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Abstract 
To verify the influence of frost protection windmachine with continuous oscillation on microclimate, the 
experimental study was conducted in a tea field in Zhenjiang, China on a typical radiation frost night. Disturbed 
airflow variation and protection effect were investigated. Airflow velocity of 8 points at different distance from 
the machine was measured during an oscillation period with an anemometer, and temperature variation of 48 points 
at different distance from the machine and different height above the ground was measured with temperature 
recorders. The changes of airflow velocity and temperature were analyzed. Where the velocity was high, the 
airflow-disturbed duration was as well as large. Airflow velocity at each point presented a trend of rise, fluctuation, 
and decline under the action of windmachine with continuous oscillation. The temperature rise with the same 
distance from the machine was close, among which the 10 m and 20 m away from the machine increased greatly. 
Disturbed airflow enlarged the temperature difference between the top and the bottom of the canopy. The 
windmachine with continuous oscillation is proved to be effective for tea frost protection and provides more 
coverage than traditional anti-frost fan with flabellate oscillation. 
Keywords: tea trees, windmachine, frost protection, disturbed airflow, temperature rise 
1. Introduction 
Frost is a common agro-meteorological disaster, which brings great harm to the growth of tea trees and other crops 
(Cittadini, et al., 2006; Gu, et al., 2008; Lu, et al., 2015). As mechanized equipment, frost protection windmachines 
have the advantages of larger coverage, better protective effect, and less pollution to environment than traditional 
methods such as smudging, flooding irrigation, and straw covering (Vahid, et al., 2015). The working principle of 
frost protection wind machine is to transport the airflow of the thermal inversion layer to the canopy of crops, and 
to drive off the cooler air at the same time (Battany, 2012; Doesken, et al., 1989). The frost protection wind machine 
can also improve the heat exchange between the crop and the surrounding air by regulating the conductivity of 
leaf boundary layer (Kensuke, et al., 2017; Monteith, et al., 2013; Snyder, et al., 2005). Many studies have 
confirmed that frost protection windmachine could effectively raise the temperature of the canopy (Bey-Marshall, 
et al., 2019; Heusinkveld, et al., 2019; Wu, et al., 2015), and could as well as increase the yield and quality of crops 
in the covered area (Blank, et al., 1995; Hu, et al., 2013). These studies mostly confirm the reliability of frost 
protection by comparing the conditions inside and outside the covered area.  
Large frost protection windmachines, such as Model 3000 series windmachines (Orchard-Rite, Washington, USA) 
and Chinook windmachines (H.F.Hauff, Washington, USA), have achieved continuous oscillation, which improves 
the working efficiency (Gambino, et al., 2007; Lee, et al., 2013). The anti-frost fan is a kind of miniature 
windmachine which is suitable for some small and medium tea gardens in Japan (Kensuke, et al., 2017). Anti-frost 
fan oscillates with the angle of 60°, 90°, or 120°, which has coverage less than 2000 m2. We applied mechanism 
of continuous oscillation to this kind of machine, to expand the covered area. However, in this case, the 
windmachine cannot continue to disturb airflow in the same direction, and the airflow with higher temperature in 
the thermal inversion layer is transmitted dispersedly. Therefore, the influence of frost protection windmachine 
with continuous oscillation on microclimate should be further confirmed. In addition, the discrepancy of the 
influence at different positions and heights in covered area should also be explained in detail. Airflow velocity and 
temperature rise are important indicators to measure the function of frost protection windmachine. In this study, 
the windmachine with continuous oscillation was started on a typical radiation frost night in a tea field. It is of 
much importance to know the airflow distribution and temperature rise when the windmachine with continuous 
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oscillation is in operation in order to obtain better frost protection effect. 
2. Materials and Methods 
2.1 Experimental Site 
Experimental tea field is located at Sanquan modern agricultural park in Zhenjiang, China (32°05'33" N, 
119°22'12" E). It is a typical hilly tea field in the middle and lower of Yangtze River region. It has a temperate 
climate, and radiation frost happens frequently in the winter and spring seasons. Sampled tea variety is Anji white 
tea, which was five years old and the height was about 85 cm. Frost protection experiment was conducted on a 
typical radiation frost night from December 4, 2019 to December 5, 2019. 
2.2 Experimental Materials 
In the center of the field, a windmachine with continuous oscillation (Fengke, Jiangsu, China) was installed for tea 
frost protection. Circular-arc blade was used on the windmachine. Its specifications are shown in Table 1. In 
addition, the materials also include: temperature and humidity automatic recorder ZDR-3W1S (Hangzhou Zeda, 
China), which has ± 0.1℃ accuracy and measurement range of -50 ~ 100℃; anemometer AVM-07 (Taishi, China), 
which has ± 0.3 m s-1 accuracy and measurement range of 0 ~ 45 m s-1; poles, steel tape and stopwatch. 
 
