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Abstract: Confronted with severe frost damage to plants, methods, technologies and equipment have been developed and
applied during the past century. The paper presents a comprehensive review on the most effective and active technology to
protect plants from radiation frost based on air disturbance technology. The working principle of the technology was
elaborated with frost protection mechanism, structures and applicability of three types of working patterns: conventional wind
machines, selective inverted sink and portable vertical blowing. As an automatic mechanized technology, control strategy,
applicable occasion and proper parameters are introduced for each type of working pattern. The operation of the technology
and equipment depends on plant critical temperature, prevailing climatic conditions, thermal inversions strength, as well as
costs. The frost protection performance and effectiveness of conventional horizontal wind machines, selective inverted sinks
and helicopters are discussed and compared from the cost-effectiveness and application aspects, and the feasibility of selective
inverted sinks is still controversial. Therefore, conventional wind machines are the best choice for plant frost protection and
consequently are widely used in temperate and subtropical areas throughout the world. The frost protection application with
helicopters is not easy to use during the frost nights with high cost. The paper also provides researchers with some
perspectives on improving air disturbance technology and its equipment, and some practice recommendations for growers.
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1 Introduction

Growers of fruits, vegetables, and several cash crops in severe
freeze-prone areas encounter huge economic loss annually as a
result of frost damage“'3 1 In April, 2007 the central and southeast
portion of the U.S were hit with the worse freezing injury to many
commercial crops, leading to estimated losses of over 2 billion
dollars™7.  Therefore frost is considered a climatic hazard which
is responsible for yield loss and can cause an injury to orchard
trees®™.  Under certain critical temperatures the injury caused by
frost is mostly a major limiting factor for the control of plant
distribution on earth®'®!. These temperatures differ from plant to
plant and the development stage. It is the minimum temperature
at which the plant can resist any serious injury for at least 30
min®'"'%, " In general frost at —2°C to —3°C is expected to cause
damage to some horticultural crops if it stays over a period of at
least one hour; —1°C for an extended period such as 3-4 h can also
cause similar damage!'”. The injuries caused by frost are
specifically common in temperate regions of the world during
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spring!'*'®.  As a result, plants in temperate regions have

developed mechanisms to endure the low temperature stress during
winter!' 7', But the ability of the plant to resist frost can be
measured by the lethal temperature of plant tissue®**!. The
temperature is generally regarded as the one at which about 50% to
90% of plants’ reproductive organs could be killed®2%.

Due to dissimilar weather conditions, there are two main types
of frost: advection and radiation frost”>?®, The radiation frosts
(hoar frosts and black frosts) are caused by long-wave radiation
loss of heat from the ground and solid objects such as grape shoots
under clear skies and calm wind conditions®”**!.  This develops a
thermal inversion layer and air temperature near ground drops
below 0°C. The advection frost occurs as a result of a large cold
air mass at subfreezing temperatures and wind exceeding 4.5 m/s
moving into a given area®”*%. Many studies have confirmed that
protection of plants from frost damage can be made more effective
by reducing ice nucleation temperature and impede the
proliferation of ice from the outside to the interior of a plantt®~*'=4,
To prevent or reduce frost damage, an expansive range of passive
and active methods were developed”>>®.. The passive methods
include plant and site selection, appropriate use of cultivation and
management practices, and modification of the physical
environment around plants.  However, under severe frost
conditions, passive methods are often inadequate to protect
plants®7®. This is because it is not easy to predict protection by
plant-induced frost tolerance through environmental conditions™.
For effective and reliable frost protection, a number of active
methods such as wind machines, sprinkler irrigation, and open air
heaters are used®”. These methods are implemented just before
or during a frost night to prevent ice formation within sensitive
plant tissues.
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Active frost protection methods, such as air disturbance
technology (wind machines, selective inverted sink (SIS), and frost
protection helicopters) has gained high reputation because it
provides energy conservation and can be used for several seasons
when compared with other active or passive methods. Therefore,
this article seeks to present a comprehensive review on the topic of
air disturbance technology and equipment for frost protection.
The publications are critically reviewed and classified into three
major categories. The first is on the effectiveness of using
conventional wind machines for plant frost protection. The
second category is on the effectiveness of SIS. The third category
focuses on the effectiveness of frost protection helicopters.

This article describes the working principle of air disturbance
technology and covers the control strategies of the technology. Its
effectiveness for plant frost protection with reference to findings of
previous researches has been presented. The advantages and
limitations of each air disturbance technology and equipment are
compared. Best management practices are discussed with its
selection under different conditions. Finally, some perspectives
on improving air disturbance technology and some practice
recommendations are provided for researchers and growers.

