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Abstract 
Fungal diseases in wheat crops (Triticum aestivum) cause significant yield and quality grain losses worldwide. 
The increase in the crop production area under no-tillage and environmental changes has favored residue-borne 
fungal survival and, therefore, disease development. Field trials were carried out at the beginning of anthesis on 
wheat crops (state Z61), in order to evaluate different spray nozzle performance. The test was arranged in a 4x2 
factorial design with ten repetitions. Factors consisted in four nozzles: flat-fan (XR11002), air induction asymmet-
rical dual flat-fan (AI3070-02), air induction symmetrical dual flat-fan (GAT11002), hollow cone (TXA8002), and 
two artificial targets, one vertical and another horizontal related to head and flag leaf location, respectively. 
Water-sensitive cards and CIR 1.5® software were used to determine droplet density (DD), coverage, and depo-
sition. The latter was contrasted using Brilliant Blue tracer. Data were subjected to ANOVA and means were 
compared by Tukey test (p≤0,05). The use of fine droplets and multiple directions such as TXA8002 increases 
coverage and deposition in the vertical and horizontal target, under optimum environmental conditions. The 
methodologies used to evaluate spraying performance are complementary to completely characterize the appli-
cation parameters. 
Keywords: coverage, deposition, air induction, twin nozzles, tracer 
 
 
Resumen 

Las enfermedades fúngicas en el cultivo de trigo (Triticum aestivum L.) ocasionan pérdidas importantes en el 
rendimiento y la calidad de los granos. El aumento del área bajo siembra directa y los cambios ambientales han 
favorecido el desarrollo de las mismas. Se realizaron ensayos sobre un cultivo de trigo en antesis temprana 
(estado Z61) para evaluar el desempeño de diferentes boquillas. El ensayo fue conducido en un esquema fac-
torial de 4x2 con 10 repeticiones. Los factores fueron cuatro boquillas: abanico plano (XR11002), doble abanico 
asimétrico con aire inducido (AI3070-02), doble abanico simétrico con aire inducido (GAT11002), cono hueco 
(TXA8002), y dos objetivos artificiales, uno vertical, representando la espiga, y otro horizontal para la hoja ban-
dera. Se utilizaron tarjetas hidrosensibles y el programa CIR 1.5® para la determinación de densidad de impactos 
(DI), cobertura y deposición (%), siendo esta última contrastada con la determinación de deposición mediante 
la metodología colorimétrica con el trazador azul brillante. Se realizó análisis de la varianza y las medias fueron 
comparadas por el test de Tukey (p≤0,05). La inclinación en 70º hacia atrás de la boquilla AI3070-02 mejora la 
cobertura y la cantidad de depósitos sobre la espiga. La utilización de gotas finas y en direcciones múltiples 
como las de TXA8002 aumenta la cobertura y la deposición tanto en el objetivo vertical como en el horizontal, 
en adecuadas condiciones ambientales. Las metodologías de evaluación utilizadas resultan complementarias 
al momento de realizar un análisis completo de los parámetros de caracterización de la aplicación. 
Palabras clave: aire inducido, cobertura, deposición, doble abanico, trazador 
 
 
Resumo 

As doenças fúngicas na cultura do trigo (Triticum aestivum L.) causam perdas significativas no rendimento e na 
qualidade dos grãos. O aumento da área de semeadura direta e as mudanças ambientais têm favorecido seu 
desenvolvimento. Os testes foram realizados em uma cultura de trigo na antese precoce (estado Z61), para 
avaliar o desempenho de diferentes pontas. O experimento foi conduzido em esquema fatorial 2x4 com 10 
repetições. Os fatores foram quatro pontas: jato plano (XR11002), duplo jato plano assiméstrico com indução 
de ar (AI3070-02), duplo jato plano simétrico com indução de ar (GAT11002), cone vavazio (TXA8002), e dois 
alvos artificiais, um vertical representando a espiga e outro horizontal para a folha bandeira. Foram utilizados 
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while double fan nozzles, with a spectrum of fine to 
medium droplets (between 106 µm and 340 µm)(10), 
did not penetrate greatly after 0.20 m. For their part, 
Derksen and others(13) obtained better coverage 
percentages, both on the head and on the flag leaf 
of a wheat crop, when sprayed with fine droplets 
(between 106 µm and 235 µm)(10). In addition, 
these authors found that deposition on the head 
increased when the boom was 30º forward, 
compared to the vertical orientation, although 
deposition on the flag leaf was reduced. Wolf and 
Caldwell(14) showed that thick droplets (between 
341 µm and 403 µm)(10) generated by air-induced 
nozzles and two nozzle arrangements (one forward 
and one back) increase deposition in vertical and 
horizontal targets of a cereal crop. They ensure that 
increasing the angle between the two nozzles also 
increases the deposits on those targets. 
Villalba and others(15) mention that the application 
success and the result of the control are directly re-
lated to the proper selection of spray nozzles and 
the correction of the application volume, together 
with the operational and climatic conditions. In this 
regard, Parkin and others(16) suggest, for efficient 
control of head diseases, using nozzles angled back 
and a population of medium droplets (between 236 
µm and 340 µm)(10) or with induced air. The authors 
found a trend towards greater deposition on the rear 
face of the heads with respect to the front, for all the 
nozzles used. However, the air-induced fan, with an 
inclination of 10° back, presented the highest depo-
sition on both sides, while the conventional fan pre-
sented the least. For their part, Halley and others(17) 
recommend working with flat-fan nozzles oriented 
forward, with an inclination with respect to the hori-
zontal of 30° downwards and assisted with an air 
current, ensuring a greater deposition and coverage 
on the head sides. In this regard, Elliott and Mann(18) 
demonstrated that the deposits on wheat heads in-
creased from 2.6 μl to 4.6 μl as the inclination of the 
flat-fan nozzle varied from 10° to 40°. Wolf and 
Peng(19) ensure that the 60° angle nozzle signifi-
cantly improves deposition on vertical targets, but 
not on horizontal. 
Wolf and Caldwell(20) mention that the nozzle type 
significantly affects deposition on both front and rear 
sides, and on the entire target. This statement was 
made after finding a similar recovery rate on the 

