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INTRODUCTION

There are approximately 27 million
acres (4) of crop sprayed with herbicides
each year in the prairie region of Western
Canada. The use of phenoxy herbicides
such as 2,4-D and MCPA for weed con
trol, has resulted in significant increases
in crop yields because the moisture norm
ally used by the weeds is made available
to the crop. The majority of the herbi
cides are applied by boom type ground
sprayers although aircraft spraying is also
employed.

Boom type ground sprayers are
equipped with nozzles which atomize the
spray material in order to increase the
surface area of the liquid, which results in
more uniform and effective coverage. The
nozzles produce a droplet spectrum con
sisting of a wide range of drop sizes. The
smaller droplets (less than 100 microns in
diameter) at the lower end of the droplet
spectrum are a potential spray-drift
hazard.

Spray-drift may be defined as the
movement of air-borne spray particles or
droplets from the area of application to
adjacent areas by wind or air currents3.
This is undesirable, particularly in areas
where specialized crops that are suscep
tible to the herbicide are grown. Some
plants that are particularly susceptible to
small quantities of phenoxy herbicides
are rape seed, sugar beet, sunflower,
garden, flower, shelterbelt and shrubbery.

The spray-drift problem is not a new
one and much work has been done in this
area. Some of the approaches that have

a Friesen, George. 1961. Safe use of phenoxy
herbicides. Paper presented at Manitoba
Agronomists Conference.
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been taken to try and eliminate or reduce
the problem of spray-drift are as follows:

1. Spraying at reduced pressures.
Because drop size is approxi
mately inversely proportional to
the square root of the pressure, a
reduced pressure results in larger
droplets being formed. All small
droplets, however, are not
eliminated and in addition, the
flow rate at lower pressures is
often inadequate to obtain the
desired rate of application.

2. Increasing nozzle orifice size. As
the orifice size of the nozzle is

increased, the average droplet
size increases proportionally.
Thus larger flow rates are ob
tained and larger droplets are
formed.

3. Modification of fluid properties.
Altering the viscosity of the
spray mixture results in shifting
the droplet spectrum upwards.
Three common methods used to
obtain a reduction in the num
ber of small droplets are: (a) the
use of viscosity - increasing
materials, (b) the use of invert
emulsions and (c) the use of
particulate sprays. Kaupke and
Yates (2) conducted tests using
sprays with modified viscosities
and found that downwind
deposits were significantly less
using invert emulsions and parti
culate sprays than with conven
tional emulsions, when applied
with ground rigs.

4. Electrostatic charging of drop
lets. Charges are placed on spray
droplets either by ionized field
charging or electronic inductive
charging. With charged droplets,
in addition to the dynamic
forces on the droplet, there is an
added electrostatic force which
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results in a considerable increase

in recovery of deposits of drop
lets onto leaves. In addition,
because of the curved nature of

the lines of flux which the

charged droplets follow, it is
possible to coat all sides of a
body by spraying from one side
only.

Law and Bowen (3) found that
inductive spray charging signifi
cantly increased the spray cover
age of the bottom side of wetted
leaves at the 10% probability
level of F. An average increase of
3.8 times occurred in the leaf
bottom coverage due to charging
the spray.

OBJECTIVE

The approach taken in this studyb
was to winnow or sort out the small drop
lets from the spray pattern by passing a
stream of air through the spray pattern to
reduce or eliminate the small droplets
from the droplet spectrum. The droplets
that were winnowed from the spray
pattern could then be condensed and
returned to the tank or be disposed of in
some other manner. The larger droplets
would be allowed to continue their
journey and impinge upon the plant.

The objective of this study was to
determine the effect of winnowing on
spray droplet size distribution. A com
parison of winnowing effectiveness was
obtained for two nozzles:

(1) A fan spray pressure nozzle (i.e.
TeeJet 650067)

(2) A gas atomizing or pneumatic
nozzle.

The TeeJet 650067 fan spray pres
sure nozzle was chosen because it has

bWiens, E.H. 1969. Winnowing as a means of
removing small drops from a spray pattern.
M.Sc. thesis, Department of Agricultural En
gineering, University of Saskatchewan, Saska
toon, Canada.
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been accepted for use in applying herbi
cides and most ground sprayers sold on
the prairies come equipped with this
nozzle.

