
DROP SIZE DISTRIBUTION AND ENERGY OF

FALLING DROPS FROM A.MEDIUM PRESSURE IRRIGATION SPRINKLER

AN ABSTRACT

Water drops from an irrigation Sprinkler had the same

deleterious effects on soil as did raindrOps. The impact of

falling water drOps altered the Open structure of the top

fraction of an inch of the soil, reduced the effective pore

size and formed a more dense layer of soil which hindered the

infiltration of water. Large drops from an irrigation sprinkler

reduced the infiltration capacity of the soil by as much as 90

per cent. A.reduced infiltration capacity was accompanied by

an increased erosion loss.

Insufficient data are available to permit accurate

design of Sprinkler irrigation systems which.minimize detri-

mental structural changes in the soil. Research is necessary

to determine the effect of nozzle shape, nozzle size, and

pressure at the nozzle upon the size of drops striking the

soil surface and upon the energy imparted by the drops to the

soil.

The purpose of this study was (1) to measure the size

of drops from an irrigation sprinkler, (2) to develOp a tech-

nique for measuring, and (3) to determine the energy imparted

by drops from a sprinkler striking a target near the soil

surface.

A Rainbird Model 20 irrigation sprinkler was used for

all tests in this study. Two nozzle sizes at two pressures



were tested. A.5/52-inch diameter nozzle was tested at thirty

and thirty-five pounds per square inch and a 3/16-inch diameter

nozzle was tested at thirty-five and forty pounds per square

inch pressure. For both nozzle sizes the pressures selected

were below and above the dividing line recommended by the

manufacturer as the minimum pressure for operation on bare

soils. All tests were conducted in a laboratory to remove the

variable factors of weather.

The Sprinkler was placed into a 55-gallon barrel open

at the bottom. A vertical slit was cut into the barrel per-

mitting the jet of water from the nozzle to emerge unmolested.

A.general purpose flour or dental plaster (plaster of

Paris) was used as the medium for collecting the water drops.

Samples of drOps were taken at five-foot intervals along a

radius emanating from the sprinkler. DrOps falling into the

medium formed pellets. The mixture of medium and pellets

was separated into size classes of pellets by means of a set

of standard sieves.

The Spectrum of pellet sizes received at each loca-

tion was converted to the equivalent Spectrum of water dr0ps.

A single number, called "median drop mass," representing the

particular spectrum of drops at each location was calculated.

A.transducer was constructed whereby the physical

displacement of an elastic member was changed into an electri-

cal signal by the use of strain gages. The elastic member

'with an attached target was placed near the ground level



along a radius emanating from the Sprinkler. The water drops

from the Sprinkler struck the target causing a deflection and

oscillation of the elastic member. The resulting deflections

were recorded by an oscillograph.

The energy added to the elastic member and target

by the dr0ps striking the target was calculated. The total

energy received by the system during the time drops were

striking the target was also calculated.

The following results were obtained:

(1) The logarithm of the median drop mass varied linearly

with distance from the nozzle, increasing rapidly

with greater distance from the nozzle. An increase

in pressure of five pounds per square inch.had

little effect on the size of drops falling within

approximately twenty feet of the nozzle. Changes hi

drOp size caused by a change in nozzle pressure in-

creased with distance from the nozzle.

(2) The logarithm of the energy imparted by drops from

a Sprinkler striking a target near the ground level

varied linearly with distance from the nozzle, in-

creasing rapidly with greater distance from the noz-

zle. Greatest amounts of energy were received from

the drop Spectrum from.a 5/52-inch diameter nozzle

operating at thirty pounds per square inch. Less

energy was imparted by the drop Spectrums from the

remaining three combinations of nozzle size and pres-

sure tested.



(3) True water application rates based upon the actual

time of water application were as high as 7.5 inches

per hour ranging from thirty to ninety times as

great as the application rates based upon total elapsed

time. The increment of pressure increase recommended

by the sprinkler manufacturer as the difference be-

tween undesirable and desirable operation on bare

soils was effective in reducing the highest applica-

tion rates occurring in the area farther than thirty

feet from the Sprinkler.
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DROP SIZE DISTRIBUTION AND ENERGY OF

FALLING DROPS FROM A.MEDIUM PRESSURE IRRIGATION SPRINKLER

INTRODUCTION

Effect of Water Drops on Soil

The deleterious effect of raindrop'impact on bare

soil was noted as early as 1874. Baver (:5) stated that

Wollny (73) found "The loose granular structure of the un-

protected soils was not only broken down to cause a compac-

tion of the soil but the nonrcapillary porosity was also de-

creased as a result of the percolation of turbid water into

the large pores and the subsequent clogging up of these pores

with fine particles." Wollny's results have been confirmed

by Lowdermilk (48) who reported that suspended particles in

runoff water were filtered out at the surface of bare soils

and sealed the seepage openings. Laboratory experiments (57)

in

in

to

of

which silt and clay were incorporated in rainfall resulted

the fine material being deposited in the top one sixteenth

one fourth of an inch. Effective downward translocation

the clogging surface layers did not occur although as much

twenty-seven inches of rainfall were applied. Clay applied

suSpension blanketed the surface of a field plot, checked



normal infiltration, and induced runoff very quickly.

The reduction of infiltration rates on cultivated

land appeared to be caused by the development of a compact

layer (22) only a few millimeters thick on the surface of

the soil ihich.did not permit rapid penetration of water.

The compact layer was formed through alteration of the struc-

ture at the surface by the impact of rain drops and by further

assortment of particles and wedging and fitting of these into

close formation by running water, all of which slowed down.the

entrance of water through the immediate surface. The results

indicated that the development of the compacted layer on the

surface of a cultivated‘bare soil had a greater effect on in-

take of water than the combined effect of differences in soil

type, degree of slope, previous moisture content of the soil,

or rate of rainfall.

. The amount of crust formed by applying rain artifici-

ally (12) varied with.the amount of rainfall. Microscopic

studies of the changes occurring in soil structure during com»

pression (19) (at the lower plastic limit) showed a progres-

sive closing of the interaggregate Spaces as the pressure was

increased. Crusts and thin surface seals were formed in arti-

ficially prepared soils (52) which had volume weights of about

1.4 compared to 1.1 or less for the "soil" below the crusts.

The impact of raindrops altered the open structure of

the top fraction of an inch of the soil, reduced the effective

pore size (57), and formed a more dense layer which hindered





the infiltration of water (55). Laws (45) determined.that

the infiltration rate decreased by as much as 70 per cent as

drOp size increased. The erosion losses resulting from the

reduced infiltration rates increased by as much as 1200 per

cent. Ellison's data (28) showed conclusively that a varia-

tion in either drop size or drOp velocity will cause a change

in infiltration capacity of the soil. Changes in drop velo-

city had greatest effect, changes in drop size were second,

and changes in rainfall intensity were least effective. A

small amount of surface sealing occurred on the soils tested

without raindrOp impact (50). Sealing was associated with the

effects of wetting, slacking, and with adjustments of soil

surface particles under the influence of surface water. The

rates of such sealing were shown to be very slow and fairly

uniform.throughout a long time interval. Decreases in in-

filtration were also reported from.the use of large drops from

an irrigation Sprinkler (47).