2  Working principle of air disturbance technology

2.1 Horizontal forced ventilation

Air temperature during a thermal inversion actually increases
with altitude to the top of an air layer which is opposite to the
normal condition where air temperature decreases with height*!'*?,
The warm air in an inversion is critical to the operation of wind
machines for frost protection®”.
and circular-plate fans are stationed at fixed points with the fans

slightly tilted downwards but to achieve efficient and large-scale

Conventional wind machines

frost protection, mobile wind machines have also been produced™*’.
Figure 1 shows the working principle of a wind machine and its
schematic cross-section located in a tea field. A large machine is
capable of protecting the area of about 4 hm®.  Greater cumulative
effect could be achieved with more machines set up in fields.
They operate by sweeping heavy cold and moist air near the ground
and allow it to be replaced by the warmer inversion layer air so as

to avoid stratification***.

Wind machines provide protection by
increasing the downward sensible heat flux density during a
radiation frost’”.  As the air pushed by the wind machine moves
past foliage, friction between the air and the plant generates heat
and this warm air replaces the colder ambient air in contact with the
plant. The amount of protection afforded depends on thermal
inversion strength. In general, the incremental temperature after

starting the fans is close to the mean of the inversion strength.

* Airflow
* Downwards

“angle

Wind machine and schematic cross-section

Figure 1

2.2 Ground vertical blowing

The selective inverted sink (SIS) (shown in Figure 2 and 3) is
actually a fan of low specific number with a vertical shaft and a
horizontal propeller, and is housed in a chimney-like structure to
break thermal inversion layer for frost protection!*®l. Conversely
to the conventional wind machine, the vent near the base of the SIS
allows cold air near ground to be pulled up through the duct. This
creates a suction effect that draws warmer air down to the
ground™®’).  The inverted drain and extraction of air depends on the
distance between the lower rim and the ground. The interior of
the duct may be provided with a variety of vanes or blades to
impart a certain direction to the atmospheric fluid in accordance
with the laws governing the mechanics of fluids. Consequently,
air mass coming out from the top of the duct may also contributes
to improving air mixing across the inversion layer'*®),

Warmer air /2
I\ Coldair ) { 6%

1. Axial fan 2. Frost protection duct 3. Transmission 4. Windbreak 5. Plants
6. Bracket 7. Motor.

Figure 2 Schematic cross-section of a selective inverted sink for
frost protection
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Figure 3 Three-dimensional structure of a selective inverted sink

2.3 Aerial vertical blowing

Frost protection helicopters are sometimes used to push
warmer air down to plant canopies to replace the cold air layer near
ground only when a black frost is forecast™®”). During frost nights,
helicopters hover over the inversion layer, and their running rotors
push warmer air aloft downwards to the plant canopy. This helps
to increase near ground air temperature, and frost damage could be
avoided or reduced™. Figure 4a shows an unmanned helicopter
flying above the inversion layer in a tea field and Figure 4b shows
its working principles with a schematic cross-section. The
technology works best for radiation frost events during cloudless,
low wind to no wind nights. However, the method is not reliable
if minimum temperature falls below —5°C or at wind speed above
2.5 m/s, and also not effective for advection frost®!l.

In order to cover a larger protected area portable wind
machines have been developed. Besides, such portable wind
machine could be adjusted to different height. The machine is
capable of being extended to a significant height for operation in
preventing frost and can be shortened in height for easy portability
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from place to place. The support tower is adapted for mounting to
a readily transportable platform, such as a wheeled vehicle which
may be a trailer. The propellers are mounted on a vertical axis,
which provides a much better circulation of warm upper level air
through the plant area than does a horizontal axis configuration.
To demonstrate this reliability, Tow and Blow Limited developed a
portable wind machine to provide reliable frost protection for all

a.  Unmanned helicopter
Figure 4 Unmanned helicopter used for frost protection

plants under a variety of freezing conditions®™. The shrouded
impeller guarantees efficiency in protecting frost-prone plants,
regardless of the landscape. The portable wind machine ensures
that freezing plants are protected across a greater area at different
heights because it oscillates and is fixed on an adjustable boom.
Therefore, the portable wind machine has the advantage to serve
both small and large horticultural farms.
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b. Working principle

Table 1 Representative work on plant frost protection using air disturbance technology