The gas atomizing nozzle, fabricated
specifically for this study, waschosen for
a comparison of winnowing effectiveness
from a droplet spectrum produced by
pneumatic break-up of a jet of fluid. It
was hypothesized that the velocity of
droplets produced by the pneumatic
nozzle would be less than that of droplets
produced by the TeeJet nozzle thus en
abling the smaller droplets to be removed
more readily by winnowing.

PROCEDURE AND TEST EQUIPMENT

To obtain the spray patterns, the
nozzle, which was enclosed in a shroud,
was held stationary. A 2 inch x 10 inch (5
cm x 25 cm) strip of "fixed" photo
graphic paper that provided a white
glossy surface for droplet deposition, was
attached to a plywood tray supported
between two rails. The tray was pulled
through the spray pattern at a constant
speed by a hydraulicly operated winch
(Figure 1). A one per cent concentration

Figure 2 Spray pattern.

Spray patterns were obtained both
with no winnowing and with winnowing
air applied to the spray patterns produced
by the nozzles. The winnowing air was
supplied by joining the shrouded nozzle
to the suction side of a 14 inch (36 cm)
diameter radial blade fan with a 4 inch
(10 cm) diameter pipe. Thus the winnow
ing air was applied in a vertically opposite
direction to the movement of the drop
lets in the spray pattern. The volume and
velocity of the winnowing air was ob
tained by measuring the differential pres
sure of the air passing through a thin-
plate orifice (6). Winnowing effectiveness
was measured by the reduction in the
number of small droplets contained in the
spray pattern after winnowing.

For the fan spray pressure nozzle,
spray patterns were obtained at hydraulic

cfm (4.25 m3/min) of winnowing air at
1400 fpm (425 m/min). The liquid
« 50

.0200 .0400 .0600
VOLUME OF water -qals./min.

Figure 3 Calibration curve for Tee Jet 650067
nozzle,

volume delivered by the TeeJet nozzle
throughout the pressure range used varied
from 0.0359 to 0.0623 gpm (0.1632 to
0.2832 1/min) (Figure 3).

The pneumatic nozzle (Figure 4)
consisted of a hypodermic needle central
ly positioned within the nozzle body
through which the fluid was supplied.
The liquid stream delivered by the hypo
dermic needle was atomized by an
annular flow of air. The amount of the

annular opening could be varied by posi
tioning shims between parts A and B of
the nozzle. Tests and observations in

dicated that the best atomization was

obtained with an opening of 0.010 inch
(0.025 cm). The volume of atomizing air
was shown to increase at increasing pres
sures (Figure 5).

The volume of liquid supplied could
be controlled both by the size of hypo
dermic needle used and the liquid pres
sure. A 19 gauge hypodermic needle,
using liquid pressures ranging from 4 to 9
inches (10 to 23 cm) of mercury, was
used in an attempt to obtain a similar
drop size spectrum as obtained at the
pressures used with the fan spray pressure
nozzle. Spray patterns, using the pneu
matic nozzle, were obtained at liquid
pressures of 4,6 and 9 inches (10,15 and
23 cm) of mercury and a plot of liquid
volume delivered throughout this pressure
range was obtained (Figure 6). At each
liquid pressure, spray patterns at air
atomizing pressures of 7, 9 and 12 inches
(18, 23 and 31 cm) of mercury were

Figure 1 Equipment for obtaining spray patterns.

of a black dye (Nigrosine G-140) in
water, used to obtain the spray patterns,
produced black spots or stains on a white
glossy background (Figure 2). The
absorbency of the paper resulted in stains
that were not representative of true drop
let size. The determination of the spread
factor was accomplished using the techni
que and equipment as described by
Maybank and Yoshida (4).
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pressures varying from 15 to 45 psi (105
x 103 to 310 x 103 nt/m2)c in incre
ments of 5 psi (34 x 103 nt/m2). At each
hydraulic pressure, patterns were ob
tained with no winnowing and with 150

c Newtons per square meter.
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Figure 4 Pneumatic nozzle.

obtained. At each liquid and air atomiz
ing pressure, a spray pattern was obtained
at no winnowing, winnowing with 100

_ I i I I I I I I ill ill i i _

E 2.0 ^X" -
.4— _ ^^^^

O

l.b - ^^^
UJ

5 1.2 ^^^ -

->
_l ^^
o
>

0.8 ~

a. 0.4 „ f -

<

' i i i i i i i i I i I i i i i I

0 2 4 6 8 10 12 14 16

AIR PRESSURE - IN. OF Hg.

