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CHAPTER I

INTRODUCTION

Soil erosion studies have proceeded along two basic paths in-
so-far as erosion by water is concerned: (1) the measurement of soil
loss and runoff caused by natural rainstorms, with pertinent charac-
teristics of those storms; and (2) the measurement of such losses when
caused by artificially-produced storms of arbitrarily-selected
characteristics. Both are important research methods. The first
provides a measure of the magnitude and variability of storms as they
actually occur in a given area, as well as accurate measurement of
losses produced by a particular storm type and intensity on a given
condition of plots. However, it has one costly disadvantage: a
particularly important type of condition and storm might not occur
except at rare intervals. The second type of storm can be produced
almost any time and has the advantage, therefore, of greatly decreasing
the time involved in getting an answer. A disadvantage is the great
difficulty in accurately simulating any given storm type. Meyer and
McCune (14) describe a rainfall simulator which probably is the most
accurate of any devised on the basis of storm energy per unit quantity
of rain, and the development of simulator design has been reviewed by
Mutchler and Hermsmeier (21).

Meyer (17) defines the following criteria as being important to

the accurate simulation of rainstorms: rainfall intensity, raindrop



slize distribution, raindrop fall velocity, and to lesser degrees or

in ways less understood, drop temperature, shape, impact angle, and

the effect of wind.

Wind may have several effects on the simulation of rainfall or,

for that matter, on natural rainfall.

(1)

(2)

It distorts the location of the drop impact from the
intended target area to some point downwind. Logic and
experience would indicate, furthermore, that smaller drops
will drift much further than larger drops.

Because drops drift in the wind, they gain a horizontal
velocity. This velocity is combined with vertical
velocity at some point along the fall path of the drop to
determine the resultant velocity and direction of fall at
that point. Logic indicates that the limiting factors
would be still-air terminal velocity in the vertical
direction and wind velocity in the horizontal direction.
Van Heerden (28), citing references, indicates the actual
horizontal component is somewhat less than mean wind
velocity. However, the resultant impact force of indi-
vidual droplets will be at some angle differeat from the
vertical. This would be expected to give a net splash
movement of soil inaterials in a downwind direction.
According to Van Heerden (28), total splash erosion

increases with increasing angle of deviation (from a



vertical direction). Wind in itself does not appear to
account for soil movement, other than to the extent that
it changes the angle of impact of the rain.

(3) within a small plot area, wind drift may be sufficient to
remove appreciable quantities of water from tha taat
area, as a wind-borne mist of fine droplets.

Quantitative data concerning these effects is minimal. To gain

this information, this study was conducted.




CHAPTER II

STATEMENT OF PROBLEM

The displacement of falling water drops by wind is of particu-

lar interest to those studying the mechanics of soil erosion.

Drops subject to wind drift may commonly occur under one of

these basic conditions:

1.

They may be formed high in the air, as a rainstorm, falling
until they attain vertical terminal velocity, as in still
air. More commonly, they may fall through a moving air
mass, so that actual drop velocity and direction is a
resultant of the vertical velocity attained (produced by

the downward force of gravity and limited by air resistance),
and the horizontal velocity attained (limited to the velocity
of the wind acting on the side of the drop).

Drops may be formed by a nozzle, a capillary tip, or a piece
of yarn, so as to fall vertically, either with initial
velocity or accelerated by gravity alone; but formed
sufficiently close to the ground that the force of the wind
on the side of the drop would not accelerate the drop suf-
ficiently to bring its horizontal velocity up to the wind
velocity.

Drops may be produced by a nozzle, projected at some angle

from vertical, so the drops have some initial horizontal




velocity. This might be to provide dispersion of the
sprinkler pattern over a large area, thereby reducing
intensity to a tolerable level.

The "Rainulator" described by Meyer and McCune (14) uses a
spray from a Veejet nozzle, directed vertically downward. A small
portion of this spray would be typified by case 2. Most of the spray
consists of drops of various sizes and projected at various angles
from the vertical, within an included angle of 80 degrees.

This particular study is limited to the second case. This
situation would typify a rainfall simulator from which all drops are
projected vertically downward at a velocity approaching terminal
velocity. Such equipment operating in this area would be expected to
encounter more or less windy conditions. Wiersma (29) reviewed 52
years' data from Huron, South Dakota and found that the average wind
during the irrigation season (defined as April 15 to October 1) was
10.8 miles per hour (15.8 feet per second). Further, he pointed out
that this included all hours of the day, and that wind velocity was
greatest between the hours of 2 P. M. and 4 P. M. (CST). He concluded
that during many hours of sprinkling time a wind velocity of greater
than 10.8 miles per hour would be encountered.

Drop displacement was considered to be the dependent variable
in this study, with drop size, wind velocity, and fall distance con-
sidered to be independent. Other factors investigated were drop

velocity and impact angle.




CHAPTER III

THE WIND TUNNEL

Design Principles

Wind tunnels of many different designs and configurations have
been developed over the years. Prandtl and Tietjens (24) described a
tunnel built in Moscow in 1906: ". . . the air was also sucked in by
a blower since it had been shown by previous experiments that an air
stream of this kind is far less turbulent than one blown into the
tunnel." Further, '"The vorticity of the air was diminished by arranging
a rather large intake nozzle at the entrance of the tunnel and also
by installing a number of honeycomb grids, with the result that the air
velocity had variations less than 4% of the mean."

This tunnel, built by Riabouchinsky, was about 4 feet in diame-
ter; about 45 feet long; and yielded velocities of 3-20 feet/second.
It was an open-wind tunnel; that is, recirculation was through the
atmosphere rather than through a closed loop of ductwork,

Other tunnels described by these authors were closed wind
tunnels and free-jet wind tunnels, both types being recirculating.
The free-jet tunnel has the rather important advantage, for model
studies, of eliminating wall effects in the test area. However, for
droplets, this should not be an important factor, as the throat width
is much larger than any characteristic dimension of the largest drop

concerned.



Most wind tunnels found in tha literature are of round or
square crois-section in the test throat. Becauss thia study was con-
cerned with two-dimensional travel of wamter drops, = lérgn vertical
dimension (12 feet) was needed, but the lateral dimension could be
left quite small. After mome investigation (see Appendix I) of the
velocity uniformity which could be expected across throats of various
widths, the throat width was et at 8 inches. This allowed the use

of a crop-drying fan which was already available in the department.
Features of This Tunnel

Construction details of the tunnel are shown in Appendix I.
Sevieral design features were incorporated to give velocity uniformity.

l. A smooth, parabolic-wall entrance section was conatructed
to provide smooth #ilr-flow lines into the tunnel. By pro-
viding smooth flow here, turbulenc# within the tunnel was
suppressad and a uniform velocity profile wam obtained in
the initial reaches of the tast mection.

2. A transition sectiomn was used to couple the downwind end
of the test section, 12 feet vertical by & inches in width,
to the inlet of the famn shroud, which wae 2.5 feet in
diameter. Becaus# of thie markesd change in dimension it
was believed to be desirable to provide moms presmurms drop
at the juncture of test section and transition. By giving

s more uniform negative potentinl acrosm the entire vertical




section of the tunnel, more uniform velocities could be
expected. Ordinary window screen was placed between the
test section and the transition section to give this
pressure drop.

3. The fan was mounted in a raised position, so its horizontal
axis was 6 feet off the floor. This allowed symmetry in
the transition section.

