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CONCLUSIONS 

 
Based on the analysis of the obtained results, it 

was concluded that: 
 an important factor in assessing the degree of wear of 

the nozzles may be the result of the CV index test, 
determined for the nozzles assemblies placed on the 
spraying beam, as well as the measurement of the 
outflow rate for the individually removed nozzles, 

 all used nozzles included in the tests, have achieved 
the value of the average conversion outflow rate 
within the permissible level, ± 10% of the outflow rate 
difference, 

 all nozzles covered by the tests, except for ALBUZ 
AVI ISO 11004 (No. 9, CV = 13.2%, for the height of 
the setting of 600 mm), have obtained the results of a 
CV index for the beam within the admissible range of 
10%,  

 increase in the outflow rate for individual nozzles 
caused by their operation, has a significant impact on 
the increase in the CV index value of the spraying 
beam composed of the appropriate number of tested 
nozzles. 
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Abstract. The paper presents the assessment of the 
influence of wind direction and speed on the transverse 
fall of sprayed liquid for selected types of flat-stream 
nozzles. The measurements were carried out in laboratory 
conditions on an automated station equipped with a radial 
fan, speed and wind direction sensors, and a computer 
system for automatic acquisition and processing of 
measurement results. As criteria for the evaluation of the 
results of the conducted research on the quality of work of 
the tested nozzles, the values of the transverse non-
uniformity index of CV liquid fall were assumed (with a 
maximum admissible value of 10%). The obtained results 
of laboratory tests were presented in the form of tables, 
and on their basis the dependencies of the CV index value 
on wind direction and wind speed were determined. On 
the basis of the obtained dependences, the assessment of 
individual nozzles was made due to the accepted criterion 
in the scope of the studied changes in wind speed and 
direction. 
Key words: spraying of plants, quality and effectiveness 
of the treatment, wind direction and speed, flat-stream 
nozzle, liquid drift, laboratory stand, transverse liquid fall 
CV unevenness indicator. 
 
 

INTRODUCTION 
 

The chemical method among other methods of plant 
protection (agrotechnical, physical, mechanical, 
biological) against pests, diseases and weeds is still one of 
the most effective ones and is expected to continue to play 
an important role in the future. Many authors emphasize 
the fact that obtaining high yields of good quality is 
possible only through the use of chemical plant protection 
products, but it requires appropriate knowledge and 
responsibility, and above all properly selected and 
technically efficient equipment, [2, 1518]. Otherwise, 
chemical protection of plants carries serious risks for 
producers - farmers, consumers of agricultural products, 

but also for the natural environment [1, 2, 4]. Therefore, it 
is so important to know the influence of various factors 
(atmospheric, technical, etc.) on the indicators 
characterizing the quality and effectiveness of spray 
treatments with the use of chemical plant protection 
chemicals. One of the most commonly used for the 
quality assessment of spraying is the transverse 
unevenness index of the CV liquid fall. The other ones 
are: the degree of coverage and the degree of application 
of the spray liquid to the sprayed objects [18]. 

The results of many authors' research indicate 
unambiguously that one of the most important 
atmospheric factors adversely affecting the quality and 
effectiveness of spraying operations is the wind, which 
causes the drift of the useful liquid out of the target 
objects [2, 4]. According to ISO 22866, drift is the 
amount of plant protection product that is moved out of 
the target area by the action of air movement during the 
spraying operation [11]. In the literature, there are many 
examples of research on this phenomenon, and in practice 
a whole range of technical solutions are applied that limit 
drift and at the same time support the process of applying 
biologically active substances to sprayed objects [18]. It is 
possible to mention here the use of special anti-drift, 
ejector, double-stream sprayers or equipment of spraying 
beams in auxiliary air stream systems, [18]. Despite the 
fact that so far many research works have been devoted to 
the drift of liquid usable issues, not all dependencies 
related to the quality and effectiveness of spraying for 
many existing spray nozzles on the market have been 
clarified [3, 16, 18]. This applies in particular to the 
influence of wind speed and direction on the quality of the 
spraying treatment characterized by the transverse 
unevenness of the CV liquid fall. For this reason, the 
paper attempts to assess the effect of wind direction and 
speed on the values of this index for selected flat-stream 
nozzles. 
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D. LODWIK, J. PIETRZYK 
PURPOSE OF THE PAPER 

 
The purpose of the paper is to assess the influence of 

wind direction and speed on one of the basic 
characteristics of the spray quality assessment, which is 
the index of transverse non-uniformity of the liquid spray 
fall for selected flat-stream nozzles. 

