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INTRODUCTION

Large sized ground sprayers are com
monly used in the western Prairies for
pesticide application and the stability of
the spray boom has been discussed for
years among those who are concerned.
Manufacturers' experience indicates that
it is extremely difficult to stabilize a
spray boom with a swath exceeding 30
feet (9.1 m) and a major effort in sprayer
design has been focused on its stabiliza
tion under expected field conditions. It
was observed during field samplings of
herbicide drift from large-boom ground
sprayers that several portions of the
diagonal brace connecting the boom mid
point to the main sprayer frame broke
while travelling over relatively rough
terrain. This indicates that there are

forces of extremely high intensity acting
instantaneously on the spray boom due
to acceleration over rough field surfaces,
the vertical motion being produced by
the weight of the boom and a horizontal
component by the tractor pull.

In manufacturers' literature, the boom
stability has been referred to the uni
formity of spray distribution in terms of
covering efficiency. Dipping of the boom,
particularly at its open ends, produces
entirely different patterns in overlapping
of triangular flat sprays. While lowered
boom position eliminates the degree of
this overlap leaving uncovered strips in a
swath, the extreme elevated position
produces excessive overlap of the spray
resulting in lower density of deposition.
On the other hand, the horizontal swing
of the boom produces a pattern of thick
and thin depositions resulting in retarded
coverage of the target.

Rice (7) has made an indoor simula
tion test of a spray boom receivingvibra
tions of prescribed dimensions. The boom
stability in this study was indicated in
terms of rigidity of the boom mounting
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method and the uniformity of the distri
bution in terms of discharge rate. There
was no record of the droplet size distribu
tion of the spray in the report nor
description of dynamic stability of the
boom under acceleration.

This study presents further results on
the problem of boom stability in terms of
numerical expressions beyond the manu
facturers' initial design criteria.

DYNAMIC STABILITY OF SPRAY

BOOMS

An extra-wide swath boom sprayer is
advantageous in pesticide application
provided that the sprayer performs satis
factorily over relatively rough ground
without destroying the dynamic stability
of the boom construction. For better
maneuverability of sprayer both in field
operation and transport, the position of
the outrigger wheel which supports most
of the boom weight is fixed by some
compromise. Extreme wheel clearance
would sacrifice performance in turning a
small corner while spraying and also in
transport. The only possible means to
cover a wider swath is to extend the spray
boom beyond the outrigger wheel to the
open end, thus increasing the unstable
portion of the spray boom. Considering a
relative stability of boom at its inside of
the outrigger wheel and at its open end,
the inside could be relatively stable and
only the outside becomes sensitiveto any
external forces.

The dynamic stability of the spray
boom may be investigated in a similar
way to any dynamic system of a mass-
spring without viscous damping. The
boom construction is considered to be a
cantilever with a fixed end at the support
of the outrigger wheel. In fact, the boom
consists of a thick spray rail and a spray
boom on which nozzles are attached. The
rail and boom are connected by several
flat braces. The total boom with uniform
ly loaded cross-section is considered to
encounter an external force. Further, the
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pneumatic tire of the outrigger wheel also
contributes to the integral system as one
of the controlling factors. The deflection
of boom as a whole is calculated from

conventional formulae and an equation of
motion is solved with respect to displace
ment in this case.

For uniformly loaded cantilever beam,
the natural frequency in cps is,

fb =
1

lit

^8-E-I.g
1 wL4

.... (1)

The dynamic response of the system
to alternating external force could be
expressed in terms of the frequency
response of the system or of a magnifica
tion factor versus frequency ratio. The
resultant natural frequency of the total
boom is calculated from each component.
From a determination of the tire spring
modulus the natural frequency of this
supporting weight is calculated. The
natural frequency of a pressurized spray
boom may be different from the one
obtained for the empty tube. Analyzing
the system as a complete structure would
require further advanced mathematical
treatment; however, the approach has to
be simplified for practical purposes
because of the complexity of the reaction
to irregular soil surfaces.

Resultant natural frequency of the
entire system in cps is, therefore,

h (2)

where fb, fr, fc are natural frequencies of
spray boom, rail and tire of outrigger
wheel respectively.

The measurement of acceleration at
the open end of the boom and at the
main frame of sprayer body is a useful
starting point in the analysis of boom
motion. Because the roughness of ground
is not regular in most cases, the external
force or disturbance will not be uniform.
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However, there could exist an approxi
mate resonant condition for the moving
boom, resulting in large boom displace
ments.

