
Abstract: Mathematical model of cross-distribu-
tion non-uniformity for twin fl at nozzle. This study 
sets forth an analysis of the results of tests of cross-
-distribution uniformity for twin fl at nozzle. Based 
on the results obtained, a mathematical model 
of non-uniformity was elaborated for twin fl at 
nozzle, depending on the height and angle of the 
boom and the operating pressure of the liquid. 
The model enables assessment of interactions be-
tween the factors tested and their impact on the 
cross-distribution non-uniformity. 
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INTRODUCTION

The plant protection operation is a cru-
cial element of the entire production 
cycle. Its abandonment or improper 
performance results in lower yields, or 
may even draw a line through the whole 
year’s work. The fi nal effect depends on 
a number of technical, technological, 
climatic and biological factors. The re-
quired effectiveness of the operation is 
strictly connected with obtaining a high 
degree of coverage of the plants sprayed, 
which highly depends on the  nozzles 
used and the conditions of the spraying 
operation.

The spraying coverage ratio can be 
improved through the use of twin fl at 
nozzle. The specifi city of their opera-
tion allows to increase the liquid coat-
ing on vertical parts of the plants with 
concurrent elimination of excess cover-
age of the upper surfaces [Szewczyk et 
al. 2011]. With the operation, the work-
ing speed of the sprayer grows without 
any signifi cant reduction of coverage 
of the surfaces sprayed [Szewczyk and 
Łuczycka 2011]. The working param-
eters should be maintained within the re-
quired range during the operation. This 
applies, in particular, to the sprayers 
used and the liquid’s working pressure, 
on which the droplet size and spray drift 
potential depends [Hołownicki and Doru-
chowski 2006b, Nuyttens et al. 2007, 
Czaczyk 2012, Dorr et al. 2013, Wang 
et al. 2015]. Change in the operating 
height or uncontrolled boom defl ection 
will cause: increase of the spray non-
-uniformity ratio, excessive spray drift 
and ecological hazards to adjacent crops 
[Hołownicki and Doruchowski 2006a, 
Nowakowski 2005, 2006a, 2007b]. With 
the appropriate selection of the spray-
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ing technique and the sprayer working 
parameters, plus the use of additives that 
improve physical and chemical proper-
ties of the liquid, it may be possible to 
reduce the dose of the herbicides and 
the impact of droplet drift on the natural 
environment, without deterioration of 
the weed eradication effectiveness [De 
Schampheleire et al. 2009, Kierzek et al. 
2009, Ferguson et al. 2016].

Laboratory tests will make it possi-
ble to determine the range of changes 
of the cross-distribution non-uniformity 
factor (CV) for variable operating condi-
tions. In this way, a better insight into 
the phenomenon will be obtained and it 
will be possible to elaborate a prediction 
model [Nowakowski 2006b, Parafi niuk 
et al. 2011, Parafi niuk and Tarasińska 
2013]. Therefore, the aim of the actions 
undertook was to elaborate a mathemati-
cal model of cross-distribution non-uni-
formity for an active boom fi tted with 
twin fl at nozzle in variable working 
conditions. The model will be used for 
predictions of the non-uniformity factor 
depending on the changes in the liquid 
pressure, height and angle of the boom. 

MATERIAL AND METHODS

The tests were carried out in laboratory 
conditions, with the use of a fi xed pow-
er-driven fi eld sprayer (variable-speed 
transmission). Twin fl at nozzle TJ 60 110 
06 VS were used for the tests, mounted 
along a four-meter long section of the 
boom, with a spacing of 0.5 m. The 
measurements of the cross-distribution 

non-uniformity factor were performed 
with an automatic Hardi Spray Scanner 
table, in accordance with the methodol-
ogy described in the instruction manual 
and standard ISO 5682-3:1997 [Misz-
czak 2000, Nowakowski 2004]. The slot 
table used is suitable for sprayfall col-
lection from the area of 1.2 m2.

Measurements were performed at the 
liquid’s working pressure between 0.2 
and 0.4 MPa, every 0.05 MPa. The in-
clination of the boom was also changed, 
within the range from 0 to 5°, every 1°, 
while the boom’s height above the slot 
table varied from 0.4 to 0.6 m, every 
0.1 m [Nowakowski and Ośko 2016]. 
The measurements were repeated three 
times for each combination of variables. 
The test results were obtained through 
statistical analysis performed in Statis-
tica v. 12, with ANOVA and Duncan’s 
multiple comparison tests. The math-
ematical model was elaborated based on 
non-linear regression.

