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ABSTRACT.

The volume distribution of spray below individual agricultural flat-fan spray nozzles

was fitted to a truncated normal distribution. This expresses the parameters as a function of the
spray liquid pressure, the boom height and the nozzle orifice size. This model was used to predict
the transverse distribution below an agricultural spray boom:.
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Introduction

The variability of the spray deposited on the ground
by an agricultural spraying boom has two compo-
nents, longitudinal and transverse. The longitudinal
component is affected by the regularity of the rela-
tionship between flow and forward speed of the
sprayer. The transverse component is linked to the
characteristics of the nozzles, to their spacing and to
the distribution of spray from each nozzle across the
boom. This depends on the individual characteristics
of the nozzle, on its height and the pressure of the
liquid while spraying.

The objective of this work was to establish a
mathematical model of the transverse spray pattern
from a fan nozzle based on experimental data, and
to use the results of this model to predict the spray
pattern below a horizontal boom with several noz-
zles. This model should enable optimization of the
spray pattern beneath the boom, with different
nozzle spacing, by Varymg parameters such as height
of the boom and spraying pressure.

In order to study the effects of spray pattern from
individual nozzles and boom roll angle on the uni-
formity of application, Mawer (1988) and Mawer
and Miller (1989) have modelled two idealized
spray volume distributions, namely rectangular and
triangular, and showed that both normal and beta
distributions could also be used to describe the spray
volume distribution beneath a flat-fan nozzle.

Model of the spray pattern of a fan nozzle

Theoretical model

If the falling of each unit of volume (the drop) is
considered as a random variable, one can consider
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the volumes collected in the tubes of the patternator
as observed frequencies of this random variable,
grouped in classes. The unit of measure of these class
frequencies will be cm® which corresponds to the
smallest volume distinguishable in the tubes. One
can then interpret the pattern of the volume sprayed
as an observed probability distribution, and repre-
sent it by a theoretical probability distribution with
similar characteristics. This problem is twofold: first,
the choice of the model or probability density func-
tion and second, the estimation of its parameters
from those of the measured spray pattern, considered
as a sample. The estimated parameters of the theor-
etical distribution will then be expressed as a func-
tion of the factors which condition spraying:
pressure, height and orifice size of the nozzle.

Three common makes of nozzles were used with
80 degree and 110 degree spray angles. Among these
nozzles and spray angles, three typical examples
were chosen and each nozzle tested using a standard
patternator (ISO 5682 1 ~') at a range of pressures
(between 1 and 4 bar) and at three different heights
(40, 60 and 80 cm). Henceforth, only one make is
referred to as the results for the other two are similar.

Variance analysis of the results obtained by re-
peating the patternator test after re-mounting the
experimental device showed that the influence of
slight mounting errors was not significant at the 0-05
level. The same method has been applied to study
the influence of the differences between nozzles of
the same manufacture batch, and gave the same
conclusions, namely the non-significance of this fac-
tor at the 0-05 level.

In order to assess the influence of other random
factors, computing the number of replicates needed
to determine the mean volume collected in each tube
with a maximum relative error of 59, showed that

CROP PROTECTION Vol. 9 April 1990, 111-114



112 Predicting distribution under a spray boom

one simple replicate was sufficient, and even more so
when the volume was greater. However, this was not
the case for the extremes of the pattern, where the
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Description of spray volume distributions

The observed spray volume distributions are ap-
proximately bell-shaped symmetrical curves with
finite margins, all of which are properties of a
truncated normal distribution.

A random variable X has a double truncated
normal distribution when its probability density
funtion is (Johnson and Kotz, 1970)
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for4 < X < B,

where ¢ is the standard deviation of the normal
distribution, Z(X) is the probability density function
of the unit normal distribution at the value X, and
¢(x) is the value of the cumulative distribution
function of the same distribution for the value X.

The upper and lower points of truncature are respec-
tively 4 and B. If
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The double truncated normal distribution is en-
tirely defined by four parameters: £, ¢ and the two

points of truncature 4 and B.
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flow sprayed by a nozzle placed vertically fro
central point of the central class (tube) or class O, is
symmetrical, then one effectively has 4 = — B and
¢ = 0. Thus, the spray width of a nozzle is symmetri-
cal to the nozzle orifice and is contained between the
two points of truncature. Moreover, population
variance is estimated by that of the sample.

Critique of the fitting

In most of the observed patterns two irregularities
occur: (1) two lateral shoulderings more or less
symmetrical to the central class; (2) a flattening of
the top of the spray pattern. The percentage of the
total volume represented by these irregularities was
low (0-5%,) and varied with the nozzle and spraying
conditions.