For forced vibration without damping,

Equation of motion:

v J.D +_W d2x-Kx + F cos cot = - • 75-
g dt2

or: 5r +wx=w coswt ••(3)

Steady state solution:

-Xgj2 cos cot +jj£ Xcos cot
F=^£- cos cot .
W

Amplitude:

F

K
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Displacement:

x=AJL cos cot

r =
CO

CO"
occurs at

cos cot:

Magnification factor:
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1
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(4)

(5)

(6)

X

(V)

This shock at the resonant condition is

believed to have caused mechanical break
down of spray booms while in operation.
In some cases reported by field workers,
the end nozzle would be damaged by con
tact with the ground.

DISPERSION PATTERN OF FLAT FAN
SPRAY UNDER ACCELERATION

From the above description of the
movement of a spray boom under acceler
ation, it is possible to delineate a pattern
of distorted spray dispersion from the
moving boom. The relative position of
spray nozzle to the target or the ground
surface is one of the factors affecting the
deposition efficiency. Up and down
movement of the boom continuously
varies nozzle height over the target.
Change in the nozzle height causes a
change in the proportion of overlap of
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fan spray. Extremely low nozzle position,
for example, with 65 degree nozzles at 20
inches (50 cm) spacing and 15 inches (38
cm) of height, converts a continuous
spray band into strips of spray leaving un
covered strips of target area in the swath.
Because of shorter distances for droplet
travel to the target, larger-sized droplets
hit the target at higher velocities and may
shatter or splash. The overall effect is
very poor uniformity of deposition.

When the spray boom rises beyond its
original position, the spray droplets
emitted from the nozzle have more time

exposed to the atmosphere before hitting
the target, thus reducing size before
deposition; a larger portion of spray
becomes likely to drift from the source.
Considering the wind regime near the
plane of the target, the proportion of
spray which becomes air borne is signi
ficant in view of assessing the source
strength in any overall analysis of down
wind diffusion. Detailed analysis with
sample calculations was already reported
by Maybank and Yoshida (5).

Upward motion of spray nozzle also
produces a negative drag against disper
sion force of the spray, thus further de-
energizing the droplets while travelling.
The droplets produced in this manner
become more sensitive to other external

forces and the driftable fraction of the

spray increases as a result.

The horizontal movement induced by
the tractor over rough ground surfaces is
another factor controlling dispersion
characteristics of the spray. The hori
zontal movement of a nozzle is often con
sidered as a means to produce more
uniform droplets in the spray; however,
instantaneous relative velocity of sprayer
body and boom produces extreme boom
deflection at a resonant condition of
movement. Horizontal oscillation of
nozzles at extremely high intensity would
act as a shearing force over a plane which
includes the nozzle orifice. The liquid
sheet before or after disintegration might
be sheared by inertia in the atmosphere
thus reducing the original effect of
hydraulic pressure and orifice orientation.
The end result is alteration of deposition
density throughout the swath and of
driftable fraction in the spray. Further
detail was discussed by Akesson and
Yates (1).

In fact, a spray boom under accelera
tion, encounters momentarily the
resultant force of these components at

various magnitudes. Accelerations in the
X and Y directions at the open end of the
boom and at the main frame of sprayer
give the net acceleration which the boom
encounters while in field operation and
this value could be correlated with boom

deflection by calculation and field mea
surement. The recent tendency towards
high capacity (pressure) — high speed
spraying would bring further danger of
producing a higher proportion of drift
material in the spray unless some proper
consideration is given to boom design.

Bode and others3 defined the coeffi

cient of uniformity (C.U.) as a ratio of
the maximum and observed standard

deviations assuming that the worst pos
sible spray pattern at C.U. = 0 exists
when all of the spray is deposited on one
spot. However, this assumption does not
include the parameter of droplet size
which is affected by several contributing
factors. The parameter to indicate the
degree of dispersion performance is a dis
tribution factor which is a function of
both volume and number median dia

meters of the spray, assuming that the
size distribution curve of the sample fits
to log-probability scale.