Figure5 Air calibration curve for pneumatic
nozzle.

cfm (2.83 m3/min) of air at 1000 fpm
(305 m/min) andwinnowing with 150 cfm
(4.25 m3/min) of air at 1400 fpm (425
m/min).
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Figure 6 Fluid calibration for 19 gauge hypo
dermic needle.

The spray patterns obtained at the
various test conditions were analyzed for
droplet size distribution by the U.S.
Department of Agriculture using the
flying spot particle analyzer (FSPA) (1).
In order to use the FSPA for pattern
analysis it was necessary to produce nega
tives on 35 mm film. A high degree of
contrast between spot size and film back
ground was required on the negatives in

order for the FSPA to detect the small

spots. The film used to give the required
contrast was Kodalith Ortho type 3.
Three areas from each 2 inch x 10 inch (5
cm x 25 cm) spray pattern were photo
graphed and analyzed using the FSPA, to
obtain a droplet size distribution at each
test condition. The data obtained from

spray pattern analysis using the FSPA
gave counts of droplets in various size
ranges.

The droplet size distributions were
assumed to obey the log-normal distribu
tion and a plot of the cumulative percent
age of the number of droplets in the
various size ranges versus droplet dia
meter were made on log-probability
paper. If the log-normal distribution is
obeyed, a straight line will be generated
on this paper. The geometric mean dia
meter, Dg, and the standard geometric
deviation, Sg, are the parameters which
describe the distribution.

Plotting the data on log-probability
paper has two advantages:

(1) The geometric mean diameter
and the standard geometric de
viation can be obtained directly
from the straight line plots. The
geometric mean diameter is the
50% value on such a plot while
the standard geometric deviation
is given approximately by either
the 84.13% value of the plotted
line divided by the 50% value or
by the 50% value divided by the
15.87% value (5).

(2) The data obtained on one basis
(eg. a count of droplets con
tained in the various size ranges)
can be readily converted to
another basis (eg. the volume of
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the droplets contained in the
various size ranges). Regardless
of the basis, the log-normally
distributed data using one basis
has the same standard geometric
deviation as that on another

basis and thus all such plots on
log-probability paper will have
identical slopes. It can be shown
(5) that having obtained the geo
metric mean on a count basis

Dgc that the volume mean dia
meter Dv is given by:

log Dv= log Dgc+ 3.4539log 2Sg

Having calculated the volume
mean diameter, it is then pos
sible to plot the distribution on
a volume basis as a straight line
parallel to the distribution on a
count basis.

The parameters used to describe the
droplet size distributions plotted on log-
probability paper were the geometric
mean diameter and the standard geo
metric deviation. The effect on these

parameters of applying winnowing air was
used as a measure of winnowing effec
tiveness.

Winnowing of small droplets from
the spray pattern resulted in shifting the
droplet spectrum upwards. Thus winnow
ing caused an increase in the geometric
mean diameter.

The standard geometric deviation is
an expression for the slope of the straight
line and also a measure of particle uni
formity. A distribution with droplets all
of one size would result in a horizontal
line with a standard geometric deviation
of 1. Conversely, a distribution with a
large standard geometric deviation and,
therefore, with a steeper slope indicates
that the distribution contains more small
droplets. Removing these small droplets
by winnowing, then should result in a
straight line with a smaller standard geo
metric deviation.

The portion of the droplets in a
droplet spectrum that drift may be set
approximately at those less than 100
microns in diameter. From the straight
line plots it is then possible to determine
what percentage of the small droplets are
removed. A droplet diameter of 100
microns is used to determine the effect of
winnowing. The percentage of droplets
less than 100 microns after winnowing
are obtained from the straight line plots
to determine winnowing effectiveness.
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DISCUSSION OF RESULTS

Fan Spray Pressure Nozzle

A typical droplet size distribution,
obtained for the Spraying Systems TeeJet
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of 15 psi (105 x 103 nt/m2) (Figure 7).
Straight line plots are shown at no win
nowing and at 150 cfm (4.25 m3/min) of
winnowing air at 1400 fpm (425 m/min)
on both a count and volume basis.

i—r

BASIS

BASIS

TT

TEST CONDITIONS

No.

HYDR.

PRESS.