Increased surface runoff of water accompanied a reduc-

tian in infiltration (55) thereby requiring more protection

against erosion. Erosion at La Crosse, Wisconsin (54) was

proportional to the maximum amount of rainfall occurring in

any given thirtydminute period. The same relationship was

found to be approximately true at stations in Texas, Oklahoma,

South Carolina, and New Jersey. The amount of a standard sand

transported by water drop impact (27) was found to be directly

proportional to the intensity of precipitation. The erosive
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capacity of a falling mass of water depends on the energy per

unit area of the individual drop. The kinetic energy of the

falling drOp determined the force of the blow that must be

absorbed at each impact, while the horizontal area of the drop

determined the amount of soil that must sustain that blow.(26)

Protective Measures

Vegetative protection of the soil from the impact of

raindrops was observed by Wollny (74). Vegetation protected

the soil from the impact of raindrOps to such an extent that

the non-capillary porosity was 54 to 55 per cent higher than

in unprotected soils. The decrease in volume of a cultivated

soil was related to the density of the vegetation and the

rapidity with which a vegetative canopy was established.

Wbllny concluded that the major effect of vegetation upon the

properties of the soil was due to the protective influences

of the canopy against the impact of raindrOps.

The striking force of rain in the open bore a positive

relation to rainfall intensity, whereas the striking force

under a pine canOpy apparently remained unchanged as the rate

of precipitation increased (13). Under such a canopy(twenty-

eight feet above the soil surface) the kinetic energy of rain-

fall for each inch of rain per square foot of soil surface was

greater than in the open.

Intake rates were reduced much more gradually on plots

artificially covered with a straw mulch than on bare plots (21,23).



The basic intake rate was higher on the covered plots. The

mulch appeared to have a retarding effect on the formation

of the compact layer on the surface.

Need for Research on Water Distribution

Pattern from.Sprinklers

Water drops from.irrigation sprinklers had the same

'puddling" effect on soil as did raindrops (11). Christian-

'sen (14) pointed out that the largest drape from a Sprinkler

were carried to the outside of the area covered, while the

smallest drops fell near the Sprinkler. As the pressure was

increased, more of the water fell near the sprinkler, and the

average size of the drops became smaller. More detailed re-

search (47) verified Christiansen's observations and also

showed as much as a 90 per cent decrease in infiltration ca-

pacity when large water drops from an irrigation sprinkler

were applied to a soil. Sprinkler manufacturers (55, 67)

recognized the deleterious effect of large water dr0ps on soil

by recommending minimum pressures for various nozzle sizes.

Unfortunately, insufficient data are available to per-

mit accurate design of sprinkler irrigation systems to mini-

mize structural changes in the soil. Research is necessary to

develop a technique for measuring the energy imparted by water.

drape from a sprinkler. Trials should then be made to deter-

mine the physical changes occurring in a soil when a known

precipitation and resulting energy are applied to the soil.



Such information would permit sprinkler manufacturers to make

necessary changes in nozzle design to meet the requirements

of the soil; irrigation system designers would be more readily

able to select proper nozzle size and operating pressure to

minimize deleterious structural changes in the soil caused by

excessive application rates; and the irrigator would be able

to use the equipment without severe damage to soil structure.

Purpose of the Study

The purpose of this study was (1) to measure the

size of drOps from an irrigation sprinkler, (2) to develop

a technique for measuring, and (3) to determine the energy

imparted by drops'from a sprinkler striking a target near the

ground.



APPARATUS AND METHODOLOGY

Irrigation Equipment Used

A Rainbird Model 20 irrigation sprinkler was used for

all tests in this study. This sprinkler was a medium pressure

Sprinkler adapted for use in agriculture and had a sufficiently

low trajectory to be used inside a laboratory. All tests were

conducted indoors to remove the variable factors of weather.

Two nozzle sizes at two pressures were tested. The

nozzle sizes were 5/52-inch and 5/16-inch diameter. The 5/52-

inch diameter nozzle was tested at thirty and thirty-five

pounds per square inch pressure and the 3/16-inch.diameter

nozzle was tested at thirty-five and forty pounds per square

inch.pressure; In both cases the pressures selected were be-

low and above the dividing line recommended by the manufac-

turer as the minimum pressure for operation on'bare soils (33).

Apparatus for Determining Drop Size

The physical characteristics of water drops have been

reported as early as 1894. worthington (75) made sketches of

drop action when drops strike another surface. Photographs

taken just prior to the presentation of his paper verified the

sketches. Studies on the measurement of the frequency distri-
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bution of various sizes of drops, fall velocity, electrostatic

charge, number and form of falling drops, chemical composition,

pH, temperature of rain and the intensity of rain are reported

in German literature (58). Drop size determinations were made

by Bentley (5), Defant (20)., and Landsberg (42) (who measured

the size of sleet drops). In 1919 Harkins made a detailed

study of the surface tension of water drOps (36). Edgerton

used a high Speed motion camera to analyze the stresses in a

pendant drop (24). Modern electronic equipment was used by

Gunn and Kinzer to obtain terminal velocities of drops (35).

Sizes of water drops have been determined by various

methods. Bentley (5) allowed raindrops to fall into a layer

of fine, uncompacted flour. The drops were allowed to remain

in the flour until the dough pellet that each drop always pro-

duced at the bottom of the cavity was dry and.hard. An.inves-

tigator in Germany (72) used absorbent paper for determining

drop Sizes. Niederdorfer (59) estimated the average error in

using the absorbent paper method to range from.fourteen per

cent of the drop weight at 0.037 milligram to six per cent for

a dr0p weight of 37 milligrams. Measurement of the size of

drops by freezing them artifically was attempted (58, 68).

Controlled draplet sizes were obtained from.a rotating disk

(76) and from a vibratory apparatus (18). Screens of various

materials coated with soot (8) or nylon hosiery mesh.treated

chemically and dusted with sugar (10) were successfully used

to measure drop Sizes. An optical instrument (16) in which a
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beam of light was interrupted by a drop measured the resulthng

shadow area by the output level of a photomultiplier tube. An

impact type of unit permitted drops to strike a membrane (16).

The resulting oscillations were picked up by an oscillograph

and photographed. The force of impact was used as a measure

of drOp size in Australia (15). Each drop produced a transi-

ent modulation in an air-borne transmitter carrier to an ex-

tent which depended on drop size. A receiver on the ground

demodulated the transmission and reproduced impulses which were

a measure of drop size. Auxiliary circuits sorted the pulses

into a number of amplitude groups and the total count was reg-

istered on electric counters. The change in capacity of a

parallel plate condenser caused by a drOp falling between the

plates was used as'a measure of drop size at Cambridge, England

.(62, 63). Spray deposits were obtained on slides coated with

magnesium oxide (39). Photographic techniques have been used

to determine drop sizes as well as drop velocities (17, 34,

44, 55). Schmidt (61) measured the velocity of raindrOps by

using two disks mounted on an axle and rotated at a known

rate. A.drop, which by chance fell through a small sector cut

in the upper disk, fell upon a piece of absorbent paper fas-

tened to and rotating with the lower disk. The location of

the Spot relative to the projection of the sector on the paper

gave a measure of the velocity, while the diameter of the spot

gave a measure of the drop size.