The general form of log-probability
distribution functions with fixed maxi

mum diameter is,

/«., •£ EXP. [- jIin^gj-)
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where

5

[
where

VMD

NMD

']•* (8)

distribution factor which indicates

a degree of uniformity in the

distribution

1

ln(™D)_,
\NMD/J

xl00(%)..(9)

the diameter which divides cumu

lative volume of droplets in half,

the diameter which divides cumu

lative number of droplets in half.

a Bode, L.E. Gebhardt, M.R. and Day, C.L.,
1967. Spray deposit patterns and droplet sizes
obtained from several types of nozzles used
for low volume (0.5-5 GPM) application.
Amer. Soc. Agr. Eng. Tech. Paper 67-660, 18
P.
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INSTRUMENTATION

AND FIELD TRIALS

Commonly encountered field condi
tions of spray operation with a boom-
type ground sprayer were reproduced by
a test rig for indoor nozzle testing. A
horizontally installed endless canvas strip,
three feet (90 cm) wide, was driven by a
variable speed power source and mounted
with a strip of sampling paper on which
spray is deposited from a stationary
nozzle located at an adjustable height.
The spread factor of the sampling paper
has been calibrated by Yoshida and
Maybank (8). A cascade impactor was
located near the deposition target to
sample the smaller droplets that may not
hit the target. Enforced vibration was
mechanically supplied horizontally by a
variable speed source to the nozzle body
which was suspended as a pendulum.

A large capacity cereal crop sprayer
with 500 U.S. gallon (1.893 m3) tank and
60 feet (18.2 m) coverage was supplied
by a commercial company. The main
frame was mounted on tandem wheels
and the tank was half filled with liquid
before trials. Only one side of the boom
was mounted to the frame, having 18
Teejet 650067 spray nozzles along it. The
ratio of projection to the total length of
boom was 20% with standard design and
this ratio was magnified to 43% for un
stable boom configuration.

A recording type accelerograph with
seismic mass-spring principle was used.
Values of G in all directions about a plane
were recorded by a moving stylus on a
plaster coated disc surface at ±10% preci
sion. The full scales of G 30 and G 10

were mounted on the boom end and the

main frame of sprayer body respectively.
The recording disc was replaced by a
newly coated one after each measurement
and photographs were taken for the maxi
mum and mean values. By subtracting the
G value of the sprayer body from the G
value of the boom end, a net acceleration
for the boom was obtained.

A full bridge of foil gauges was mount
ed at the fixed point of the rail where the
outrigger wheel was mounted in the
standard design case to determine the
deflection of spray boom as a whole. The
strain gauge transducer was sensitive to
the vertical deflection of the boom and
the output was recorded on a chart.
External vibration at frequencies below
and above the natural frequency was
applied to the outrigger wheel by a

mechanical exciting crank having an
amplitude of two inches (5.1 cm). The
flashing frequency of a stroboscope was
set at the natural frequency of the boom
and the movement of a marker attached
to the boom end was observed. The maxi
mum deflection of the boom end was
recorded on the strain gauge recorder and
a stroboscopic photograph was taken at
the time of resonance.

Various types of the cascade impactor
were used by Lippman (3) in aerosal
research to sample airborne particles.
Droplets of diameter less than 80 microns
dispersed from a source are liable to
become airborne instead of depositing on
a target. In this respect, the jump card
method can sample only the larger drop
lets in the spray, ignoring the lower part
of the size spectrum of the sample. A
portable type cascade impactor was used
in the field trials at an air sampling rate of
17.5 litre per minute. The inlet head was
kept two to three feet behind the spray
nozzle so that only airborne droplets may
be sampled. The depositions of the first
and the second stages, with sizes ranging
from 2 to 20 microns, were counted
microscopically and the third and the
fourth stages by chemical (mass) analysis.
The impact surface was covered with a
glossy white paper whose spread factor
was already calibrated.

A water soluble technical dye, Nigro-
sine black G140, was added to water at a
rate of 1% by weight before making an
emulsion, and the spray which was de
posited on a calibrated jump card pro
duced black stains on a white back

ground. A negative with transparent spots
on the dark background was produced by
a macrophotographic device and sent to
the U.S.D.A.'s flying-spot scanning micro
scope which processed the sample and
produced a digit tape, as reported by
Brazee and others (2). The size distribu
tion data obtained from the scanning
were fed into a computer program after
eliminating those output signals produced
by overlap of droplets in the sample.

Field trials were conducted on a farm

machinery test ground which was covered
with thick grass of 8 to 10 inches (25 cm)
high. The ground was gently rolling but
was considered to be flat as a whole. The

sprayer with a onesided boom made one
pass of the swath per trial, during which
operation some holes and a few rocks of
6 to 9 inches (15 to 23 cm) diameter
would be encountered. The jump cards
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were placed at a 30 foot (9.1 m) interval
in dual lines.