Some means was needed to vary the air velocity. Since the
transition section was constructed of polyethylene film over a frame-
work of iron rod, the simplest method was to open the transition and
bleed air directly to the fan, thereby reducing flow through the test
section. The degree of opening was adjusted until a pitot-tube,
located directly in the center of the wind tunnel, indicated velocity
to be at nearly the desired level. Then the polyethylene was taped
in place, a detailed velocity profile was obtained, and the test

procedures wers resumed.
Calibration Results

Several velocity distributions were obtained in checking uni-
formity. Figures III-1 and III-2 show the distributions 12 feet and
20 feet, respectively, downwind from the entrance of the test section,
for a nominal 20 feet/second velocity. Very good uniformity was
obtained across the throat, especially within the center 2-inch section,

through which virtually all the drops observed passed. By far the
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11

gré#atest velocity variation was observed near the top of the tunmnnel.
This was discussed with L. D. Meyer (13), who suggested that it
indicated inadequate entrance section design. The floor of the
laboratory served to give smooth streamlines into the bottom of the
tunnel, as the parabolic entrance did for the sidewalls. Either a
similarly-curved top for the entrance, or an extended flat plane on
beyond the entrance, would improve this measurably. While undesirable,
this discrepancy probably did not have much adverse effect on the
conduct of the study.

Figure III-3 shows the distribution 12 feet downwind for a nomi-
nal velocity of 15 feet/second. In general, the comments above are
equally applicable in this case, only the velocity magnitudes being
less.

These velocity distributions were obtained by measuring wind
velocity in a grid pattern, at distances of 1/2, 1, 2, and 4 inches
from the tunnel wall; and 3, 6, 12, 36, and 72 inches from the top and
bottom of the throat. A 5/16 inch Dwyer pitot tube was used, connected
to a sloping manometer.

Figure III-4 shows the vertical velocity profile through the
tunnel throat at a nominal velocity of 6 feet/second. Because the
manometer deflection was so small as to be unreliable at this velocity,

a K & E fan-type anemometor was used instead.
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CHAPTER IV

DROP PRODUCTION

The production of individual water drops of uniform size has
been investigated by several researchers. Palmer (22) reviewed much
of the significant work on this subject beginning with the classical
investigations of Lord Rayleigh (25).

Waterdrops have been formed on yarn tips (6), eyedroppers (2),
and lengths of hypodermic tubing (22).

Jet flow usually occurs when small tubes are used; drop forma-
tion is then very rapid. In the case of very small tubes, the
viscosity effect is so great that flow through the tube proceeds very
slowly; a drop will form quite slowly on the nozzle tip, finally
breaking away when the force of gravity on the mass of water suspended
exceeds the surface tension between the water and the nozzle tip.

Palmer (22) used a graded series of sizes of hypodermic tubing
to achieve flow regulation. A small diameter tube limited flow to
satisfactory rates, and a gradation of tube sizes gave smooth flow to
the final size tube. He found he could get quite consistent drop size
control in the diameter range from 3.2 to 5.2 mm. Table 4-1 lists tube
dimensions from his data with the size drops he obtained; these may
be compared to the results shown in Table 4-2.

Gage size reported is the final tip section used by Palmer:
smaller diameters were used above the tip section to control the flow,

as already described.
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Table 4-1. Drop Size Compared to Tube Diameter Used. From Palmer (22)

F— - —— — = ——r — = r— = — —
Nominal Diameter 0.D. Drop Size,
Gage Inches mu.
11 0.120 b.6
13 0.095 k.3
22 0.028 2.9*

*Istimated by visual extrapolation

Blanchard (2) formed drops on the tip of an eyedropper and was
able to continue to inject water into the drop until it reached the
desired size, because his drops were held suspended on a vertical
c¢olumn of air. The rate of drop formmtion, under such circumstances,
could not be considered a factor in his investigations.

Ellison and Pomerene (6) supported cloth over a wire mesh. A
length of yarn was suspended from the cloth in the center of each mesh
opening. When a nozzle waz directed so as to spray over the surface
of the apparatus, water would collect in the pockets thus formed and
would be conducted down the yarn, from which it would drip. The rate
of drop formation with this system could be regulated by the spray
intensity onrn the cloth surface. Drop size was a function of yarn size
and was reported to vary sbout ! 6 percent for & given size yarn.

For this study, it was nece#ssary to producs drops singly, at
intervals of several seconds. The drops had to be quite uniform in
size, and conmistent in size from day to day. A rangs of sizes was

needed.
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Table 4~2. Drop Former Data: Tip Diameters and
Drop Sizes Produced By Them

Tip Material  Nominal size  0.D.  Drop Diameter
Inches mm.
Glasa 0,011 2.2
Steel 22 ga. 0.028 3.0
Steel 13 ga. 0.095 4,2
Glass 0.125 4,6
Steel /4" X 27 ga. 0.252 . 5.5

With the smallest tips used, the viecosity affect was suf=-
ficiant to provide flow regulation suitable to this study. When using
larger tips, an adjustable clamp was used on a rubber supply hose to
reduce the flow rate.

Drops formed on the tip of a hypodermic tube appeared to be very
uniform in size if flow rate, temperature, and water quality remained
conatant.

Stesl hypodermic tubing was used for three of the five drop
sizes, and glass tubing was drawn to appropriate diametiérs for two
more sizesm. The dimensions of thes® tips, and the drop sizas producwd
by them, are given in Table 4-2,

Comparisons between the sizes of drops obtained by Palmer and
thoses obtained by the author appear to ba favorable.

Drop size was determined in this study by catching a known

number (100 drops of the largest sizam, 200 of the smaller ones) in a
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bottle, the weight of which had previously been determined, and by
weighing the sample thus obtained. Knowing the average drop weight,
mean spherical diameter was then calculated. A drop diameter versus
drop weight curve was prepared to facilitate calibrations, and is
shown in Appendix II, Figure AII-1.

The steel drop-forming tips were prepared by cutting them to
length and then truing them to squareness in a valve-grinding machine.
The glass tips were made from 1/4" O.D. glass tubing. A length of
this was cut off, chucked in a drill press to provide support, and
heated with a torch. The drill press was slowly rotated by hand to
give uniform heating around the circumference of the tube. When the
flame began to show yellowish-red from the sodium given off by the
glass, and a slight reduction in diameter of the tube indicated it was
slumping from its own weight, the flame was quickly removed; the rota-
tion was stopped; and the end of the tube was quickly pulled so as to
greatly lengthen it, thereby effecting a great reduction in diameter.
(It was necessary to do all three things simultaneously. Because some
experience was necessary, the first few tips so produced, especially
in the smaller sizes, were not satisfactory.)

Once a satisfactory diameter was obtained, it was allowed to
cool and was then snapped in two at the point where the desired diameter
occurred (usually the minimum diameter). It was impossible to true
this end completely; however, it was possible to carefully run the end

of the tube over a piece of abrasive paper and break off the larger



18

projections. This process produced a long, gradual taper to the final
minimum diameter; this should have produced smooth flow lines, but it
also served to trap any flaky materials which might be in.the water.
Clean, deionized water was usedj the author found it necessary, even
so, to run the water through Whatman No. 5 filter paper in a filter
funnel to minimize plugging of the smallest tip. In most cases, the
drop forming equipment was adjusted to a frequency of 6-10 drops per
minute. No variation in size, within this frequency range, was
detectable. In the case of the smallest glass tip, it was not
possible to maintain even this rate of flow.

