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1. Introduction

The agricultural spraying application has long been interested in atomization parameters of the
spray nozzles used on agricultural sprayers. The most important interest in droplet size was related
to their influence on spray density, coverage and penetration in the plant canopy. Recent concerns
about spray drift to the non-targeted areas by the action of air flow have increased an interest in
droplet spectra classifications (DSC) of sprayed chemical. Droplet size, driving speed of the sprayer,
and wind speed are the dominant factors in determining spray drift [1-4].

Practical trails of spraying applications have shown that small-to-medium sized droplets are
desirable to achieve better spray distribution within the canopy but large droplets are good for drift
reduction and attaining a balance between the two is essential [5]. Spray nozzle is carefully designed
to achieve specific performance under certain conditions [6, 7]. The use of new hydraulic nozzles in
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controlled droplet application (CDA) represents a significant advance in the precision of spraying over
conventional spraying nozzles [8-10].

In agricultural sprays, the nozzles generally are carried behind equipment and move over the
plants. The driving speed of an equipment induces a relative cross-wind, increases pressure of air on
spraying nozzle. The air flow around the spray which together with any cross wind affect spray
droplets in two ways: the first effect is by bending and distorting the vertical air jet induced by the
spray and the second effect is deflecting the larger droplets. The smallest and finest droplets escape
from the spray as a result to the first effect and therefore not falling directly on to the crops, resulting
in a higher amount of spray falling far away from the target, and this is commonly termed as spray
drift [11]. Driving speed is the main factor that affects the Drift potential index (DPI) [2, 12-14] and
there is a positive correlation between driving speed of sprayer and drift [15-17].

Wind speed is the most critical variable that affects drift. The higher wind speed, the farther drift
will be carried. In a weak cross-wind, small droplets resort to aggregate towards the spray centerline.
Meanwhile, in a strong wind, the small droplets have low inertial energy and cannot resist strong air
flow, making them highly susceptible to drift [11]; and therefor, important agrochemical amounts
are transferred to an ecosystem by wind [4]. The main objective of this study is to estimate
atomization parameters for different flat fan nozzles under the effect of driving sprayer speed and
wind speed.

2. Materials and Methods
2.1 Selection Nozzles

Spray nozzles selected for this study were two flat-fan nozzles for broadcasting spraying:
extended range XR11003 and drift guard DG11003 nozzles as shown in Figure 1. These nozzles are
manufactured by spraying systems co, Inc. Wheaton, lllinois, USA and classified according to the
International Organization for Standardization (1SO) of size 03 (0.3gpm) [18]. The reference nozzle of
spraying systems 110" Flat fan Teelet nozzle with a 03 orifice operated was selected to define the
fine/medium spraying boundary in the ASABE Standard. Table 1 shows specifications of spray nozzles.
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Fig. 1. Flat fan nozzles: (a) DG11003 (b) XR11003 (c) TP11003

Table 1
Specifications of spray nozzles
Nozzle type Nozzle code Do.s (um)* Pressure (bar) Flow rate (L/m)
Teelet** TP11003 136 - 177 3 1.18
Extended range XR11003 136 - 177 3 1.18
Drift guard DG11003 177 -218 3 1.18

* Droplet size classifications are based on BCPC specifications and in accordance with ASAE Standard S-572.
**Teelet standard flat fan nozzle was used as a reference nozzle.
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2.2 Wind Tunnel

The subsonic wind tunnel built by the department of aeronautic at university technology Malaysia
was used to determine the effect of wind speed on spray distribution from the nozzle ([19-24]. The
test section of the wind tunnel has a cross-sectional area of 1.36 m by 1.36 m and an overall length
of 5 m with a honeycomb and porous fabric to produce the required air turbulence intensity and
uniform velocity.

A multi speed spraying mechanism was designed and installed on the wind tunnel to investigate
effect of driving sprayer speed and wind speed combinations on spray distribution. The spray
mechanism consists of the following systems: Linear motion system consists of linear motion
platform (SIMO series, PBC linear, A pacific Bearing Company, 6402 East Rokton Road, Roscoe,
IL61073, USA), servo motor (GYS - 751 D5 - HC 2, Japan) and servo amplifier (RYT - 751 D5 - VV 2
Japan) and spraying system consists of an external pressurized water tank, filter, water pressure
gauge, and single spray nozzle [25]. The spray liquid was tap water. The spraying nozzle was moving
horizontally in the wind tunnel; perpendicular to the airflow [26] to generate two-dimensional spray
pattern. The speed of the linear motion system was controlled from a laptop depending on the
software programmed.

