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Optimal design of wind machine impeller for frost protection

based on CFD and its field test on airflow disturbance
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Abstract: Wind machines have been increasingly applied to prevent frost damage through airflow disturbance in tea fields and
orchards. An impeller is the most important component of the machine. However, there are few studies on customized
impeller design or airflow disturbance performance. The objective of this study was to design a new impeller for frost
protection wind machines based on reverse engineering and CFD simulation. The characteristic parameters of an impeller
include blade cross-section shape, installation angle, sweep angle, hub ratio and blade number. The optimal combination of
the above parameters was obtained through the simulation of the impeller’s aerodynamic performance. Field tests were
conducted in a tea field to evaluate airflow disturbance performance of the designed impeller. The result shows that at a
certain rotation speed and rotation diameter, the optimal combination of impeller parameters was: single arc cross-section of
#2400 mm, installation angle of 15°, sweep angle of 87°, hub ratio of 0.3 and blade number of 4, of which the impeller could

achieve the highest usage of 0.56, the least consumed power of 1.363 kW and more uniform distribution of surface pressure on

the windward side.

developed impeller was higher at 12 m in front of it.

Compared with other commercial frost protection wind machines, the maximum airflow velocity of the

The probability of airflow velocity above 3.0 m/s within 30 min was the

highest (71.7%), indicating its improvement of airflow stability. Without swing the new impeller could cover an effective area

of 300 m%, which was similar to that of the commercial ones.
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1 Introduction

Frosts might bring about serious cold injury to
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thermophilic crops and cause sizable loss to the

production. The crops are easily suffered from late

spring cold usually followed by frost events, since the

content!' ™.

buds are sprouting with high water
Radiation frost is more common in subtropical and
temperate region during calm and clear nights. It occurs
when a net energy loses through radiation from the earth
surface to the sky, forming a thermal inversion layer near
the ground, and temperature increases with height. It is

necessary to break the vertical stratification of

temperature to block the decrease of temperature near the
ground®”.  Therefore, wind machines have been
applied for frost protection by pushing warmer air aloft
downwards to the canopies, or drawing and discharging
cold air on the bottom upwards to the top of the layer or

out of the protected area® "],
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An impeller is the most important component of the
machine, and its blade decides the protection effect of
wind machines. So far there are two types of main
One is

airfoil blade and the other is circular-plate blade!'>",

blades used for frost protection wind machines.

The airfoil-blade impeller is similar to a helicopter rotor
and widely used for large wind machines in USA, and its
airfoil is concave-convex. Its rotation diameter varies
from 3.0 m to 6.0 m and it is installed on the top of a
pillar of 8-10 m tall. This type of wind machine is

commercially available from some manufacturing

companies, such as Orchard-Rite, Amarillo, Hauff and

Vameo!'*'¢

The machines are used for frost protection
mainly in vineyards and orchards with the protected area
of 2-4 hm”. 17

and developed an impeller for a frost protection wind

Yang"'" adopted a biconvex-airfoil blade
Its rotation diameter was 4.44 m and the
Wu et al.l'”
carried on an airfoil optimization design based on Profili
Lift coefficient of the

machine.

depression angle of the impeller was 14°.

software and orthogonal test.
optimal airfoil increased by 15.48% and lift-drag ratio
increased by 8.34% at 5° angle of attack, and stall
performance of the airfoil was improved as well. The
innovation of airfoil blade design has improved airflow
disturbance performance and promoted the industry of
large wind machines for frost protection.

On the other hand, the circular-plate blade is usually
adopted to develop a type of small wind machine (called

18191 The rotation

anti-frost fan in Japan) for tea plants
diameter of its 3-blade impeller is 0.6-1.26 m and the
installation height is 5.8-7.5 m. It could cover the
protected area of 800-1000 m” with a large amount of
airflow volume of 1000-6000 m’/min. Some companies
such as Fulta, Navec, and Sowa Technica provide

growers with all types of wind machines. Qian et

al.?**!! analyzed the vibration and stress of the fans for
low-noise strength design. Hu et al.l'"®** designed the
first 4-blade wind machine in China for tea and
developed a controller based on critical temperature and
thermal inversion strength.
900 m’.

customized impeller design and analysis on its airflow

Its protected area was about

However, few studies are involved with

disturbance performance.

The objective of this work is to design a new impeller
for frost protection wind machines. And field tests were
conducted to evaluate its airflow disturbance performance

with the developed impeller.
2 Impeller simulation design

2.1 Design method

The impeller usually has a complex shape and curved
surface, and there are many factors influencing its airflow
disturbance performance, such as rotation speed, blade
number, impeller diameter, installation angle, blade

section shape, sweep angle and hub ratio>!.

