
day cung canh (canh khong ¢ con) thi viée tdi vu
goc xodn canh di lam ting hiéu suit thém 2% so
v6i khi rotor khong c6 xodn canh. Pdi véi rotor
trén, goc dat canh giam dan tir mili canh vao trong
gbc canh, diéu nay giup giam anh hudng cia nd
1én rotor phia dudi, didu nay gop phan lam ting
hiéu suat cta rotor phia dudi.

Mudn cai thién hiéu sudt hon nita thi phai xem
xét toi viéc téi wu dong thoi xodn canh va con
canh.

22

% c=0.152

13 C.=001le6
—~ 16
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Toa dd ban kinh vo thir nguyén, r

Hinh 11. Phan b goc dit canh va goc tén ciia rotor 2 cua
Harrington khi cho hi¢u suat tdt nhét trong truong hop xodn
tuyén tinh

8 KET LUAN
Ly thuyét két hop 1y thuyét dong lugng va ly
thuyet phan tr canh sau khi hiu chinh dé cho ham
phan bo ti so dong vao giong véi thuc té hon.
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Péi véi rotor phia dudi cua rotor doi, viéc hiéu
chinh ham mAt mat tai mii canh cta Prandtl cho vi
tri ranh gidi gilta vung chiu canh hudng va khong
chiu anh hudng boi rotor trén da xdéa bd thanh
cong su khong lién tuc ctiia dong vao tai vi tri nay.

Ly thuyét BEMT da hiéu chinh cho két qua rat
sat v6i cac két qua thuc nghiém. Do d6 1y thuyét
nay c6 do chinh xéac tuong ddi cao va c6 thé ding
n6 dé tinh toan thiét ké t6i wu cho rotor.

Khi mudn t6i wu hiéu suit cua rotor doi phai tdi
uu dong thoi xodn canh va con canh. Khi ti wu
xodn canh bang cac ham tuyén tinh, két qua hiéu
suét t6i vu thu duge 14 FM = 0.76. Khi mudn tbi
uru hidu suat ctia rotor doi cao hon nita thi phai tdi
wu dong thoi xodn canh va con canh, bén canh d6
can xem xét cac tdi wu theo cac ham béc cao hon.
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Abstract—The blade element momentum theory
and fundamental aerodynamic performance of
coaxial rotor are discussed. The simple momentum
theory and blade element theory were used to
calculate some aerodynamic parameters such as
thrust, torque and power of coaxial rotor. The blade
element momentum theory (BEMT) is used to
determine the distribution of local airflow into the
upper and lower rotors at the torque balanced
condition. The upper rotor inflow ratio is similar to
that of single rotor, whereas the lower rotor inflow
ration is splitted into 2 areas: inner and outer area
affected by sliptream from upper rotor. All

derivations are assumed that the inner part of the
lower rotor operates in the vena contracta of the
upper rotor with fully developed slipstream velocity
there. Prandtl tip loss is also derived for area of
interchange of lower rotor. The thrust and power
coefficients, inflow ratio, figure of merit of coaxial
rotor calculated by theory well agree with
experimental data. The results from the BEMT were
validated using a free-vortex wake calculation.
Finally, a linear blade twist is considered for
maximizing the figure of merit of the rotor. Results
that were obtained for an optimum coaxial rotor
were discussed.

Index Terms—Coaxial rotor, BEMT, optimization, modified theory, efficiency