An illustration of the drop-forming apparatus is shown in
Appendix II, Figure AII-2. The complete assembly was suspended from
the ceiling, over the wind tunnel, during runs, as indicated in

Figure AII-3 of Appendix II.
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CHAPTER V
DROP VELOCITY

The velocity of falling water drops has been determined by
several methods and by numerous workers. Meyer (15), in a detailed
literature review, listed the following methods:

(a) Photographing drops during fall (seven citations)

(b) Electronic measurement of time for drop to pass consecu-

tive points (four citations)

(¢) Stopwatch timing (one citation)

(d) Upward velocity of air stream required to suspend drops

(three citations)

(e) Computation (three citations)

For the purposes of this study, either of the firat two methods was
suitable. The photographic method was chosen, and te&chniques were
developed based on the work by Doering (4). Figures V-1 and V-2
illustrate th& basic photographic setup which was used. A Graphlex
23" camera with 101 mm lens was used with an aperturs setting of
f/k.5. Kodak Tri-X 120 roll film, "pushed” in development, provided
an adequate image. Two photofloods were used %to backlight the drop
during the early part of the study, as shown by Figure V-2. Because
this was a continuous light source, the camera recorded continuous
"atreaks" of reflected light from the two sides of the drop. The dis-
tance between the pair of streaks gave an estimate of the drop width

or diameter.
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A General Hadio Type 648-i Strobolux, triggered by a General
Radio Type 631-BL Strobotac, was placed as shown in Figures V-1 and
V-2 and adjusted to provide 100 flashes per second. Each flash
recorded a separate image of the drop between the previously men-
tioned streaks. The distance between these images was related back
to the actual displacement of tha drop during the flash interval, and
the drop velocity was calculated on the basis of displsacement par
unit time. Figurs V=3 illustrates the pair of streaks nicely, as
wegll as the dual drop images given by succassive strobe flashes.

This technique worked very well when used to determine drop
velocity just before the drop entered the tunnel. However, it was
necessary to photograph through a plexiglas wall, using back-light
through another plexiglas wall, in order to determine velocity within
the tunnel itself. Too much light-scatte#ring occurred dus to surface
reflections off the plexiglas, and negatives were completely 'burned
out." The sidelights were therefore abandoned. Only the strobe unit
was operated, for the rest of the work, giving displacement only.
Figure V-4 shows two drop images am they appeared from successive
strobe flashes, without incandescent sidelights.

The drop was formed approximately twalve feet above the top of
tha tunnel. in amsistant watched the drop bresk free and signaled
the muthor, who then trijggered the shutter. 4 delay of two human

reaction times thus was involved, which was lesa than thas fall time
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Figure V-3. Succeisive strobé-illuminated imeges of a falling drop.
Straasks on sach #ide are reflectionas from continuous light sources
(incandescent bulbs) as drop moves through camera field.



2k

Pigure V-4. Successive strobe-illuminated images of a falling drop.
No continuous light source used. Note horizontal displmcement of
second image, indicating drop to be falling in a slanting

direction due to wind drift.
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for the drop. The shutter remained open a half second, during which
time the drop fell past the camera and its image was recorded twice
on the film.

Drops in the size range used in this study could ba expected
to attain velocities of the order of 25 ft/sec. At this velocity a
drop would fall three inches in 1/100 second (the interval between
strobe flashes). Therefore the camera-to-subject-plane distance was
adjusted to give a camera field of about six inches. This would
usually give two drop images within the field of view. Mamy of the
drops appeared on either side of the field, due to drift. It was
usually necessary to expose an entire roll of eight frames to get two
or thres good pictures.

A 2" X 2" grid pattern was inked on white drawing cardboard to
provide a means of checking camera alignment. This was suspended in
the center plane of the tunnel while setting up the camsra. Focus
and alignment were examined on th# ground glass of tha camera before
installing the roll film adapter. In addition to th& grid pattern,

i scale, computed to give feat per second directly from displacements
for 100 flash-per-sscond exposures, was also inked. A photograph of
the grid pattern and scale was made periodically to give easy
raference values for velocity meamurements and to give & record of
camera alignment as proof it had not b&#en altered. Figure V=5 is an

example.
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Figure V-5. Grid pattern used for checking camera alignment with and
focus on the plane through which drops fell. Note the velocity
scales for warious strobe-light frequencies. Displacement
between succemsive images as in Figures V-3 and V-4 ware
compared to the appropriate scale on a photo such ms
the one above to determine velocity.



Errors and Precautions

Several types of error may occur dus to the naturse of this

method.

Their naturs, and methods used to minimize them, are dise

cusaed b#low.

1.

2.

The camera may have been out of alignment with the plane of
the tunnel, thereby recording a false image of the drop's
locetion. To minimize auch errors, casmera alignment was
checked periodically amd also whenever the camera was
moved, using the grid pattern as previously discussed. Ths
camers wal rigidly mounted om a tripod. The film was
suppliesd in a roll adapter; with cara, it could be advanced
without disturbing the camera position. The roll film
adapter wan sasily resmoved from the camera to change rolls
of film, The shutter was tripped by & solenoid and the
flash attachment (without use of flashbulbam), se that mo
disturbsnce was likely while the shutter was open. The
shutter was cocked manually, with efforts to assurs lack

of disturbance at this time also.

in arror of systematic nature could have oecurred due to
the strobotac opersting off frequency. MNowever, ths unit
had bean factory cslibrated within the past year. In
nddition, a built-in vibrating reed was used as a guide

in adjusting the freguency, sfter warmup, to fraquencies



of 900 and 3600 flashes per minute. The unit seemed to
hold frequency very well and did not cmuse any observable
errors during this work.

3. some latitude in drop-to-camera distance was possible, and
could account for some error in individual measurements.
Those drops which were photographed above the tunnel to
estimate velocity upon entering the tunnel would be the
most likely to be in error. The small#r drops, in general,
showed greater wander than did the larger sizes.

The drops which were photograjhed within the tunnel,
two feet off the tunnel floor, were more closely confined,
because it was necessary for them to fall through a narrow
slot (one inch wide), parallel to the film plane, to enter
the tunnel. They were therefore limited to a zone somewhat
less than one inch in thickness.

In sither case, such errors should be nearly random
in nature, so that meaningful results could be expacted by

averaging the resulta of =everal measurements.

Results Cbtained

The fall velocity of drops of several sizes was determined under
three conditions: (a) just above the wind tunnel, to determine
approximate entrance velocity after twelve feet of frees fall; (b) two

fegt mbove the tunnel floor, under still conditions, to determine drop
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Table 5~l1l. Average Fall Velocities for Water Drops

p———— T — . a——____———=___———

Drop Diam. ¥ind Vel. Drop Velocity, ftjsec
mm. ft/sec (1)* (2) (3) (4) (5)
85 0 24,2 24.0 320.0 27.8 20,0
F.5 20 29.9
L.2 0 22.7 23.0 28.5 26.9 29.2
4,2 20 28.5
3.0 0 21.5 2l.3 26.2 24,9 26. 4
3.0 20 26.4
2.2 0 19.3 19.5 23.6 22.3 22.6
2.2 20 25.2

= —— _ . —— - —
Column (1) is the drop velocity as measured just above the

*Hote:

Column

Column

Column

Column

(2)

(3)

C))

(5)

tunnel entrance after falling 12 feet.

is the velocity interpolated from the curves given
by Laws (10) for 12 feet of fall.

is tha velocity as measured 2 feat above ths tunnel
floor, either with or without herizontal wind acting
upon it; measured after drop has fallen 22 feet.

is the velocity interpolated from Laws (10) for 22
feet of fall.

is the terminal velocity for the respective drops
as given by Gunn & Kinzer (8).

velocity after approximately twenty~-two feet of fall; (c) two fest

above tha tunnel floor, with a twenty ft/second wind, to detsrmine the

rgsultant velocity as caused by the combined forces of wind and gravity.

The results shown in Table 5-~1 are the average values from sewesral

measurements for each drop size and measurement location.



