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Spray density (Number of droplets/cm2) is an important component of agricultural 
spraying processes. In the field, assessment of the spray density under effect of a 
number of variables such as nozzle type and driving speed without take in account the 
effect of cross wind speed is insufficient. In this study, to simulate field spray operation, 
tests were carried out in wind tunnel using automatic spraying mechanism to 
investigate and to clarify effect of three types of flat fan nozzles spray at three driving 
speeds under effect three cross wind speeds on spray density. Water sensitive papers 
(WSPs) were used to collect spray density data. The spray density was calculated 
through image processing program software. Performance of the spray nozzles was 
validated relative to experimental data of a TP11003 reference nozzle. Results indicated 
that XR11003 nozzle behavior was to some extent similar to that TP11003 nozzle under 
effect slow wind speed. It is also noticed that the spray density value decreased with 
increasing driving speed and wind speed. The highest spray density value was with 
driving speed of 2.2 m/s and wind speed of 1 m/s, reaching 64.3 droplet /cm2, while the 
spray density value with driving speed of 5.5 m/s and wind speed of 3 m/s was the 
lowest, reaching 3.8 droplet /cm2. The current study presents that the use of DG11003 
nozzle gives the best control of spray density data under effect very windy conditions 
to the reference nozzle.  
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1. Introduction 
 

Agricultural production methods require spraying of pesticides to control insects, weeds and 
diseases to reduce yield losses and to improve the product quality [1]. Influence of agrochemical in 
the field depends on the main parameter is spray density. To control the targeted small size 
organisms requires coverage parts of the plant. Uniformity of spray distribution and density above 
the plants is one of the requirements of the successful spraying [2].  

Spray density can be defined as number of droplets per unit area [3]. Spraying processes face a 
lot of challenges and problems because of overlapping various technical factors of the spraying 
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system with environmental condition variables and their interactions. Different types of nozzle tips 
were used to produce proper droplet size to reduce the volume of driftable droplets found in spray 
spectrums [4,5]. Spray nozzles are used in the field under effect numerous operation conditions such 
as driving speed and wind speed variations. 

In aerial application, Speed of helicopter has a very significant impact on the spray deposition [6], 
and there is an important correlation between a spray drift potential index from the nozzle and the 
driving speed [7-9]. Spraying at a high driving speed increases a percentage of the fine droplets 
because of shattering the droplets [10-12] and increases the airborne spray drift [13].  

Cross wind speed is a critical variable affects spray density, in which, it is not recommended to 
use aerial spraying systems in case of a high wind speed [14]. However, drift of spray droplets out of 
the target increases in windy spraying conditions [15] because the small droplets have no resistance 
to the strong air flow [16]. It is broadly agreed that spraying at a high driving speeds in potentially 
windy conditions support the small size droplets to drift escaping out of targeted crops or areas 
[16,17].  

The use of optimal droplet spectra improves the spray density. Droplet size included DV0.1, DV0.5 
and DV0.9 is affected by the nozzle type according to the droplet spectra classification DSC [18,19]. 
Optimum performance of a spraying technique depends on achieving the most appropriate spraying 
parameters according to the standard protocols. However, it is motivating to note that there is no 
study about effect of triple interaction of nozzle type, driving speed and wind speed on the spray 
density in aerial application.  

In order to improve the performance of spray system, the major objective of this study is to 
determine the effect of operation variables on the spray density . 
 
2. Materials and Methods  
 

It is important to use a wind tunnel to simulate and to investigate a number of variables in 
spraying process with a high degree of reliability because all variables can be changed freely [20-22]. 
 
2.1 Automatic Nozzle and Nozzle Tips Selection  
 

To control opening and closing the spraying process inside the wind tunnel completely, an 
AA250AUH automatic nozzle was used as a fast response electro-hydraulic valve [23] with three types 
of flat fan spray nozzle tips (Drift Guard DG11003, Extended Range XR11003 and TeeJet TP11003 
(reference nozzle) from spraying system Co. USA). These tips are the most common in agricultural 
spraying applications. The flow rate and spray pattern width for a single nozzle were adjusted [24]. 
Specifications of the selected nozzle tips are shown in Table 1. 
 