TEST RESULTS AND DISCUSSION

Based on the results of the three-way 
analysis of variants, it can be conclud-
ed that the factors analysed: height 
and inclination of the boom and the 
liquid’s working pressure, had a highly 
signifi cant statistical impact on the di-
versifi cation of the cross-distribution 
non-uniformity, as the results of the 
Fisher-Snedecor distribution (F-distri-
bution) equalled Fv1=2, v2=180 = 2083.69, 
Fv1=5, v2=180 = 1579.45 and Fv1=4, v2=180 =
= 189.51, respectively, all given the 
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critical signifi cance level P < 0.0001. 
Additionally, major interactions were 
discovered between the factors tested: 
height and angle (Fv1=10, v2=180 = 1119.54 
with P < 0.0001), height and pressure 
(Fv1=8, v2=180 = 74.57 with P < 0.0001), 
angle and pressure (Fv1=20, v2=180 = 29.42 
with P < 0.0001) and height, angle 
and pressure (Fv1=40, v2=180 = 7.54 with 
P < 0.0001).

Based on Duncan’s test (Table 1) it 
can be concluded that each and every 
change in the boom’s working height by 
0.1 m affects the value of cross-section 
non-uniformity factor, whereas the low-
est values were observed for the height 
of 0.5 m. The tests of individual single 
steam-jet sprayers  showed that a change 
in the working height by 0.4–0.6 m led 

to CV reduction accompanying the grow-
ing height of the boom [Lodwik and Pie-
trzyk 2014]. Nevertheless, as presented 
by fi eld tests, together with the boom 
height growth up to 0.75 m, pressure 
increase to 0.3 MPa and wind speed of 
2.4 m·s–1, the overall liquid drift grew 
by over 75% [Świechowski et al. 2013]. 
Boom’s defl ection within the plane per-
pendicular to the ground from 0° to 1° 
does not cause changes in the non-uni-
formity factor, thus creating a homo-
genous group. Further defl ection of the 
boom leads to isolation of other homo-
genous groups, i.e. signifi cantly differ-
entiates changes in the cross-distribution 
non-uniformity factor, which grows by 
4.50 to 9.07% on average. The above 
is confi rmed by research carried out by 

TABLE 1. Division of cross-distribution non-uniformity values into homogenous groups based on 
Duncan’s test according to: height and angle of the boom and working pressure of the liquid 

Specifi cation Amount 
of substance Average CV [%]

Homogenous group

1 2 3 4 5
Boom height [m]

0.4 90 7.449 ×
0.5 90 4.825 ×
0.6 90 5.389 ×

Boom angle [°]
0 45 4.606 ×
1 45 4.499 ×
2 45 5.238 ×     
3 45 5.548      ×   
4 45 6.365     ×
5 45 9.070          ×

Working pressure [MPa]
0.20 54 6.768 ×
0.25 54 6.017      ×  
0.30 54 5.683 ×    
0.35 54 5.480 ×
0.40 54 5.491 ×
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Szewczyk and Wilczok [2008], which 
showed that each boom defl ection in 
a vertical plane leads to signifi cant deteri-
oration in the spaying quality, determined 
by the cross-distribution variability and 
coverage ratio. Increase in the liquid 
pressure from 0.20 to 0.30 MPa, every 
0.05 MPa, created separate homogenous 
groups for the non-uniformity factor and 
was degressive within the range from 
6.77 to 5.68%. Only the highest working 
pressure of 0.35 and 0.40 MPa created 

a single homogenous group with CV =
= 5.48%. This is different when compared 
to the tests of single jet-steam sprayers, 
where a pressure difference by 0.05 MPa 
did not cause signifi cant changes in the 
cross-distribution non-uniformity factor 
[Nowakowski 2007a].