Discussion

Drop velocities m#asured after 12 fest of fall agres vary
closely with values from curves publimhed by Laws (10). &sverage
values vary no more than 0.3 ft/sec from Laws' curves, and it must be
emphasized that some error in this interpolation is also likely, on
the order of % O.1 fps.

ifter 22 feet of fall, however, the data obtained appear to
be 5-8 percent higher than values taken from Laws. For the 5.5 mm
drops, the velocity measursd equals that given by Gunn and Kinzer for
terminal velocity. For the 2.Z mm drops, the velocity measured
actually exceeds their terminal velocity value by 1.0 fps. Since they
employed an electronic method of velocity measurement, capable of
very good accuracy, their values would seem to be definitive.,

This would cmst doubt on the accuracy of the results obtained
after 22 feet of fmll. Tmble 5-2 gives the individual values obtained
from separate photés. as an indication of uniformity of measurement
from one picturs to the next. ill valuas shown were for drops exposed
to 20 ft/sec of wind.

It can remdily be seen that the m@asurements were somewhat
variable. This may be attributed to any of the several errors pre=-
viously discussed. The variance of individual values from their
respective means was calculated eccording to the methods suggested by
Mills (18), and amounted to * O.4. BSince the variation between actual

velocities recorded and values given by lLaws (3) in every case excesds
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Table# 5-2. Indiridual Drop Velocitiesm After 22 Fe#t of Fall

Date . Drop Diam.  Measured Velocity  Jverage for Size
mm, ft/sac .

22 May 64 55 29.7 29.9
22 May 64 5:5 30.1

15 May 64 4,2 29.1 28.5
19 May 64 4,2 27.8

28 July 64 b2 28.0

28 July 64 L.2 28.5

28 July 6k 4.2 28.8

28 July 64 4,2 29.0

22 May 64 3.0 25.8 26.4
22 Hay 64 3.0 24.8

22 May 6L 3.0 27.3

22 May 64 3.0 26.8

22 May 64 3.0 27.2

21 May 64 2.2 25.0 25.2
21 May 64 2.2 24.8

21 Hay 6L 2.2 25.9

|

this seversl-fold, it is very unlikely that this difference could be
mttributed to = random effamct. It cen only ba concluded, therefore,
that (1) drops fall more rapidly at this distance than has generally

been shown, or (2) some consistent error was present during the entire
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series of measuremznts at the greater fall distance. Becaus# the
studies of velocity by Laws (10) and Gunn and Kinzer (8) were much
more thorough than was the author'a study, the latter conclusion must
be accepted as the likely explanation.

However, desmpite this distrust of the absolute valuesm obtained
in this mtudy, comparison of the results for wind and no-wind condi-
tions near the bottom of the tunnel would still seem valid.

Based on the averages shown in Table 5~1, it seems safe to
conclude that the larger drops showed no effect of the vectorial
addition of gravitational force and wind force in determing drop
velocity. Only in the case of the 2.Z mm drops dees a difference of

any real magnitude appear.
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CHAFTER VI
WIND DRIFT

Rain falls in a slanting dirsction whan accompanied by wind.
The slant is related to the wind veélocity and to averaga drop size.
This is described in mor® detail in the next chapter (Chaptar VII).

It is sufficient hera to say that the horizontal-compongnt velocity
of the raindrops will approach the velocity of the wind acting wupon
them.

Rainfall simulatiom equipment of current usmge produces drops
projected downward at an apprecimble initial velocity from & few feet
above the ground surface. Thig has two important effects:

(1) the drops strike the ground with impact energy approaching

that of natural rainfall,

(2) the drops fall only a short distance through air in motion,
thereby minimizing horizontal drop acceleration and resulting
wind drift.

Both are desirable traits. They promote realistic and uniform
storm characteristics over a series of triala. Differences in results
obtained cam then be attributed to differences in plot characteristics
(e.g. soil type, slope, cover, tillage treatm-ntt etc.) under similar
storm conditions. Meyer (17) discussed at some length the criteria
for obtaining realistic information by means of such squipment.

Characteristics stated to be important are:
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(1) Drop size distribution and fall velocities near those of

naturil rainfall at comparable intensitias,

(2) Intensities in the range of storms producinglmedium to

high rates of runoff and srosion.

(3) Application area of sufficient size for satisfactory

repragentation of treatments end erosion conditions.

(4) Complete portability.

(5) Accurate reproduction of storms.

(6) sSatisfactory operation in winds of appreciable velocity

(field research equipment).

(7) High uniformity of application intensity and drop char-

mcteristics throughout the study area.

(8) Angle of impact not greatly different from vertical for

most drops.

(9) Rainfall application nearly continuous throughout the

study area.

It seems clear that any appreciable wind drift might alter the
uniformity of application intensity and the uniformity of drop char-
acteristics throughout the atudy area. Small drops could be e&xpected
to drift much further than large drops. No criteria for amcceptable
performance in these ragards have been offered; none could remmonably
be eatablished without at least some quantitative knowledge of wind
drift of the dropes involved. Impact angle will also ba affected by

wind drift.
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Beayond establishing criteria for acceptable performance, such
information should enables the appraissl of changes in the design of
ejuipment to allow more pe#rfect storm simulation.

Wischmeier and Smith (30) found they could best predict soil
erotion from a given storm by an interaction between storm kinetic
energy and the maximum 30O-minute intensity of the storm. Since with
simulation equipment intensity is usually held conatant, the only
variable would be kinetic energy. While maintaining other criteria -
drop size distribution, intensity and uniformity of intensity -~ at
desired levels, Mayer (15) was able to find one nozzle arrangement
which produced a "storm" giving kinetic energy equal to 77% of that
from a natural rainstorm at an intensity of 2.5 inches/hour. The
nozzle chosen is operated mt & hesight of eight faet.

Increasing this height would increase somewhat the kinetic energy
of the ‘''storm'" produced, since the larger dropa have not yet reached
terminal velocity. Criteria for evaluating a nozzle on this basis are
available (15), if the drop-size distribution characteristics are
known.,

However, increasing operating height exposes drops to a greater
time of fall, making them more susceptible to wind drift. /my rational
method of deciding a best balance betwesn operatiang height, storm
energy and allowable wind drift must be bazed upon achieving a "best

balance' for the particular situmtion. Knowledge of the ralationships
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betwesen drift and drop size, drift and operating height and drift and
wind velocity is needed.

Some idea of the wffect of wind on sprinkler irrigation pat-
terns may be gained by studying the work done by Wiersma (29).
Howeviér, irrigation sprinklers cover a large area by projecting a
stream horizontally outward and slightly upward while rotating. Indi~
vidual drops therefore are exposed to wind for a much longer period
and consequently tend to drift greater distances. Furthermore,
irrigation investigations are primarily concerned with getting uniform
intensity over the area involved. Energy is regarded as detrimental
because of its effect in packing the ground surface (7).

Thie study was planned and conducted to cobtain data of the kind
needed to aid in selection of nozzles and operating conditioms for
more accurate rain simulation. Drops of five sizes, from 2.2 mm to
5.5 mm diameter, were allowed to fall inte a wind tunnel operating at
three wind velocities (6, 15, and 20 feet/second). In order to deter=-
mine wind drift at various heights in the tunnel, & board was placad
horizontally in the tunnel in the drop path. Papi#r toweling was taped
to the top of the board, since it was found that drops could be seen
much more reamdily against an absorbent background. The board was
supported on eighth-inch welding rods acros& the test section, at
two-ioot height increments. To obtair "average impact point," the
location of one splash was first noted with an aiming device. The

device was then moved one-half the distance to the next impact point,



37

one-third the distamce from there to the next, then one-fourth, one-
fifth, ete., until the movements became too mmall to be made reliably.
The aiming device as illustrated in Figurs VI-1l, and was made of ong
eighth~inch welding rod, formed into two triangles so their inter-
section is perpendicular to the planeé of their bases. This was held
against the transparent side of the tunnel. The location of the
splash from the drop former was first determined with the fan not
runiing, then wind drift was determined at each height as the net
displacement from this index after the [an was started. The average
splash location for a given drop size-wind velocity-fall distanca
condition was recorded from three sepziate runs made on different
days.