The use of flour or dental plaster appeared to offer
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the most reliable method of determining drop sizes without

requiring detailed and lengthy photographic analyses. Bent-

ley (5) stated that the dough pellets corresponded very closely

in size with the raindrOps that made them.

Apparatus for Determining Energy

Imparted by Falling Drops

Energy of falling_water drops. The energy of falling

drape from.either rainfall or irrigation Sprinklers must be

converted to other forms of energy such as heat or must do

work. Falling drops may do work in overcoming the surface

tension of the drops when the parent drop is shattered and

smaller ones formed; soil aggregates may be torn apart (49,

50); soil particles may be moved horizontally and vertically

(26, 27, 29, 32, 34, 51, 52); Shattered drops may be imparted

with.a.horizonta1 and vertical velocity (4); turbulence may

be introduced into surface runoff waters (29). The task of

research is similar to that expressed for natural rainfall

(28). First, the total energy of the falling drops must be

‘determined--the energy which is available for damaging the

surface soils, moving soil particles and reducing infiltra-

tion rates. Second, the amount of total energy used in dele-

terious effects on the soil must be determined.

.Applicability‘p£_stress analysis techniques. The

energy of moving water drops can be measured directly (41, 56).

A device, called a transducer (60), can'be constructed whereby
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the physical diSplacement of an elastic member is changed in-

to an electrical signal by the use of strain gages. Proper

instrumentation is needed to pick up and magnify such a signal

for recording and study (Figure l).

A steel cantilever beam was selected for the elastic ,

member. A target of Styrofoam* was attached to the free end

of the cantilever beam. The energy imparted by the water

drops striking the target area caused the beam to deflect

resulting in a strain in the elastic member. Since maximum

strain occurs at the fixed point of a cantilever beam, strain

gages were attached near that point. The transducer construc-

ted for measuring the energy imparted by the falling drops is

shown in Figures 2 and :5.

Methodology for Determining

Map Size Distribution

Complex nature of drop formation from a sprinkler. The

formtion of water drops from a sprinkler nozzle is quite com-

plicated and extremely difficult to analyze. Actual velocities

of a water jet emerging from an orifice vary from near zero at

the perimeter to a maximum at the center of the stream. The

relationship between the average) velocity, which can be readily

_measured, and the maximum velocity is a function of Reynold's

number (66).

 

*Styrofoam has low density, thereby keeping the iner-

tia of the system to a minimum. t is also resistant to water

penetration.
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Figure l. Transducer and instrumentation

for pickup, magnification, and recording of

the signal from the transducer. The ampli-

fier (center) is a Universal Amplifier Model

BL-520 manufactured by Brush Electronics

Company. The recorder (right) is a Model

BIL-202 Double-Channel Oscillograph manufac-

tured by Brush Electronics Company.
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Figure 2. The cantilever beam was a steel

strap 1 7/8" x 3/64". The beam had an over-

hang of 4 inches. The Styrofoam target was

mounted on a stove bolt secured to the end

of the cantilever beam. Two strain gages

(SBA Type A912) were fastened to the top of

the beam and two on the underside of the

beam. Gages and electrical connections were

carefully waterproofed.
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Figure 3. The Styrofoam target was

16.5 centimeters by 30.3 centimeters

with the greater dimension placed along

a radius emanating from the Sprinkler

nozzle.
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Initial breakup of the stream into variously sized

drops occurred after the stream passed the vena contracts.

The variation in stream velocity and the mechanical diaper-

sion caused by the Sprinkler rotation initiated drop forma-

tion. Further breakup was a function of the surface tension

of the water and the resistance of the air to the passage of

water drops. The surface tension tended to hold the drops

intact in a Sphere, while air resistance tended to cause ob-

lation by flattening the leading side of the drops. When

ablation occurred to such a degree that the surface tension

was overcome, drops broke up into two or more drops (34).

Drops may collide and coalesce with other drops (69).

Drops suspended in a vertical air stream which came into a

region within six centimeters above another drop usually

began to fall in an ever tightening spiral until collision

took place (9). Bombardment of large drops with a spray of

small droplets showed that not all the small droplets coales-

ced with the large dr0ps. Some of the smaller drops rolled

across the under surface of the large drop exhibiting a

”bounce-off" effect.

Even after the drops formed, their characteristics

were not constant, but dynamic. Two types of deformation

occurred (7). When the drop was deformed to an ellipsoidal

shape a rotational deformation occurred. Drops artificially

develOped and placed into an air stream for observation ro-

tated on their minor axis with the minor axis vertical. The
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second mode of deformation was free of rotational effects,

but consisted of an oscillation. Such oscillation caused

the drOp to oscillate between ellipsoidal shapes ninety de-

grees apart in the horizontal plane. Surface tension began

to draw the drop together. But since the vertical dimension

was unchanged, the horizontal axis perpendicular to the plane

of the paper increased. Thus, like a pendulum, too much con-

traction of the major axis occurred and the minor axis was

transformed into the major axis and the process repeated.

Theoretical determinations of the ratio of vertical and hori-

zontal axes of ellipsoidal drape and the ratio of the hori-

zontal cross sections of Spherical and ellipsoidal drops were

made by Spilhaus (65).

Aymathematical analysis (34) of the distance of travel

and the velocity of drops from an orifice resulted in the

following relationship:

1‘ - Vo(m/k)(l - 9437““ -s(m/k)2(e'(k/m)t - 1) - g(m/k)t.

where '

r 3 distance from the orifice;

70 I initial velocity;

in I mass of the drop:

k = a constant:

e - 2.718 . . .;(38)

t I time;

g = gravitational acceleration.

As the value of m/k approached zero as its limit the value of
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"r" also approached zero, Consequently, small drops traveled

only negligible distances (34). Actual measurements of drOps

from an irrigation Sprinkler showed a rapid increase in the

diameter of the drop as the distance from the sprinkler in-

creased (47).

.§igplifying assumptions. To avoid the difficulties

encountered in attempting to analyze a dynamic, shifting

stream of colliding and oscillating drops, this study was

based upon samples taken at the ground level. The following

assumptions were made to permit analysis of the data:

1. The break up of the stream into dr0p sizes was con-

sidered equivalent to the action in which some homo-

geneous substance was broken into fine particles by

some random process. DrOp formation, then, was sub-

ject to the laws of probability and the number of

drOps in the size classes followed a normal distri-

bution.

2. The drops were spherical in shape. Ekern (26) reported

Spilhaus' calculated ratios of the horizontal cross

sections of Spherical and ellipsoidal drops (65). For

a 2.74 millimeter dr0p the ratio was ninety-three one

hundredths and for a 6.52 millimeter drop the ratio

was seventy-nine one hundredths. If all the drOps were

ellipsoidal in shape when they entered the pellet for-

ming medium, the error would be less than 20 per cent.