RESULTS

Static Test of Nozzle

The effect of both hydraulic pressure
and nozzle height on a statistical diameter
such as volume median diameter was

obvious. Under controlled atmospheric
conditions with no wind, the VMD and
NMD decreased as the hydraulic pressure
was increased. An emulsion of commonly
used concentration was used throughout
the test. The value of VMDat 40 psi (2.8
kg/cm2) ranged up to 460 microns; how
ever, there was a rapid decrease of VMD
at higher pressure. Nozzle height affected
the size distribution of deposited samples.
At expected displacement of boom height
between 20 and 24 inches (51-61 cm)
above the ground in field operation, VMD
varied ±1.7% at 20 psi (1.4 kg/cm2),
±4.6% at 30 psi (2.1 kg/cm2), ±5.6% at
40 psi (2.8 kg/cm2), ±7.2%at 50 psi (3.5
kg/cm2), and ±9.4% at 60 psi (4.2
kg/cm2). Higher hydraulic pressure
tended to produce smaller droplets in a
spray and the cumulative volume of drop
lets smaller than 100 microns diameter in

creased rapidly beyond 40 psi (2.8
kg/cm2). The distribution factor de
creased with increasing pressure. This in
dicated that higher pressure application
with this spray nozzle was not advan
tageous.

Natural Frequency of Spray Room

Natural frequencies of the boom, the
rail, and the pneumatic tire were calculat
ed separately and combined into a result
ant frequency assuming that those three
major components encounter enforced
vibrations of identical magnitude and
direction. Measured values with standard

design were 4.63 cps against 4.38 cps cal
culated and 2.4 cps with modified boom
against 2.84 cps calculated. Calculated
values showed a good agreement to the
measured ones within 5 to 10% accuracy.

Deflection of Boom

Deflection of boom under no-load
conditions was calculated with standard

and modified booms to which deforma
tion of the pneumatic tire was added. The
calculated total displacement at the boom
end was 1.22 inches (3.1 cm) with
standard and 2.52 inches (6.4 cm) with
modified design.

Values of static deflection were multi
plied by the appropriate G scale to obtain
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approximate boom heights under ac
celeration. The G scale encountered in
the field trials ranged up to 26.0 with
standard boom construction when the
outrigger wheel ran over a rock of about
6 inches (15.2 cm) diameter and there
was a certain shock transmitted to the
open end of the boom. From the cal
culation, it is suspected that the boom
end must have touched the ground sur
face; however, the outrigger wheel is
travelling over rough surface at the same
time, so the relative position of the
nozzles would have had some clearance
above the ground. The maximum value of
net G to be encountered in spray opera
tion ranges to 10 with standard and 20
with modified booms. The vector of
vertical and horizontal components of G
was found to be 45 degrees downward
from the direction of travel. Typical
relationships between magnification
factors and frequency are shown in
Figure 1.
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Figure 1 Frequency response of a spray boom
under an enforced vibration. Vertical

displacement only.

Effect of frequency on Statistical
Diameters

Results from indoor nozzle tests show
that the horizontal vibration of the noz
zle reduced the value of VMD at the
lower hydraulic pressures. This tendency
was not noticable at higher pressures,
because the higher pressure itself pro
duced smaller droplets. On the other
hand, the distribution factor increased as
the frequency was increased and at higher
pressures, frequency became a more signi-
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ficant factor to control the uniformity of
distribution.

Dispersion and Deposition Characteristics

Depositions on a row of jump cards
located both inside and outside of the
outrigger wheel in a swath were compared
in terms of VMD, volume of the droplets
smaller than 100 microns diameter, and
distribution factor along the line of
travel. With standard design under normal
operation, there was no significant varia
tion of VMD from outside to inside,
under unstable conditions with the
modified boom configuration the outside
boom portion produced extra-large drop
lets as well as very fine ones alternately
along the line of travel. This tendency
was encouraged at higher pressures and
travelling speeds. With the modified
boom at 60 psi (4.2 kg/cm2) and 6 mph
(2.67 m/s) there was a number of jump
cards loaded with very fine depositions to
such an extent that the flying-spot micro
scope would not scan the sample. In some
extreme cases, the deposition of smaller
droplets amounted to 98.4% of the cumu
lative volume. These data are illustrated
for a typical situation in Figure 2.