Data obtained are summarized in Tables 6-1, u=2, and 6=3.
These data were subjected to statistical analysis in an &ffort to
find an expression for drift (in inches) dependent upon fall distance
(M, feet), wind velocity (V, feet/second), and drop diameter (D,
millimeters). A multiple correlation which explained 80% of the
variastion in drift was obtained when idrift was correlated with H, HZ,
v, V2, 1/D, and 1/D2. Reciprocal values for diammter were used because
drift increases with a reduction in diameter. It was found that the
multiple coefficient of correlation difl not drop significantly when
up to thres of the six indepsndent variables were omitt®#d from consid-

eration, these being Va. H, and 1/D. This analysis resulted in the



Figure VI-1l. Aiming Device For Determining Drop Impact Point
in Wind Tunnel. Scale: 1/2'" = 1



39

Table 6~1l. Drift of Water Drops of Various Diameters, Falling
Various Distances, Lxposed to Wind at 6 feet/second

Fall Distance Drop Diemeter, Millimeters

Feet 2.2 300 k.2 ‘*.6 5.2
2 0.3 ik 006 0.2 Qe 002
0.2 0.1 0.3 0.3 0.l

Q.1 0.3 0.5 0.5 0.4

4 l.h 1.1 0.5 0.8 0.6
1.5 1.0 1.8 0.5 0.5

0.8 1.4 0.8 1.1 0.6

6 3.0 2.7 1.9 1.6 1.3
25 2.5 2.4 151 139

2.9 157 1.9 1.5 1:3

8 500 3.7 2.8 2.6 2.0
4,3 3.3 3.3 2.2 1.8

h,2 3:l 2.0 2.4 2:1

10 6.9 L,7 4,0 3.3 3.0
6.9 4,6 .3 3.3 3.0

6.9 4.6 3.7 3.5 52

12 10.2 7.9 6.2 5.4 4,3
10. 4 6.9 6.2 5.0 4,7

9.9 607 507 5’1 L"'7



Table 6-2. Drift of Water Drops of Various Diameters, Falling
Various Distances, Exposed to Wind at 15 feet/second

yall Distance Drop Diameter, Millimeters
Faet 2e2 3.0 4,2 4,6 5.5
2 1.3 in. 1.0 0.4 0.6 0.6
O."I' 006 1.0 0.7 1-0
1 | 0.8 0.6 0.6 0.8
4 L4 2.6 2.1 1.9 1.9
3.1 2.8 2.6 2.2 1.6
3.6 3.2 2.4 2,1 2.2
6 9.0 6.6 4,9 4.7 5.2
802 6.3 506 501,' 4‘7
8.9 6.6 533 ) 4,9
8 15.4 10.4 7.9 8.7 7.9
14.3 11.0 9.1 8.5 8.1
14.6 10.8 8.3 8.3 8.2
10 22.0 15.3 12.6 12.4 12.1
2l.2 16.9 13.5 12.3 31,9
22.6 15.9 13.0 12.3 11.9
12 31.6 22.h4 18.2 17.5 16.9
29.1 22.6 14.8 18.2 16.7
30.4 23. 4 17.8 17.% 16.8




Table 6-3. Drift of Water Drops of Various Diameters, Falling

Various Distances, Exposed to Wind at 20 feet/second

D e ]

=

Fall Distance Drop Diameter, Millimeters
Feet 2ol 2.0 ’+.2 1"‘.6 5.5
2 106 in. 105 0.7 009 193
10"‘ 0.8 1.0 0o9 1.1
1.2 150 0.9 0:5 0.8
b 5.7 4,3 2.9 3,2 4,0
5.1 3.6 3e2 3.1 3.4
Selt k.1 3.1 3.9 3.6
6 idd 9.0 7.9 740 7.0
11.9 9.5 75 7.0 7.1
12.2 9.2 7.4 7.3 6.9
8 20,7 13.1 11.9 11.6 1147
2.1 15.5 12.5 12.0 11.9
21.7 15.2 124 1hobt 10.9
10 34,7 22.6 18.3 17.9 18.0
32.1 2h.6 18.8 18.2 17.9
32,1 23.7 18.0 21.4 17.1
12 k7,0 32.1 25.6 24,8 25.0
45.1 32.1 26.3% 25.5 25.0
b4, 6 33.0 25.9 26.6 2h.1

_—  —  — —— —
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regression equation
Drift = = 12.97 + 0.757V + 0.131032 + 33.4/})2. (VI-1)
An equation of such form is based on an assumption that the effects
of the independent variables are additive.
A second analysis was made, correlating the logarithm of drift
with the logarithms of wind velocity, fall distance, and drop diameter.
The resulting equation explained over 95% of the variation in
drift and when retransformed to the form of the original variables,
gave
prirt = 883 v+ 50,5 0469 (VI-2)
Such an equation indicates a multiplicative effect between the inde-~
pendiént variables.
Figures VI-2, VI-3 and VI-4 illustrate the fit of these two
regression equations, compared to actual data for wind velocities of

6, 15 and 20 feet/second.
Discussion of fiesults

Equation VI-1 (Drift = =12.97 + 0.757 V + 0.134 & + 53.&/32)
plots as a family of curves (Figures VI-=2, VI-3 and VI-4) of identical
shape, translated up or down the inches-of-drift axis depending upon
values of velocity or fall distance inserted. Study of the three sets
of graphs indicates that this equation fits very well for 8 feet of
fall through wind st 15 feet/second. However, the inflexibility of

curve shape leads to poor prediction of drift either for the smaller
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dropa, or the larger drops, or both, at any other combination of con~
ditions encountered. Drift after only 4 fest of fall is not really
very important, st least for the purpome behind this study; but
equation 6-2 (Drift = 31'33 Vl°21/50.5 99'69) gives a very satisfactory
fit to the mctual data obtained, under all extremes of wind velocity.
Of much greater impertance is the fact that equation 6-2 also
approaches the data much more closely under extremes of wind velocity
and at greater fall distances. It should be further pointed out that
equation 6-1 fails completely at various combinations of lower values
of V or H and higher values of D, because their variocus effects total
to less than the negative constant in the equation. In contrast,
equation 6~2 is more rational in predicting true behavior, as it gives
drift values approaching zero as H or V approach zero, and approaching
infinity as D approaches zero, just as logic would suggest.

it 6 feet/second wind velocity the fit between data and equation
6-2 is within one inch of drift in all but one case. That exception
falls if we consider average values for each drop size. At 15 feet/
second, it is again observed that curve shapes correspond quite closely
to the actual data. For some reason the medium condition (drift after
eight feet of fall through the tunnel) is consistently under-predicted
at this velocity. At 20 feet/second, the medium condition is again
under-predicted, but not severely so. Again the curve shapes approach

reasonably the zctuel data.



It may be noted that the drift of extremes of drop sizes are
under-predicted in several cases; in no case im thsre a tendency to
ovier-predict the drift of the smaller drops, and only in the case of
the largest drops exposed to only & feet/second of wind for 12 feet
of fall does the equation over-predict the observed drift. Figure
VI-~5 illustrates clearly the tendency to under-predict drift for

smaller drops.