To design
an optimal customized impeller, a commercial base
impeller was selected to obtain its characteristic
parameters through model reconstruction based on
reverse engineering.  The reconstruction was done
through Imageware (Siemens, Germany) and Pro/E (PTC,
USA) to acquire the parameters’ value.

The aerodynamic simulation in a hypothetical wind
tunnel under different levels of the parameters was done
to select the optimal parameters’ combination®**.
Gambit and Fluent (ANSYS, USA) was used to generate
model grids and CFD simulation. The post-processing
tool (Tecplot, USA) was used to illustrate the simulation
results.

2.2 Base impeller reconstruction

Reverse engineering is a technology of establishing
digital models from a product prototype with complex
surfaces. It has become an effective tool of new product
design and development. Its basic step includes
measurement of model surface, point cloud pretreatment,

model model

export[26’27].

A 3-D laser scanner INFINITE 2.0-5124 (Hexagon
Metrology, USA) was employed to scan the NK-1028YD
blades (Navec,

directions.

surface reconstruction, and digital

Japan) from different angles and
After the pretreatment of data smoothing,
filtering compression and the like, the point clouds were
exported as Iges-format file. The point clouds are
shown in Figure 1, which was input to Imageware for
model reconstruction. The feature of contour curve was
extracted to form the impeller’s edge profile by fitting the
point clouds Then as

on the edge. many as
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section-curves on the point clouds were fit and smoothed,
and spread into the blade surface after mending, cutting
and seaming. Finally, the entity model was built via
lofting, sweeping and arraying with Pro/E, shown in
Figure 2. Characteristic parameters of the base impeller

are listed in Table 1.

Figure 1 Scanned point cloud of the base impeller

Figure 2 3-D entity model of the base impeller

Table 1 Characteristic parameters of the base impeller

Diameter of
cross-section arc/mm

Installation Sweep forward Hub ratio Blade
angle/(°) angle/(°) number

18 86 0.25 3 2200

2.3 Aerodynamic simulation
2.3.1 Control equation
The airflow on the impeller was incompressible over
time with a subsonic velocity, and there was no energy
transfer. Thus, the continuity equation and the
momentum equation were applied to the simulation.
Continuity equation:
2_/;+8(g:x)+5(2;@)+8(g:z) o

(1)
where, u,, u,, u. are velocity vectors, m/s; ¢ is time, s; p is
air density, kg/m’.

Momentum equation:
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where, p is intensity of pressure, Pa; 7 is viscous stress
vector, Pa; £, f,, /- are mass forces, m/s’.
2.3.2  Entity model and grid generation

As shown in Figure 3, a hypothetical wind tunnel
(¢2.0 mx30.0 m) was established to conduct CFD
simulation under different combinations of the impeller
parameters. The impeller was placed vertical to the
longitudinal axis of the tunnel with its distance of 10.0 m
to the inlet. When rotated at a given speed, the impeller
pushed air by thrust-pressure. The grids of the entity
model were generated with Gambit. The impeller and
rotation region were specified as elements of pyramid,
and the tunnel were specified as hex/wedge elements.

The total cells were 301 337.

1. Impeller 3.Inlet 4. Outlet 5. Wind tunnel

2. Rotation region

Figure 3 Grid generation of the entity model

2.3.3 Boundary condition and solver selection

The boundaries of the impeller, inlet, outlet, rotation
region and the tunnel surface were defined as follows: the
impeller as the wall, inlet as pressure-inlet, outlet as
pressure-outlet. The interface between the tunnel and
rotation region was specified as interior boundary.

The energy equation was ignored and the solver was
pressure and implicit formulation-based. And the k-¢
standard model was selected as calculation model. The
flow and turbulence solution were based on second-order
upwind and SIMPLE algorithm.

2.4 Simulation results and analysis
2.4.1 Univariate simulation
As factors, blade cross-section shape, installation

angle, sweep angle, hub ratio and blade number have
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their unique influence on the aerodynamic indexes of
airflow volume, velocity, consumed power and usage
value. The aerodynamic performance simulation was
done for each factor when the other factors are constant.
The univariate simulation results are as follows.