front face for the AIXR and AI3070 nozzles, signifi-
cantly higher than AITTJ60. However, AI3070 had a 
greater deposition on the rear face, resulting in a 
significantly higher total deposition than the others. 
Uniformity, indicated by the authors as the relation-
ship between front and rare sides, was higher for 
AI3070 (1.5), similar to AITTJ60 (2.0) and significantly 
better than AIXR (3.4). Nicholson and others(21) found 
that the double flat-fan nozzles presented a greater 
head distribution uniformity than the conventional 
flat-fan nozzles, determining greater coverage and 
control of the disease. Similar results were reported 
by Oskan and others(22) in the control of foliar and 
stem diseases of a wheat crop. However, the 
greater stem coverage with the double fan nozzles 
did not correspond with similar results in the flag 
leaf, where the flat-fan nozzles produced greater 
coverage, not being significantly different. Ferguson 
and others(23) determined a higher droplet density 
and coverage with nozzles angled 30° forward and 
back when evaluating the behavior of symmetrical 
and asymmetric double fan nozzles. In addition, 
they indicated that the angle alternation in the asym-
metric nozzles allowed maintaining the coverage 
percentages uniform against pressure variations 
with respect to the original arrangement. Olivet and 
others(24) achieved the highest deposition on the 
stem with double fan nozzles, being the difference 
between conventional and air induction flat-fan noz-
zles of 73%. The authors attributed this behavior to 
the double spray profile of the double flat fan. Fur-
thermore, the deposition achieved with the conven-
tional flat-fan was the lowest, not different from the 
induced air flat fan. 
Therefore, spraying is the most common and wide-
spread form of application of phytotherapy products, 
but its results are variable and complex, which 
makes its evaluation important. Accordingly, the use 
of water-sensitive paper is an accessible and simple 
evaluation method that allows evaluating different 
parameters that affect the control deposition. In re-
cent years, different forms of digital paper pro-
cessing have been developed that allow quantify-
ing, in addition to the number of impacts, the cover-
age, characteristics of the droplet population, and 
the amount of deposited product, which is ex-
pressed as deposition of the liquid sprayed per unit 
area. In this regard, Domper and others(25) found 
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nm using a single axis spectrometer of UV-visible, 
METROLAB brand, model 320. Absorbance data were 
transformed into solution concentration (mg l-1) us-
ing a calibration curve with standard solutions. The 
amount of plotter retained in the target, expressed 
in g ha-1, was determined depending on the dilution 

volume of the samples and the density of heads per 
hectare (3,000,000 heads ha-1). The deposit per-
centage on the head was calculated knowing the in-
itial concentration of broth in the tank (mg l-1) and 
the application dose (l ha-1).

 
 

 

Table 1. Used nozzles and operating conditions of the spraying tractor. P: working pressure; q: nozzle flow; 
Va: moving speed of the set; VA: application volume; T: treatment; AP11002: flat-fan nozzle 11002; TXA8002: 

hollow cone nozzle; AI3030: air induction symmetrical double fan nozzle; AI3070: air induction asymmetric dou-
ble fan nozzle 

Spray Nozzles Pressure 
(kPa) q (l min-1) Va (ms-1) VA (l ha-1) Droplet class 

(µm)* T 

Albuz AP 11002® 300 0.8 2.45 103 Fine  AP11002 

Teejet TXA 8002® 300 0.8 2.45 103 Fine  TXA8002 

Hypro GAT 11002® 300 0.8 2.45 103 Thick AI3030 

Teejet AI3070 
11002® 300 0.8 2.45 103 Medium AI3070 

*classes of nozzle droplets according to ASABE S572.1(10)

 

Syngenta® 3" x 1" water-sensitive paper was used 
to characterize the droplet population that reached 
the target. Using a cylindrical tube resting on the 
head, four water-sensitive paper were placed simu-
lating the head surfaces: front, rear, right and left. 
The paper was digitized with a resolution of 
1200 dpi and processed using the CIR 1.5 program. 
Count and calculation of the replaced variables was 
performed on the average of five measurement win-
dows: 1) Droplet density cm-2; 2) Coverage (%) – 
Percentage of paper area covered with stains; 3) 
Deposition (%) referring to the estimated volume 
collected in the target and the volume applied by the 
sprayer ratio. 
This latter evaluation method was also used to as-
sess horizontal targets, simulating the flag leaf by 
placing sensitive papers on iron support at its 
height. 

