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Abstract: The icing characteristics of rotating blade of a small-scaled Vertical Axis Wind

Turbine (VAWT) and the aerodynamics performance changes of the iced blade airfoil and rotor

were researched by wind tunnel tests and numerical simulation in order to provide technology

reference for establishing the more complex test system for large scale Horizontal Axis Wind Turbine

with rotating blade and study the icing mechanism and anti-icing and de-icing technology. The

experiments were performed in an icing wind tunnel designed by Northeast Agricultural

University using natural low temperature in cold winter. The test model was a small-scaled
VAWT with 2 blades with NACAO0018 airfoil. The icing accretions on rotating blade surface

under 5 tip speed ratios were tested and recorded. Wind turbine blades were frozen over the entire

surface of the blade. Ice shape asymmetry can be found on the blade with the increasing of tip

speed

ratio. Furthermore,the lift coefficient of iced blade decreased and drag coefficient increased

with the increasing of tip speed ratio and the amount of ice based on the results of numerical

simulation. The power coefficients of the rotor were also decreased. It can be also found that the

change degree of pressure field and velocity field around the iced blade depended on rotating

angles, which was the main reason affecting the aerodynamic performance of blade and the turbine.
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Fig.4 Ice accretion on blade surface during 30 minutes at different tip speed ratios
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Fig.5 Lift coefficient of iced airfoil
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Fig. 6 Drag coefficient of iced airfoil
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Fig.7 Power coefficient of wind turbine with iced blade
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Without icing 0=0°

With icing 0=0°

B9 ZkmEHAEERRS(e=0)
Fig.9 Flow field around blade with or without icing(ax=10°)

H1 P9 BT, B T I R S 4 K A A
SR S B IR AR A A A5 75 TR BT K 3l A
B DT 5% i 28 A ik B R LA T . X — ARk B
SFOZ M TR R S35 B AR AR 3K B 3 3h 4 S i AR
RN EIE N N DA R 2 AR INTIES =2 G Al N - i
S Fb . T E R R R R UL TR TE R
48 KOtk L7 A (1 5 W AR /N 5 ) B AR 180° B I A
1) T BEL 3 5 P DR AR A A X 45 25 L R, &5 UK iz i
B 5 i R AR B /N . IR X — RS TR KU L
F14) 3 A A R e A VKR K R R B

H1 P 10 AT LA Y, JOi8 2 R A 2 R 13,
H &5 KET S BRI AR R+ B3 X 5K 8
25 0 RS S AR AR BB AR — B, EE A AL
ek [ 2 by I R & KO R A o R JE L 3 AR Ak
AT LLE BIFE I T BT A UK B B X R
ERWEAE AR R T R, AT
W 8RR T 3B & A T — R B AR AL DRI A



572 = KB

o5 34 %

PR T WL S sk

RN RIIPSIRE R & = O N Wa e =5 ]
WERR VLKA B 5 R RS M i IR R 7
LEUKI ZORZS T BRI e (e R S5 0kR
SRR BE— IR AT KT LAY Bl R —

M.
ZV e o

1936401
1046401
1746401
1846401
1556401
1456401
1356401
1286401
L1ses01
1.06¢+01
9.66¢+00
8700400
773400

6760400
5.80c400
4636400
387400

With icing o=70°
B 10 ZKkEIEH R BEERE(e=70")
Fig. 10 Flow field around blade with or without icing(a=70°)

Without icing 0=70°

1376401
1006401
1236401
L16e:01
109401
1.03e401
957400
889400
8200400

Without icing a=120° With icing a=120°
B 11 ZikErEr A EE RS (e=120°)

Fig. 11 Flow field around blade with or without icing(@=120°)

4 &£

AR S0 i B M T AN [R] A 3 HE T I 45 ok ay
Aii I X85 R B3 B AT T BE RIS A T
MR ROAG BB AL A E T IR 2

1) R0 25 B AR B, R B X B 35 A () 1 4R 3 1 B
b DX AU 5 It ) 445 DK 7 2 B LU /I g 349 29 53 A
TEREAS I 7 T B SR U3 R, DK 32 1 )5
T SN A 45 K B — RE B X BR A AR R

BIMIN B2 i % A I 19 45 DA X R B B

2) R ARRW L BERE M S5 KR 1 T R R
Wee ARG+ BHL T3 28 B0 O XU D 3R AR MO e L X MR 3 il
eSS AR IRy S e EATE T

3) BEUKJE W 3R JE B A O R A
T JEE 5 IRVAR e 4% A AR G L 3 SR B R I i Bt
PR AR AL 55 KT B BE e R 19 32 2N

& % x #:

[1] Kimura S, Sato T, Tsuboi K, et al. Numerical simulation of
ice accretion on a wind turbine blade [ J]. Journal of the
Japanese Society of Snow &. Ice, 2006, 68(5); 393-407.