The results of the tests performed 
point to signifi cant differences in the 
cross-distribution non-uniformity fac-
tor for twin fl at nozzle, depending on 
the height and angle of the boom and the 

liquid’s working pressure. In the search 
for an overall explanation of the impact 
of the factors tested on changes in the 
non-uniformity factor and in order to be 
able to make forecasts, the elaboration of 
mathematical dependence became nec-
essary. The test results obtained made 
it possible to search for multiple regres-
sion. The variables used in the model 
were assessed based on the t-Student 
value and signifi cance level (Table 2), 

while the model as a whole was assessed 
based on the determination coeffi cient. 
Ultimately, an empirical model of the 
cross-distribution non-uniformity (CV) 
for twin fl at nozzle was obtained, in the 
form of the following polynomial:

where:
CV – cross-distribution non-uniformity 
factor [%];
h     – height of the boom [m];
k     – angle of the boom [°];
p     – working liquid pressure [MPa];

(1)

TABLE 2. Analysis of signifi cance of regression factors for the empirical model of cross-distribution 
non-uniformity for Twin fl at nozzle

Independent 
variable

Regression factor Mean error t-Student Signifi cance
level (P)

Constant –35.19 7.85623 –4.48 <0.0001
h 139.06 32.0785 4.34 <0.0001
h2 –125.99 32.0251 –3.93 0.0001
k 33.26 2.5924 12.83 <0.0001

p–1 0.5282 9.6007·10–2 5.50 <0.0001
h × k –123.53 10.5952 –11.66 <0.0001
h2 × k 114.18 10.5776 10.79 <0.0001

2 1 235.19 139.06 125.99 33.26 0.5282 123.53 114.18CV h h k p h k h k−= − + − + + − +
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for which the determination coeffi cient 
equals 0.7567.

Therefore, it can be concluded that 
the mathematical model presented ad-
equately describes changes in the cross-
-distribution non-uniformity factor for 
changed: boom height h ∈ <0.4–0.6 m>, 

boom angle k ∈ <0°–5°> and working 
liquid pressure p ∈ <0.2–0.4 MPa>.

Based on the model proposed, it is 
possible to search for favourable condi-
tions for the plant protection operation 
and predict the occurrence of unfavour-
able conditions. The most favourable 
confi guration of the boom operation, i.e. 
the lowest values of the cross-distribu-
tion non-uniformity factor for twin fl at 

nozzle, were recorded for a boom in-
stalled horizontally and operating within 
the height range of 0.4–0.5 m, with liq-
uid pressure of 0.35–0.40 MPa (Fig. 1). 
The occurrence of strong boom defl ec-
tions, 5° from the horizontal plane, with 
concurrent low location of the boom 

(ca. 0.4 m) and low working pressure 
of the liquid, shall produce the highest  
values of the cross-distribution non-uni-
formity factor. The comparison of the 
CV values obtained with the measure-
ments and calculated in accordance 
with the model proposed is presented in 
Figure 2. The results of the statistical 
analysis confi rm that the points describ-
ing the model adjustment to the measure-

FIGURE 1. Impact of the angle (k) and height of the boom (h) on the cross-distribution non-uniformity 
(CV) factor for twin fl at nozzle
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ment values are scattered, and point out 
to the model’s defects. It is particularly 
visible for higher values of the cross-
distribution non-uniformity factor, which 
correspond to low values of boom’s 
height and large inclination angles.

CONCLUSIONS

Low values of the cross-distribution 
non-uniformity factor can be obtained 
through the appropriate selection and 
maintaining of the boom height above 
the sprayed surface as well as small 
boom inclination angle and working 
pressure 0.35–0.40 MPa.
The mathematical model elabo-
rated can be used for control of the 
sprayer’s operation in a manner al-
lowing to obtain a low value of the 
cross-distribution non-uniformity 
factor.
Further works on the search for fac-
tors that have impact on the cross-
distribution non-uniformity factor 

1.

2.

3.

are necessary, to extend the model’s 
adjustment to factual values. 
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Streszczenie: Model matematyczny współczyn-
nika nierównomierności rozkładu poprzecznego 
cieczy dla rozpylaczy dwustrumieniowych. W pra-
cy przedstawiono analizę wyników badań współ-
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czynnika nierównomierności rozkładu poprzecz-
nego cieczy dla rozpylaczy dwustrumieniowych. 
Na podstawie wyników opracowano model ma-
tematyczny współczynnika dla rozpylaczy dwu-
strumieniowych w zależności od wysokość i kąta 
ustawienia belki polowej oraz ciśnienia robocze-
go cieczy. Opracowany model umożliwia ocenę 
interakcji występujących między badanymi czyn-
nikami i ich wpływu na współczynnik nierówno-
mierności rozkładu poprzecznego cieczy.
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