Author/Organization Year System type Objective of the work
Crawford 1964 CWM Heating requirements of wind machine for effective frost protection
Bates 1972 CWM Reliability assessment of temperature inversions and modifications produced by a wind machine.
Davis 1977 CWM Sf\;‘il:?\io:r;fs :)}llcea ;;{?;;i}:iess of a wind machine under different temperature inversions and to indicate the
Bates and Lombard 1978 CWM Determine the existence of inversions and beneficial effects of wind machines to offer frost protection to orchards.
Doesken 1989 CWM Assessment of wind machines to protect high elevation fruits from freeze damage.
Ribeiro et al. 2006 CWM Effects of starting fans before reaching plant’s critical temperature.
Tow and Blow Limited 2012 CWM Portable frost protection under a variety of freezing environments.
Yazdanpanah and Stigter 2011 SIS Investigate the influence of SIS systems using both phonological and meteorological data.
Battany 2012 SIS Compering performance of SIS with CWM on temperature changes under similar radiation frost conditions.
Hu et al. 2015a SIS ggstg r];;(})f;:cttei;n];l ;ftf:tcit;fness of vertical blowing fans (VBFs) in a steeped slope vineyard and in rippling
Miller et al. 1971 H Effectiveness of helicopter for frost protection.
Miles and Hinz 1976 H Evaluating the ability of helicopters to increase plant canopy air temperature.
Hu et al. 2015b H Determining the best flight parameter combination for optimal frost protection effect.

Note: * Conventional wind machine (CWM)j; Selective Inverted Sink (SIS), and Helicopters (H).

3 Control for air disturbance technology

Operating wind machines to diffuse air for protecting plants
from frosts involve positioning and controlling. These systems
are traditionally operated manually.
meteorological factors make the control problematic and therefore
automation of the system operation is required®*?. This is
because when natural meteorological conditions, such as wind
speed, thermal inversion and humidity around plants, approach

However, certain

damaging level, the system start-up could trigger fan operation, and
then stop it when the situation is normalized™’. One way to
automate the system’s operation is to place an array of temperature
sensors 0.6-1.2 m above ground along the slope in the vineyard,

including the coldest part of the field®'"¥. The effectiveness of

frost protection does not only depend on the performance of the
wind machine itself, but on the arrangement in the field and the
depression angle of the fan. The depression angle ranges between
6° and 9° for conventional wind machines™”, and 15-50° for
circular-plate fans; but the higher the depression angle is, the
smaller the influenced area is, and vice versa.
just under the machine tower are less protected, or in some cases

have no protection.

Therefore, areas

The solution to this problem is to have
machines arranged in series so that the preceding fans could disturb
4 Fan swing scope of 60-120° with a
maximum swing period of 2-5 min is also desirable to ensure that
the air would not re-stratify. The swing scope can sometimes be
360°. However, the best frost fighting can be achieved when the
machine is positioned on the boundary to push air in the natural

cold air under the next one
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cold air drift, and allowed to oscillate through 108°. Therefore a
complete revolution of 360° is not recommended because the
effective pattern of a wind machine is not circular due to cold air
drift™.  The positioning of the machine, motor power and tower
height depend on the topography, the plants to be protected and the
density of the canopy. All these control strategies can be effective
if temperature sensors are located at the topmost inversion height
and the plant canopy including the coldest part of the field. This
is to ensure that the system only starts up when there is an
inversion with near ground temperature approaching critical
temperature of the plant. In many cases, fans start when canopy
temperature approached 0°C and stop when the thermal inversion
was over, or plant canopy temperature rose above 0°CP”,

In the case of helicopters, the optimum flying height for
effective utilization is generally between 20 and 30 m and the flight
speed is 8-40 km/h. However, the influence of the flight height on
plant canopy air disturbance is greater than that of the flight
speed®.  The recommended pass frequency varies between 30
and 60 min, therefore waiting too long between passes will permit
the plants to supercool and that can lead to severe damagel®'>®.
Thermostat-controlled lights fixed at the top of the plant canopy
can aid pilots to see where air disturbances are required. It is
usually advisable to fly the helicopter over the upslope side of the
plants for more effective protection, because on the hill side heat
transfer propagates down-slope after reaching the ground®".
Under severe frosts conditions with higher inversions layers two
helicopters must fly simultaneously with one above the other to
enhance the downward heat transfer.
helicopter operators should meet before the frost season and
strategize on flight paths. Landing site should be well lighted and

Usually, growers and

clear of obstacles during the whole flight.
4 Effectiveness of air disturbance equipment

