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Design of wind tunnel experiment system for wind turbine
icing by using natural low temperature
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Abstract: A simple and low cost icing wind tunnel experiment system has been designed in or-
der to study the characteristics of wind turbine blade icing and de-icing methods. The convention-
al open jet wind tunnel has been transformed by using the natural low temperature condition of
the northern winter, and a water spray system and the icing test section were installed to provide
the icing conditions. The verification experiments were carried out in winter, and the three main
parameters: the temperature stability, the liquid water content and the medium volume droplet
diameter were tested and calibrated. The results show that the main indexes can meet the re-
quirements of the wind turbine icing test to a certain degree at the relatively stable environment
temperature.

Keywords:icing wind tunnel; wind turbine;natural low temperature;temperature; Liquid Wa-
ter Content(LWC) ; Medium Volume Diameter(MVD)
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Fig.1 Sketch of icing wind tunnel test system
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Fig.2 Icing wind tunnel test system
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Fig.3 Example of temperature change in wind tunnel
BAEKSEWRER T
WA K & & (Liquid Water Content, LWC,
g/m®) Je i ALY 25 b B S A IS K B A
LWC 252 0 25 KB IR A 45 vk B i)’ E 250K =55 2
B A 2N S5k KGR h LWC 23 A1 2 5 21 52 45 0KX
A 52 A5 R R FEAE . X T 45 kX o TWC f ) &
A B e 2 Fh o AWFTER R ) 4, B
K e VK TR AT A TSGR A T S B B b R A T S
i3y BT RIAR b A &S vk B R E R ) TWC,
2.2.1 BSKERUHEREN

S5 VK2 o1 Tk v 7K Ml ) ) T T BN L TEW)
TRINE T2 GRS A — € W1 BL T /K 1328
W HRIA I RLAS A R . (EFT A B sk b ok
BT 3R e A o BT X I 8 U A A BRI .
TR R U3 22 8] 9 7K 2 -5 ) TR RIE A o i 7 A R A aE
ZAMB KRR G A IC K U R E
XF TR RE M AR T i 3 b P AR R BR L
W Z B AR R Ay, WA

AR AR SRy o, 78 i PR 0328 1) A 7K i 7E 57
IR [R] A LB 58 BE B 45 vk B M DA

M, =FE, XLWCXL Xv—M, (2)
s M. Sy LI ) 1A 3R T 78 K s o Sl ORI

2.2

D

P L N JER .

HT T RAR AR Y T8 B B/ L T b E LR R Ay
=d. Bl E, = 1. [a] i 200 2 T 25 A & Bl M. =0, U]
3 (2) AT LLAZ 4y

pee X LX hy =LWC X L X v (3)

A e UK 585 EE (5200 3o A SE I ) 5 2
o HiAR AR b 2 UK

e PRAHE A B AR b LWC Oy

Lwcz%}“ 1)

2.2.2 BEKEEREERRSH

4 JE R R HEAT R A o R b T P A L R A
RST A 568mm X 568mm , M A% 9 A L A4 1 rh0 A
PR 80mm , 8 HAKE 1Y 8 BE ly Smm, TESE VK 5L %
PE B RS RN 52 55 B e BEAT 25 K S5 AT —
FIF 5] 174 285 DRI A% e b 1) 25 D DS B o AR 4l 7 A% BIR
22 [) 4 7K 1% 5 00 vl R 4 DK R TR S G B A TR
SIRIIATNGE DL o RN S B 5% 22, X [m) o 000 1 A%
SEUKHEAT 4 WL, B 4 RS2 09 B S KU Y
LWC {&.