 
 

MATERIALS AND RESEARCH METHODS 
 

The research was carried out in the laboratory of the 
Institute of Mechanical Engineering of the Warsaw 
University of Technology, Branch in Płock. The 
measurements were made on an automated laboratory 
stand equipped with a grooved table with a groove width 
of 25 mm [511]. The basic element of the stand is a 
radial fan with high stability of the speed of the air stream 
(wind) produced, which is regulated by changing the 
rotational speed of the drive motor. The stand has been 
equipped with a modern measuring and control system, 
which includes a computer, a measurement and control 
card, measuring transducers and executive elements. 
During measurements, the basic parameters of the stand's 
operation are recorded (liquid pressure, nozzle’s height, 
liquid flow rate, wind speed, relative humidity, liquid and 
ambient temperature, etc.), as well as liquid volumes 
accumulated in individual measuring vessels. 

The view of the laboratory stand was shown on figure 1. 

Fig. 1. View of the laboratory stand used in the research 
 

The subject of laboratory tests were randomly selected 
samples of flat-stream nozzles, commonly used in field 
sprayers. The designations and types of test nozzles are as 
follows: 
 AirMix 110-03  – ejector nozzle produced by the 

German company Agrotop, 
 AZ-MM 110-03 –  anti-drift nozzle produced by the 

Polish company MMAT, 
 RS-MM 110-03 –  standard nozzle produced by the 

Polish company MMAT. 

Laboratory tests using the aforementioned stand were 
carried out in accordance with the requirements and 
recommendations of the standards ISO [711], and 
especially: 
 the working medium was pure water free from solid 

suspensions, and its temperature did not exceed the 
range from 10°C to 25°C, 

 the accuracy of reading the liquid volume in a single 
measuring vessel was 
±1 ml, which results from the way of measurement 
(digital image analysis), 

 the ambient temperature during the tests was from 
15°C to 20°C, 

 the accuracy of the working pressure reading was ±0,1 
bar, 

 the time of performing a single measurement was 
longer than 30 seconds, 

 the accuracy of reading the nozzle height above the 
measuring table was ±0,01m, 

 accuracy of readout of the nozzle angle relative to the 
horizontal ±1°. 
Measurements for each of the selected nozzles were 

made for four directions of wind action (angle between 
the speed vector and the direction of the sprayer's 
movement), i.e.: 90 °, 60 °, 30 ° and 0 °. A graphical 
interpretation of the wind direction is shown in Figure 2. 
The range of wind speed changes ranged from 0 to 3 m/s 
(change every 0.5 m/s) for each of the four wind 
directions. During the measurements, a constant height 
value of the spray beam on the surface of the measuring 
table of 0.5 m and a working pressure of 3 bar was 
maintained. The measurements were repeated three 
times, and the time of each measurement was 120 s. 

 

 
Fig. 2. Graphic interpretation of the wind direction 
influence 
 

As a criterion for the assessment of the tested nozzles 
in the scope of changes of wind direction and speed, the 
values of transverse non-uniformity index of CV liquid 
fall were determined, based on the recorded liquid 
volumes from individual measuring cylinders. 

The author’s computer program, in which the 
laboratory stand is equipped, makes it possible to 
determine the value of the CV index for both individual 

INFLUENCE OF WIND DIRECTION AND SPEED 
nozzles and the so-called "virtual" spraying beam made 
up of an appropriate number of tested nozzles. Simulation 
of the "virtual" beam consists in taking into account the 
volume of liquid collected from grooves with a width of 
25 mm and collecting streams from the area of their full 
coverage, and then aggregating these volumes to a groove 
width of 100 mm (in accordance with the requirements of 
ISO standards). The volume of liquid coming from 
neighboring nozzles on the "virtual" beam is aggregated 
in such a way that the liquid streams overlap, and the 
nozzle axes are spaced every 0.5 m, which gives the same 
distribution of liquid as for the actual beam of field 
sprayer. On the basis of the obtained results, the values of 
the CV index for the spray beam were calculated, taking 
as the criterion for the evaluation of the obtained results 
its limit value of max. 10%. 