It is not probable that such a situation would occur.
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3. Evaporation from the time the drops struck the pan

until the pellets were formed was negligible (44).

4. Four samples, taken from successive rotations of the

Sprinkler, adequately represented the drop population.

Pellet and drgp size distribution. The frequency dis-

tribution of raindrop sizes was initially reported by Lenard

(46). In 1904 he published tables Showing the frequency of

occurrence of drops of differentsizes in several rains. Size

distribution analyses were made more frequently in later years

indicating that the procedure formed a powerful tool for the

quantitative determination of thunderstorm dimensions and

characteristics in rain-intensity distribution (40, 45) and

should be equally valuable in the study of water distribution

from.an irrigation Sprinkler. A consideration of the theory

of probability seemed to lead to a rational equation represen-

ting the distribution curves of dispersed materials (1). Sam-

ples of solid materials (quartz, hornblende and orthoclase

feldSpar) were ground up and analyses made. The data followed

the calculated curve closely (31). It was concluded that the

physical processes that break down soil minerals of various

kinds involve primarily the theory of probability. Similarly,

the processes that break up a stream of water from.an irriga-

tion sprinkler and diSpersal into various drop sizes may also

be considered to involve the theory of probability.

Pellet calibration. Actual drop dimensions could not

be found from the dimensions of the sieve openings. The drop
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undergoes a certain amount of flattening in becoming a pellet

'(40). The mass of the average pellet retained on a given

sieve was used to define that size class. The average pellet

mass was obtained by dividing the mass of the total drops re-

tained on a sieve by the number of pellets retained. TO con-

vert the mass of the averagetpellet into the mass Of the

average drOp required the use of a "mass-ratio"--that is, the

ratio of the mass of the drop to the mass of the pellet. The

mass-ratio for flour was reported by Laws in 1941 (44) and in

1943 (45). Use of Laws' data in a linear regression analysis

(Table I) resulted in the following equation plotted in Figure 4:

R I l.008,3 MQ'051'582, where

 R I the mass-ratio = m333_9f dEQP 3

mass of pellet

M I the mass of the pellet in milligrams.

Drop sizes larger than those occuring in natural rain

(two milligrams) were not anticipated from the Sprinkler.

Early analyses of drOps from a sprinkler indicated that pellet

:masses as low as one tenth of a milligram would'be Obtained.

DrOpS smaller than 0.877 milligram were not Obtained by Laws

'by using tubes of different diameters. Hair-like capillaries

coated with paraffin were used and pressure was introduced to

hasten dripping. Nevertheless, the small drops were not Ob-

tained.

Extension of the mass-ratio calibration to the drOpS

between one tenth.and one milligram (five hundred to twelve

hundred microns in diameter) was desirable to avoid the neces-



TABLE I

CALCULATION OF LINEAR REGRESSION

Log of

Pellet

Mass

Log Of

Mass-

Ratio

Deviations from Mean

Squares

of

Deviations

20

Products

of

Deviations

 

7X

0.175,09

0.380,21

0.698,97

0.977,72

l.079,18

1.462,40

1.740,55

2.000,00

‘Y

0.010,72

0.013.84

0.017,os

0.035,42

0.049,22

0.053,08

0.064,46

0.056,90
 

Sum. 8.514,93

Mean 1.064,37

/\

'Y

3

A

2' =

0.297,67

0.057.21

y+

é?

0.037,21

X

—0.888,28

"0.684 ’16

“0.365 ’40

-0.086,65

0.014,81

0.398,03

O.675,99

0.935,63

-0. 000’03

m-E)

p 0 091

y x?

~0.026,49 0.789,041

-0.024,37 0.468,075

-0.020,18 0.133,517

-OQOOS,79 00°07’508

0.012.01 0.000,2l9

0.0l5,87 O.158,428

0.037,25 O.456,962

0.019,69 0.875,405,

xy

0.023,551

0.01o,e75

0.007,374

0.000,328

0.0oo,l78

0.006.517

0.018,421

0.018,423
 

-0.000,01 2.889,153

245 '
_;___:___ X - 1.064 7

2.889, ‘ ’3 )153

0.037,21 + 0.031,582.I - 0.033,615

0.003,595 e 0.031,582 X

Antilog 0.003.595 = 1.00893

1.m8'3 “0.031,5&R I

R mass-ratio I
mass of droE

mass of pellet

mass Of pellet in milligrams

 

0.091.245
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sity of extrapolation. Oil drops of uniform size between six

and one hundred forty microns were produced from a vibratory

apparatus (18). Such small drops were not required for the

Sprinkler analysis. Controlled drop sizes were also obtained

from a rotating disk (76). Drops with diameters from fifty

to six hundred microns were obtained by changing the peri-

pheral velocity of the rotating disk or by changing the rate

of flow of water upon the disk. The rotating disk method

appeared feasible for extending the mass-ratio calibration.

Method employed for Obtaininggdrop size. The Sprinkler

was placed into a fifty-five gallon barrel open at the bottom,

thereby preventing water from.apraying over the entire labor-

atory. To permit a stream of water to emerge for testing

purposes, a vertical slit was cut into the barrel permitting

the jet of water from the noZzle to emerge unmolested.

A general purpose flour or a dental plaster (plaster

of Paris) was used as the medium for collecting the drops from

the Sprinkler. In order to be certain that the medium was

free from all lumps and was fluffy and loose for receiving the

drops, the samples were prepared by passing all of the material

through a fortybmesh sieve. The initial sieving was always

done on the same day that the samples were taken. The sieved

material was then placed into aluminum pie pans nine inches in

diameter (Figure 5).

The test run.was started by adjusting the rate of flow

of water into the Sprinkler until the desired pressure was



 
 

Figure 5. Pan of flour prepared

for receiving water drops.

23
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Obtained. The pressure gauge had been previously calibrated.

A calibrated water meter was placed into the line permitting

the rate of flow of water to be measured accurately.

Samples of drops were taken at five-foot intervals

along a radius emanating from.the sprinkler. Four replicates

were taken at every point. Pans containing the medium were

placed along the radius so that the stream from the sprinkler

made an unmolested sweep across the pan. DrOps falling into

the medium formed pellets (Figures 6 and 7). At least once

after each replicate the pressure was checked to be certain

that it maintained a constant value.

The mixture of medium and pellets was separated into

size classes of pellets by means of a set of standard sieves.

The material retained on each sieve was placed into a can

and later weighed. Weighing was done on a balance permitting

readings to one thousandth of a gran.

Pellet mass retained on each of the sieves was re-

duced to drop mass by using the mass-ratio.. The average

weight of a single pellet retained on each of the eleven

sieves was obtained (Appendixes A.and B). The weight of the .

pellets retained on each sieve divided by the weight per pel-

let resulted in the number of pellets or drops in each size

class for each location. The number of pellets in each size

class for the 5/32-inch nozzle operating at thirty pounds per

square inch is shown in Table II.