300

' 200

• 100

STANDARD DESIGN

40 PSI 4 MPH

JUMP CARDS

2 3 4 5 6 7

JUMP CARDS

INSIDE

OUTSIDE

Figure 2 A comparison of volume median dia
meter (VMD) of spray droplets de
posited on targets inside (relatively
stable) and outside (open end and
unstable) of the outrigger wheel at
normal hydraulic pressure and travel
ling speed.

The cascade impactor samples also
showed at a higher proportion of drift-
able droplets with the unstable boom
design under severe field conditions. The
most unstable boom design at the severest
operation produced 6 times as many
droplets in number as the conventional,
stable design under the same conditions.
When the pressure was increased from 40
to 60 psi (2.8 to 4.2 kg/cm2), 2.5 times
more smaller droplets were produced
(Figure 3).
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Figure 3 Cumulative number of droplets
sampled with a cascade impactor
under four different conditions.

Meteorological Conditions

Throughout the field trials, the
weather remained unchanged. South to
south-west winds at 4 to 7 mph (3.1 m/s),
gusting to 15 mph (6.67 m/s) at the 2
meter height prevailed during the entire
period. The temperature was between 74
and 81°F (23 and 27°C). These condi
tions are typical of the herbicide spraying
of wheat on the Prairies. The sprayer
travelled up-wind for all trials.

DISCUSSION

One of the reasons that make spray
deposition data difficult to compare is
the wide variety of material used in the
spray for different surfaces. Data obtain
ed from an indoor test with tap water
could hardly be compared to information
obtained from a field trial with an emul

sion under windy conditions. In this
respect, all deposition data obtained
throughout these tests were from actual
herbicide spray, more specifically a 2%by
volume emulsion of 2,4-D butyl ester at
an application rate of 6 oz (170 g) of acid
equivalent per acre mixed with a black
dye for photographic purposes. The dia
meters expressed in this study are all
sphere diameters converted from the
stains produced on a sample paper.

The size spectra obtained from all
samples were such that the output of the
scanning microscope was re-arranged
slightly before feeding into the computer.
Extra-large sized stains produced by over
lap of droplets were eliminated from the
data, resulting in a distribution with fixed
maximum diameter. This D-max method
proposed by Maksymiuk (4) saves more
than 90 per cent of time in droplet size
analysis without loss of accuracy of the
sample. However, this method provides
only approximate VMD of sample with
out NMD. This method does not seem
ideal for assessing a distribution of VMD
and NMD. The size class for the scanning
microscope at 1000 microns stain dia-
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meter, assuming that the spread factor is
two, is 80 microns, or 8% of the interval.
Therefore, discussing the droplet size
below this range of 5 to 10% does not
seem realistic in this study. The proces
sing of 500 samples from this test was not
time-consuming with the computer
system but the precision of size data must
be sacrificed.

The reaction of the projected portion
of the spray boom to the external dis
turbances was considered only for simpli
fication. However, the whole sprayer
body must be considered as a dynamic
system, or at least the entire boom in
cluding an outrigger wheel as one system.

On the other hand, the boom system
would easily be simulated by an electric
analogue by combining the mechanical
moduli into one factor commonly called
the mechanical impedance. Strictly speak
ing, the boom system was considered to
possess damping due to mechanical fric
tion of moving parts. The damping coeffi
cients calculated for the two boom con

figurations are 9% with short projection
and 7% with longer projection.

The results show that the G values in

the horizontal and vertical directions are
nearly equal to unity. When a sprayer
travelled at 4 mph (1.78 m/s) across rows
of wheat spaced at 9 inches (22.8 cm)
encounters up and down motion 7 times
per second, the external disturbance was
applied at a frequency of 7 cps. At 6 mph
(2.67 m/s) this frequency increases to
10.7 cps. There are other irregularities of
the ground surface, and so it was difficult
to predict the travelling speed at which
boom resonance would occur. The ac-
celerograph used was not of a type to
record the change of G with time but to
record only directional peaks and the
mean value of a plane. By having simul
taneous recording of acceleration at the
sprayer body and at the boom end, it
would have been possible to produce data
for phase angle analysis.

In evaluating dispersion characteristics,
analysis of deposition sample alone is not
sufficient because a certain fraction of

the spray droplets remain airborne. In
this study a cascade impactor was used,
to sample for the aerosol in the atmos
phere, but this would not give the ac
cumulation possible from multiple swaths
sprayed in a field. Sampling of airborne
particles with a midget impinger and
rotorod sampler has also been used during
the past years. The combined results from

these measurements might provide the
precise data necessary to assess the drift-
able fraction of spray, as a function of
boom vibration.