In general, the shape of the pattern was correctly
described by the model; however, this degree of
resemblance should be quantified more rigorously
by a test of ‘goodness of fit’ (Dagnelie, 1975).

The %? test consists in computing
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where p is the number of tubes, n; is the volume
collected in the tube i (in cm?), n is the total volume
(in cm®) and P; is the theoretical probability of tube
i. The quantity x2,, has to be compared with the

then value of a y? variable with p — 1 degrees of freedom,
E(X)=¢ corresponding to a probability of 1 —a, if one
admits a first-order error o. Thus the fraction
and ¥2uslx3 _ , has to be <1 to accept the ‘goodness of
95.2(5) fi’. Henceforth, 13— » is termed the ¥? ratio and
var{X) =1 — 9800 — 1 o’ is used to measure the fitting quality.
¢(0) — The characteristics of a series of 110 degree fan
TasLE 1. Fitting parameters of F110 nozzles
Nozzle 11002 Nozzle 11004 Nozzle 11006
Height  Pressure Width  SD Flow x> ratio Width  SD Flow %2 ratio Width  SD Flow ¥? ratio
(cm) (bar) (em)  {(em) {1l min™?) (em)  {cm) (1 min™') (cm)  (cm) (1 min~%)
40 1 105 21-5 0-42 3-33 115 22-6 0-87 435 115 22:1 1-35 390
2 145 279 0-63 1.75 145 279 1-27 2:15 145 273 1-91 3-63
3 155 29-0 0-78 1.70 155 29-4 1-55 1-63 155 28-8 2-36 367
4 155 30-1 0-90 0-83 155 30-3 1.79 1-24 165 29-6 2:72 4-54 -
60 1 155 306 042 420 165 332 087 450 165 326 135 3.98
2 195 362 0-63 1-53 195 39-0 1.27 2:13 205 379 191 3-57
3 205 385 078 152 205 408 155 170 215 399 236 368
4 215 396 090 1-63 215 417 179 185 225 408 272 351
80 1 195 377 0-42 3-40 205 417 0-87 3-82 215 417 1-35 3-63
2 235 43.5 0-63 1-53 255 47-8 1-27 2:17 255 471 1-91 274
3 245 45-8 0-78 2-23 255 49-8 1-55 2-15 255 49-5 2-36 3-05
4 245 46-9 0-90 379 255 50-6 1.79 2:62 255 49-7 2:72 2:98

SD, standard deviation; the ¥ ratio is calculated for o equal to 0.05
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nozzles and the values of parameters that determine
the model are given in Table 1.

Out of the 153 spray patterns measured with the
three makes of nozzles, only six gave a x? ratio <1,
and 46 < 2. Fitting to the normal (untruncated)
distribution always yielded less good results.

Two of the curves for F11002 nozzles derived from
the model are shown in Figure 1 (¥ ratio < 1) and
Figure 2 (y* ratio > 3).

Relationships between the parameters of the
model and those of spraying

Regression of the standard deviation as a function of the
height, pressure and flow

The standard deviation of the observed spray pat-
tern increased with Napierian logarithms of pres-
sure, height of the nozzle and standard flow.

The multiple regression equation is

o= —780+4 271 In(H) + 6-15 In(P)

+ 1-72 In(Q2), and R* = 0-980,
where ¢ is the standard deviation (cm), H the height
of the nozzle (cm), P the spraying pressure in bars,

and Q2 the standard flow at the pressure of two bars
(1 min~"); R? is the determination coefficient. All
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the coeflicients are very highly significant. The resi-
dual standard deviation is equal to 1-26.

An analysis of variance showed that most of the
variation of the standard deviation is explained by
the spraying height (809, of this variation) while the
rest is due to pressure, and, to a lesser extent, liquid
flow.

Regression of the spray width

The spray width is, in our model, the number of
tubes containing a significant volume, to which 1
may be added in order to have an identical number
on either side of the central tube.

The spray width was considered in relation to the
Napierian logarithms of height, pressure and stan-
dard flow. For example, the regression equation for
the same 110 degree fan nozzles was

W= —401%%% 4 1.39%** In(H)
+ 36:5%%* In(P) + 8:94%**n(Q2),

where W is the spray width (ecm). The coefficients
are highly (**) or very highly (¥*%*) significant and
R? = 0-976. The residual standard deviation is equal
to 7-29.

Model of the spray pattern under the boom

Introduction

The individual patterns of adjacent nozzles along a
boom overlap to improve the overall homogeneity of
the spray. In most cases, each individual pattern is
different because of the wear of the nozzles and their
different individual characteristics. Conversely, the
simulation of the spray pattern under the boom
using only one individual spray pattern presupposes
that all the nozzles have an identical pattern. This
supposition is compatible with the conclusions of the
study of non-controlled factors. However, this is only
applicable to correctly mounted new nozzles of a
same manufacture batch.