Procedure for calculation of median drop mass. The



 
 

Figure 6. Pan of flour after

receiving water drops at a point

near the Sprinkler.
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Figure 7. Pan of flour after

receiving water drops at the far-

thest point from the sprinkler

nozzle.
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TABLE II

DISTRIBUTION OF PELLET SIZES FIFTEEN FEET

FROM A 5/32-INCH NOZZLE OPERATING

AT THIRTY POUNDS PER SQUARE INCH PRESSURE

Weight of Pellets Calculated Number of

 

 

Sieve . Retained on : Pellets or Drops

Opening, Screen, gms :

microns Replicate NO. : Replicate NO.

l 2 3 4 : l 2 of; 4 Ave.

_ 8

420 .157 .142 .106 .142 :1495 1352 1010 1352 1302

589 .240 .243 .250 .286 :1263 1279 1316 1505 1341

840 .590 .562 .569 .637 :1157 1102 1116 1249 1156

1168 .214 .186 .198 .227 g 171 149 158 182 165

1397 .280 .273 .348 .287 g 135 131 168 138 143

1900 .030 .032 .019 .014 i 5 5 3 2 4

j
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droplet Spectrum expressed as a single figure was more con-

venient to use than a tabulation of the complete Spectrum (70).

Neither the arithmetic mean of the range of sizes nor the

median diameter by number was wholly satisfactory as each

tended to mask the effect of the largest drops in the Spectrum.

In the analysis of Sprays for weed control the best single

figure was a mass median diameter which had half of the mass

in droplets smaller than it, and half of the mass in droplets

larger than it (25). The value of the mass median diameter

was determined by computing the volume in each of the size

classes and by plotting the cumulative figure on logarithm-

probability paper (2).

The method used in this investigation follows:

1. The per cent of the total mass of drops at eadh lo-

cation contributed by each size class was calculated,

from which the cumulative percentages were deter-

mined (Table III).

2. The logarithm of the mass of a single drop of each

size class was plotted against the cumulative per-

centages on a probability scale (Figure 8).

3. The same points were plotted on rectangular coordi-

nate paper (Figure 9) from which the best fitting

straight line was calculated by the method of least

squares (Table IV).

4. The line calculated in step 3 was imposed upon the

data plotted on the probability scale and the loga-
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TABLE III

CALCULATION OF CUMULATIVE PERCENTAGES OF MASS

OF WATER STRIKING GROUND

(Fifteen feet from a 5/32-inch nozzle

Operating at 30 psi)

 

Mass of NO. of Total Mass for Cumulative

Single Drop, Drops Size Class, per cent

m8. gm.

0.098,6 1,302 0.128 8.5

0.181,8 1,341 0.244 24.6

0.513,4 1,156 0.593 63.9

1.269 165 0.209 77.8

2.145 143 0.307 98.1

7.128 4 0.029 100.0

1.512

Sample calculation for 0.513,4 mg class:

Total mass for size class, M I mN, where

m I mass of drops in grams;

N = number of dr0ps of mass m.

MtI 0.513,4 mg x.l_gm x 1,156 = 0.593 grams

1000 mg
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TABLE IV

FITTING A STRAIGHT LINE T0 DATA

BY THE METHOD OF LEAST SQUARES

(For spectrum of drop sizes

falling fifteen feet from a 5/32-

inch nozzle operating at 30 psi)

Coordinates x 64.5 82.0 109.0 119.0 152.5

for points y 6.5 16.0 32.0. 45.5 53.5

a y 153.5

tx I 527.0

ass-I 18,792.50

2:? 60,182.50

N 5

y I a + bx

2 2x? - ‘Zx cax

a 8 Z - ix; ‘ix

= (153.5§(60,l82.50} - (18,792.50) (527.0)

_ . -28.71

b I LfigFJI’J

N {x - tax ‘ix

J§118,792.50) - (527.0)(153.5)

5(60,182.50) - (5271(527)

 

 

 

0.563,7

y 0.563,7 X " 28.71

Logarithm Of mass Of equivalent drop I -0.41 I 9.59 ~10

Mass Of equivalent drop I 0.389 mg.



s i

l
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rithm of the "median drop mass" was obtained from

the intersection of the straight line and the 50

per cent probability line.

Methodology for Determining Energy of Drops

Striking the Target .

An example of the type of record made by the oscillo-

graph when the target was subjected to the falling drOps is

shown in Appendix C. The record consists of a series of OS-

cillations across a moving center line. The center line

changed as the total inertia load of the target and beam

changed. Changes in the inertia of the system occurred as

water was added from the falling drops and as excess water

drops fell off the system.

Energy imparted to the target and beam was dissipated

through the natural damping of the oscillations of the beam.

{The amount of energy in the system.was calculated for different

:points of the damping cycle.

E = SkAg, where

E I energy available in the system, ergs:

k I spring constant of the beam, (gm cm)/(cm secz);

A I deflection of the beam, cm.

The energy per cycle lost in damping was calculated

and plotted for expected values of A.

At time t1, e1 - 1/2k812.

At time t2 , 62 - 1/2kszs , 82<131 during damping.
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Energy loss,AE I 61 - 62

1/2 k 812 - 1/2 k 1322

 

 

AE/E = 1/2 k 812 - 1/2 k 822

1/2 k 812

B12

1322 = 812 (1 ~4E/E)

Values Of AE/E for expected values of B (expressed

as lines on the oscillograph) were calculated. The relation-

ship was expressed as AE/E I 0.722 - 0.009,7 B. Values are

given in Appendix D.

The energy added to the system by the drops striking

the target was calculated. At time t1, E1 = 1/2 1:412 and at

time t2, 22 = 1/2 k 422. For the time interval t1 to 1:2,

B1 = A1, e1 -'-' El, and A2) B2. Then the energy added to the

System was E2 - 62.

E2 - 62 = 1/22422 - 1/221322

: 1/2kA22 - 1/2k812 (1 - AE/E)

= 1/2kAQ2 - 1/2k812 . 1/2k312 [Vang-1121:1322]

17:2k81?
 

= Fe - E1 + AE

The total energy‘received by the system during the time

drops were striking the target was determined. The oscillograph

record was divided into intervals of time convenient for analy-

zing the energy change of the system. The energy change per unit

of time was plotted against time and the total energy was deter-

mined by measuring the area under the resulting curve (Figure 10).
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PRESENTATION AND ANALYSIS OF DATA

Pellet Calibration

Drops of a uniform diameter were thrown from a polish-

ed brass disk two and one half inches in diameter attached to

a variable speed motor. The drops were caught on the dental

‘plaster and permitted to harden. The resultant pellets were

run through a set of standard sieves. The relationship between

the drop diameter and the pellet diameter was then calculated.

The equation relating disk diameter, rate of water flow,

Speed of rotation of the disk, and the drop diameter was (76):

870 000 g

D
:

I
I

drOp diameter in microns;

U
D
I

I
I

disk diameter in inches (in this case 2.5 inches);

rate of rotation of disk in revolutions per minute;

D

I
I

rate of flow onto the center of the disk in cubic

centimeters per minute.

Calibration of pellets for drops smaller than 0.877

Inilligram was also attempted. Undesirable disk vibration in-

troduced too many smaller "satellite" drops to permit evalu-

ation of the data for small drOps.

