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ABSTRACT

In this paper, the heat transfer coefficient measurement techniques using TSP(temperature sensitive paint) were introduced and

the results of a comparative study on the heat transfer coefficient measurement by steady state and transient TSP techniques

were discussed. The distributions of heat transfer coefficient by a single 60° inclined impingement jet on a flat surface were

measured by both techniques. Tested Reynolds number based on the jet diameter (d) was 30,000 and the distance between jet

exit and target plate (L) was fixed at 10d. Results showed that the measured Nusselt number by both techniques indicated

significant difference except near the center of impingement jet. Also, the heat transfer coefficients measured by the transient

TSP technique were affected by the reference temperature of the jet. Based on the measured data, characteristics of both TSP

techniques were analyzed and suggestions for applying them were also given.
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Fig. 1 Structure of Wind-turbine Blade
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UD(Glass) Glass-Epoxy | Carbon-Epoxy Table 3 Lay-up Pattern & Thickness of Shear Web & Spar Cap
En (MPa) 43,100 39,000 142,000 ThicknessLmm]
Ey (MPa) 13,200 8,600 10,300 I 0 %0° Remarks
B (MPa) 13200 8600 10300 | 6x09 | 3x09 | 3x09 | Shear Web
o2 0.4 0.28 0.21 B0 0 s 09 | 309 | 309 | Svar Cap
D23 0.45 0.47 0.46
13 0.24 0.28 0.27
G (MP2) 3620 3,800 7200 Table 4 Effective Material Properties of Blade Skin
Gy (MPa) 4,550 2,930 3,520 Region@ | Region® | Region®) | Region® | Region®
Gis (MPa) 3,620 3,300 7,200 En (MPa) | 31,100 | 35200 | 38800 | 39,900 | 40500
p (kg/m?) 1,939 2,100 1,580 Ep (MPa) | 18500 | 17,500 | 15700 | 15100 | 14,700
Es (MPa) | 13500 | 13500 | 13400 | 13300 | 13,300
uD) 0.260 0.256 0.247 0.245 0.244
23 0.496 0.489 0.474 0.468 0.465
13 0.649 0.677 0.726 0.740 0.749
Giz (MPa) | 6,120 5,620 4,730 4,450 4,290
G (MPa) | 4,320 4,370 4,450 4,470 4,490
Giz (MPa) | 3,850 3810 3,720 3,700 3,680
p (kg/md) | 1,939 1,939 1,939 1,939 1,939

Table 5 Effective Material Properties of Shear Web & Spar Cap

Fig. 2 Blade Regions according to Variable Lay-up Pattern & Thickness Glass-Epoxy Carbon-Epoxy
En (MPa) 8,070 13,800
Table 2 Lay-up Pattern & Thickness of Blade Skin E,, (MPa) 8070 13,800
Thickness[mml] ) Ey (MPa) 8,670 10,500

Region

+45° 0° 0°/90° Total UB 0.229 0.131
4x090W | 5209 4x09 A ® U 0.376 0472
[+45°/ 4x09 40x09 4x09 432 @ 013 0.376 0472
0°/0°/ 4x09 2809 4x09 324 ® Giz (MPa) 3,280 6,100
0°s 4x09 12x0.9 4x09 18 ) Gos (MPa) 3,360 5,360
4x09 809 4x09 144 @ Giz (MPa) 3,360 5,360
(1) NxT : N=No. of ply, T = Thickness of Ply p (kg/m?) 2,100 1,580
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Fig. 5 Boundary Condition for blade

Table 6 Types of Modal Analysis

T Skin Shear Web Spar Cap

c

P Method | Material | Method | Material | Method | Material

Type 1| S® uD S G/E® S G/E

Type 2 S UD S C/E@ S C/E

Type 3| E®@ UD E G/E E G/E

Type 4| E UD E C/E E C/E

(1) Stacking Property Method

(2) Equivalent Property Method

(3) Glass-Epoxy

(4) Carbon-Epoxy

| Flow Analysis | | Static Analysis | | Buckling Analysis |
-

[ Pressure distribution } [ Initial load condition ] [Buckling Ioad&mode}

Fig. 6 Procedure of buckling analysis for blade
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Table 7 Results of Modal Analysis

Type 1 Type 2 Type 3 Type 4
Mode S, G/E S, C/E E, GE E, C/E
(Hz) (Hz) (Hz) (Hz)
1 0.023 0.026 0.022 0.023
2 0.060 0.064 0.059 0.061
3 0.071 0.079 0.070 0.072
4 0.144 0.163 0.139 0.143
5 0.172 0.183 0.171 0.175
6 0.251 0.285 0.241 0.247
0304 |—#—Typel (S, GE)
—o—Type2(S GE)
o] |4 Type3(E GE)
—v— TypeA (E CE)
T 020
L
)
S 015
g
I g10-
005
O‘m T T T T T T 1
o 1 2 3 4 5 & 7
(a) 1st Mode (b) 2nd Mode

uuuuuu

,,,,,,,,,,,,,,,

(c) 3rd Mode

(d) 4th Mode
Fig. 11 Mode Shapes of Type 1(S, G/E)
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Table 8 Results of Buckling Analysis

Type 1 Type 2 Difference
Mode

S, GE () | S, CE (H2) (%)
1 56448 5.8902 4.3
2 5.6452 5.8964 44
3 6.0052 6.3305 54
4 6.007 6.3353 55
5 6.4006 6.9043 79
6 6.4045 6.9092 79

—a— Type1 (S, G/E)
—e Type2 (S, C/IE

Frequency(Hz)

Mode

Fig. 12 Results of Buckling Analysis
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(c) 3rd Mode (d) 4th Mode

Fig. 13 Buckliing Mode Shapes of Type 1(S, G/E)
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