(1) With the increase of installation angle, air volume
and consumed power increased significantly, while usage
value decreased. When the angle was above 30°, the
stall phenomenon occurred. Within 15-20°, the indexes
were acceptable. (2) The cross-sections of circular plate
were superior to flat ones. The single arc ($2200-
2400 mm) and biarc (¢1600 mm and #5000 mm) were
(3) To a

certain extent, airflow volume, total pressure and usage

selected for the following optimal simulation.

value increased with sweep angle, but too large angle

would reduce usage value and require higher strength for

blade materials. Forward and backward sweep angles of

87° and —87° were favorable. (4) Too large hub ratio
sharply reduced usage value and if it was too small, the
stall would occur, also causing low usage value. Taking
aerodynamic performance, stiffness and strength of the
impeller into account, hub ratio range should be
0.30-0.32.
2.4.2 Selection of the optimal impeller

Given the impeller rotation diameter of 1.0 m and
rotation speed of 960 r/min, 24 treatments were arranged
with different combinations of the parameters and then
were simulated to investigate the aerodynamic indexes.
With the limit of consumed power below 3.0 kW, the
optimal impellers were selected as the ones
corresponding to Treatment No.9, 10, 17 and 18 in

Table 2.

Table 2 The results of the orthogonal test

Treatments Installa/t(ioo)n angle Cross-section Swee;?o;mgle Hub ratio ngligzr Airﬂfn\:g -\;pllume Total/gr:ssure Consun/l\e)&i power lj:lug:
1 15 Arc $2200 87 0.30 3 22.7 52.8 1199 0.61
2 16 Arc $2200 87 0.32 4 253 66.0 1669 0.48
3 18 Arc $2200 -87 0.32 3 26.6 70.7 1880 0.44
4 20 Arc $2200 -87 0.30 4 28.3 82.4 2329 0.38
5 15 Arc $2200 -87 0.32 4 21.9 94.4 2065 0.36
6 16 Arc $2200 -87 0.32 3 243 60.5 1469 0.51
7 18 Arc $2200 87 0.32 4 25.9 69.8 1805 0.45
8 20 Arc $2200 87 0.32 3 255 66.1 1682 0.49
9 15 Arc $2400 87 0.30 4 23.6 57.7 1363 0.56
10 16 Arc $2400 87 0.32 3 23.8 572 1359 0.56
11 18 Arc ¢2400 -87 0.32 4 27.4 76.7 2099 0.40
12 20 Arc $2400 -87 0.30 3 26.5 70.4 1863 0.44
13 15 Arc $2400 -87 0.32 3 24.2 58.3 1409 0.53
14 16 Arc ¢2400 -87 0.32 4 253 65.4 1655 0.48
15 18 Arc $2400 87 0.32 3 24.2 60.0 1451 0.52
16 20 Arc $2400 87 0.32 4 27.8 79.9 2216 0.40
17 15 Biarc 87 0.30 4 23.8 58.9 1400 0.55
18 16 Biarc 87 0.32 3 24.0 58.9 1411 0.55
19 18 Biarc -87 0.32 4 27.8 79.7 2217 0.39
20 20 Biarc -87 0.30 3 26.6 71.6 1903 0.44
21 15 Biarc -87 0.32 3 245 60.5 1481 0.52
22 16 Biarc -87 0.32 4 255 66.8 1702 0.47
23 18 Biarc 87 0.32 3 24.2 60.7 1471 0.52
24 20 Biarc 87 0.32 4 28.0 82.6 2314 0.40

Furthermore, the distribution of surface pressure on
the windward side is shown in Figure 4. For the
impellers of Treatments No.9 and 10, the distribution was

more uniform with smooth transition of the pressure.

The airflow volume-efficiency plot in Figure 5 shows that
the efficiency of Treatment No.9 was higher than that of
Treatment No.10. Therefore, the impeller of Treatments

No.9 was selected as the final design model, and its
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characteristic parameters are listed in Table 3. The
impeller could achieve usage value of 0.56 with

consumed power of only 1.363 kW.
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Figure 4 Distribution of surface pressure on the windward side
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Figure 5 Airflow volume-efficiency curve

Table 3 Characteristic parameters of the optimal impeller

Installation Sweep forward Hub ratio Blade Diameter of
angle/(°) angle/(°) number  cross-section arc/mm
15 87 0.3 4 2400

3 Field test of airflow disturbance performance

3.1 Materials and methods

Field tests were conducted on Maichun tea plantation
in Danyan, Jiangsu Province (Latitude 32°01'35"N,
Longitude 119°4021"E, Altitude 17 m). The wind
machine impellers of the developed, Fulta and Navec
were used for test.
Table 4.
portable anemometer NK4000 (Kestrel, USA), a GIS
collector XH6000 (Trimble, USA) and a sound-level
meter AWAS5680 (Aihua, China).