B 5 FrRgy i TG 4. 5m/s T 3 il A K
oy B a2 B AT L & B AR VKRG SE 56 B 1 Hh
DR A T 150mm X 150mm {1 357 X 38, 78 %3
Bl P9 AT R A7 A I R ) 485 K S SR A 9 TR i L 6

&l 4

45 UK R BE I3 T A
Fig. 4 Mesh for icing thickness measurement
5.0
200 45
4.0
100 35
\E 0 3.0 %
=
-100 20~

1.5

-200
1.0

-200 -100 0
x/mm

(a)

100 200



%2 A RS FIT B RARIR B R HLAES vk KGR 52 5 R ge it 57

E 0.
B,

-200 -100 0 100 200
x/mm
(b)
200 :
100 PN
0 E
E o &
N 8O
=z
-100 G =
-200 :
-200 -100 0 100 200
x/mm

(o)
P 5 S BUR A KT
Fig.5 The distribution of LWC in the experimental section

OB L2 A WA 7K 5 B AT 10 AR XL 7R 32 XN
AL AT AL B B i T e 45 K S
2.3 KBERWRERSH
2.3.1 KEERRERFE

o ¥ JK % kL 2 (Medium Volume Diameter,
MVD) K/t B2 45 7K = 55 S50 3% 45 vk XU 7
JKIRRLAR 2 15 2 R it 25 KRG S 56 25 3R i Sk Al o %
TS Berh iz gl i 3 v K . 8 IS 2 R 1 o)
Br G2 B 9 R0 55 i B A B s e ik 4 H

TEABIEFE PR F B 115505 XU 52 36 A0 45 5 1)
FBobp g K AR . M BB AR L AT 450k
R B] P o 8 R o Xof I AT Al 48 ) T 7 B s, AL Y
VKIS b, FE ML IR 1 A, K0T LIS
p Bt LWC. 0T
0

A p, AT R A s, AL R K
R, EYIRINE M2 —E LT AL Y
T s, AL KRG WA e HORIK R BLAR A G, K
T T AR A AL 8 5o o5, RN ML SR R A AL E s,
F1% 9 T T TR B L AL 1) SR AR R B T

B = el
LWC.V.«AT
BEXE bR 5P R vk XTI 7K R AR R E 5 T

a0

(5)

(6)

T« PR A SME CBIAE ) S5 47 XU 52 56, 90753 2 4>
ol 5 P 1T s, AR RS DK S JEE B, 5 A 3 SR R 4R ol AR BR B,
SR s, (956 R 2R B0 = BCs, ) 5 B X PR XU 52
B 1 25 TG AC I I BUE T 5 0 05 1 AR A A TR R
A2 JT Xk L 1 Jeg 0 48 o R R 3, S AR T s, YOG AR il
2R B =BCs,) s B SEIG I B K R M2k B0 =BG H
Z R R AR B = pCs,) HEAT R B 445 1 7K T KL
fe oy A oL .
2.3.2 BREWERBTERE

A 2o B TR 9 T 9 SRk K R T 38 Bl il
fi T PR S BT B A R IR 3« 7R A5 B0 9 03 A Ak
fil J5 3 M B AS KT 328 Bl 038 R AR AR R i
Z KL BB A L T S K T A0 A R B S
o3 WA R T AL s, AR A KR R R

i) A Ay AV RS T B B 2 N-S Ty AR BROHS SR
ik

%QZE+V « (pvp — I'ygradg) =gq, (7

R FIARUERY e fiid PRAE T L R Simple J7 3% 5K i
D7 R (T J5 R (7)) 2% T i) ) B S M AR R 8 Ui 2
WICwk[12],

TE L i S8 R Rt B S OK R BB s T L 1
AR B - (L) 7K 8 A BRUDR 5 AN 78 5 (2D 7K 7 8 JEE
TEREA SRR A 5 (/KT W 46 3 5 A
UL PR 3 T2 AR A5 7R O 5/ AN 5 I 0 1 B e
S W3 Bl H KT K 32 3 R A A T Bl E AL

