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INTRODUCTION

One of the inherent problems in
pesticide spraying is that of control
ling droplet size. A few attempts have
been made to determine the droplet
sizes, or number of droplets per unit
area receiving surface, which would
be biologically most effective for the
various types of treatments.

The importance of droplet size on
herbicide efficiency has been investi
gated. With low-volume applications,
Ennis and Williamson (9) observed
higher effectiveness with decreasing
droplet size. On the other side, Beh-
rens (2) reported that droplet spac
ing was of major importance in herb-
icidal effectiveness on mesquite, with
no direct influence due to the droplet
size or the volume. The minimum
number of droplets needed to obtain
maximum effectiveness was 72 per
square inch, regardless of size within
the range of 200 to 800 microns dia
meter.

Excessively large droplets result in
a serious waste of material, and very
small droplets present a serious drift
problem. While investigating the fac
tors affecting the use of airblast
sprays, Brann Jr. (4) indicated that
in New York state the cost of spray
materials represented about 75% of
the total cost of insect control spray
ing. For these reasons, spray droplet
size and the range of sizes or droplet
spectrum in a given spray have be
come important factors in evaluating
a spray distribution and in predicting
a spray drift.

A number of attempts were made
in different ways to determine spray
patterns, and various kinds of collect
ing surfaces were investigated in this
connection. The impression or stain of
droplet on a receiving surface cannot
be used directly to determine droplet
size distribution without a knowledge
of the relationship between the dia
meters of the spherical droplets and
of the stains produced. This relation
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ship, or the ratio of spot size to
droplet size, the spread factor or
spreading efficiency, can only be de
termined by producing droplets of
known or measurable spherical dia
meters on an insoluble matrix of col
lecting medium.

With the spread factor known, it
simplifies determination of the sizes
of spherical" droplets in the atmos
phere immediately prior to hitting the
target.

REVIEW OF VARIOUS METHODS

In any spread factor study, the
magnesium oxide method developed
by May (17) is usually a starting
point. The ratio of diameters from the
oil-gelatine matrix method to the
MgO method was obtained at aver
age 0.858 for water in the range of
over 20 to 200 microns diameter.

From calibration of waterdrops at
terminal velocity, Magono (15) ob
tained a relationship between the rain
drop diameter and the stain.

d = 10-'/3.D% 1

where d = equivalent diameter of
rain drops (mm),

D = mean diameter of wet
area produced by rain
drops on the photogra
phic paper (mm).

Supposing that a droplet, regard
less of the size, spreads into a pellet
of uniform thickness of (h),

If)'h - Hi)' -
volume of droplet 2

,.d^3D°h
However, with mist, assuming a
single droplet deposits on a photo
graphic paper in a lens shape, h ~
D/3, and equation 3 becomes

)3 — 0.79D (or D —
2

1.27d) 4
In the study on the break-up

d=^/lD-

J. Maybank

mechanism of free-falling drops pro
duced from a tube and deposited on
a filter paper, Fournier D'Albe and
Hidayetulla (10) empirically derived
a spread factor equation over a
range of droplet sizes of one to 10
mm diameter. Their equation was

d = 0.47 D% 5

The index of % is to be expected
from geometry, while the figure 0.47
is a constant depending on the type
of filter paper used. Jarman (12)
modified this equation for his experi
ments with red-dyed tap water,
power kerosene, spindle oil, and other
solutions. Droplets were produced by
a microburette in a range of 139 to
2,000 microns diameter. The growth
of stains was also measured as a
function of the time elapsed since
deposition. The constants determined
by Fournier D'Albe and Hidayetulla
(10) were re-examined and the value
of the exponential power in this test
was 0.84 ± 0.02 as compared to
0.667. It appeared that the value of
the exponential power depends on
the period of spreading, the proper
ties of the liquid and paper used, and
the ratio of the drop diameter to the
thickness of the absorbent paper.

Roth and Reins (19) reported a re
sult of spread factor determination
of red-dyed water and diesel oil over
a parchment paper and on a gela
tinous matrix. Droplets of uniform
size were produced by a spinning
disc device and the spread factor
over a range of 100 to 1600 microns
varied from one to four with droplet
diameter.

Jarman (13) investigated the depo
sition mechanism of wind-born oil
droplets on various horizontal sur
faces. By measurement, plain and
silicone grease coated glass plates
were found to produce a constant
spread factor for a range of droplet
sizes below 250 microns diameter.
MgO coated plates appeared prefer
able, from the result of this test, for
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droplets of 10 to 200 microns di
ameter.