  Table 1 
  Specifications of the selected nozzle tips 
Nozzle Nozzle Code Working Pressure (bar) Flow Rate (L/min) Spray Pattern Width (m) 

TeeJet TP11003 3 1.18 1.43 
Extended range XR11003 3 1.18 1.91 
Drift guard DG11003 3 1.18 1.90 
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2.2 DSC Measurements 
 

DSC measurements for the selected nozzle tips included DV0.1, DV0.5 and DV0.9. The nozzle tip 
was put at 0.50 m above the measuring point of the Phase Doppler Interferometer (PDI). Spray 
process was at a pressure of 3 bar. The weather conditions were 21°C and 69% a temperature and a 
relative humidity respectively according to the ASAE S-572 spray nozzle classification standard 
[25,26].  
 
2.3 Dynamic Spray Distribution and Density Measurement 

 
Figure 1 shows experimental setup to evaluate spray distribution and density for different nozzle 

types in a wind tunnel at UTM Malaysia built according to ISO/DIS 22856-1 [27], using two 
dimensional spraying mechanism for simulating movements of the single nozzle in the established 
field conditions [28]. Specifications of the spraying mechanism are shown in Table 2. Two 
experiments were carried out to compare the effect of nozzle type, driving speed (DS) and cross wind 
speed (WS) on spray density as shown in Table 3. 

Nozzle height above the wind tunnel ground was set at 0.50m. All the tests were carried out at a 
working pressure of 3 bar. Water sensitive papers (WSPs) were used as artificial collections [2] for 
spray distribution and density data [29]. WSPs were placed horizontally at row in the centre of the 
wind tunnel in five positions, the distance between the two samples in the collecting line was 25cm 
[30,31]. To avoid boundary layer effects, the WSPs samples were placed at height of 0.07 m on the 
ground of the wind tunnel. Figure 2 shows the wind tunnel sampling scheme. After each spray run, 
WSPs were left to dry and then collected. The tests were repeated three times. For calculating spray 
density, each WSP was put in a small plastic box to take to the laboratory. A stereo microscope with 
digital camera (Leica Microsystems Cambridge Ltd United Kingdom) was used for recording and 
magnification of the WSP samples electronically. The spray density was determined through image 
processing program [29], using MATLAB-programming software version 7.12. When there is 
overlapping spots of some WSP samples, the number of droplets was set manually [32-34]. To 
interpret the uniformity of spray distribution, the coefficient of variation C.V was calculated in the 
Eq. (1). 
 

 
Fig. 1. Experimental set up for testing 
spray system in the wind tunnel 
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Table 2 
Specifications of the spraying mechanism 
Parameter Value 
Linear motion platform  
Model SIMO series, PBC linear 
Maximum speed  6.2 m/s 
Motor and amplifier  
Servo motor  GYS - 751 D5 - HC 2 
Servo amplifier  RYT - 751 D5 - VV 2 
Maximum speed 6000 rpm 
spray nozzle  
Model AA250AUH automatic spray nozzle 
Valve type  Electrically-actuated hydraulic valve 
Power  24 VDC, 0.375 AMP 
Nozzle tip sizes  Up to - 03 capacity 
Maximum operating pressure 7 bar 
Maximum flow rate 1.8 L/min  

 
Table 3 
Factorial experiments design 
Nozzle Code Driving Speed (m/s) Wind Speed (m/s) 

DG11003 2.2 1 2 3 
XR11003 2.2 1 2 3 

TP11003* 

2.2 1 2 3 
3.3 1 2 3 
4.4 1 2 3 
5.5 1 2 3 

* TeeJet ISO standard flat fan nozzle is the reference nozzle 

 

               (1) 
where, C.V= Coefficient of variation (%), σ =Standard deviation, X=Average 
 

            (2) 
 

              (3) 
 

 
Fig. 2. Experimental layout of placement of water 
sensitive papers at target area and the direction of the 
nozzle movement in the wind tunnel 
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3. Results and Discussion 
3.1 The DSC  
 

Table 4 shows the test results of DSC include DV0.1, DV0.5, and DV0.9 produced by the tested 
nozzles. It is very clear that nozzle type affects the droplet size. The DG11003 nozzle was achieved 
the highest value of the droplet size DV0.5 in comparison to the other nozzles.  
 