JK i 3z 3l 75 Sk
M dzxd o
d W —(pa _pa)Vdg +

%paAdcd | u, — Uy ‘ (ua _ud) (8)

o x AR E M,y Ry KRRV K
TR oo NI H L p, 2L - g ET I INE
B A 2K 15 XU AR VS KO iR B Cy 2
BHL 3 28 20 AR 24 M U L g AU 1L

KA1 Euler J5 i B BOR K 32 2h 5 f HAE 2
b 7 1 ) O R T JE T A

0 = (C;fe)Kiawa ) 9

v A5 16 K3 PR i 2 5

a, = (Cgffe) Kia(ua —u) + (Pd—p_d"—) ¢ (10)

H 7T 8 3 RE A MR TR 4, I 2 KO Y 3 RE Ry
(uﬁ,‘vﬁ)»ﬁﬁ%{ﬁﬁﬁ(xﬁayﬁ),mﬁ: Lyt HTJ‘ZIJZKW%]‘
RN




EN S (2016) 4 30 &

58 SOK W
urdrH :uﬁ +al~(t,,+] - t,,) (11)
vt = +a, (L —t,) (12)
it =xh A wi (e —t) (13)
Vit =y o (e — £,) (14)

T a5 25 %E KT B 90 06 L B AR R TS A
R 5] A5 i 7T B8 T 7 B o KT 7R ) T Y e o i i
AT KT IO 18 P8 Sy A% RIS A% R ILSE 53 53 T AR )
I PIARY]

A 2o 7 A 8 A A o R B L L RS

Z}Eﬁ%*gﬂmﬁﬁ%ﬁﬂ)ﬁ tﬂﬁ,ﬁfﬁﬁ()}o s V19 Y2t 9yn)
U&EXHLB@‘IZTEE%EE‘JTQE(AO 951 9829 %" h%)?lﬂﬁ

Ak s; FR73 B4R B R A AR Wy T i 2R B R O T A
FIRRE s= s () MRHGIX 2 A B dl AT ARSI 18 75 31
JatR AR RBUE s KT v — B S8R =R 2%
{1 .

PRAL s FE T I [y, o v J BB R IE s, ()
SRV T 3 AU Z T AL B L s () 2 e
IO

st (y)=M;, i=0,1,,n (15)
/%\ hi =y, —yi-1 ’%HJ‘@J S(y)ﬂgiéijjﬁj'ﬂ
iMifl _ 3 % _ 3
5; Cy) ~6h. (yi — ) +6h,-(y Vie1)
S, M,
Jr( A lh") =
S, M,
+ (5T G
(yiy <y < y)si=1.2,.n (16)
A R b SRy S IS FR AL s () Y R B EUH
B:s;(y)
__szl o 2 % o 2
= o (yi — ) +2h,-(y yi-1)’ +
Si T S & o )
3 + 6 (M; — M, ) an
2.3.3 BEBKEENREERRIM

Bl 6 BT~ bS5 A P BE 5 B A, Ah R R
30mm, &N S5mm, &N 150mm, FE 45 vk 92 56 55 4
T B SO0 AR [ AE AR b SE I A R R B AR Y

Fig. 6 Experimental cylinder

S 56 Vi B (1 S 50 A5 Y B A 43 TS DR UE 7K T E P 1T
Bl 5 ) RO AT R 2 . S 36 o A8 UK Oy Sm/s i BE
H—=8C &L E T LWC=0.59g/m’ Ab, 45 vk i}
6]k Smin, kI 52 56 15 22 X6 [ Fp 50 T &5 vk ik A7
B 7 B o BUE A . TR A S T &
AR TR TR T O B R4S L 45 5 6584,

Al

M ///////////
S\t
« &

L
A\

I
LD

I ATE i
Fig.7 Mesh for computation

8 JIT 7R Ay 5 B AR A 1Y Ja R WA A AR Bl £k K
HAOFE B R MVD=20pm, MVD = 30pm K&
MVD=50pm # 5 A8 Y R A L Ry L. T L&
B, S AR AT 1 Jay A R B & A T MVD=30pm
5 MVD=50pm # J5 Al U 46 28 Kioth 2 2 1) . ml LA
W7 H 12085 55 R 48 7 LR KR RL § A T 30 ~50pm 2
(] A RIS B K
- +-MVD=20um