[2] Mroz A, Holnicki-Szule J, Karna T. Mitigation of ice loading
on off-shore wind turbines: feasibility study of a semi-active
solution[ J]. Computers &. Structures, 2008, 86(s 3-5): 217-226.

[3] Virk M S, Homola M C, Nicklasson P J. Relation between
angle of attack and atmospheric ice accretion on large wind
turbine’s blade[J]. Wind Engineering, 2010, (6): 607-614.

[4] Kraj A G, Bibeau E L. Impact of mitigation strategies on icing
accumulation rate for wind turbines in cold climates[ R]. Wind
Energy-Technological Advances, 2007.

[5] Kraj A G, Bibeau E L. Measurement method and results of ice
adhesion force on the curved surface of a wind turbine blade[]J].
Renewable Energy, 2010, 35(4): 741-746.

[6] Homola M C, Virk M S, Nicklasson P J, et al. Performance
lossesdue to ice accretion for a 5MW wind turbine [ J].
Renewable Energy, 2012, 15, 379-389.

[7] Bose Neil. Icing on a small horizontal axis wind turbine-Part 1:
Glaze ice profiles [ J]. Journal of Wind Engineering and
Industrial Aerodynamics, 1992, 45(1) . 75-85.

[8] Kraj A G, Bibeau E L. Phases of icing on wind turbine blades
characterized by ice accumulation [ J]. Renewable Energy.
2010, 35(5): 966-972.

[9] Han Yiqgiang, Jose Palacios. Sven Schmitz. Scaled ice accretion
experiments on a rotating wind turbine blade [ J]. Wind
Engineering and Industrial Aerodynamics, 2012, 109 (11): 55-67.

[10] Yi Xian, Zhu Guoling. Computation of glaze ice accretion on
airfoil[J]. Acta Aerodynamica Sinica, 2004, 22(4): 490-493.
(in Chinese)

Gy, REM. AL TG ARON B BRI BT, =<3
J1%AR, 2004, 22(4) 0 490-493.

[11] Zhu Chengxiang., Wang Long, Fu Bin. Numerical study of
wind turbine blade airfoil ice accretion[J]. Acta Aerodynamica
Sinica, 2011, 29(4): 522-528. (in Chinese)

REEE, Lg. fhak. KUy Lek 5 3 800 25 vk i A 90 5T
(7). ZERshh224M, 2011, 29(4) : 522-528.

[12] Deng Xiaohu, Lu Xuxiang, Li Luping. Numerical simulation of
airfoil ice accretion process on horizontal-axis wind turbine blade
[J] . Energy Technology, 2010, 31(5); 266-271. (in Chinese)
XEWEW) , e, ST AKX T BLE Fr 38 45 oK v Bl
)], REVREE A, 2010, 31(5). 266-271.

[13] LiY, Wang S L., Zheng Y F, et al. Design of wind tunnel
experiment system for wind turbine icing by using natural low
temperature[ J ]. Journal of Experiments in Fluid Mechanics,
2016, 30(2): 54-58, 66. (in Chinese)

(%% 586 1)