4.1 Wind machines

Wind machines for frost protection were first applied in the
United States of America in the 1920s, but were not widely
accepted until the 1950s°”.  The early work demonstrated the
feasibility of using wind machines as active operational tools for
radiation frost protection. The machine has eventually been
classified as part of air disturbance systems for frost protection.
Some inconsistencies about air disturbance system’s effectiveness
have been found. For instance, Crawford evaluated the
effectiveness of 4895 N-thrust wind machine on influence area and
the ability to increase near ground temperature and reported a linear
relationship between the influenced area and the thrust valuel™.
The study also revealed that 91.5 m away from the wind machine
was the limit at which important influence can be noticed. Bates
confirmed this linearity when evaluating the ability of 5827
N-thrust wind machine to influence an area in a cherry orchard™”.
An extrapolated graph showed that the wind machine could protect
an area of about 9.3 hm?. A comparative study shows that near
ground temperature at 79.2 m away from the machine was higher
than that at 198.1 m, meaning that the effectiveness of a wind
machine decreased with the distance. In another study to measure
vertically the temperature profile response within an apple orchard
and area influence, Davis mounted temperature sensors at 1.5-
18.0 m heights above the ground on two towers located at 52 and

[57]

104 m south of a wind machine Data collected on six different

nights proved that wind machine operation maintained the

temperature above plant critical temperature within influenced area
of 2.8-3.2 hm® when the average inversion was 6.4°C. The
system also raised near ground temperature by at least 4.2°C, 1.9°C
and 1.2°C, over influenced areas of 0.8 hm?, 2.1 hm?, and 3.4 hm?,
respectively.
effectiveness of a wind machine decreases with increasing distance.

Instability of wind speed influences the performance of air

This once again confirms the fact that the

disturbance systems for frost protection. Therefore, how to
determine the actual wind speed for effective wind machine
operation is still required. To rationalize the fact that wind speed
play important role in wind machine’s effectiveness, Doesken and
Renquist monitored the impact of a wind machine on temperature
changes and frost protection of buds in an orchard when air
temperature and wind speed were less than 0°C and 2 m/s
respectively®®.
conditions, the wind machine warmed the orchard as high as 80%
of the thermal inversion, but the effectiveness decreased linearly
with increasing wind speed to a minimum of 20% at 2 m/s wind
speed. They further explained that irrespective of the inversion
strength, wind speed above 2 m/s was not ideal for a successful
wind machine operation. In another study, Ribeiro et al. assessed
whether it was important to start wind machines before reaching
the critical temperature due to damping effects of thermal
371 The study reported an instant 30% temperature rise
of the inversion strength at 1.5 m above the ground and 30 m away

The study revealed that under calm wind

inversion

from the wind machine. Consequently, the authors recommended
that wind machines should be in operation before air temperature at
1.5 m dropped below critical temperature.
4.2 Selective inverted sink

Selective inverted sink (SIS) is a towerless wind machine and
is progressively being used due to its low investment cost®®. The
SIS system was designed to modify the inversion layer by draining
the coldest air, expelling it upwards to the higher and warmer strata
where it is dispersed. A temperature increase is then achieved
B4 To prove its frost
protection effect, Yazdanpanah®” measured plant canopy
temperature and the protected area in an almond orchard.
Phonological analysis showed that frost damage was lowest closed

within the influence area of the device

to the SIS systems; and there was a decreasing gradient of frost
damage as a function of distance from the SIS. Furthermore, the
results showed that bud damage in the influenced zone was
averagely 20% less than the control. They concluded that the
effectiveness of reducing frost damage by the SIS system was not
encouraging. Therefore the deficiency does not make it a better
option for frost protection. However, they suggested that a
combination of the SIS with other systems like heating equipment
may augment the effectiveness.

In order to assess the effectiveness of SIS and conventional
wind machines, Battany compared temperature change through the
operation of two SIS machines and one wind machine under similar
conditions*7,
equipment, the single conventional wind machine resulted in
consistently larger and more significant temperature rise over a
broader area compared to the two SIS machines even in
combination with air drainage windbreak. Furthermore, the
temperature gains observed with the SIS systems were very limited