Courshee and Valentine (7), as
part of a study on spray sampling
technique, discussed the advantages
of plaster coated glass as a collecting
surface. The spread factor was calcu
lated with a liquid containing 1% of
black dye within a size range of 700
to 800 microns diameter and the
value obtained indicated a high re
liability and stability. In general, the
increase of surface roughness caused
an increase in the spread factor. The
use of a surface on which the spread
factor is largely independent of im
pact velocity would be recommended
in this respect.

Droplet distortion and shatter can
occur on impact on some collecting
papers. This produces considerable
difficulty in automatic scanning pro
cesses. Middleton and Lowe (18) de
veloped a kaolin-coated sampling
surface in order to reduce shattering
effects. The spread factor with such
a surface was as high as four over a
range of 500 to 5,000 microns di
ameter.

Gebhardt and Bode (11) devel
oped an improved method to deter
mine the spread factor of water drop
lets by means of a micro-electric
pump which was previously reported
by Atkinson and Miller (1). A photo
graphic negative of the spots was
formed when spray droplets ranging
from 50 to 1,000 microns diameter
were deposited on a special paper
surface. This negative was processed
by the USDA flying spot particle
analyzer as described by Brazee and
Irons (5).

Carleton (6) reported a new tech
nique for recording water spray spot
images continuously across a spray
swath on a special 35 mm film strip.
The dyed stains on this film strip
were printed by a 35 mm motion
picture contact printer. This negative
film was processed with the flying
spot analyzer and spread factor de
termined. An empirical equation was
derived for this spray material on
this specific collecting medium,

d = A.D 6

where the constants A and C were
found to have values of 1.80 and 0.81
respectively in their particular stud
ies.

Size distribution data processed
through the analyzer were automati

cally fed into a computer system by
Bouse (3). The result, using bi-fluid
nozzles on white Kromekote-cast
paper also showed that drop spread
was dependent upon the drop size.
From a series of helicopter applica
tions with bi-fluid nozzle systems,
Lehman, Haas, and Robinson (14)
discussed the spread factor determina
tion on a poster paper in comparison
with a surface filled with Cedarwood
oil. A regression equation of spread
factor against droplet size was cal
culated, giving the appropriate spread
factors for 2,4-D water-in-oil emul
sions over a range of 200 to 1,800
microns diameter. The spread factor,
f, varied linearly with the droplet
diameter and could be expressed as

f — 1.72 + 0.0007 d 7

The spread factor at a diameter of
400 microns was approximately 2.0.

Summarizing these various experi
ments, it appears that the ratio of
stain diameter to drop diameter can
not in general be represented by a
constant spread factor, f. This factor
will increase with time, as the stain
spreads, and the value of f tends to
be larger for the larger drops. Fur
thermore, it is dependent on the
properties of the collecting surface
and of the fluid. It would also appear
that the lower the value of f, the less
the variation with droplet diameter.
An advantage of choosing a smooth
collecting surface on which spreading
is likely to be slow is that stain edges
will remain more clearly defined,
thereby improving measurement pre
cision. In the present work, investiga
tions of such surfaces were made to
examine the behavior of herbicide
droplets on them.

MICRODROPLET APPLICATORS

For spread factor determinations,
microdroplet applicators of various
types were developed to produce
spray droplets of predetermined uni
form sizes at required rates of emis
sion. The devices used were based
on capillary tube, capillary tube with
vibration, capillary tube with air blast
nozzle, spinning disk, a bubble break
ing device, micro hydraulic pump,
and microsyringe with dispenser.

Of these instruments, the spinning
disk type is most widely used in fuel
atomization study and in aerosol
generation because of the narrower
size ranges produced by it. The
capillary tube method is well de
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veloped among entomologists and in
rain drop studies. Methods using
micro hydraulic pumps and micro-
syringes are recent developments in
this field. Reference is made here
only to capillary tube methods with
enforced vibration.

Mason, Jayaratne, and Woods (16)
developed a microdrop applicator by
using a magnetic earphone as a
source of vibration. A No. 30 hypo
dermic needle produced droplets of
160 to 400 microns diameter at fre
quencies of about 300 Hz. The con
stant supply of liquid was maintained
by pressurizing the liquid container.
By adjusting the amplitude of vibra
tion and the flow rate of the liquid,
it was possible to obtain a single
stable droplet stream of any desired
diameter between 280 to 400 microns.