( psi )

WINNOWING AIR

VOL.
(cfm)

VEL.
(fpm)

1 15 0 0

2 15 150 1400

3 15 0 0

4 15 150 1400

20 _L J I I I L J_

Dgc, Sg and Dv at each hydraulic pres
sure. A larger geometric mean diameter
and a smaller standard geometric devia
tion at increased winnowing air, indicates
that there has been winnowing occurring.
A reduction in the percentage of droplets
less than 100 microns and a reduction in

the percentage of volume contained in
droplets less than 100 microns are also an
indication of the degree of winnowing
which has taken place.

For example, at a hydraulic pressure
of 35 psi (240 103 nt/m2), winnowing
results in an increase in the geometric
mean diameter from 172 microns to 225

microns. The standard geometric devia
tion is decreased from 1.95 to 1.75. The

percentage of droplets less than 100
microns prior to winnowing was 20.5%.
After winnowing this was reduced to
7.5%. The distributions on a volume basis

also indicate a similar trend. At 35 psi
(240 x 103 nt/m2) the percent of volume
contained in droplets less than 100
microns is reduced from 3.5% to 1.1%

due to winnowing.

Pneumatic Nozzle

A typical drop size distribution using
the pneumatic nozzle is shown plotted on
log-probability paper (Figure 8). The win
nowing effectiveness is summarized
(Table II) for the various fluid and air

0.2 I 5 20 40 60 80 95 99 99.99
0.1 0.5 2 10 30 50 70 90 98 99.8

CUMULATIVE PERCENTAGE
Figure 7 Droplet size distribution for Tee Jet nozzle at 15 psi.

650067 nozzle is shown plotted on log- Table 1 contains a summary of the
probability paper for a hydraulic pressure winnowing effectiveness with values of

TABLE I SUMMARY OF RESULTS FOR TEE JET 650067 NOZZLE

Test Conditions

Hydraulic
atomizing
pressure

(psi)

15

15

20

20

25

25

30

30

35

35

40

40

45

45
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Winnowing air

Volume

(cfm)

0

150

0

150

0

150

0

150

0

150

0

150

0

150

Velocity
(fpm)

0

1400

0

1400

0

1400

0

1400

0

1400

0

1400

0

1400

Geometric

mean, Dgc
(microns)

289

300

172

198

210

240

170

265

172

225

155

211

155

230

Standard

geometric

deviation, Sg

1.49

2. 00

2. 36

1. 79

1. 98

2. 02

2.0 3

1. 53

1. 95

1. 75

2. 19

1. 78

2. 16

1. 67

% less

than 100

microns

Volume mean

diameter, Dv
(microns)

% Volume

in droplets
less than

100 microns

21. 5

5. 3

26. 0

12. 7

14. 0

9. 5

23. 0

1. 2

20. 5

7. 5

28. 5

10. 0

29.0

5. 3

367

617

5. 5

0.4

5 20 2.8

329 2. 2

423 1. 3

504 0.8

362 3.8

348 0. 2

336 3. 5

360 1. 1

390 4. 2

347 1.7

277 4.6

341 0. 9
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CONDITIONS _

AIR

ATOM'G

PRESS.
("Hg)

FLUID WINNOWING AIR

No.

PRESS.
("Hg)

VOL.
(cfm)

VEL.
(fpm)

1 4 7 0 0

2 4 7 100 1000

3 4 7 150 1400

4 4 7 0 0

5 4 7 150 1400
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CUMULATIVE PERCENTAGE
Figure 8 Droplet size distribution for pneumatic nozzle.

99 99.99

99.8

pressures used. At each test condition the
percentage of droplets less than 100
microns in diameter is reduced due to

winnowing as is the percentage of volume
contained in droplets less than 100
microns. For example, at a fluid pressure
of 6 inches (15 cm) of mercury and an air
atomizing pressure of 9 inches (23 cm) of
mercury, the percentage of droplets less
than 100 microns is reduced from 36% at

no winnowing to 8.5% using 100 cfm
(2.83 m3/min) of winnowing air at 1000
fpm (305 m/min) and to 0.5% using 150
cfm (4.25 m3/min) of winnowing air at
1400 fpm (425 m/min). Similar reduc
tions in the percentage volume contained
in droplets less than 100 microns are
obtained, reducing the volume from 6.3%
with no winnowing to 0.5% with 150 cfm
(4.25 m3/min) of winnowing air at 1400
fpm (425 m/min).
Comparison of Nozzle Winnowing Effec
tiveness