Although protection were achieved from both

and likely to be of little benefit for vineyard frost protection even
under strong inversion conditions. Battany then indicated that the
results may be site-specific, and recommended further evaluation
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of the SIS systems over a broader range of conditions. In a recent
study, Hu et al. evaluated the performance of vertical blowing fans
(VBEF) for frost protection in a steep slope vineyard and in hilly tea
plantation™®.  The study resulted in no temperature benefit in the
steeped slope vineyard. However, the tea plantation test showed
an increase in temperature at the initial VBF operation stage but
that benefit was lost over time. The authors suggested that the
results could be influenced by the size of the machine and the plant
environment, and therefore the outcome could not validate the
effectiveness of the VBF. Most studies show that SIS is not a
reliable option and is recommended to run together with heaters for
more effective frost protection. Some studies only focused on the
plant environment as a contributing factor for its poor performance.
However, the actual height of the fan above the ground, the
maximum jet height, machine power, thermal inversion strength
during operation and the terrain of the protected fields are less
involved.
4.3 Helicopters

Helicopters are considered special case under wind machines,
but the diversity of operation is deceptive. Wind machines are
sited in particular locations but helicopters are mobile®™.  Until
recently, only a few researches were made with helicopters though
several commercial trials have been conducted. The interest in
the helicopter application to frost protection has increased during
the last few years because growers expect to achieve efficient
large-scale frost protection®®*!l,
a 47G3B-1 type helicopter hovering at different heights, speed and
time interval in an orchard®’. At the hovering height of 30.5 m
and ground speed of 32 km/h near ground temperature was
increased by 3.5°C within 10 min after the flight started on a night

Its feasibility was studied with

with the thermal inversion strength of 10-14°C. However, air
temperature returned to the level observed before the flight started
in 30-40 min. Subsequent flights at the height of 15.2 to 22.9 m
and flight speed of 8 km/h for two passes in 35 min provided
near-ground air temperature rise of 6°C.
hours for air temperature to drop to the original level, and the
protected area was nearly 2.5 hm®.  Multiple passes at low speed
were recommended. In another study, Miles and Hinz carried

It took almost two

out an experiment with Sikorsky S-55-T-type helicopter at
forward speeds of 40 km/h, 16 km/h, and 8 km/h in a citrus grove
and recorded a clear temperature response in the region of the
flight path after the third 40 km/h pass®®. Once again this
outcome has confirmed the previous claim by Miller et al. that
multiple flights have more significant effects on temperature rise
and duration of protection®®"!.

In recent years, the best flight parameter combination for
optimizing frost protection effect has been a rapidly evolving
research area for frost fighting scientists using helicopter. Based
on this, Hu et al. verified the impacts of flight height, speed and
interval on airflow disturbance of tea fields using an Unman Aerial
Vehicle (UAV) and reported a linear relationship between flight
parameters and rise in tea canopy temperature”. The study
achieved only 1.6°C as the maximum tea canopy temperature rise
after each treatment due to a very small thermal inversion of 3.8°C
with flight time interval having the highest influence and speed
having the least effect. Flight height of 4.0 m, flight speed of
6.0 m/s and flight time interval of 20 min was recommended as the
optimal flight parameter combination for the possible temperature
rise of 1.8°C.

5 Selection of air disturbance frost protection system

An essential condition in choosing active air disturbance
system for frost protection is to match the system with the
prevailing frost, or dominant character of an expected frost event in
a precise location™®. Conventional wind machines, SIS also
known as tower-less wind machine, ground-level mobile machines
and helicopters may all provide air disturbance to fight against
radiation frost. However, the above equipment matters greatly
because of thermal inversion strength at the height where air
mixing occurs is correlated to the system’s ability to increase
canopy ten1perature[37‘5 96263
than 2.8°C is considered too weak for a favorable response
Therefore, the strength, duration of thermal inversion, the number
of frost night, and frost forecast should serve as a guide for growers
to select the air disturbance equipment. This depends on the
advantages and limitations outlined below.

Conventional wind machines do not require water resources
like a sprinkler frost protection system. They do not cause any
plant health problems which emanate from waterlogging of heavier
soils that have restricted drainage. They can also break up
micro-scale boundary layers over plant canopies which improve

A thermal inversion strength less
[57,64]

sensible heat transfer from the air to the plants. Wind machines
have long-lasting protection periods compared to helicopters.
They also have less human drudgery and operation cost compared
to other equipment powered by electricity’®. However, important
limitations include: high initial investment cost (e.g., about $3000
for small in Japan, $28 000 for portable in New Zealand, and
$30 000 for large in USA). Noise produced by wind machines
may excite buildings’ vibration. Therefore, residents nearby wind
machines may object strongly to their uses'**®). They are likely
to be unproductive when their orientation is against the wind
direction!®®,

SIS is less expensive (e. g., SIS M 2.5 model is $7330 with
coverage area of 0.5-2.0 hm?, SIS M 3.5 model is $8390 with
coverage area of 1.0-3.0 hm?; SIS M 15 model is $25 200 with
coverage area of 6.0-13.0 hm?). They require much lower power
and consume less fuel per hour. They are portable, easy to
maintain and do not need permanent installations. The
operational noise level is much lower than the conventional wind
machines and helicopters. However, they have not been proven to
be as effective as conventional wind machines under similar

thermal inversion. In addition, their coverage is about 20%

smaller than that of conventional wind machines'”'.