3.4 Measuring Protocol

Two groups of factorial experiments were carried out in the wind tunnel to evaluate the effect of
the nozzle type, driving speed and wind speed on spray parameters. The first group comprised of two
nozzle types XR11003 and DG11003 with reference nozzle TP11003 and three wind speeds of 1, 2,
and 3m/s at driving speed of 2.2 m/s. The second group comprised of three driving speeds of the
reference nozzle TP11003 of 2.2, 3.3 and 4.4 m/s at three wind speeds of 1, 2, and 3m/s. Spray height
was 0.50m above the wind tunnel ground, with spray pressure of 3 bar. For spray distribution data,
water sensitive papers (WSPs) were used as collections placed at the center of the wind tunnel at
one row under the spray nozzle at five places [27, 28], and the distance between two samples was
25cm. All samples were at a height of 0.07 m above the wind tunnel floor to avoid boundary layer
effects and the corresponding long axis parallel to the wind direction as shown in Figures 2. After
each spray run, the WSPs were allowed to dry and then collect. Each test was repeated three times.
Each piece of WSPs was put in a small plastic box and took to the laboratory for calculating DSC. To
determine the real droplet diameter, the spot diameters were inserted into the following calibration
equation [29, 30]

D, = 1.033D2%87° (1)

where D is represented the actual droplet diameter (um), Ds is represented the spot diameter (um).
Program was written to calculate the droplet spectra characteristics. Analyses of the droplet spectra
characteristics (DSC) were made within 28 different diameter class ranges. In the software, the mean
droplet diameters (D10, D20, D30, D32), the diameter values corresponding to 10, 25, 50, 75 and 90% in
volumetric distributions (DVo.10, DVo.2s, DVoso, DVozs and DVoso), numerical and volumetric
percentage ratio of droplets in diameter smaller than 200 um were calculated [29, 31]. Performance
evaluating of the tested nozzle was obtained from testing the results in comparison to the reference
spray. The reference spray was defined as a standard horizontal spray boom without air support, a
spray boom height of 0.50 m, ISO 110 03 standard flat fan nozzles at pressure of 3.0 bar, wind speed
of 2m/s and a driving speed of 8 km h%, resulting in an application rate of approximately 180 L ha
[32, 33].
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Fig. 2. Experimental set up for testing
spray nozzles in the wind tunnel.

3. Results and Discussion
3.1 Effect Nozzle Type

In Figure 3, it is clear that the nozzle type has an important effect on droplet size. Pre orifice
nozzle DG11003 produced droplet sizes coarser than the extended range nozzle XR11003 and the
reference nozzle. The Dvos value of the pre orifice nozzle DG11003 increased 24.3% and 23.5% in
comparison to the extended range nozzle XR11003and reference nozzle respectively.
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Fig. 3. Graph of droplet diameters vs proportion of total
volume for three nozzles

3.2 Effect Nozzle Type and Wind Speed Combinations

The results of the droplet size measurements smaller than 200 um for tested nozzles are
described in Figure 4. Measured volume fractions of droplets smaller than 200um of the nozzles at
three wind speeds ranged from 6% to 20%. Based on the change in the percentage of droplet
smaller than 200 um under the effect of wind speed, the tested nozzles produced less drift potential
than the reference nozzle [28]. It is clear that nozzle DG1103 achieved the best control the droplet
spectra under the effect of a high wind speed in which the parentage of droplet smaller than 200 um
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reduced only 40.82% when wind speed changed in the range of 1to 3m/s in comparison to the
reference nozzle, which reached 58.68 %. Increasing wind speed reduced the percentage of the
droplet smaller than 200 um in the total spray volume.
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Fig. 4. Graph of V200 vs wind speed for three nozzles
Table 2
DSC: Dvo.1, Dvo 25, DVo.s, Do 75, DV g, at driving speed of 2.2 m/s
Wind
Nozzle Speed Dv0.1 std Dv0.25 std Dv0.5 std Dv0.75 std Dv0.9 std
type (m/s) (um) (um) (um) (nm) (um)

1 1686 12.70 253.2 3849 3739 5537 482.4 76.82 549.0 31.19
TP11003 2 205.2 14.99 257.1 45.37 381.0 54.70 470.9 23.36 5256 29.75
3 2289  25.13 298.9 26.70 381.0 37.11 490.1 23.22 5386 7.073
1 163.0 6.557 226.9 10.15 323.8 24.49 440.2 29.03 5211 14.97
XR11003 2 198.1 16.18 269.7 30.32 3786 3331 440.4 3195 5555 73.50
3 2285 21.28 334.7 45.03 4154 19.46 501.0 1473 581.7 2.250
1 198.1 6.868 339.6 8.736  456.0 4.35 522.2 15.67 567.3 9.073
2 225.6  26.07 360.4 3246 4706 21.22 550.9 4245 5973 56.72
3 2440 34.37 343.7 26.78 4716 23.15 550.3 5710 5943 34.26

std: average + standard deviation

DG11003

Table 3
DSC: D10, D20, D3o and Ds; at driving speed of 2.2 m/s
Nozzle Wind speed D1o std D20 std D30 std Ds2 std
type (m/s) (pm) (pm) (km) (um)
1 169.1 5.556 200.1 9.732 231.1 15.61 308.6 33.71
TP11003 2 206.0 3.896 237.2 9.791 264.9 14.45 330.6 26.92
3 216.6 12.99 249.9 11.77 279.7 13.14 3504 23.70
1 191.9 8.450 234.3 6.614 273.6 6.156 372.9 4.499
XR11003 2 196.3 16.01 240.2 18.09 282.2 20.63 389.4 29.56
3 248.7 10.07 285.2 14.35 318.2 17.01 396.1 23.67
1 169.5 7.212 196.2 6.868 223.1 5.601 288.8 4.152
DG11003 2 205.0 7.449 232.5 10.49 259.7 12.66 324.0 18.37
3 219.8 6.077 254.0 1.823 286.8 2.266 365.9 13.12

std: average + standard deviation
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Tables 2 and 3 show the effect of type of nozzle and the wind speed on droplet spectra. Increasing
wind speed increased droplet size spectra of the nozzles. The nozzle DG1103 achieved the highest
DSC values in comparison to the reference nozzle at the range of wind speed of 1-3 m/s. DSC values
indicate that increasing of the wind speed changed the spray quality to be coarser.