The ratios of the diameters of the drop and the plas-

ter pellet were compared (Table V). The average diameter





PLASTER PELLET CALIBRATION

 

DrOp Sieve Opening on Diameter

Diameter, which Pellet was Ratio, dro

microns Retained, microns pellet

801 855 0.962

‘ 982 855 1.179

1,119 1,168 0.958

1,566 1,651 0.959

2,529 1,981 1.176

2,856 2,830 1.009

22,995 2,562 1.269

5,703 4,699 1.214

Average 1.09
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ratio of 1.09 and the diameter ratio of Laws' flour calibra-

tion (Table VI) of 1.08 compared favorably. The pelletdmaking

characteristics of the flour and the plaster were very similar.

Consequently, the flour calibration was used for the plaster

pellets by making a correction for the difference in density

of the pellets from the two materials.

Density of flour pellets and plaster pellets was ob-

tained by weighing a container of known volume carefully fill-

ed with the pellets. Weighings were replicated eight times.

The ratio of the flour to the plaster pellets was 0.96.

I The calculation of the mass of the drop from the flour

and plaster pellets is shown in Table VII.

Median Drop Mass

The median drOp mass at each location was obtained by

plotting the logarithm of the mass of a single drop in each

size class against cumulative percentage of total mass on

probability paper as shown in Figures 8 and 9. Values of the

median drop mass are shown in Table VIII. Equations from

which.each median drop mass was calculated are shown in

Appendix E. Statistical tests for linearity were made for

each location. The hypothesis was that the relationship be-

tween the logarithm of the mass of a single drop in each size

class and the cumulative percentage plotted on a probability

scale was not linear. The hypothesis was rejected at the 99

per cent probability level (64) except at two points.- For
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TABLE VI

FLOUR PELLET CALIBRATION*

Drop Diameter, Sieve Opening on Diameter Ratio,

 

microns which Pellet was .QEQE

Retained, microns 4pellet

1,455 1,597 1.026

1,677 1,651 1.016

2,150 1,981 1.085

2,696 2,562 1.141

2,950 2,794 1.056

5,970 5,527 1.193

4,958 4,699 1.055

6,016 5,613 1.072

Average 1.08

 

*Adapted from Laws, J. Otis, and Donald A. Parsons,

"The Relation of Raindrop-Size to Intensity," Transactions

American Geoghysical Union, 248452-460, 1945.

 



TABLE VII

CALCULATION OF MASS OF DROP

Flour

Mass of drOp = (mass-ratio)(mass of pellet)

4O

 

 

'ISieve Mass of Mass- Mass of Diameter

Opening, Pellet, Ratio DrOp, of Drop,

microns mg. mg. 'microns

420 0.105,00 0.959 0.098,60 573

589 0.190,00 0.957 0.181,83 705

840 0.519,58 0.988 0.513,55 993

1,168 l.250,3 1.015 1.269,1 1,340

1,397 2.080,5 1.031 2.145,0 1,600

1,900 6.655,4 1.071 7.127,9 2,390

2,362 13.708 1.095 15.010 ' 3,060

2,830 19.784 1.108 21.921 3,470'

3,560 54.675 1.128 59.113 4,210

4,000 58.238 1.146 66.741 5,030

4,699 94.174 1.164 109.62 5,940

 

Dental Plaster

Mass of drop I (mass-ratio)(mass of plas

 

ter pellet)(0.96)

 

 

Sieve mass of Corrected mass Mass- Mass 3?: Diameter

Opening, Plaster of Plaster Ratio Drop of Dr0p,

microns Pellet, Pellet, mg. microns

mg.

420 0.088,30 0.084,87 0.933 0.079,18 533'

589 0.527,20 0.314,48 0.972 0.505,67 856

833 0.744,06 0.715,11 0.998 0.713,68 1,110

1,168 2.076,0 1.995,2 1.030 2.055,1 1,580

1,651 4.15l,3 3.989,8 1.054 4.205,2 2,000

1,981 7.844,5 7.539,4 1.075 8.104,9 2,490

2,362 12.296 11.817 1.090 12.881 2,910

2,830 21.579 20.740 1.109 23.001 3,530

3,360 27.265 26.205 1.118 29.297 3,820

4,000 48.750 46.854 1.138 53.520 4,670

4,699 94.453 90.779 1.165 105.58 5,860

 



MEDIAN DROP MASS

TABLE VIII

41

 

 

(Milligrams)

Distance 5/32-inch Nozzle 5/15-inch Nozzle

Ngzgge, 30 psi 55—531 35 psi 40 psi

ft.

5 0.129 0.219 0.794 0.741

10 0.254 0.257 0.417 0.516

15 0.389 0.551 0.617 0.589

20 0.550 0.550 0.776 0.891

25 1.445 0.832 1.445 3.162

50 2.951 1.660 5.020 7.244

55 6.761 4.786 5.651 5.888

40 12.882 9.555 4.898 17.578

45 19.955
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those two points the hypothesis was rejected at the 95 per cent

probability level (64).

The relationship between the logarithm of the mass of

the median drop falling at each point along the radius and

the distance from the sprinkler is approximately linear (Fi-

gures ll, 12, and 15). The dr0p size increased rapidly as the

distance from the nozzle increased. The measured drops ranged

in size from 0.079 milligram to 109.62 milligrams corresponding

to drop diameters of 533 microns and 5,940 microns.

An increase in pressure of five pounds per square inch

had little effect on the drop sizes falling within approxima-

tely twenty feet of the nozzle. The effect of the oscillating

arm on the break-up of the stream was limited to a similar area.

At distances greater than twenty feet from the nozzle,

drop sizes were significantly different at the different pres-

sures. For the 5/32einch nozzle (Figure 11), a pressure in-

crease from thirty to thirty-five pounds per square inch caused

a reduction in-drop size. DrOp size reduction was greater as

the distance from the nozzle increased. For the 3/16-inch

nozzle (Figure 12), a pressure increase from thirty-five to

forty pounds per square inch caused an increase in drop size.

The difference in drop sizes was greatest at the points far-

thest from the sprinkler.

The change in drop size caused by an increase in

nozzle size from.5/52- to 3/16-inch diameter at thirty-five

pounds per square inch is shown in Figure 13. The larger
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nozzle produced larger drops in the area within approximately

thirty feet of the nozzle. In the area farther than thirty-

five feet from the nozzle, larger dr0p 81268 were obtained

from the smaller nozzle.

Energy of Drops Striking Target

The relationship between the logarithm of the energy

received at the target and the distance from the nozzle is

approximately linear (Figures 14, 15, and 16). The amount

of energy received increased rapidly as the distance from the

nozzle increased.

The energy at points within twenty-five feet of the

nozzle could not be obtained with the transducer used in

this experiment. The sensitivity was not great enough to

permit analysis of the oscillograph records for those points.

The largest amounts of energy received by the target

'were imparted by drops from the 5/52-inch nozzle operating at

'thirty pounds per square inch (Figure 14). A reduction in

energy received at pounts farther than twenty-five feet from

tflne sprinkler was obtained by increasing the pressure to thirty-

five pounds per square inch.