Helicopters can significantly improve the effective protection
under colder radiation frost conditions, because they apply to
higher thermal inversion layer than a wind machine. A single
large helicopter might protect 5 to 7 times the area of a single wind
machine. Near ground temperature rise was 42% of the maximum
inversion strength, which is rather difficult to be achieved by a
wind machine®®®!).  However, the higher operation cost ranged
between 2000 and 4000 $/hm’h, thereby used only when a black
t*). They also had a very short protection period
because air temperature dropped back quickly prior to the next

flight pass, and therefore the protection could not be sustained if
[59]

frost was forecas

the frost danger period last more than four to five hours
6 Best management practice

The best management practice for air disturbance equipment’s
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operation is to:

1) Choose proper installation sites based on topography, wind
direction, adjacent of wind machines and site conditions, such as
roads, water sources or shelterbelts.

i) Decide on the operation timing based on plant development
stage and minimum air temperature during frost nightst®”’.

iii) Confirm cold hardiness and critical cold temperature of the
plants, and use differential thermal analysis!®*],

iv) Make good use of thermal inversion and increase air
turbulence for spring and fall frost protection!®’.

v) Monitor the local real-time weather and forecast strong
thermal inversion strength for automatic control.

vi) Check and maintain the machines routinely.
7 Conclusions and prospects

Air disturbance technology offers superior prospects for frost
protection. Its merits include: 1) Improving sensible heat transfer
from the air to the plants by breaking up micro-scale boundary
layers over plant canopies; 2) The longest-lasting protection period
over a very large area; 3) Significantly improving the effective
protection under radiation frost conditions. = However, its
limitations include: 1) High initial cost of investment; 2) Noise
produced by wind machines or helicopters, disturbing nearby
residents; 3) Hard access to adequate power supply; 4) Ineffective
when there is weak thermal inversion or the equipment orientation
is opposite to the wind drift.

The further research and development of the technology is to
optimize its structure and technical parameters, and to make it easy
to use. The effectiveness of the technology has improved over the
last decade. The use of air disturbance technology for frost
protection is now easier with the introduction of effective
automatic start-up system in collaboration with field sensors that
triggers system to start when there is a strong thermal inversion
with plant canopy approaching its critical temperature.

With regard to SIS, it proved that the large one appears to be
more effective than the small one. Further research on the
influence of fan height above the ground, the maximum jet height
of the fan, machine power, thermal inversion strength during
operation and the topography of the field on increasing near ground
temperature could produce positive findings.

The proper hovering height, flight frequency and flight speed
are still to be investigated for helicopters’ efficient frost protection.
The findings of most researchers suggest that a single pass is not
enough to keep long protection since air temperature falls to its
original level few hours after the flight. Most studies suggested
multiple passes in quick successions as key factors to increase and
maintain canopy temperature for a longer period. However, the
actual flight parameters combination for effective protection is still
Researchers are hereby encouraged to study into
finding the actual flight parameters combination to enhance the
effectiveness and reliability when using helicopter for frost
protection.

Further studies on operations of low sound emission equipment

unknown.

during frost nights must be given serious attention by frost
protection scientist because as it stands now, there is increasing
sensitivity of the public to noise and vibrations set to homes that
are close to orchards.

The next five to ten years is expected to see the incorporation
of additional data into the use of air disturbance technology for

frost protection. Machine designers should make use of more
sophisticated design software to model and produce high efficient
airfoils and blades for higher frost protection effectiveness.
Researchers should focus on optimizing the geometrical parameters
of the rotor, impeller and the main structure for air disturbance
equipment to improve the performance of the equipment.
Collecting data from meteorological stations, ground and plant
canopy sensors will enable growers to correct the error in timing
inversion days to minimize inefficiencies.

Overall, it is of much importance for researchers and growers
to make the best design, development and better decisions on a
certain air disturbance technology and equipment by understanding
the working principles, control strategies, as well as the limitations
of use. Hopefully air disturbance technology will enhance its
efficiency and pave way for a reliable and cost-effective
application.
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