The hypothesis was that winnowing
would be more effective on the spray

TABLE II SUMMARY OF RESULTS FOR PNEUMATIC NOZZLE

Test Con ditions

Volume % VolumeAir Winnowing air

Fluid

pressure

atomizing
pressure

% less droplets

3ss thanVolume Velocity mean, Dgc geometric than 100 meter, Dv 1

("Hg) ("Hg) (cfm) (fpm) (microns) deviation, Sg microns (microns) 100 microns

4 7 0 0 127 2. 13 38.0 300 8. 3

4 7 100 1000 180 2. 14 22.0 429

4 7 150 1400 260 1.48 1. 2 328 0. 2

4 9 0 0 143 2. 22 32.0 371 5.0

4 9 100 1000 209 1. 58 5.8 286

4 9 150 1400 260 1. 48 1. 0 328 0. 2

4 12 0 0 96 2. 19 52. 0 241 14. 0

4 12 100 1000 101 2. 13 49.0 238

4 12 150 1400 158 1. 66 19. 0 232 5.0

6 7 0 0 140 2. 16 33.0 341 6.0

6 7 100 1000 208 1. 78 10. 0 343

6 7 150 1400 260 1. 82 6.0 445 0.8

6 9 0 0 132 2. 20 36.0 335 6. 3

6 9 100 1000 223 1.79 8. 5 371

6 9 150 1400 325 1. 52 0. 5 423 0. 5

6 12 0 0 97 2. 19 52. 0 244 13.0

6 12 100 1000 103 2. 22 48. 0 268

6 12 150 1400 112 2. ZZ 44. 0 291 8. 7

9 7 0 0 126 Z. 74 41.0 579 4.0

9 7 100 1000 181 2. 26 23. 0 491

9 7 150 1400 220 2. 20 16.0 559 1. 5

9 9 0 0 110 2.46 46. 0 371 7. 5

9 9 100 1000 172 2.09 23. 0 389

9 9 150 1400 210 2. 07 16. 0 465 1. 9

9 12 0 0 95 1. 97 53.0 190 18.0

9 12 100 1000 116 2. 07 42.0 290

9 12 150 1400 142 2.03 31.0 30 1 5. 8
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pattern produced by the pneumatic
nozzle than by the fan spray pressure
nozzle. The basis for this conjecture was
that the droplets from the pneumatic
nozzle would have less velocity and thus
could be more easily removed. Analysis
of the data indicated a definite trend
existed which supported this idea. Win
nowing air applied to the spray pattern
produced by the pneumatic nozzle re
sulted in a bigger increase in the mean
diameter, a larger percentage of droplets
less than 100 microns removed, and a
larger percentage of volume removed than
that experienced when winnowing air was
applied to the spray pattern produced by
the fan spray pressure nozzle.

CONCLUSIONS

1. A reduction in the number of small
droplets and a reduction in the
volume contained in these small

droplets was obtained by applying
winnowing air in a vertically opposite
direction to the movement of drop
lets produced by a fan spray pressure
nozzle.

2. A reduction in the number of small

droplets and volume of liquid were
also obtained when passing winnow
ing air through the spray pattern pro
duced by a pneumatic nozzle.

3. Winnowing was more effective on the
spray pattern produced by the pneu
matic nozzle than on the spray
pattern produced by the fan spray
pressure nozzle.

18

SUMMARY

Nozzles used on agricultural sprayers
produce a wide spectrum of drop sizes.
The small drops are a potential drift
hazard and thus are undesirable. A pro
cedure for the removal of small drops
from spray patterns produced by two
types of nozzles, using winnowing air, is
discussed. To winnow out the small drops
a stream of air was passed through the
spray pattern produced by a nozzle
enclosed in a shroud. Winnowing effec
tiveness was determined for a hydraulic
fan spray pressure nozzle and a pneu
matic nozzle by sampling the drop size
distribution with no winnowing and at
increasing volume and velocity of win
nowing air. A reduction in the number of
small drops with winnowing indicated the
effectiveness.

The application of winnowing air
resulted in a reduction in small drops con
tained in the spray pattern both for the
hydraulic nozzle and the pneumatic
nozzle. Winnowing was more effective
with the pneumatic nozzle.
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