Figure VI-5. Drift Vs. Wind Velocity, 2.2 mm. Drops
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CHAPTER VII
ANGLE OF IMPACT

The effect of individual droplets on splash erosien, and on soil
particle detachment, has been studied from time to time in an effort
to better understand the erosion process. Recent developments in
technique and instrumentation have made it possible to obtain guanti-
tative measures of some of the forces involved. Palmer (23) has
studied the impact forces of drops entering thin water layers of
varying thickness, using straingages on a thin membrane. Moldenhauer (19)
has reported technigues for evaluating soil erodability with small
laboratory samples. Bubenzer and Meyer (3) have developed methods of
gimulating both rainfall and soil for fundamental laboratory studies
of erosion mechanics. Mutchler (20) is using the high~speed motion
picture camera to study the splash effects of drop size, depth of water
fila, and splash angle.

Van Heerden (28) cites data presented by several workers con-
cerning angle of deviation (from vertical). These data, while of
interest, concern experiences with natural rainfall and apparently
denl, for tha most part, with the angle of the median drop diameter of
the gtorm in question. He cited a relationship by Laecy (9) that
D.., = 2.23 19°182 ypere p

50 50
and I is the instantaneous intensity, inches/hour. Lacy (9) further

is the median drop diameter, millimeters,

offered a relationship, based on monthly mean values of windspeed



(miles/hour) V, and angle of deviation (degrees); tan i = -0.04 +
Q.14 v,

Since natural raindrops have fallen a sufficient distance to
approach or achieve terminal velocity vertically and a balance with
windspeed horizontally, the impact angle or angle of deviation should
be expected to exceed those experienced under a rainfall simulater,

As more is learned about the influence of splash angle on such
things as splash transport, surface sealing, and splash agitation of
surface-impounded runoff water, existing data on impact angles under
a variety of conditions are likely to become more valuable. It is
quite simple to determine approximate impact angle under a range of

drop sizes, fall distances, and wind velocities.
Frocedure

Data for drop drift (as reported in Chapter VI, Wind Drift)
under varying heights and wind velocities were plotted (Figures VII-l,
VII-2, and VII-3). To determine the impact angle at a particular
point on thes trajectory of a given drop size, the slope of a tangent
to the trajectory curve was determined from these plotted data. 4
protractor was held tangant to the curve and the apparent angle from
vertical was read off, to the nearest degree. Since these curves were
not drawn to the same scale on both axes, it wae necessary to calculate
the true mngle from vertical at that point. This correction was made

by first looking up the tangent-function of the angle involved, then
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Figure VII-2., Drift Ve. Fall Distance with 15 Feet/Second Wind
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Figure VII-3, Drift Vs. Fall Distance with 20 Feet/Second Wind
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Bultiplying it by the ratio of the two scales (horizontal umits per
inch divided by vertical units per inch). The product gave the tangent

of the mctual impact angle for that point on the trajectory.
Data

Figures VII-1, VII-2, and VII-3 show the actual trajectories
obtained during this investigation, for wind velocities of 6, 15, and
20 feet per second. The actual impact angles, as determined by the
method outlined above, are shown in Table 7-1l. Angle#s have been
calculated to the nearest whole degree, and represent the angle from
vertical of the trajectory curve at that point.

Fall distance refers to the distance the drops have fallen
after entering the tumnel; it is the vertical distance through which
the drop has passed while under the influence of the horizontal wind

component within the tunnel.
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Table 7-1. Impact ingles of Saveral Sizes of Drops

Drop Diameter Fall Distance, Feet

mme 2 & 6 8 - 30 12
6 fps wind

2.2 2 deg. 3 b 5 4 10

3.0 i 2 3 b 5 T

b,2 i 2 2 3 L 5

5.5 1 L 2 2 3 L
15 fps wind

2.2 L 9 i3 16 18 20

3.0 3 7 9 12 14 17

b, 2 3 6 7 9 12 1h

5.5 2 5 4 9 11 12
20 fps wind

2.2 5 11 19 23 26 28

3.0 L 9 13 1y 20 22

b2 L 8 10 13 17 19

5.5 3 8 10 13 16 18

—_—— e



CHAPTER VIII

DRCP BREAKUP

Surface tension forces temd to hold a drop of water in the
shape of a sphere. A falling drop, however, is deformed to a greater
or lesser degree, due to the pressure of air against the leading
surface, and the reduction in pressure against the trailing surface.
Blanchard (1) pointed out that the internal pressure due to surface
tension varies inversely with the radius of the drop. At the same
time, terminal velocity increases with increasing drop diameters; with
increased velocity, #xternal forces mlso increase. This deformation
is nicely illustrated in some of the flash photography by Edgerton (5).
ks drops increase in size, therefore, they tend to becom2 more and
more flatténad in shape until instability is reasched and the drop is
broken to form several smaller drops. Blanchard (1) was able to
illustrate the oscillation in shape which takes place prior to the drop
breakup. Figure VIII-1l illustrates by successive flashes (1/10 sec
intervals) the initiation of this oscillation as a drop is formed on
a large (1/k inch) drop former. However, Blanchard's work demenstrated
that this oscillation would occur due to instability of the larger
dropsy it is not apparently due to initial disturbances at the time
of formation.

Blanchard statad (1) "Drops below 4.6 mm in diameter have keen

found to be guite stable when subjected to mhock as described above.



Instability begins to set in at 4.6 mm diameter and increases until
at drop sizes of 5.4 mm diameter, all drops subjected to shock will
break up." In his experiments drops were supported stationarily upon
an upward-directed air stream. The shock te which he refers was
caused by passing the hand quickly across this air stream. He cited
Lenard (11) as having concluded that drops above 5.5 mm cannot exist
for more than a few Eeconds.

During the early portion of the drift investigations, reported
in Chapter VI, a close similarity in trajectories of the 4.2 mm and
5.5 mm drops was noted. The possibility existed that the larger drops
might be splitting into two drops mbout 4.2 mm in diameter. Such
break up might be due to the shock of being mbruptly subjected to a
horizontal wind at 20 feet/second. This would not be important with
the present rainulator because the upper limit of drop sizes produced,
as reported by Meyer (15), is about 3.5 mm. However, should these
data be later used in evaluating other drop-forming systems for
slmulation work, it might be an important effect.

To determine whether this was occurring, it would be necessary
to either (1) observe or photograph simultanecus multiple drops, or
(2) determine at least relatively the diameter of drops passing through
the tunnel.

During the determination of representative drop velocities, the
instantaneous images of single drops, illuminated by the Strobolux

unit at 100 flashes/second, could be seen with the naked eye. On



Figure VIII-l. Successive images at 1/10 second intervals of drop
forming on /4 inch tubing and then breaking loose to fall at
rapidlg increasing velocity. /4 ne&w drop formed in
apprédximately 1.5 seconds. HNote the mlternate
lataral contractions and expansions as shown
by #he continuous streaks, indicative of the
@scillation between oblate and prolate
shape as the drop falls.
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on# occasion, it was noted that a cluster of drops, descending more
Blowly than usual, wis seen. No photorraph of this turned out:
either the multiple drops drifted to one side of the field of view of
the camera, or their slower rate of descent allowad sufficient time
for the cam@#ra shutter to cloze, or both.

Meyer (15) cited several methods of determinimg drop size by
indirect means: among these is the correlation of known size with the
aize of spot produced on some material such as treated paper. A rough
adaptation of this method was made during the drift measurements. Each
drop was allowed to fall on paper towelling taped to a becard in the
tunnel. Since precise drop size need not be measured for this purpose,
it was only necessary to note whether a given drop produced a spot
similar to that normally made by a 5.5 mm drop, or a spot much smaller.
A drop of 4.2 mm diameter was found to produce a spot on the order of
an inch or less in diameter immediately after landing on the paper,
while a 5.5 mm drop produced a spot roughly twice this mize. It was
only necessary to note whether a series of drops, nominally 5.5 mm
diameter, all produced substantially the same size spots when subjected
to the 20 feet/second wind in the tunnel, to be reasonably sure that
breakup was not occurring.

