Fig. 5. Comparison of wind speed at Different Height

In vertical direction, Fig. 6. shows the speed distribution
before and after modification within the testing height which
is 6-100 cm as the height of model is only 62 cm in this
experiment. Under the setting speed of 20 m/s, the original
wind speed in the wind tunnel test section is closely constant
in vertical direction. After modification, due to influence of
spire shape, wind speed presented fundamental change at the
testing height, very close to the wind profile curve with the
index of a=0.12 if the height of atmospheric boundary layer
is set at 300 m and the scale is 1:100, just enough conforming
to the surface distribution law of natural wind on the sea [18].

Tab. 3 shows the mean speed distribution at different
transverse positions, namely at different positions 40 cm
vertically from the wind tunnel’s longitudinal centre line.
It is clearly indicated that in the area nearest to sail model,
the change of wind speed in transverse distribution was not
obvious, which also conforms to the characteristics in maritime
natural wind field.

Tab. 3. Wind speed at different transverse positions

Distance to the centre line Ocm |[15cm | 30cm 50 cm
Original 15.14 15.82 16.12 15.14

Set Speed 15 m/s
Modified 14.79 15.57 15.14 14.79
Original 20.53 20.64 20.44 20.53

Set Speed 20 m/s
Modified 20.26 19.84 20.54 20.26
Original 25.13 26.27 25.92 25.13

Set Speed 25 m/s
Modified 25.55 25.13 24.74 25.55

Wind speed m/s

Time (s)

Fig. 6. Curve of the Wind Speed actually Measured in the Wind Tunnel

In order to understand the process of transient change of
wind speed, the test adopted measurement of 1000 Hz sampling
frequency, to record wind speed change at all points in the wind
tunnel with hot wire anemoscope. The wind speed time-interval
curve is as shown in Fig. 6. The measurement points were at
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the centre line of the test section of the wind tunnel, 40 cm
away from the ground and 60 cm away from the test piece. The
wind speed power spectrum analysis is shown in Fig. 7 and it
indicated that measured wind speed power spectrum is similar
with Davenport spectrum [19].

Fig. 7. Wind speed spectrum comparison
WIND TUNNEL TEST

In order to check influences of fluctuating wind field on sail’s
aerodynamic performance, this paper, on the basis of initial
researches by the research group, carried out contrast test of
aerodynamic performance in stable wind field and fluctuating
wind field of elliptic arc Type D sail model [20]. The testing
sail model’s geometric size is as shown in Tab. 4. and the sail
model is as shown in Fig. 8.

Tab. 4. Geometric Size of Sail Model

Mast Sail Max. Max.
1726 Chored height height | thickness | camber
F{}\}iig;eS[:irlc 36 cm 10 cm 52 cm 4.3 cm 7.2 cm

Fig. 8. Sail model in the wind tunnel

During the test, the wind speed is set at 20 m/s, and the
aerodynamic load on the model consists of the forces and
moment components decomposed from the wind axis coordinate
system. Wind attacking angle o is the included angle between
wind speed vector and sail plane direction as shown in Fig. 9.



Fig. 9. Wind tunnel test stress coordinate system

Directions of the testing wind and the stress are as shown
in Fig. 9, and the wind axis coordinate system is a right angle
coordinate system O-LDZ, with the origin O at the center of
the model baseboard and Axis Z upward vertically. According
to the aerofoil theory, under action of the wind speed with
the incoming flow attack angle of a, sail’s aerodynamic force
is disintegrated into Lifting Force Fl and Drag force Fd as two
components, which are expressed as follows with Aerodynamic
Coefficient C, and C, respectively:

Lift coefficient C - ILZ

S PSV 0
Drag coefficient c IL

S PSV? @

p — air density;

S — area of the sail;

V — wind speed.

Though testing, lift coefficient and drag coefficient of the same
sail under stable wind field and fluctuating wind field conditions
are as shown in Fig. 10. As the wind speed in fluctuating wind
field had a high fluctuation, there was certain fluctuation in the
lifting force and drag force through the testing. The Table shows
the means on the basis of 5000-times automatically acquired
data in 60 seconds. The wind speed used in formula 1 and 2 are
measured at the height of 40 cm on the center line of the wind
tunnel and in 60 cm plane before the model.

250 7 cifed

—#—Fluctuate wind Cl
| ==stable wind cI
=o=—"Fluctuate wind Cd

~f—Stable wind Cd
1.50 o

0.50 -

Attackangle

T T T T T T T T T
-10 -5 ] H 10 15 20 25 30 35 40 45

Fig. 10. Lift coefficient and the drag coefficient under
stable and fluctuating wind field

As shown in Fig.10 and Tab. 5, there is 16-44% decrease of
lift coefficient and 11-42% decrease of drag coeflicient of the
sail model measured in fluctuating wind field compared with
that of stable wind field. The reasons for this phenomena may
be of two aspects: on the one hand, with existence of wind
profile, fluctuating wind field generally show a wind speed in
vertical direction lower than that in stable wind field, so as to
reduce sail stress. On the other hand, with existence of massive
turbulence and vortex in fluctuating wind field, the distribution
of randomly-distributed vortex in sail pressure field will cause
loss of some energy and finally leading to decrease of sail stress.

Tab. 5. Comparison of Lift coefficient and the drag coefficient
under stable and fluctuating wind field

Yo Stable wind Fluctuating wind Comparison

anglea | ¢ cd cl cd cl cd
-5° 0.25 0.3 0.14 0.23 44% 23%
0° 0.45 0.27 0.38 0.24 16% 11%
5° 0.75 0.3 0.6 0.26 20% 13%
10° 1.11 0.42 0.87 0.29 22% 31%
15° 1.64 0.58 1.11 0.36 32% 38%
20° 2.07 0.76 1.27 0.44 39% 42%
25° 2.26 0.91 1.41 0.53 38% 42%
30° 2.09 0.9 1.52 0.62 27% 31%
35° 2.03 0.97 1.57 0.72 23% 26%
40° 2.16 1.14 1.63 0.84 25% 26%

CONCLUSIONS

Previous researches of sail’s aerodynamic characteristics
were carried out in stable wind field, while the real sail is
working under natural wind field. By modification of the wind
tunnel with stable wind field, this paper simulated the wind
field in line with characteristics of natural wind on the sea,
and carried out comparison test of sail model’s aerodynamic
characteristics in two conditions. The results show that in
fluctuating wind field, both lift coefficient and drag coefficient
of the sail model presented significant falling, which also
indicates that to more accurately analyze ship sail’s aerodynamic
characteristics, natural wind speed fluctuation and wind profile
in the atmospheric boundary layer cannot be neglected.
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