 
 

RESEARCH RESULTS AND DISCUSSION 
 

Table 1 shows the CV index values (average value 
from three measurement repetitions) for individual 
nozzles of the tested types . The results were compared 
for the range of changes in the wind direction angle of 0 
÷ 90 ° adopted in the research and its speed in the range 
0÷3 m/s. Figures 3 and 4 present examples of the 
dependencies of CV  index value on the wind direction 
and its speed for a single AirMix 110-03 nozzle. CV 
index values determined for individual nozzles are used 
for comparative assessment of individual pieces, whereas 
those determined for the spray beam become a direct 
assessment of spraying quality for the studied range of 
changes in wind direction and wind speed. 

 
Table 1. Comparison of the CV index values for single 
nozzles of tested types in the range of wind direction 
changes 0 ÷ 90 ° and its speed 0÷3 m/s 

N
oz

zl
e 

Wind 
speed, 
[m/s] 

Wind direction 

0° 30° 60° 90° 

A
ir

M
ix

 1
10

-0
3 

0 56,9 56,9 56,9 56,9 
0,5 57 57,6 59,2 58,1 
1 57,3 58,1 61,9 60,8 

1,5 57,5 58,8 63,3 62,8 
2 58,2 59,7 64,3 63,6 

2,5 59,5 60,8 64,9 64 
3 61,7 62,8 65,6 64,2 

A
Z

-M
M

 1
10

-
03

 

0 54,8 54,8 54,8 54,8 
0,5 55 55,3 57,9 55,4 
1 55,5 55,7 59,6 56,2 

1,5 56 56,2 60,2 57,2 
2 56,6 57,3 61 58,4 

2,5 57,6 58,1 61,4 59,3 
3 58,2 59,8 62,3 60,9 

R
S-

M
M

 1
10

-0
3 

0 55,2 55,2 55,2 55,2 
0,5 56,1 55,8 58,4 60,8 
1 56,9 57,6 62,1 66,1 

1,5 57,6 58,8 64,2 68,8 
2 58,3 59,4 67,5 74,9 

2,5 59,1 64,4 73,3 77,3 
3 60,4 69,8 78,2 82,5 

 

 
Fig. 3. Dependence of CV index value on wind direction 
for a single AirMix 110-03 nozzle 

 

 
Fig. 4. Dependence of CV index value on wind speed for 
a single AirMix 110-03 nozzle 

 
The analysis of the results presented in Table 1 

indicates that the influence of wind direction and  speed 
on the CV index values determined for individual nozzles 
is similar for all three types tested. An increase in the 
angle of the wind direction or its speed causes an increase 
in the value of the CV index. The exception is the angle 
of 90 ° for the AirMix 110-03 and AZ-MM 110-03 
nozzles, for which a decrease in the CV index value is 
observed over the whole range of the tested speeds in 
comparison with the analog CV values for the direction 
of 60°. It is assumed that this may be due to the fact that 
both the AirMix 110-03 and AZ-MM 110-03 nozzle 
belong to the group of nozzles with increased drift 
resistance. For the standard sprayer RS-MM 110-03, the 
described situation does not occur and an increase in the 
wind direction causes a proportional increase in the CV 
index in the whole range of wind speed changes. For this 
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As a criterion for the assessment of the tested nozzles 
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fall were determined, based on the recorded liquid 
volumes from individual measuring cylinders. 

The author’s computer program, in which the 
laboratory stand is equipped, makes it possible to 
determine the value of the CV index for both individual 

INFLUENCE OF WIND DIRECTION AND SPEED 
nozzles and the so-called "virtual" spraying beam made 
up of an appropriate number of tested nozzles. Simulation 
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Fig. 4. Dependence of CV index value on wind speed for 
a single AirMix 110-03 nozzle 