3. Results and discussion 
The data analysis for all variables showed a signifi-
cant interaction between measurement targets 
(head and flag leaf) and the nozzles, therefore, the 
analysis was partitioned to evaluate the effect of the 
different nozzles on the head and the flag leaf. 
3.1 Droplet density and coverage 
Figure 1 shows the average droplet density on the 
head and flag leaf per treatment. The TXA8002 noz-
zle showed the highest values and the double fan 
showed the lowest, while AP11002 showed an inter-
mediate behavior. This trend was partly reported by 
Herrera Prat and others(11) and Derksen and oth-
ers(13), attributing these differences to the smaller 
droplet spectrum of the hollow cone nozzles com-
pared to the others. Similar observations were 
made by Galvez and others(12), explaining the better 
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mentioned by Stefanelo and others(27) and Bayer 
and others(28). 
The correction of the deposition percentages of the 
flag leaf was carried out with the correction factors 
obtained (Table 2), to avoid overestimation of the 
program (Figure 6). Statistical analysis for the hori-
zontal target showed significant differences be-
tween nozzles, with a similar trend to that observed 

in the head, beingTXA8002 the one with the highest 
percentage, with significant differences compared 
to AI3030, that presented the lowest value. The 
AP11002 and AI3070 nozzles had an intermediate 
behavior, without significant differences between 
each other, although the 70º angle of the asymmet-
ric double fan nozzle improved the deposition on the 
head compared to the conventional flat fan, similarly 
to the results by Wolf and Peng(19). 

 
Table 2. Correction factor for each nozzle, obtained from the ratio between the values of CIR1.5 and T.CIR 1.5: 
image processing program; T: fluorimetric tracer. AP11002: flat fan 11002; TXA8002: hollow cone 8002; AI3030: 

air induction symmetrical double fan 11002; AI3070: air induction asymmetric double fan 11002. 

    CIR 1.5 Tracer Correction factor (CIR 
1.5:T Ratio) 

Sp
ra

y N
oz

zle
s TXA8002 63.06 51.01 1.236228191 

AI3030 63.74 20.81 3.062950505 
AI3070 91.36 44.92 2.033837934 

AP11002 70.85 35.89 1.97408749 

 
Even then, the deposition is relatively low, not ex-
ceeding values of approximately 50% of the product 
distributed per unit area when considering the treat-
ment of the head. If the target was the flag leaf, the 
results would be worse, since only one treatment 
can slightly exceed 40% of the deposited product. 
The analysis would improve if vertical and horizontal 
targets were considered together. However, it is 
clear that multiple directions are an overall improve-
ment over conventional nozzles in distribution uni-
formity, rather than the number of deposits on the 
target, which depends on different variables associ-
ated with nozzle design, such as the height of the 
boom, the distance between nozzles and the speed, 
due to the effect on the direction in which the drop-
lets hit the head. 
Considering the joint deposition of the head and the 
flag leaf, the hollow cone nozzle, with a spectrum of 
fine droplets and under favorable weather condi-
tions, achieved the highest deposition, above 90%, 
confirming claims by Marquez(8) and Antuniassi and 
Boller(9). Meanwhile, AI3070 with medium droplets 
also had a good performance, close to 72%. These 

considerations are important when carrying out ap-
plications under adverse environmental conditions, 
needing to take the corresponding measures to 
carry out the application efficiently, reducing the 
risks of drift. The poor performance of the AI3030 
nozzle, just over 37%, could be due in part to the 
thick droplet size and the 30º inclination, which is 
not enough to reach the head, for the working height 
established in the essay, differing from that reported 
by Wolf and Caldwell(14), who assure that these 
same characteristics increase the deposition in the 
targets. 
The AP11002 nozzle performed well, with a total 
deposition percentage of 67%, with the most uni-
form distribution between the head and the flag leaf. 
The good performance of this nozzle compared to 
the AI3030 does not agree to that mentioned by 
Derksen and others(38) in terms of an increase in 
deposition on the head with the boom 30º forward 
from the vertical position. 
The sprayed distribution on the head behaved dif-
ferently according to the nozzle (Figure 7). AP11002 
was the only one with significative differences 
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analysis of the water-sensitive paper allows charac-
terizing the droplet spectrum applied and the uni-
formity of distribution; on the other hand, the use of 
tracers gives us precision in the amount of liquid col-
lected, as mentioned by Cowell and others(29). 
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