= 13

5 34 &

586 ¥
LR, WCTR, e, A 10°JH bl E o s sh S 5y [11] Xu Kefa, He Longde, Li Mingjuan, et al. Experimental
SLERI R[], SR s Si2EEd ., 1997, 15(4) . 452-457. investigation of dynamic stability derivatives at high angle of
[2] Jiang Zenghui, Chen Nong. Wind tunnel free-flight test with attack in wind tunnel free-flight [J]. Acta Aeronautica et
biplanar optical system on the spinning blunt cone[ ]J]. Chinese Astronautica Sinica, 1993, 14(8): B394-B397. (in Chinese)
Journal of Theoretical and Applied Mechanics, 2013, 45(5): VERl ok, e, 2200E, 45, KR¥MmRUR A s 88
777-781. (in Chinese) FFELT]. s 254k, 1993, 14(8): B394-B397
WHARE R e A RO AR XU A R, e [12] Holden M S, Harvey J. Maclean M, et al. Development and
4%, 2013, 45(5) . 777-781. application of a new ground test capability to conduct full-scale
[3] Lewis H O, East R A. Measurement of free-flight dynamic shroud and stage separation studies at duplicated flight
stability derivatives of cones in a hypersonic gun tunnel. ATAA- conditions. AIAA 2005-696[ R]. Reston: AIAA. 2005.
95-6082[ R]. Reston: AIAA, 1995. [13] Holden M S, Smolinski G J, Mundy E, et al. Experimental
[4] Xu Kefa, Wang Lingzhi, Li Mingjuan, et al. Research on studies for hypersonic vehicle design and code validation of
dynamic derivative of Spinning missile by six-degree-of-freedom unsteady flow characteristics associated with free flight shroud
free-flight test in wind tunnel[J]. Acta Aerodynamica Sinica., and stage seperation and mode switching. AIAA 2008-642[ R].
1993, 11(3): 257-262. (in Chinese) Reston: ATAA, 2008.
VAL, ERE, FUE, . BEESEXEAN A RE A ST [14] Ma Jiahuan, Tang Zongheng, Zhang Xiaoping, et al. Wind
s PRI ]]. 2R 1R, 1993, 11(3): 257-262. tunnel free-flight test on shell separation[ R]. IMCAS Report,
[5] Prislin R H, Holway H P. A wind tunnel free flight testing 1983. (in Chinese)
technique for nonplanar motion of spinning models. AIAA 66- B, R, kAN, A MR T BRI A B KK
774[R]. Reston: AIAA, 1966. [R1. HE B BE ) 2 0T B i & . 1983.
[6] Jaffe P. Nonplanar tests using the wind-tunnel free-flight [15] Zhang Wanqgiang. Free-flight test on the separation between
technique[J]. J. of Spacecraft, 1973, 10(7): 435-442, nosetip and afterbody of warhead in the shock tunnel [R].
[7] Prislin R H. High-amplitude dynamic-stability characteristics China Aerodynamics Research and Development Centre Report,
of blunt 10-degree cones[ CJ]//AIAA 4th Aerospace Sciences 1980. (in Chinese)
Metting. AIAA-66-465. 1966. SRS ICh B g Sk 5 TR A3 T SRR KU A R R
[8] Ingram C W, Nicolaides ] D. Obtaining nonlinear aerodynamic W [R]. P EZ= s RS & RO, 1980,
stability coefficients from free-angular motion of rigid bodies [16] Li Zhoufu. Wind tunnel special tests technique[ M]. Beijing:
[J]. J. of Spacecraft, 1969, 8(4): 390-395. Aviation Industry Press, 2010 88-161. (in Chinese)
[9] Nicolaides ] D, Ingram C W, Martin ] M. Nonlinear A KO MR H R M. fias Tk # R4, db 52,
aerodynamic stability characteristics of the 2. 75 wrap-around 2010 88-161.
fin configuration[ C]//8th Navy Symposium on Aeroballistics., [17] Ren Huaiyu, Zhang Duo. Research on simulation of the dynamic
1969, 3. 751-832. performance for thermal separation of multistage missile [ J ].
[10] Nicolaides J D, Eikenberry R S, Ingram C W, et al. Flight Journal of Astronautics, 2005, 26(4): 509-513. (in Chinese)

dynamics of the basic finner in various degrees of freedom[ R]J.
AFATL TR-68-32, 1968

WG, k. TG ) B B SRR O BLFSE 0], FEMmSF
2, 2005, 26(4): 509-513.

1111111111111 1111111111111 1@ 11111111111 -

(L#EE 572 ™)

[14]

A, LA, BEFF, F. R E KRR X T HLES vk KR
SERGEVATLT]. SRR ARSI, 2016, 30(2): 54-58, 66.

Li Yan, Chi Yuan, Feng Fang. Wind tunnel test on icing on
blade used for vertical axis wind turbine [ J]. Journal of
Engineering Thermophysics, 2012, 33 (11). 1872-1875. (in

Chinese)

[15]

Zth, R, k. 2 B AT AL 2R T 4 vk g KO R
[J]. TREMYHEEM, 2012, 33(11) 1872-1875.

Li Yan, Tagawa Kotaro, Feng Fang, et al. A wind tunnel
experimental study of icing on wind turbine blade airfoil [ J].

Energy Conversion and Management, 2014, 85(9);: 591-595.