 
The analysis of the results presented in Table 1 

indicates that the influence of wind direction and  speed 
on the CV index values determined for individual nozzles 
is similar for all three types tested. An increase in the 
angle of the wind direction or its speed causes an increase 
in the value of the CV index. The exception is the angle 
of 90 ° for the AirMix 110-03 and AZ-MM 110-03 
nozzles, for which a decrease in the CV index value is 
observed over the whole range of the tested speeds in 
comparison with the analog CV values for the direction 
of 60°. It is assumed that this may be due to the fact that 
both the AirMix 110-03 and AZ-MM 110-03 nozzle 
belong to the group of nozzles with increased drift 
resistance. For the standard sprayer RS-MM 110-03, the 
described situation does not occur and an increase in the 
wind direction causes a proportional increase in the CV 
index in the whole range of wind speed changes. For this 
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nozzle, much higher values of the CV index for the 
angles of 60° and 90° are also observed. It was also 
observed that the intensity of the wind speed increases as 
the angle of direction increases. For angles of 0 ° and 30 ° 
the influence of wind speed is much lower than for angles 
of 60 ° and 90 °. 

Below in table 2 (in the same way as for individual 
nozzles, CV values were compared, obtained for a 
"virtual" sprayer beam equipped with the tested type of 
nozzles. Figures 5 and 6 present examples of 
dependences of the CV ratio on the wind direction and its 
speed for a "virtual" spray beam equipped with AirMix 
110-03 nozzles. 

 
Table 2. Comparison of the CV index value for the 
"virtual" spray beam equipped with the tested nozzles 
types in the range of wind direction changes 0 ÷ 90 ° and 
its speed 0÷3 m/s 

N
oz

zl
e 

Wind 
speed, 
[m/s] 

Wind direction 

0° 30° 60° 90° 

A
ir

M
ix

 1
10

-0
3 

0,0 1,3 1,3 1,3 1,3 
0,5 1,3 1,4 1,4 1,5 
1,0 1,4 1,6 1,7 1,8 
1,5 1,4 1,8 2,2 2,4 
2,0 1,5 2,1 2,8 3,1 
2,5 1,6 2,4 3,4 3,7 
3,0 1,7 2,8 4,1 4,4 

A
Z

-M
M

 1
10

-0
3 

0,0 2,5 2,5 2,5 2,5 
0,5 2,6 2,8 3,7 4,2 
1,0 2,7 3,1 4,7 6,1 
1,5 2,8 3,4 5,6 6,5 
2,0 2,9 3,7 6,3 7,5 
2,5 3,1 4,2 6,9 8,1 
3,0 3,2 4,9 7,8 8,9 

R
S-

M
M

 1
10

-0
3 

0,0 8,2 8,2 8,2 8,2 
0,5 8,4 8,5 8,9 9,1 
1,0 8,7 8,9 9,6 9,8 
1,5 9 9,2 10,3 10,9 
2,0 9,2 10,1 11,5 12,5 
2,5 9,3 10,9 13,3 15 
3,0 9,4 11,7 15,9 17,9 

 
Fig. 5. Dependence of CV index value on wind direction 
for "virtual" spraying beam with AirMix 110-03 nozzles 

 

 
Fig. 6. Dependence of CV index value on wind speed for 
"virtual" spraying beam with AirMix 110-03 nozzles 

 
The analysis of the results in Table 2 indicates that the 

influence of the wind direction and its speed on the CV 
index values determined for the "virtual" spraying beam 
is also similar for all three types tested. An increase in the 
angle of the wind direction or its speed results in the 
increase of the CV index value. All dependencies 
between the CV index for the beam and the wind 
direction and speed are close to the linear ones. 

The lowest CV index values were obtained for the 
spraying beam equipped with AirMix 110-03 ejector 
nozzles. In the entire range of studied changes in wind 
direction (0 ÷ 90 °) and changes in its speed (0 ÷ 3 m/s), 
none of the CV index values exceeded 5%, which 
confirms its exceptional resistance to drift. In practice, 
this means that when spraying at a wind speed lower than 
or equal to 6 m/s, the permissible CV index value of 10 is 
not exceeded.%. 

For the spraying beam equipped with the anti-drift 
AZ-MM 110-03 nozzles, the values of the CV index were 
obtained from the point of view of the quality of the 
spray. In the entire range of wind direction and wind 
speed changes, none of these values exceeded 9%, 
although they are about twice as high as the 
corresponding values for a beam equipped with AirMix 
110-03 nozzles. It also confirms good resistance to drift 
in the tested range of changes in wind direction and 
speed. 