Table 4 
The DSC values for different nozzles  
Nozzle Code DV0.1 (μm) DV0.5 (μm) DV0.9 (μm) 
DG11003 159.7 300.9 397.1 
XR11003 138.1 262.5 382.5 
TP11003 163.0 275.1 385.6 

 
3.2 The CV 
 

According to the CV values in Table 5, the DG11003 nozzle and XR11003 nozzle presented better 
spray density uniformity as compared to the TP11003 reference nozzle at different wind speeds. The 
results of coefficient of variation also showed that the best uniformity of spray distribution was at 
low wind speed for all the test nozzles. 
 

Table 5  
The CV values for different nozzles at three wind speeds 
Nozzle Code Driving Speed (m/s) Wind Speed (m/s) 

1 2 3 

DG11003 2.2 0.59 0.68 0.74 
XR11003 2.2 0.62 0.67 0.72 
TP11003 2.2 0.68 0.69 0.79 

 
3.3 Nozzle Type Effect on Spray Density  
 

Figure 3 shows spray density distribution for three types of nozzles. In Figure 3(a), when the wind 
speed is 1m/s, there is similarity between TP11003 reference nozzle and XR11003 nozzle in spray 
density on the targeted areas under the nozzle, while increasing the wind speed to become 2m/s 
affected on spray density of the XR11003 nozzle and the number of droplets decreased more in 
comparison to the TP11003 reference nozzle as shown in Figure 3(b). At a high wind speed of 3m/s, 
it was noticed that the spray density of the XR11003 nozzle decreased a lot in comparison to the two 
nozzles TP11003 and DG11003 because of a high drift of its small droplets as shown in Figure 3(c). 

In general, Figure 4 shows the relationship between wind speed and spray density for three 
nozzles. DG11003 nozzle achieved the best control spray density under effect of a high wind speed. 
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(a) 

 
 

(b) 

 
(c) 

Fig. 3. Spray density for different nozzle types at driving speed of 2.2 m/s and 
wind speeds; (a) 1m/s, (b) 2m/s, (c) 3m/s 
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Fig. 4. Spray density for different nozzles at different wind speeds and at 
driving speed2.2 m/s 

 
3.4 Driving Speed and Wind Speed Effects on Spray Density 
 

Figure 5 shows results of the effect of driving speed on spray density for TP11003 nozzle, it is 
clear that the spray density decreases at a higher driving speed along the working width of the spray 
nozzle compared to slower driving speed because of shattering the droplets and increase the number 
of drift-able droplets. In addition, spray time is reduced at high driving speed. Results of the test 
experiments of the effect of wind speed on TP11003 nozzle are provided in Figure 6. The spray density 
on the two sides of the nozzle decreases with increasing of wind speed. 

To determine the effect of driving speed and wind speed interaction on spray density, the 
relationship between driving speed and spray density at three wind speeds was studied. Spraying 
application during windy conditions of 3m/s decreased spray density under the nozzles because of 
increasing the spray drift. In general, spraying at slow driving speed under effect of the slow cross 
wind speed had better spray density, but in the same time, reducing the driving speed during spraying 
operation would cause to the excessive use of agrochemicals as shown in Figure 7. 

 

 
Fig. 5. Spray density for TP11003 nozzle at different driving speeds and 
at wind speed of 2m/s 
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Fig. 6. Spray density for TP11003 nozzle at driving speed of 2.2m/s and at 
different wind speeds 

 

 
Fig. 7. Spray density for TP11003 nozzle at different wind speed and driving 
speeds 

 
4. Conclusions 
 

This study has demonstrated the most influential factors on spray density are nozzle type, driving 
speed and wind speed for aerial application. Characterization of the spray density in a wind tunnel 
leads to suggestions and recommendations for operators. Various droplet sizes and spray densities 
can be generated according to the nozzle type and driving speed. For this purpose, the laboratory 
experiments have focused on quantifying the droplet size for different nozzles. Choosing the proper 
driving speed should be considered during spraying operations to achieve better spray density. 
Management and reducing the spray drift can be done when use DG11003 nozzle at low wind speed 
and gives excellent coverage at driving speed 2.2m/s. The CV and spray density values of DG11003 
nozzle over a wide wind speed range indicated best spray uniformity to the rest nozzles making it 
ideal for use with aerial application. 
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