Ho eviience was obtained suggesting that breakup was occurring,
other than the one breakup previously mention&#d. It is very possible
this occurred as a result of impact of the drop against tha side of

the slot in the roof of the tunnel.



In conclusion, it does not appear likely that the force of a
20 feet/second wind acting on the side of a 5.5 mm drop, alrasady
travelling at a velocity of 24 feet/second, is sufficient éo caume
it to break up, at least during the split second it takes for it to
fall another ten feet., &maller drops could zlso be assumed to be

stable under these conditions.



CHAPTER IX

APPLICATION OF RESULTS

In Chapter VI it was stated that a need existed for kmowledge
of the relationships existing between drift and drop size, operating
height, and wind velocity. Such knowledge would allow optimum
selection of nozzles for rain simulation under various conditions and
would be helpful in establishing operating criteris for windy condi-
tions. Two applications of this information follow.

l. Shown on Figurs IX-l are two curves represemting drift at

8 and 12 feet of fall, respectively, plotted against drop
size, assuming a wind velocity of 20 feet/second. These
were plotted to points calculated from eguation 6-2. Such
a velocity represzents a wind of 13.6 miles/hour, about the
upper limit for satisfactory operation of the Meyer-McCune
"Rainulator," according to Young (31).

Assuming the wind to be blowing acress the plets,
one could conclude that the border area outside the plots
must be about 40 inches wide for 8 feet of fall, or about
90 inches wide for 12 feet of fall, if a uniform rate of
water application and energy mpplication to the moil were
to be maintained, given this wind velocity.

2. Meyer (15) prasented calculations by which he determined

the kinetic energy of various portions of the spray produced
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Percent of Total

Figure IX-=1.
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by the nozzle he selected for the "Rainulator" (14). He
first measured the water velocity at the time it left the
nozzle, and then corrected for velocity gain in.8 feet of
fall, based on velocity versus fall distance curves derived
from Laws (10). He assumed that small drops which left the
nozzle at greater than terminal velocity would slow to
terminal velocity in & feet.

Using the same assumption, the author has calculated
the ldnetic energy of the same portion of spray from the
same nozzle, but at a height of 12 feet rather than 8 feet.
Results are given in Table 9-1, from which a direct com~
parison of the results of the two operating heights may be
made. The accumulative mass-distribution andéd kinetic-energy
distribution are slso plotted on Figure IX-l.

The results given in this group of curves point up
several interesting things:

1. When operating height is increased from 8 feet to 12
feet, wind drift for a given drop size doubles.

2. The water removed by wind drift would mccount for
proportionately less kinetic energy than mass.

3. No appreciable gain in kinetic energy could be @xpected
from increasing the operating height of this particular

nozzle. The drops which had not attained terminal



Table 9-1. Sample Evaluation of Spraying Systems Company 80100 Veejet, Operating at 6 Psi
Data From Center of Fattern, Nozzle Velocity 22.3 fps

* » ACCU= » . | X B P *

mula-

Drop Per- tive
gize cent TFrom % Mass Velocity, fps 5

Group, by Larg- __per Term- V KE, ft-1b/Ac-In Drift, Im.
mm Wt., est Ac-ITn imal @ 8' @l2' 38! 12! o' Accum % 12° 81 12°
0e5-

1.0 10.0 100.0 352,2 10,1 10.1 10,1 102.0 102.0 35,924 100.0 100.0 35,924 .o 85.9
1.0-

1.5 14,0 90,0 L493.1 1S9 15.9 15.9 252.8 252.8 124,656 97.8 97.8 124,656 28.8 60.4
1.5-

2.0 19.5 76.0 686.8 19.9 19.9 19.9 396.0 3%6.0 271,973 89.9 950.1 271,973 22.9 Uu8.0
200-

2,5 22,5 56.5 792.5 23,0 22,8 23.0 519.8 529.0 1,942 972.5 73.4 419,232 19.2 40.3
255"

3,0 18.0 34.0 6340 25.5 24.3 24,8 590.5 615.0 374,377 U6.5 47.7 389,935 16.7 35.1
3e0=

3¢5 11.5 16.0 405.0 27.3 25.1 26.0 630.0 676.0 255,150 22.8 23.8 273,780 14.9 31.2
3.5+ 4,5 4,5 158.5 28.6 25.8 26.9 665.6 723.6 105,498 6.7 7.0 114,692 14.0 29.4

Total 1,579,520 1,630,192

* Indicates data tabulated by Meyer i1§3

** Represents kinetic energy gain of 3.3 percent

w9
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velocity after 8 feet of fall did not mccelerate enough
in an added 4 feet of fall to effect any significant
energy gain.

Such a study forces the conclusion that nothing
would be gained, and much lost, by increasing the
operating height of this particular nozzle.

Similar comparisons could, of course, be as easily made betwsen
a number of different nozzles. Another nozzle might be found which
produced larger drops than did this one, but at the cost of too great
an intensity. Increasing the operating height would spread out the
pattern, reducing intensity, while at the same time allowing gravity
to accelerate a large drop and give a more impressive boost toc kinetic
energy. Working from Laws (10), a 4 mm drop leaving the nozzle at
22.3 feet/second would reach a velocity of about 26 feet/second in &
feet and about 27 feet/second in 12 feet; a 5 mm drop would reach
velocities of about 26.7 and about 28 feet/second, respectively, under
the same conditions. The significance of these velocities in deter-
mining storm kinetic energy would be determined by their frequency of
occurrence ns well as by their velocity. Such investigations would
have to weigh all the factors given by Meyer (17) in Chapter VI. This

information should be helpful im evaluating his objective 6.
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CHAPIER X

CONCLUSIONS

A wind tunnal of eight-inch width was found adequate for
studying wind-drift characterimtics of vertically falling
water drops. Individual drope were mssumed to be small
enough that edge effect would not beccme a valid comsidera-
tion. Uniformity in velocity profile obtained was quite
good with this wind tunnel, in the welocity range studied.
Dropa from 2.2 to 5.5 millimeters diameter, having very good
size uniformity, were produced at a controllad rate by
regulating flow rate# to the tubing upon which the drop was
formed. Drop size obtained waE a function of tubing size.
Moderate variation in rate of production did not appear to
causs change in drop Eize.

Drop velocities appear#d to conform well with values given
by mources in the literamture, except at greater fall dis~
tances. leasurementa after twenty-two feet of fall did not
appear to be consistent with valums given by other workers.
Comparison of msasurements obtained under wind and no-wind
conditions indicated that impact velocity of drops larger
than 3.0 mm wss not affected by 20 fest/second wind, if
thosg drope fell no more# than 10 feet through the wind.
Smaller idrops ware affected, however, as 2.2 mm drops showed

a velocity gain of almost seven percent.
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A regression esquation (eg. 6-~2) was developad which
explained more than 95 percent of drop drift, depending
upon wind velocity, drop size, and fall di.tancé. Wind
drift was shown to be the result of a multiplicative,
rather than an additive, effect of these variableam. Within
the range of condition& studied, the equation tended to
under-predict, indicating it to b& a conservatiwe estimator.
Drift was found to be almost a linear function of wind
velocity, but mm exponential function of fall diatance, afnd
an inverse function of drop diameter.