The degree of stability may be ex
pressed by comparing the magnification
factor of both systems at a frequency
ratio of r = 0.75 for convenience sake.

The calculated value showed that this MF

= 2.32 for a short projection while MF =
3.62 for the longer. In other words, the
modified boom configuration was more
sensitive to disturbance than the standard

one.

Considering the maximum acceleration
encountered in the field operation from a
straight calculation of field trial data, G =
10 excites the modified boom to such an

extent as to touch the ground surface
while the standard boom remained at

50% boom height. These values for both
systems must be modified by damping of
the system.

The degree of boom stability was com
bined with hydraulic pressure in evaluat
ing the overall effect on median droplet
diameter. The modified boom with 60 psi
(4.2 kg/cm2) pressure and speeds of 6
mph (2.67 m/s) produced the greatest
difference of VMD inside and outside of

the wheel, while the standard with 40 psi
(2.8 kg/cm2) at 4 mph (1.98 m/s) pro
duced rather uniform VMD distribution
over the swath.

The comparison of distribution factor
showed that the open end of the modi
fied boom, which was supposed to be
most unstable, was producing fine spray
and even splash alternatively while the
standard design remained essentially un
changed.

The cumulative volume of the droplets
smaller than 100 microns, obtained from
deposition samples, or drift potential in
the spray, remained less than 1% under
normal operation; however, the unstable
boom under severe conditions produced
an extremely high proportion of small
droplets. A comparison of data obtained
from cascade impactor sampling further
proves this tendency. Repeating these
conditions in operations over rough fields
could build up still higher concentrations
of driftable material.

CONCLUSIONS

Irregular deposition of spray from un
stable boom configurations was explained
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quantitatively beyond the manufacturers'
concept.

The relatively unstable boom pro
duced a higher proportion of small drop
lets that become airborne while distorting
the entire deposition pattern. The un
stable boom system was found to be
more sensitive to external forces resulting
in more displacement of boom under
acceleration.

An approach was made to some new
and practical instrumentation in the spray
sampling technique and size distribution
analysis. Boom stability was found to be
one of the most serious factors con

trolling dispersion characteristics of
ground sprayers because the hydraulic
pressure versus travelling speed was auto
matically fixed in almost cases by rate of
application under existing high volume,
dilute spraying for cereal crops in the
prairies.

It is desired to develop some inexpen
sive system to stabilize spray booms of
large swath under the expected severe
operation conditions on the prairies. This
would result in higher performance and
quality of operation at substantial savings
of cost.

SUMMARY

Dynamic stability of wide-swath
ground sprayers was investigated in field
trials and in simulated indoor tests. Two

typical boom configurations, one with
20% projection of the boom beyond an
outrigger wheel and the other with 43%
projection were compared under various
pressure-speed combinations in terms of
the magnitude of acceleration of the
boom, volume fraction of spray which
becomes drift potential, and of deposi
tion on a target.

Frequency response of the spray
booms under simulated vibration was
studied by using an accelerograph and
strain gauge instrumentation. Dispersion
characteristics were investigated with a
cascade impactor, an array of jump cards,
flying spot microscope, and a computer
system.

Relatively unstable boom configura
tion under high-pressure high-speed
operation produced a highly distorted
pattern of spray deposition and conse
quently resulted in a higher concentration
of air-borne droplets. The results suggest
certain aspects on the design requirement
of wide swath spray booms for stabilized
operation.
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NOMENCLATURE

modulus of elasticity (kg/cm2)
moment of inertia

acceleration due to gravity
(cm/sec2)
weight of mass (kg)
unit weight of cantilever (kg/cm)

L = projected length of beam (cm)

K = spring constant (kg/cm)
X = amplitude of vibration (cm)

x = displacement of the mass from
static position (cm)

F = external force (kg)

AF = deflection which the force
imparts to the spring (cm)

CO = circular frequency (rad/sec)
con = natural circular frequency

(rad/sec)

r = frequency ratio, Co/con
VMD = volume median diameter (micron)

NMD = number median diameter

(micron)

droplet diameter (micron)

distribution factor

time period (sec)

natural frequency of boom (c/s)
natural frequency of rail (c/s)
natural frequency of outrigger
wheel (c/s)

resultant natural frequency of the
system (c/s)
size distribution function of

droplet

D

6

t

ft,
f,
fc

/r

/(D)
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