A further reduction in energy occurred at thirty-five

Inounds per square inch by increasing the nozzle size from

5/32-inch to 5/16-inch diameter (Figure 15). Such reductions

became negligible at forty feet from the sprinkler. At

INDints greater than thirty feet from the sprinkler greater
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energy reductions were obtained by increasing the nozzle size

to 3/16-inch and by increasing the pressure to forty pounds

per square inch (Figure 16).

Consequently, the least destructive action to the

soil would occur by the use of a 5/16-inch diameter nozzle

Operating at forty pounds per square inch. The use of the

other three combinations of nozzle size and pressure resulted

in greater energy imparted to the target.

The amount of energy measured at forty-five feet from

the 5/16-inch nozzle operating at forty pounds per square inch

did not follow the relationship exhibited by the other points.

The character of the water distribution at this point was

extremely irregular. Sometimes very few drops reached that

distance and at other times a sizeable quantity of water struck

the target. When the single trial resulting in the largest

amount of energy measured (Appendix F) was plotted, the linear

relationship was maintained.

Cumulative energy is plotted against time in Figure

17. Energy was delivered to the target during one to three

and one half per cent of the total time. The changing slope

of the curvesindicates that the delivery of energy to the

target was not uniform during the short interval the drOps

struck the target. Portions of the curves have a flat lepe

{showing that during some time intervals, little or no energy

was imparted to the target. During other time intervals the

curves have a greater slope, indicating a rapid delivery of
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energy. The maximum rate of change of energy observed in this

investigation was forty-seven ergs per second. This extreme

value was measured forty feet from the 5/32-inch nozzle op-

erating at thirty pounds per square inch.

Energy Imparted by Drape Compared with the Energy

Required to Move Sand from a Target

The energy imparted to the target under the conditions

reported herein was much less than the energy required to move

sand from a target area. An initial energy unit of five

thousand ergs per square centimeter was required to move fine

sand. (26) However, only about 2 per cent of the total energy

possessed by the drOps was imparted to splashed sand (27). An

initial energy unit of one hundred ergs per square centimeter

must be imparted to the sand for it to be moved from the tar-

get. Drops from the 5/32-inch nozzle Operating at thirty

Pounds per square inch imparted about one fortieth of an erg

or energy per square centimeter. to the target placed forty

f'eet from the nozzle. Assuming that all the energy imparted

to the target would be exerted to splash sand from the tar-

891; area, four thousand revolutions of the sprinkler would be

‘18 cessary to provide the initial energy unit of one hundred

aI‘gs. With the sprinkler requiring about seven minutes to

c=<>mp1ete one revolution, it is not likely that sufficient

eIlergy would be received at the target area to move fine sand

during an irrigation.
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Water Application Rates

Water application rates have been determined for

sprinklers by using catchment cans and by averaging the to-

tal fall out of water over the total period of time the

sprinkler was operated (6, 14, 71). Similar calculations

were used to obtain the data in columns three and five in

Table IX.

The true water application rate is shown in the even-

numbered columns of Table IX. True application rates were

obtained by averaging the total fall out of water over the

time interval during Which it fell on a particular target

area. The true application rates were thirty to ninety times

greater than the conventionally calculated application rates.

An increase of operating pressure from thirty to

thirty-five pounds per square inch on the 5/{52-inch nozzle

caused lower application rates at points beyond thirty feet

from the nozzle. At thirty-five pounds per square inch an

increase in nozzle size from.5/32- to 5/16-inch diameter caused

an increase in the application rates at the points tested. An

increase of Operating pressure from thirty-five to forty pounds

per square inch on the 3/16-inch nozzle caused a reduction in

application rates at points greater than twenty-five feet from

the sprinkler.

The increment of pressure increase recommended by the

manufacturer (33) as the difference between undesirable and

desirable operation on bare soils was effective in reducing
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TABLE IX

WATER APPLICATION RATES

(Inches per hour)

5/32-inch diameter noZzle

 

 

 

Distance Averaged Averaged Ayeraged Ayeraged

from over over over over

Nozzle, Application Total Application Total

ft. Time Time Time Time

50 psi 55 psi

25 0.5 0.01 109 0.04

30 1.9 0.05 2.4 0.05

35 4.0 0.06 2.2 0.05

40 5.4 0.11 4.6 0.07

 

3/16-inch diameter nozzle

 

 

35 psi. _ 40 psi

25 2.1 0.04 5.4 0.10

30 3.6 0.05 ' 5.5 0.12

35 4.8 0.06 3.7 0.11

‘ 40 7.5 0.08 6.8 0.13

45 0.86 0.08
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the highest application rates occurring in the area farther

than thirty feet from the nozzle. Such reductions tended to

make the application rates more uniform along a radius ema-

nating from the Sprinkler.

The calculation of true application rates included a

possible error of as much as 30 per cent. Nevertheless, a

clearer understanding of the phenomena of water application

by rotating sprinklers and their effect upon the soil may be

obtained by calculating water application rates on the basis

of actual time of application.
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CONCLUSIONS

The following conclusions may be drawn from the data

reported herein:

1. The spectrum of drop sizes received at points Spaced

along a radius emanating from a small irrigation sprinkler

may'be expressed as a single number that represents that par-

ticular spectrum. Such a number was called "median drop mass."

2. The logarithm of the median drOp mass varied linearly

with distance from the nozzle. Median drop mass increased

rapidly with greater distance from the nozzle. An increase

in pressure of five pounds per square inch had little effect

on the size Of drops falling within approximately twenty feet

of the nozzle. Changes in drop size caused by a change in

nozzle pressure increased with distance from the nozzle.

5. The logarithm of the energy imparted by drops from

a sprinkler striking a target near the ground varied linearly

with.distance from the nozzle. The energy increased rapidly

with greater distance from the nozzle. Greatest amounts Of '

energy were received from the drop Spectrum from.a 5/32-inch

diameter nozzle Operating at thirty pounds per square inch.

Some reduction in energy was Obtained by increasing the pres-

sure tO thirty-five pounds per square inch. A.reduction in

energy occurred at thirty-five pounds per square inch.by in-

creasing the nozzle size from 5/32-inch to S/lS-inch diameter.
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Additional reduction in energy was Obtained by increasing

the pressure at the 3/16-inch.nozzle to forty pounds per

square inch.

4. Energy was delivered to the target during one to

three and one half per cent of the total time.

5. Assuming that all of the energy imparted to the target

was exerted to splash sand from the target area, fine sand

(26) would not be splashed from the target area during an

irrigation.