EXPERIMENTAL PROCEDURE

Microdroplet Applicator

For the production of droplet sizes
ranging from 100 to 1,000 microns
diameter, the vibrating capillary was
selected for its mechanical simplicity
and precision (Figure 1). The vi
brator was a commercially-available
magnetic type earphone and the
power was supplied by a frequency
generator-amplifier system. Control
of both frequency and amplitude of
the needle vibration was possible
from 180 to 850 Hz. The supply of
liquid was maintained at a predeter
mined rate by a 12 RPH synchronous
motor with rack and pinion system.
Feed rate was adjusted over a range
of 0.2 to 1.5 microlitre per second. A
0.25 ml syringe with 27 gauge hypo
dermic needle was mounted horizon
tally on a fixed frame and a point 5
mm off the luer end of the needle was
connected to a vibrating arm extend
ing to the earphone diaphragm.

For larger drops ranging beyond
1,000 microns diameter, another type
of applicator was developed (Figure
2). A 25 microlitre syringe with a 27
gauge square - tipped needle was
mounted on a microdispenser from
which uniform drops of 1,100 microns
diameter or larger could be ejected,
depending on the plunger setting.

Collecting Media

After considering the various col
lecting surfaces described above, a
paper with glossy surface was se
lected. The spread factor calibration
is aimed at establishing a method of
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Figure 1. Vibrating capillary type microdrop applicator for the production of uniform
sized droplets of 100 to 1,000 microns diameter.

quick determination of size distribu
tion both in indoor test and field
trials. Thus, simplicity in handling
and stability of impression after de
position is a basic requirement. In
stead of non-absorbing surface, which
produces rather complex phenomena
due to surface wettability and other
factors, a medium absorbing surface
was used in order to reduce error in
spreading activity due to evaporation
of deposited droplets. For photo
graphic contrast, a white surface was
preferred. It is commercially avail
able as "Mead Mark I" manufactured
by E. B. Eddy Co.

A paper of 20 x 40 mm was
mounted on a microscope slide,
alongside a second slide containing a
20 x 4 mm well, partially filled with
paraffin oil, in which the true di
ameters of any deposited droplets
could be measured. This latter slide
was kept in a cool"cabinet before ex
posing to droplet application in order
to avoid any spreading of the drop
lets beneath the oil layer. Then, both
slides were simultaneously exposed to
a spray with predetermined droplet
size produced by a micro droplet
applicator.

Close-up Photography

For higher photographic contrast,
a water soluble black dye, "Nigrosine
G140", was selected after examining
the color contrast of black spots at
various concentrations of dye. The
dye concentration was fixed through

out the tests at 1.0% on weight basis.
Droplet samples of paper and oil

suspension were placed on a specially
designed close-up camera base and
negatives at 2 x magnification were
obtained giving transparent spots on
a black background. Kodalith Ortho
Type III 35 mm film was found
satisfactory for this purpose. The
negative strips of smaller samples
processed were sent to USDA auto
matic particle analyzer at Wooster,
Ohio, for sizing, while negatives of
larger size were scanned with a
microscope having an eyepiece rec-
ticle, and size distribution was re
corded on a blood cell counter.

Chemicals

2,4-D spray solution was tested at
practically applicable concentrations.
Acid equivalent content was calcu
lated from volume percentage of
commercial formulation. Butoxy etha-
nol ester formulation and amine salt
formulation both at 2,4-D acid equiv
alent contents of 80 oz./Imp. gal.
were separately mixed with distilled
water and dye.

Surface Tension and Viscosity

Fisher's torsion balance-type sur
face tension meter and Cannon-
Fenske Boutine viscometers of size
numbers 50 and 25 were used. The
ester formulations were carefully pre
pared to maintain their stable state
of emulsion by stirring every 10 min
utes before use. Five consecutive

measurements were made with each
specimen of various concentrations of
one, two, three, four and five per
cent and a mean value for each con
centration was obtained.

BESULTS

The value of surface tension de
creased from 73.5 Dyne/cm/72F for
water to 61.6 by adding 1% dye to
distilled water and to 35 Dyne/cm by
adding 2,4-D concentrate at different
rates. The surfactant contained in the
concentrate reduced the spray liquid
surface tension; however, within the
practically applicable range of con
centration (1 »>« 5% v/v) there was
no variation in the magnitude of this
reduction. The 2,4 - D emulsion
showed lower surface tension than
water throughout the test. Increasing
the concentration of 2,4-D in the
liquid increased kinematic viscosity
from 0.705 stokes for water at 100F
to 0.830 for emulsion of 5% con
centration. The viscosity of the ester
emulsion was greater than that of the
amine formulation at similar concen
trations.