INFLUENCE OF WIND DIRECTION AND SPEED 
Definitely the least favorable values of the CV index 

were observed for the spraying beam equipped with 
standard RS-MM 110-03 nozzles. Permissible CV index 
values (10%) were not exceeded only for wind speeds 
lower than 2 m/s, which is also confirmed by the 
manufacturer's recommendations. 

Similarly as in the case of dependencies for single 
nozzles, it was also observed that the intensity of the 
wind speed increases as the angle of direction increases. 
For angles of 0 ° and 30°, the influence of wind speed is 
much lower than for angles of 60 ° and 90°. 

 
 

CONCLUSIONS 
 

Based on the analysis of the obtained results it was 
found that: 
 wind direction and speed significantly influence the 

values of transverse irregularity index of CV liquid 
fall, both for individual nozzles and spraying beam. 
An increase in the angle of the wind direction or its 
speed causes an increase in the value of the CV index, 

 the influence of wind speed on the values of the CV 
index for individual nozzles and the spraying beam 
depends on the angle of the wind direction. The 
greatest influence of wind speed was recorded for the 
angles of 60 ° and 90 °, 

 high value of the CV index for a single nozzle does 
not mean that the value of the CV index for the 
spraying beam will exceed the limit value, 

 the highest resistance to drift is characteristic of 
ejector nozzles AirMix 110-03 in the whole range of 
studied changes of wind direction and speed. For the 
spraying beam equipped with these nozzles, the 
largest CV value did not exceed 5 %,   

 the permissible values of the CV index in the whole 
range of changes in direction and wind speed have not 
been exceeded also for the spraying beam equipped 
with anti-drift AZ-MM 110/03 nozzle, 

 standard RS-MM 110-03 nozzles should not be used 
for spraying in conditions where the wind speed 
exceeds 2 m/s. 
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nozzle, much higher values of the CV index for the 
angles of 60° and 90° are also observed. It was also 
observed that the intensity of the wind speed increases as 
the angle of direction increases. For angles of 0 ° and 30 ° 
the influence of wind speed is much lower than for angles 
of 60 ° and 90 °. 

Below in table 2 (in the same way as for individual 
nozzles, CV values were compared, obtained for a 
"virtual" sprayer beam equipped with the tested type of 
nozzles. Figures 5 and 6 present examples of 
dependences of the CV ratio on the wind direction and its 
speed for a "virtual" spray beam equipped with AirMix 
110-03 nozzles. 

 
Table 2. Comparison of the CV index value for the 
"virtual" spray beam equipped with the tested nozzles 
types in the range of wind direction changes 0 ÷ 90 ° and 
its speed 0÷3 m/s 

N
oz

zl
e 

Wind 
speed, 
[m/s] 

Wind direction 

0° 30° 60° 90° 

A
ir

M
ix

 1
10

-0
3 

0,0 1,3 1,3 1,3 1,3 
0,5 1,3 1,4 1,4 1,5 
1,0 1,4 1,6 1,7 1,8 
1,5 1,4 1,8 2,2 2,4 
2,0 1,5 2,1 2,8 3,1 
2,5 1,6 2,4 3,4 3,7 
3,0 1,7 2,8 4,1 4,4 

A
Z

-M
M

 1
10

-0
3 

0,0 2,5 2,5 2,5 2,5 
0,5 2,6 2,8 3,7 4,2 
1,0 2,7 3,1 4,7 6,1 
1,5 2,8 3,4 5,6 6,5 
2,0 2,9 3,7 6,3 7,5 
2,5 3,1 4,2 6,9 8,1 
3,0 3,2 4,9 7,8 8,9 

R
S-

M
M

 1
10

-0
3 

0,0 8,2 8,2 8,2 8,2 
0,5 8,4 8,5 8,9 9,1 
1,0 8,7 8,9 9,6 9,8 
1,5 9 9,2 10,3 10,9 
2,0 9,2 10,1 11,5 12,5 
2,5 9,3 10,9 13,3 15 
3,0 9,4 11,7 15,9 17,9 

 
Fig. 5. Dependence of CV index value on wind direction 
for "virtual" spraying beam with AirMix 110-03 nozzles 

 

 
Fig. 6. Dependence of CV index value on wind speed for 
"virtual" spraying beam with AirMix 110-03 nozzles 

 
The analysis of the results in Table 2 indicates that the 

influence of the wind direction and its speed on the CV 
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not exceeded.%. 