Henceforth, the spray pattern under a boom
obtained by simulation using observed individual
spray patterns will be called the ‘observed spray
pattern’, and the pattern obtained using individual
adjusted distributions will be termed the ‘theoretical
spray pattern’.

Stmulation of the spray paitern under a boom

The simulated spray pattern (Figure 3) obtained
from a spray pattern experiment correctly fitted to
the truncated normal distribution shows that the
overlapping of identical individual spray patterns
spaced at a constant distance can produce regular
peaks and troughs on both observed and adjusted
spray patterns. However, the variation in the ob-
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FIGURE 3. Simulation of the spray pattern under a boom. Nozzle
KR 11002 (40 cm, 4 bar) 2 ratio 0.83.09% volume expected ; —, volume
collected

served spray pattern is much greater, and its peaks
(or troughs) do not correspond to those of the
theoretical spray pattern. Also, it can be noted that
the quality of the fitting does not influence these
differences qualitatively. The process of summing
individual patterns amplifies their irregularities
compared with the model distribution. The resulting
theoretical spray pattern is generally more even than
the observed one.

Discussion of the results

The coefficients of variation relative to the theoreti-
cal and observed spray patterns, designated respec-
tively CVT and CVO, have been calculated for each
nozzle, for the whole working conditions and for
different nozzle spacings on the boom. Figures 4 and 5
show for two F110 nozzles these coefficients as a
function of nozzle spacing and spraying conditions.

Examination of the spray patterns under a boom
have demonstrated differences between simulated
observed and theoretical spray patterns, with no
defined relationship with spacing (Figure 4) despite
the close fit of the model in this example
(%% ratio < 1). Consequently, the theoretical model
cannot be used to describe and optimize the ob-
served spray pattern under a boom, and therefore
only the latter is discussed.

In general, the coefficient of variation decreased
as nozzle spacing was reduced. However, the rela-
tionship between CV and spacing is unpredictable
and cases may occur where the CV increased when
spacing was reduced. The CV of the spray pattern
decreased when the spraying height was raised from
40 to 60 cm, with little further change from 60 to
80 cm. Nevertheless, there is an interaction with
pressure: thus at a height of 40 cm, increasing pres-
sure improves homogeneity slightly. At 60 cm, the
effect of pressure on the CV is slight and does not
have a systematic character. At 80 cm, this effect
becomes negligible. This means that at certain
heights the CV is hardly affected by variation in
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FIGURE 4. CV versus nozzle spacing. Nozzle XR11002 (40 cm, 4 bar)
%2 ratio 0.83. @, Observed CV; O, theoretical GV
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FiGURE 5. CV relating to height and pressure (@, 1 bar; O, 2 bar; l,
3 bar; O, 4 bar). Nozzle XR11006; spacing, 50 ¢cm

pressure. For nozzles spaced at 50 cm, these heights
range varied from 60 to 80 cm.

Conclusions

In practice, the truncated normal distribution fits
experimental data, even when it is not acceptable in
a statistical sense. Its parameters can easily be com-
puted from liquid pressure, height and size of the
orifice of the nozzle. However, when one uses this
model to produce the transverse volure distribution
under a boom, the overlapping of individual pat-
terns increases the differences between model and
data so that the model cannot be used to simulate
and optimize the real pattern under a boom.

References

DAGNELIE, P. (1975). Théorie et Méthodes Statistiques. Gembloux:
Presses agronomiques de Gembloux. 473 pp.

Jounson, N. L. anp Kotz, S. (1970). Dustributions in Statistics,
Continuous Univariate Distributions —I. Boston: Houghton Mif-
flin Co., pp. 250-266.

LEUNDA, P. (1987). Coniribution 4 la Modélisation du Fonctionnement
des Organes d’Epandage d’un Pulvérisateur (TFE). Faculté des
Sciences Agronomiques de 1’Etat a Gembloux, Belgique. 107

PP-

MAWER, C. J. (1988). The Effect of Nozzle Characteristics and Boom
Attitude on the Volume Distribution below a Boom. Divisional Note
DN 1462. Silsoe: AFRC Institute of Engineering Research.

MAWER, C. J. AND MiLLER, P. C. H. (1989). Effect of roll angle
and nozzle spray pattern on the uniformity of spray volume
distribution below a boom. Crop Protection 8, 217-222.

Received 8 March 1989
Revised 31 July 1989
Accepted 12 September 1989