Droplet samples were taken at four
steps of size range on 5 each of paper
slide and paraffin oil slide at three
different concentrations. Two histo
grams obtained from samples of
paper slide and paraffin oil slide
were compared to obtain the ratio of
two representative diameters. In both
cases there was no remarkable in
fluence of droplet size on spread fac
tor, but only of concentration of
2,4-D. For both ester and amine
formulations, the spread factor of ap
plicable concentration of 2,4-D on
this sampling paper can be approxi
mately estimated between 1.7 and
2.1 at size range of 100 to 1,600 mi
crons diameter (Figure 3).

DISCUSSION

After considering various methods
of determining f values, a glossy
paper was found to be satisfactory as
a sampling surface. In the case of an
absorbing surface, like filter paper,
there is naturally a rapid and higher
degree of spreading activity of liquid.
However, this spreading activity can
be understood to terminate at a time
of equilibrium of capillary movement
and of evaporation of liquid. An ab
sorbing surface with some roughness
would result in distorted stains. Be
sides, edge fuzziness thus produced
would cause difficulty in analysis.
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Figure 2. Microsyringe-dispenser type microdrop applicator for the production of
uniform sized droplets of 1,000 microns diameter.

The time of spreading of liquid over
a filter paper surface, as discussed
by Fournier D'Albe and Hidayetulla
(11), would become the controlling
factor in case samples were taken
under different ambient humidity.

On the other hand, a non-absorbing
surface might eliminate this com
plexity and would result in sharp
edged stain images as compared to
absorbing surfaces. There are still
some possibilities of bouncing or
shattering of droplets on impact and
the shape of stains may be distorted
to a greater extent. A perfectly non-
absorbing surface, like glass plate or
Elastic sheet, in this sense can easily

e contaminated with grease or film
of other undesirable substances be
fore sampling and it seems rather

difficult to maintain the constant
angle of contact against the liquid
on this surface. This would bring
forth unavoidable confusion in the
method attempted by Magono (15)
and would result in modification of
his empirical expression.

In this view, a medium ranged
absorbing surface with minimum
roughness and with highest color con
trast was selected. This material met
requirements of close-up photography
and permanent storage of specimens.

The reduction of surface tension on
addition of 2,4-D indicates the effect
of the surfactant contained in the
concentrate. Naturally, spreading ac
tivity was encouraged by lowering
the surface tension; however, there
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appear to be certain limits beyond
which no further enhanced spreading
occurs with further lowering of the
surface tension. This indicates that
the spread factor is not controlled
simply by surface tension but by
other complex factors as well.

Kinematic viscosity seems to be
rather influential on the spreading
activity and could be one of the con
trolling factors. From a spray nozzle
analysis attempted by Dorman (8) a
factor affecting the statistical di
ameter of droplets may be expressed
as,

VMD factor = C. tj% . yV4 8

Where y is surface tension and 17
is kinematic viscosity, respectively.
From this approximation it becomes
obvious that the spreading activity is
a combined result of both surface
tension and kinematic viscosity of
liquid and also of other factors such
as roughness of surface, relative hu
midity of ambient air and the hard
ness of locally available water.

The spread factor determination
described above is aimed at a repro
ducible calibration of spray deposits
and the values obtained will be
utilized in forthcoming spray nozzle
emission tests and spray deposition
tests with wind tunnel analysis. How
ever, this method can be well applied
in field sampling of spray because of
its simplicity in operation and its
reproducibility.

CONCLUSIONS

Diameters of stain produced on a
glossy paper surface and of droplet
suspended in oil matrix were meas
ured to determine the spread factor
of 2,4-D solution at various applica
tion rates of concentration. A vibrat
ing capillary produced droplets of
highly uniform size ranging from TOO
to 1,000 microns diameter. Large size
droplets were produced by a micro-
syringe with dispenser apparatus. The
images of black dyed solution on the
white glossy paper were taken by
close-up photography and the nega
tives were processed with an auto
matic particle analyzer for size distri
bution.

The spread factor of 2,4-D solu
tions of ester and amine formulation
with black dye was calculated within
a range of 1.7 to 2.1 for the ranges of
concentration normally used in field
applications of these chemicals. The
values of spread factor obtained were

69



stable and applicable for calibration
of size distribution analysis of both
field and laboratory sprays.

The influence of kinematic vis
cosity and surface tension of the solu
tion to the spread factor were dis
cussed and it was found that a com
bined effect of these two major con
tributing factors would control to
some extent the spreading activity of
liquid over the surface.
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scope, was authorized by an agree
ment between the U.S. Department
of Agriculture and the Saskatchewan
Research Council.
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