3.3 Effect of Driving Sprayer-Wind Speed Combinations

Driving speed is an important factor that affects DSC [11, 34]. A greater portion of smaller spray
droplet volumes is subject to entrainment in the air [28]. The data in Tables 4and 5 typically showed
important variations in droplet sizes under the effect of the different driving speeds and wind speeds,
the droplet size spectra measurements from nozzles became smaller for increasing of driving speed
[35]. The droplet sizes parameters in generally tended to be larger under the nozzle at higher wind
speeds [16, 28] because the smallest droplets would move the farthest distance before depositing
on the ground [36].

Table 4
DSC: Dvo.1, Dvo2s, Dvos, Dvo.7s, Dvos for nozzle TP1103
Driving  Wind
Speed Speed DvO0.1 std Dv0.25 std Dv0.5 std Dv0.75 std Dv0.9 std
m/s m/s (um) (um) (um) (um) (um)
1 168.6 12.70 253.2 38.49 373.9 55.37 482.4 76.82 549.0 31.19
2.2 2 205.2 14.99 257.1 45.37 381.0 54.70 470.9 23.36 525.6 29.75
3 228.9 25.13 298.9 26.70 381.0 37.11 490.1 23.22 538.6 7.073
1 164.3 10.88 252.0 7.850 3539 13.46 436.2 9.254 520.0 23.63
3.3 2 190.3 19.21 268.6 15.82 354.0 47.82 4259 55.55 498.0 55.02
3 216.5 6.083 298.4 3.385 368.0 2.000 441.8 9.224 482.1 4.636
1 168.9 9.430 211.3 11.98 323.2 15.39 431.8 46.87 506.9 27.46
4.4 2 169.5 10.25 263.2 7.868 329.6 3.055 435.2 50.64 488.4 50.93
3 189.6 9.865 288.6 10.69 360.6 28.90 440.1 38.03 486.0 45.02

std: average + standard deviation

Table 5
DSC: D1, Do, D3pand Ds; for nozzle TP1103
Drivin Wind
Speedg Speed D1o std Dao std Dso std D32 std
m/s m/s (nm) (nm) (nm) (1m)
1 169.1 5.556 200.1 9.732 231.1 15.61 308.6 33.71
2.2 2 206.0 3.896 237.2 9.791 264.9 14.45 330.6 26.92
3 216.6 12.99 249.9 11.77 279.7 13.14 350.4 23.70
1 182.6 13.18 210.5 13.78 238.1 13.78 304.4 13.24
3.3 2 1934 10.36 223.7 5.797 250.5 5.578 3145 20.11
3 206.8 4.700 239.1 5.031 267.3 4.505 333.9 3.320
1 161.6 6.670 189.6 9.464 216.5 11.74 282.1 18.14
4.4 2 202.9 9.737 228.8 6.074 251.9 2.856 305.6 8.080

3 211.8 4.670 242.0 7.000 267.9 9.760 328.3 16.92
std: average + standard deviation

Practically, droplets fall downward under effect of the gravitational force whereas, drag forces
act to slow the fall rate. Very small droplets fall so slowly because the upward drag forces are almost
equally opposed by gravitational force. Pre-orifice flat fan nozzle DG has ability to produce more
coarse and drift-resistant spray droplets in comparison to the standard flat nozzle [37] due to reduce
internal liquid pressure by pre-orifice locates on the side of the nozzle to restrict the flow [38]. Driving
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speed plays an important role in controlling the drift potential. The performance of hydraulic nozzles
is affected by air shear; as airspeed increases, so does air shear that shatters the large droplets
resulting in increasing the percentage of the fine droplets and turbulence. The higher the driving
speed, the greater the spray drift. The droplet sizes parameters under the nozzle generally tended to
be larger at higher wind speeds due to drift the smallest droplets under the effect of the action of
the air flow.

4, Conclusion

Agricultural spraying application raises a lot of problems; spray distribution and drift is the most
important. Squandering of big quantities of chemical can cause a lot of problems such as pollution of
the ecosystem and increasing the farming cost. Wind tunnel experiments provided efficient methods
to assess atomization parameters and helped interpretation number of variables involved in the field
because the weather conditions can be controlled easily. According to the result of the wind tunnel
for investigating droplet spectra classifications (DSC), drift guard nozzles DG have improved spray
distribution by controlling drop size at higher wind speeds. This study supports the use of drift guard
nozzle DG instead of the standard flat fan nozzle on every sprayer.
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