For the spraying beam equipped with the anti-drift 
AZ-MM 110-03 nozzles, the values of the CV index were 
obtained from the point of view of the quality of the 
spray. In the entire range of wind direction and wind 
speed changes, none of these values exceeded 9%, 
although they are about twice as high as the 
corresponding values for a beam equipped with AirMix 
110-03 nozzles. It also confirms good resistance to drift 
in the tested range of changes in wind direction and 
speed. 

INFLUENCE OF WIND DIRECTION AND SPEED 
Definitely the least favorable values of the CV index 

were observed for the spraying beam equipped with 
standard RS-MM 110-03 nozzles. Permissible CV index 
values (10%) were not exceeded only for wind speeds 
lower than 2 m/s, which is also confirmed by the 
manufacturer's recommendations. 

Similarly as in the case of dependencies for single 
nozzles, it was also observed that the intensity of the 
wind speed increases as the angle of direction increases. 
For angles of 0 ° and 30°, the influence of wind speed is 
much lower than for angles of 60 ° and 90°. 

 
 

CONCLUSIONS 
 

Based on the analysis of the obtained results it was 
found that: 
 wind direction and speed significantly influence the 

values of transverse irregularity index of CV liquid 
fall, both for individual nozzles and spraying beam. 
An increase in the angle of the wind direction or its 
speed causes an increase in the value of the CV index, 

 the influence of wind speed on the values of the CV 
index for individual nozzles and the spraying beam 
depends on the angle of the wind direction. The 
greatest influence of wind speed was recorded for the 
angles of 60 ° and 90 °, 

 high value of the CV index for a single nozzle does 
not mean that the value of the CV index for the 
spraying beam will exceed the limit value, 

 the highest resistance to drift is characteristic of 
ejector nozzles AirMix 110-03 in the whole range of 
studied changes of wind direction and speed. For the 
spraying beam equipped with these nozzles, the 
largest CV value did not exceed 5 %,   

 the permissible values of the CV index in the whole 
range of changes in direction and wind speed have not 
been exceeded also for the spraying beam equipped 
with anti-drift AZ-MM 110/03 nozzle, 

 standard RS-MM 110-03 nozzles should not be used 
for spraying in conditions where the wind speed 
exceeds 2 m/s. 
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Abstract. The problem of using the Stirling engine for 
traction purposes has attracted researchers and 
constructors for many years. Unfortunately, the current 
state of the art and its structural properties do not allow 
for its use on a wider scale. apart from the prototype test 
vehicles 
Key words: Stirling engine. 
 
 

INTRODUCTION 
 

An overview of the possibilities of using the Stirling 
engine for traction purposes has been presented in the 
article on its use in motor vehicles [2]. It is a description 
of possible implementations and attempts to date which 
have ended with failures, as the authors have stated. Their 
analysis lacks a broader discussion of the reasons for this 
state of affairs. Their statements should be supplemented 
with an analysis of the operational reasons that have 
caused little interest in this kind of vehicle propulsion. In 
general, publications regarding this subject lack reference 
to such parameters as motor flexibility, labor economics 
and inter-repair runs (which it is too early to discuss). 
First of all, the information should be given what operat-
ing medium is used in a given engine, because this is what 
its efficiency depends on (Fig. 1). 

 

The practical solution for the design of the engine op-
erating according to the Stirling cycle amounts to the 
solution of three technical problems contained in the basic 
national publications on this subject  [3]: 
– continuous movement of the positive displacement 

element, 
– displacement of the total mass of gas from the space 

covered by the low temperature heat source into the 
space covered by the high temperature heat source 
without changing its volume, 

– completion of the full heat regeneration process during 
one cycle. 
The practical implementation of this idea are double-

acting engines. The practical solution consists in the fact 
that the upper and lower part of each piston is used in the 
implementation of thermodynamic transformations in two 
separate working planes containing separate volumes of 
gas (Fig. 2). 

 

Fig. 2. Constructional solution for double-acting engine, 
scheme [3], H – heater space, R – regenerator space, K – 
radiator space, E – expansion, C – compression 
 

 

 

 
Fig. 1. The Stirling engine efficiency depending on 
the working medium [1,3] 
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