The specifications are shown in

Measurement instrumentations included a

Under no wind or breeze conditions, the wind
machines were started to disturb airflow above the tea
fields.

measured in a rectangular block (36 mx30 m) in front of

Airflow velocity around tea canopies was
the machines. One hundred and thirty-two anemometers
were set at the top of the canopies with a spacing of 3.0 m
between two adjacent anemometers (Figure 6). Due to
the instantaneity and turbulence of the airflow, the
maximum of five measurements was recorded. ~Another
60 measurements were collected at 12 m in front the
machines every 30 s, with which the times of every
velocity interval were counted. The boundary of an area
was positioned with the GIS collector, where the velocity
was above 0.6 m/s, and its area was calculated through
GISoffice (Trimble, USA).

12 m in front of the machines.

The noise was measured at

Table 4 Basic parameters of wind machines

Wind Number Mounting Blgde Diameter Angle N I Rotation
machines  of blades height/m weight /mm depression - sp eedl
/k (°) /rmin’
Fulta 3 6.8 7.3 1000 47 960
Navec 3 7.1 8.3 1000 47 960
The developed 4 7.1 11.1 1100 47 960
* +* +* + + +* + +* + +* + +* T
Measurement e s e e e e e e e e e e s
\ LA S S S S A S S S S
+* +* * * * * + +* * + * + *

Wind machine

30m

D S S e S S T S S

+ + + + + + + + + + + + —

36m

Figure 6 Layout of airflow velocity measurements

3.2 Results and analysis
3.2.1 Variation of airflow velocity

Figure 7 shows the airflow velocity variation within
33 m in front of the wind machines. The velocity
decreased with the distance from the machines. Each
machine had a dead zone within 6 m from it, where there
was no airflow. The developed impeller could maintain
airflow velocity above 2.0 m/s from 9 m to 27 m in front
of it, and the velocity gradually dropped below 1.0 m/s

beyond 30 m away. The highest airflow velocity of the
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developed impeller was 4.8 m/s, higher than those of the
Fulta and Navec impellers, which were 4.4 m/s and
4.0 m/s, respectively.

S -

—+— Fulta

4+ —=— Navec

—a— The developed

Airflow velocity/m:s™
=
T

6 9 12 15 18 21 24 27 30 33
Distance/m

Figure 7 Airflow velocity in front of the wind machine

3.2.2 Stability of disturbed airflow

Figure 8 is the times of every velocity interval for the
three impellers. After the statistical calculation of the
60-time measurement, the probability values of airflow
velocity above 3.0 m/s were 71.7%, 61.7% and 56.4% for
the developed, Fulta and Navec impellers, respectively.
As for the developed impeller, its probability of airflow
Thus, the
impeller of the developed machine improved the stability

of disturbed airflow.

velocity above 3.5 m/s was the highest.

25¢

Fulta
E3 Navec

20 B The developed

Times

10 ¢

=3.5 3.0-3.5

2.5-3.0

Velecity intervel/m-s”
Figure 8 The times of every velocity interval
3.2.3 Analysis on other performance
It was found that airflow velocity at a distance of
30 m was very low for all the impellers (Table 5), and the
velocity of 0.6 m/s is usually the lowest for effective frost
protection. Table 5 shows that the protected area and

the noise of the three impellers were nearly the same.

The developed impeller could cover a protected area of
300 m” and its noise was 54.1 dB.

Table 5 Other Performance of the impellers

Fulta Navec  The developed
Alrﬂ?w velocity at a distance of 30 m 13 07 09
/m-s
Protected area/m” 308 284 300
Noise level/dB 53.1 55.5 54.1

4 Conclusions

A new impeller for frost protection wind machines
was designed based on reverse engineering and CFD
simulation. And its airflow disturbance performance
was compared with the commercial ones.

1) The characteristic parameters of cross-section
shape, installation angle, sweep angle, hub ratio and blade
number were determined as the optimization factors by
rebuilding a base impeller via reverse engineering.

2) A hypothetical wind tunnel was established to
conduct CFD simulation under different combinations of
the parameters

for investigation of the impeller’s

aerodynamic performance. Based on the simulation
analysis, the optimal combination of impeller parameters
was: blade cross-section of $2400 mm, installation angle
of 15°, sweep angle of 87°, hub ratio of 0.3 and blade
number of 4.

3) Field test results show that the maximum airflow
velocity of the developed impeller at 12 m in front of it
The developed

impeller took on better stability of disturbed airflow. It

was higher than that of the control.

could cover an effective area of 300 m” without swing.
Therefore, the optimal impeller had a potential to the

application of tea plantation frost protection.
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