6. True application rates based upon the actual time

of water application were as high as 7.5 inches per hour and

ranged from thirty to ninety times as great as the applica-

tion rates based upon total elapsed time. The increment of

pressure increase recommended by the manufacturer as the

difference between undesirable and desirable operation on

bare soils was effective in reducing the highest applicae

tion rates occurring in the area farther than thirty feet

from the nozzle.
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RECOMMENDATIONS

1. Detailed studies of the energy imparted by drops

from.irrigation sprinklers should be continued. The trans-

ducer used to obtain the data reported herein was capable of

sensing eighty milligrams per line on the oscillograph (2.51

x 10"5 centimeters of deflection of the beam per line on the

oscillograph and 550 milligrams required for one micron of

beam deflection). Further studies Of medium pressure

sprinklers will require an element capable of sensing two

milligrams per line on the oscillograph. The system.should

include automatic adjustments for changes in inertia load on

the target.

2., Similar equipment should be used to determine true

water application rates of irrigation sprinklers.

3. Energy patterns similar to those reported herein

should be applied to typical irrigated soils to measure

changes in soil condition caused by that application of energy.

Evaluation of the changes caused by the energy application

will:

a. Assist the sprinkler manufacturer to make necessary

changes in nozzle design to meet prevailing soil con-

ditiOns;

b. Permit irrigation system designers to be more readily

able to select the proper combination Of nozzle size
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and operating pressure to minimize harmful structu-

ral changes in the soil caused by excessive quantities

of energy applied to the soil; and

Permit irrigators to use properly designed and

selected equipment withOut severe damage to soil

physical characteristics.
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APPENDIX A

WEIGHT PER PELLET FOR DENTAL PLASTER

(For 5/16-inch nozzle at 55 and 40 psi)

 

Screen Total Wt. Total No. Weight per

Opening, of Pellets Pellets Pellet

microns Retained, Retained Retained,

gm. mg.

420 15.480 152,655 0.088,504

589 15.500 47,571 0.527,204

855 29.600 59.782 0.744,055

1,168 29.020 15,979 2.075,97l

1,651 22.720 5,475 4.151,288

1,981 15.775 1,756 7.844,555

2,562 17.755 1,444 12.295,706

2,850 14.760 684 21.578,947

5,560 10.170 575 27.265,416

4,000 9.555 196 48.750,000 -

4,699 6.045 64 94.455,125

 



APPENDIX B

WEIGHT PER PELLET FOR FLOUR

(For 5/52-inch nozzle at 50 and 55 psi)

 

Screen Total Wt. Total No. Weight per

Opening, of Pellets Pellets Pellet

microns Retained, Retained Retained,

gm. mg.

420 16.856 160,544 0.104,999

589 26.565 159,754 0.189,999

840 44.245 85,155 0.519,582

1,168 9.954 7,945 1.250,546

1,597 26.757 12,861 2.080,476

1,900 19.081 2,867 6.655,589

2,562 12.899 941 12.707,758

2,850 14.858 750 19.784,000

5,560 11.408 529 54.674,772

4,000 6.115 105 58.258,095

4,699 4.552 46 ' 94.175,915
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APPENDIX C
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APPENDIX D

ENERGY LOSS PER CYCLE DURING DAMPING

AE/E = 0.722 - 0.009,7 320.030

 

B .AE/E - B ASE/E

g 0.717 10% 0.620

1 0.712 11 0.615

1% 0.707 11% 0.610

2 0.705 12 0.606

2% 0.696 12% 0.601

5 ,0.695 15 0.596

5% 0.666 15% 0.591

4 0.665 14 0.566

4% 0.676 14% 0.561

5 0.674 15 0.576

5% 0.669 15% 0.572

6 0.664 16 0.567

6% 0.659 16% 0.562

7 0.654 17 0.657

7% 0.649 17% 0.552

6 0.644 16 0.547

6% 0.640 16% 0.545

9 0.655 19 0.556

9% 0.650 19% 0.555

10 0.625 20 0.526

 



APPENDIX E

EQUATIONS FOR CALCULATING MEDIAN
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DROP MASS

Distance

from 5/52-1nch nozzle

Nozzle,

ft. 50 psi 55 psi

5 y - 0.50961: - 40.2515.65 y - 0.44041: - 25.10 $4.61

10 y - 0.52651: - 52.59t4.82 y - 0.55411: - 52.08t5.44

15 y = 0.56571: - 28.71.511.80 y I 0.47911: - 22.55 35.12

20 . y I- 0.65781: - 50.91.: 4.71 y I 0.57281: - 24.65 335.51

25 y I 0.71271: - 25.7135372 y I 0.56861: - 17.70 135.02

30 y = 0.7546x " 17002 $6097 y = 0.6752}: " 17064 24077

55 y -'-' 1.24551: - 52.951: 8.97 y I 0.91581: - 25.76 £8.25

40 y I 1.50061: - 69.45 $14.81 y I 1.01921: - 25.92 212.25

5/16-inch nozzle

55 psi 40 psi

5 y I 1.25451: - 82.44 £5.10 y I 1.25671: - 84.05 32.11

10 y = 0.71541: - 40.871: 5.52 y I 0.81161: - 55.10 124.75

15 y 8 0.69121: - 52.41t5.01 y = 0.68851: - 52.78 £4.51

20 y I 0.89671: - 48.85t4.50 y 8 0.75521: - 52.66t5.58

25 y = 0.90611: - 40.08:5.76 y 8 0.94601: - 51.6536.70

50 y = 1.00451: - 58.09 £8.19 y = 1.08491: - 52.17t9.97

55 y = 1.19621: - 54.42 $10.50 y I 1.04561: - 51.55 9:11.54

45 y = 2.10781: - 118.00 '3: 8.47

 





(Ergs on target area of 500 sq. cm.)

APPENDIX.F

ENERGY 0F FALLING DROPS

 

Distance

from 5/52-1nch.nozzle 5/16-inoh nozzle

Nozzle,

ft. 50 psi 55 psi 55 psi 40 psi

25 0.140.8 0.189 8:8§§:§ 8:83.518
0.175.2 0.124 0.08210 0.120.5

Ave. 00158,0 0.156’5 00060,5 0.11.5.5

30 0.554,8 0.525,6 0.140,0

1.004,8 0.502 0.128.4 0.556,4

0.68618 .415 0.060.4 0.073l6

Ave. 0.748,8 0.457,5 0.171,5 0.190,0

55 1.844 ' 1.124 0.751.2

2.244 1.445 1.058 0.313,6

2.092 1.697 0.908 0'409I6

Ave. 2.060 1.571 1.050 0.491,5

40 8.72 6.512 3.612 2.004

18.58 6.788 6.716 0.552

10.640 8.200 7.864 1.500

Ave. 12.58 7.100 6.064 1.285

45 ' 1.996

0.256,4

0.22228

Ave. 0.818,4
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APPENDIX.F (CONTINUED)

ENERGY 0F FALLING DROPS

(Ergs per sq. cm. on target area of 500 sq. cm.)

 

Distance 5/52-inch nozzle 5/16-inch nozzle

Nfiggge, 30 p81 35 p81 55 psi 40 p81

ft.

25 0.000,316 0.000,513 0.000,121 0.000,251

50 0.001,50 0.000,915 0.000,545 0.000,580

55 0.004,12 0.005,14 0.002,06 0.000,985

40 0.025,2 0.014,2 0.012,1 0.002,57

45 0.001,54

(Mai. single observation 0.005,99)
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