- = -MVD=30um
-=+=-MVD=50um

RS ET
Yl
=
&
o

= ~
/)t 03E A
/ 3
fdy 02 E . it

YA B /mm
B8 SH 5T i
Fig.8 Comparison of experiment and calculation

3 & i

N T WFFEIRTTHLES UK -5 B Bk oK 1] 78, AR fF 58 B3t
TP A T B SR ARG L 2% 11 A TRT 5 A0 BAS 119 XU T HL &G
UK R . 2 78 & 2= AT A B TR S 6 . % 4
UK 114 32 222500 90 50 Bl B2 A S P WA KR
3 A5 R R AR A A — o PR LR S
a2 AL T XU AL % R 25 BEAT 45 DR 5 Bl

(TH % 66 1)



66

g;

ey

D P

i

n2
¥

(2016) %% 30 %

(18]

[19]

[20]

[21]

[22]

[23]

s

AR, 2013, (7). 828-835.

Gao Q, Wang H P. The tomographic PIV and it's application on
synthetic jet measurement[ ]J]. Science China: Technological
Sciences, 2013, (7). 828-835.

Humble R A, Elsinga G E, Scarano F, et al. Three-dimensional
instantaneous structure of a shock wave/turbulent boundary
layer interaction[ J |. J Fluid Mech, 2009, 622; 33-62.

FRUER, L, A, . =M ATEN =R g BOR FE T
PIV il [Cl. %5/ 2 E A =% AR 42U, 2014,

Wang CY, Gao Q, Wei R J, et al. 3D flow visualization and tomo-
graphic particle image velocimetry for vortex breakdown of a delta
wing[ C]. The 8th National Congress of Fluid Mechanics, 2014.
Violato D, Ianiro A, Cardone G, et al. Investigation on circular
and chevron impinging jets by IR thermography and time-re-
solved tomographic PIV[ C]. ASME-JSME-KSME 2011 Joint
Fluids Engineering Conference, 2011.

Wieneke B. Volume self-calibration for 3D particle image veloci-
metry[ J]. Exp Fluids, 2008, 45(4): 549-556.

Gao Q. Wang H P, Wang J J. A single camera volumetric parti-
cle image velocimetry and its application[ J]. Science China;
Technological Sciences, 2012, 55(9): 2501-2510.

Scarano F. Iterative image deformation methods in PIV[]].
Meas Sci Technol, 2002, 13(1): R1-R19.

(L#5 58 1)
BRUKEARBETE . AW IE 52 A X Bl 7 3 m] A
FEHAMEE A (1 45 vk (R R (A5 S 2%

Sk

(1]

(2]

(3]

[4]

(5]

(6]

L7]

i Ebk, 24, UL, 5. pKERX R WL RESZ m pa AP 52 LT ]
KPHBE2A4R . 2012, 33(9):1490-1496.

He Y L, Li J, Dong M H, et al. Research the effect of wind
turbine performance under icing conditions[ J]. Acta Energiae
Solaris Sinica, 2012,33(9): 1490-1496.

KRR, £, IERE, S RITPLH R 3L Y 45 vk 8 (4 B AT
FE[)]. S B, 2011,29(4) :522-528.

Zhu C X, Wang L, Sun Z G, et al. Numerical study of wind
turbine blade airfoil ice accretion[J]. Acta Aerodynamica Sini-
ca, 2011, 29(4):522-528.

Wang X. Convective heat transfer and experimental icing aero-
dynamics of wind turbine blades[ D]. Maniboba; Department of
Mechanical and Manufacturing Engineering of University of
Manitoba,2008.

Frohboese P, Anders A. Effects of icing on wind turbine fatigue
load [ ] . Conference Series, 2007, (75):
0120361.