Table 1. Specifications of frost protection windmachine 

Power 
(kW) 

Installed angle 
(°) 

Installed height 
(m) 

Oscillation angle
(°) 

Oscillation period
(s) 

4.0 30° 9.0 360 190 
 
2.3 Experimental Design 
Three experiments were conducted as following: 
Frost protection group: The measurement points of airflow were set every 5 m within the distance of 40 m from 
the machine in certain direction, and the height of measurement points from the ground was 85 cm. When the 
natural wind speed was low, the variation of airflow velocity was recorded by the anemometer during an oscillation 
period, and 8 groups of airflow velocity were measured. Vertical poles with a height of 1.0m were erected in the 
direction of the east (group 1), west (group 2), north (group 3), and south (group 4) of the machine and at distances 
of 10 m, 20 m, 30 m, and 40m from the machine. The measurement points of temperature were set at 5 cm (bottom 
of canopy), 45 cm (middle of canopy), and 85 cm (top of canopy) high above the ground. A temperature sensor 
probe was placed at each point. Totally 48 groups of temperature were tested. 
Control group: A vertical pole with a height of 1.0 m was erected at a distance of 100 m from the machine, and 
measurement points of temperature were set at the heights of 5 cm, 45 cm, and 85 cm from the ground respectively. 
Measurement of thermal inversion: A vertical pole with a height of 9.0 m was erected near the pole of control 
group. Based on the ground, a probe was placed every 1.5 m to measure the temperature of thermal inversions 
from the night to the early morning of the next day. The measurement was used to describe the strength of thermal 
inversions. 
The collecting time of temperature was set to 10 s all above the three groups. The machine should be turned on at 
least 1 h before the frost, and turned off 1 h after sunrise, so as to achieve a better protective effect (Hu, et al., 2013; 
Ribeiro, et al., 2006). Therefore, the machine was set to turn on at 19:00, and then turn off at 7:00 the next day. 
During the experiment, the change of temperature inside and outside the covered area were recorded in real time. 
Temperature rise at each measurement point was the average value between 20:00 and 7:00 the next day. 
3. Results and discussion 
3.1 Influence on airflow 
The average wind speed of background was 0.4 m s-1 during the experiment. Maximum airflow velocity, airflow-
disturbed duration, and average airflow velocity of each measurement point are given in Table 2. The airflow-
disturbed duration is the span of the disturbed airflow that can be detected at measurement points. 
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Table 2. Analysis on disturbed airflow 

Parameters 
Distance of measurement points from machine 

(m) 
5 10 15 20 25 30 35 40 

Maximum airflow velocity 
(m s-1) - 2.1 6.3 5.4 4.5 3.7 2.4 2.1 

Airflow-disturbed duration 
(s) - 15.0 32.0 28.0 26.0 22.0 18.0 13.0 

Average airflow velocity 
(m s-1) - 1.1 3.4 3.0 2.5 1.6 1.4 1.0 

 
The disturbed airflow cannot be detected at 5 m, because it was located in the blind area of frost protection under 
the machine. Airflow velocity was the largest and airflow-disturbed duration was the longest at 15 m, which has 
the closest distance from the core position of jet-flow. 
With the distance in the range of 15 ~ 40 m, maximum airflow velocity, airflow-disturbed duration, and average 
airflow velocity all decreased gradually. Where airflow velocity was high, airflow-disturbed duration was also 
large. Just considering the influence of airflow on canopy, the effective area of frost protection windmachine with 
continuous oscillation was an annulus formed by circle with radius of 10 m and 40 m. 
Airflow-disturbed duration of measurement points only accounts for about 6.84 ~ 16.84% of the oscillation period 
of 190 s. The maximum velocity of airflow at 15 m reached 6.3 m s-1, but it was only a transient velocity. If the 
wind machine does not oscillate, airflow velocity would be larger, causing a certain damage to the tea leaves, so 
wind machine with continuous oscillation could effectively reduce frost damage to the crops. 
Taking 15m, 25m and 35m as the instances, the variation of air velocity with time is shown in Figure 2. It can be 
seen that airflow velocity rose continuously and reached a high value in 4 ~ 6 s. After that, airflow velocity 
fluctuated in a certain range, reaching the maximum at 15m. In the end, the airflow velocity decreased to 
background level gradually, accompanied by a small range of fluctuations. Therefore, under the action of 
windmachine with continuous oscillation, airflow velocity at each measurement point presented a trend of rise, 
fluctuation, and decline. 