VAR UL, AR, SE. 0 B kO KU LA S R LT .
JAfE ., 2014, (9):100-103.

Sun S H, Xu H L, FuP C, et al. Effect of blade icing on wind
turbine[J]. Wind Energy, 2014, (9):100-103.

Shin J, Bond T. Results of an icing test on a NACA 0012 airfoil
in the NASA Lewis Icing Research Tunnel[R]. NASA TM-
105374,1992.

Journal Physics:

Shin J, Bond T. Experimental and computational ice shapes and
resulting drag increase for a NACA0012 airfoil[R]. NASA TM-
105743,1992.

[24]

[25]

[26]

[27]

[28]

E&E

d>h

1111111111141 1111111111111 1111111111111 1111111111111 1111111114141

[8]

(9]

(10]

[11]

[12]

£&

Westerweel J, Scarano F. Universal outlier detection for PIV
data[J]. Exp Fluids, 2005, 39(6); 1096-1100.

Kendall A, Koochesfahani M. A method for estimating wall
friction in turbulent wall-bounded flows[]J]. Exp Fluids, 2008,
44(5) ;. 773-780.

Robinson S K. Coherent motions in the turbulent boundary lay-
er[J]. Annual Review of Fluid Mechanics, 1991, 23(1): 601-
639.

Chakraborty P, Balachandar S, Adrian R J. On the relation-
ships between local vortex identification schemes[J]. J Fluid
Mech, 2005, 535;: 189-214.

Del Alamo J C, Jiménez J, Zandonade P, et al. Self-similar vor-
tex clusters in the turbulent logarithmic region[J]. J Fluid
Mech, 2006, 561. 329-358.

f& 9 :

EHF AR FH I BES
Jrle) LA DA AR AL bR E
LR 2 i 23 Bk 2 5 TR 2 Bt Wl (AR g 2% iF

e 3T (100191), E-mail: h. p. wang @ fox-

N

mail. com,

(i < 7k 75 3£

Vecchione L, De Matteis P, Leone G. An overview of the CIRA
icing wind tunnel[ R]. ATAA-2003-0900, 2003.

JEW . B, W . R BT = pk R i B E AR F 5 [C//
KA QAL AR 55 J2 00 30 B op [ 25 2 2% 2007 4R 2 R AR 2
W ICHE . I 2007 1 1-10.

Xing Y M, Sheng Q, Chang S N. Study on simulation technolo-
gy of large open ice wind tunnel[ C]//China Aviation Society of
the Key Technologies of Large Aircraft in 2007, Shenzhen:
2007 1-10.

Gyt A, MR, SF. A5 PR W AS K i Oy AT A
[J]. BHE S, 2009, 27(21):86-90.

Yi X, Gui Y W, Xiao C H, et al. A method of liquid water con-
tent measurement in icing wind tunnel[ J]. Science &. Technolo-
gy Review, 2009, 27(21):86-90

Gyt KR AR, MR, SE. 45 vk XU K B AR AR T koY
[J]. S8R WAAR J12%, 2010, 24(5) :36-41.

Yi X, Gui Y W, Du Y X, et al. Study on the method of droplet
diameter calibration in icing wind tunnel[ J]. Journal of Experi-
ments in Fluid Mechanics, 2010, 24(5):36-41.

Sy Bt RHLBR UK B B RS ARG I AR L vE I R S (DL 4
PR . i [ 2 B e S R SR e, 2007,

Yi X. Numerical computation of aircraft icing and study on icing
test scaling law[ D]. Mianyang: China Aerodynamics Research
and Development Center, 2007.

[EMIE

= HQ972). B, BRI ELAN. B,
WEFEJr - AT PR A BB YR 5 A T, B fE b
Fk AR AL AR K 2 TR 2% BE (1500300, E-

mail; liyanneau(@163. com

i 4 48)



	9 N©.pdf
	9 N©-1.pdf