 
Figure 1. Variation of air velocity 

 
3.2 Influence on Temperature 
Table 3 shows the average temperature at each height from 19:00 on December 4 to 7:00 on December 5 of thermal 
inversions. The average reversal intensity between the head of the machine (9 m) and the top of the tea canopy 
(0.85 m) during this period was 3.0℃.  
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Only when the intensity of inversions reaches above 2.0℃ and the wind speed of background is lower than 2.0 m 
s-1 can the frost protection wind machine be turned on to achieve a better effect (Renquist, et al., 1985; Snyder, et 
al., 2005). The intensity of inversion and the background conditions met these requirements, so frost protection of 
the experiment was effective. 
 
Table 3. Average temperature at all heights 

Height (m) 0.85 1.5 3 4.5 6 7.5 9 
Temperature (℃) -3.3 -2.4 -1.6 -1.3 -0.7 -0.4 -0.3 

 
The curves showing the variation of temperature of control group are presented in Figure 2. It can be seen that the 
temperature has the approximate trend with time at the three heights. However, the average temperature at 85 cm 
was 0.5℃ lower than that at 45 cm, meanwhile the average temperature at 45 cm was 0.1℃ lower than that at 5 
cm. Therefore, temperature decreased gradually with height, which was the opposite of thermal inversion. 
However, the inversion disappeared in the daytime. It was because the leaves of the upper canopy were completely 
exposed to the atmosphere with large influence by the micro meteorological factors such as wind speed, humidity, 
solar radiation in addition to the atmospheric conditions, while the leaves of the inner canopy were blocked by the 
upper canopy with less influence by the micro meteorological factors. 
 

 
Figure 2. Canopy temperature variation of control group 

 
The temperature rise of frost protection group corresponded to the temperature of different heights of control group. 
As presented in Table 4, the statistical results show that temperature rise of different measurement points was 
different, but the measurement points with same distance from the machine and same height from the ground had 
similar temperature rise in value. Affected by topography, crops and other environmental factors, there were slight 
differences. Temperature rise decreased with the distance in the range of 20 ~ 40 m from the machine. However, 
temperature rise at 10 m and 20 m was not consistent with this correlation, because airflow velocity at 15 m was 
the largest, which had a greater impact on the range of 10 ~ 20 m. 
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Table 4. Average temperature rise of measurement points 

Distance 
from 

machine 
(m) 

Temperature rise (℃) 

Group 1 
Height (cm) 

Group 2 
Height (cm) 

Group 3 
Height (cm) 

Group 4 
Height (cm) 

5 45 85 5 45 85 5 45 85 5 45 85 
10 2.3 2.1 2.0 1.8 1.6 1.6 2.3 2.1 1.8 1.9 1.8 1.6
20 1.9 1.7 1.7 2.2 2.0 1.8 2.0 1.8 1.8 2.2 1.8 1.8
30 1.2 0.9 0.9 1.3 1.0 0.9 1.3 1.1 1.0 1.3 1.0 0.9
40 0.8 0.6 0.5 0.8 0.6 0.5 0.9 0.6 0.5 0.8 0.6 0.5

 
Table 5 presents the average temperature rise at different heights from the ground. It can be seen that temperature 
rise at 5 cm was the highest and that at 85 cm was the lowest for each distance from the machine. The average 
temperature rise at 45 cm was 15.9% lower than that at 5 cm, and the average temperature rise at 85 cm was 5.7% 
lower than that at 45 cm. The results show that temperature rise gradually decreased with height above the ground, 
which might result from the thermal insulation of canopy. 
 
Table 5. Average temperature rise at different heights 

Distance from machine 
(m) 

Average temperature rise (℃) 
5 cm 45 cm 85 cm 

10 2.1 1.9 1.8 
20 2.1 1.8 1.8 
30 1.3 1.0 0.9 
40 0.8 0.6 0.5 

 
It was found that frost mainly accumulated on the leaves at the top of the canopy, as shown in Figure 3. The 
phenomenon was caused by the different temperature rise and its own diversity of temperature with height of the 
canopy. It can be concluded that disturbed airflow enlarged the temperature difference between the top and the 
bottom of the canopy. Therefore, in the application of frost protective methods and techniques, the tea leaves at 
the top of the canopy should be paid attention to especially. 
 

 
Figure 3. Frost accumulated on leaf surface 
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4. Conclusion 
A frost protection windmachine with continuous oscillation was used in an experiment to understand its influence 
on microclimate modification in a tea field. Within the distance of 10 ~ 15 m from the machine, airflow velocity 
and airflow-disturbed duration rose with the distance and then decreased within the distance of 15 ~ 40 m. For 
each measurement point, the airflow rose for 4 ~ 6 s, then fluctuated, and finally decreased to the background level. 
The temperature at the same distance from the machine was close, among which the 10 m and 20 m away from 
the machine increased greatly. Temperature rise decreased with the distance from the machine between 20 and 
40m. Disturbed airflow enlarged the temperature difference between the top and the bottom of the canopy. The 
wind machine with continuous oscillation had coverage of 48000 m2 and was proved to be effective for tea frost 
protection. 
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