Impact angles were measured under s variety of fall dis-
tances, wind velocitiea, and drop sizes. Impact angle,
like drift, incrsasad with fall distamce and wind velocity,
end decreased with increasing drop size.

Drops up to at leamt 5.5 mm diameter were shown to be
capable of withstanding the shock of m 20 feet/second wind
without breaking up. [rops of this size weras travelling

24 feet/second verticslly when first exposed to the hori-
zontal wind force. Literature sources indicate breakup

to be a function of time and that drops larger than 4.6 mm
are unstable. Howaver, greater fall distancs, or a more
intenss wind force, or both, would s&em to be nec&msary to
cause breakup of these large drops under simulation @&quip-

ment.
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CHAPTER XI
SUGGESTED FURTHER RESEARCH

The effect of wind in displacing small-arms projectiles has
been rather well investigated by ordnance engineers and experimenters
both amateur and professional.

Lowrey (12) pressented the relationship usually used in predict-
ing such drift as

D =12 v (T - R/V))
where

D = drift in inchesm

v = cross wind velocity, feet/second

T = tima of flight, meconds

R = rangs, feet

Vo = muzzle velocity of the& bullet, feet/second.
He explained the reasoning behind this #quation by an amalogy, which
follows:

Suppoze that two railways are parallel, a distance E apert. Two
traina travel the same direction and velocity, #ven with each other,
down tha two rallways. A rifleman on the first train mims at & target
on the sscond train. His firing tha rifle directs a bullet towards
the macond train, tha bullet having & velocity Vo towards the targat
train and a velocity v parallel to tha trains. If the bullet travalled

mt constant valocity it would strike the centar of the targat at a

time zqual to R/Vo' just as though the trains had been standing still.
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However, becmuse the bullet slows down in flight duas to amir
rasistance, at time R/V° the bullet is still a short distance away
from the target. Becaus& the target continuas to travel at a
velocity v, by the time the bullet gets to the second train the tar-
get has moved an additional distance, equal to v times the '"lag time."
Lag time is the difference between actual flight time T and the time
given by R/Vo. The same relationship between these factors has been
shown to hold true if v be considered the wind velocity with target
and rifle stationary.

The mame relationship may hold true for the drift of falling
water drops, if "lag time'" is correctly defined. In this case, the
actual flight time, or fall time, may be det@rmined from either
existing measurements of velocity for different drop sizes and dis-
tances, or by additional measurements of drop time from drop forming
device to final impact area. This might well include drops produced
by numerous types of nozzles which project drops at som# angle from
vertical, including irrigation sprinklers, cone- and flat-spray
nozzles, #tc. The valus corresponding to "R/Vo“ in the analogy above
would be degrived from the idealized equations of motion, basad on
initigl velocity and directicn and th& force of gravity. Initial
investigations might wall be based on existing data from this and
othgr sources, disregarding the material involved. If feasible, it

could then be applied to more complex mituations.
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Additionally, more information on drift of falling drops is
needed for drops smaller than those investigated in the presant study.
Fully half the water making up the spray undexr the Meyer-HéCunl
simulator, for example, is in drops smaller than 2,2 mm (15), and
they account for a third of the storm kinetic ensrgy.

Such small drops cannot be produced by the method used in this
study. Meyer (15) indicated that they can be produced by blowing
moist air past the drop former to oppose surface tansion and allow ths
drop to fall before its size grew sufficiently for the force of gravity
alone to pull it from the drop former. He reported that drops smaller

than 1.0 mm could thus be produced.
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APPENDIX I
DESIGN DETAILS OF TUNNEL

When the tunnel was being planned, a good deal of concern
existed that throat width be kept adequate to provide a uniform flow
of air within the desired velocity range of 0-25 feet/second. On the
bagis of a fan available, a Habco 3 horsepower (FKodel J-127) unit, it
seemed that an 8-inch throat width would provide velocities up to
about 24 feet/second.

Evaluation of this throat width was based on criteria suggested
by Schlicting (26). Meyer (16) pointed out that air would enter the
test section at a velocity initially uniform across the throat. It
would then gradually accelerate in velocity at the center while
decelerating along the wall, until a parabolic profile resulted.
According to Schlicting (26), the parabolic profile is developed at a

= 0.04(2a)R, where 1_ is the

E E
distance (in throat widths) from the entrance; 2a is the throat width;

distance from the entrance given by 1

and R is the Reynolds number. Heynolds number i& given by the equation
R=ul /3,//4
where u = velocity (8, 16, 24 feet/second were checked)
1 = characteristic length (8 inches, or 12 feet)
(0 = mass density (0.0807 1b/ft3)

7

L = viscosity (4 X 107 lb-gee/ft°)

Values were checked in both axes and are tabulated in Table I-l. Also
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Teble I-1l. Characteristics of G-Inch by 12-Foot Tunnel Throat Section

Velocity  Heynolds Number  Lg for Parabolic Davelapment
ft/sec 8" dimension 12' dimension O" dimension 12' dimension
8 1.077 X 106 19.39 X 10° 2.85 x 10" 9.3 X 10°
16 2,154 x 10°  38.78 x 10°  s5.74 x 10" 18.6 x 10°
24 2.231 X 108 58.17 X 10° 8.59 X 10" 27.9 X 108

*With the intended tunnel length of 24 feet, actual lengths, in units

of 1E would be 36 (8" units) and 2 (12' units)

given is the number of throat lengths for the parabolic velocity
profile to develop.

In the worde of Schlicting, "...at R of 2000 to 5000 the inlet
length extends over 80 to 200 channel widths. Consequently, the flow
does not become fully developed at all if the channel is short or if
the Reynolds number is comparatively large." Study of the velocity
profiles actually obtained, as shown in Figures IV-l, IV-2, mnd IV-3
substantiate this statement satisfactorily: the parabolic velocity
profiles did not develop to any extent.

With the establishment of throat dimensions, it became necessary
to design an entrance section to provide smooth flow into the throat
section., Because of space limitations, it was décided to limit the
entrance section to a length of 4 feet, Am assumption was made that
air would accelerate uniformly from zero velocity, at a distance of 4
feet from the throat, to the full velocity of 25 feet/second, at the

throat. It was further assumed that because of the relatively low
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velocity, the air would not undargo sufficient expansion to change its
density appreciably and that it could therefore be amsumed to flow as
an incompressible fluid, From the equation of motion, as given by
Sears and Zemansky (27), v2 w ¥ % 2 a s, where

v = final velocity

v, = initial velocity (zero in this case

a = acceleration

s = displacement
Since s = 4 feet, a = 252/8 or 78.12 ft/seca. From this equation a

series of throat cross-section widths were calculated, as given in

Table I-2.
Table I-2. Tunnel Eantrance Cross-Sections
Throat, feet ft/sec Width, Inches
0.5 23.4 £.55
1.0 21.6 9.3
2.0 17.7 11.4
3.0 12.6 15.9
3.8 5.6 35.7

—_——————_—_————————eee e e ——————

These dimensions were plotted to scale, connected to form a
smooth curve, and the necessary structural mambers were drawn on to
scale and critical dimensions scaled from the sketch for fabrication.

The gntrance section is illustrated in Figure AI-1l.



a. Plan View of Entrance Section

\
|
1

_

b. Elevation View of Entrance Section

Figure AI-1. Entrance Section of Wind Tunnel.

Scale:

1/2n = 1'0"

77
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The throat mection of ths tunnel was constructed as a series of
panels to facilitate handling and to allow emsy disassembly for
storage in the evant tha tunnel was to be taken out of the laboratory
and used at a later date. Pavel sections measured 8 feet by 12 feet.
Figure AI-2 illustrates the basic framing of one panel. The frame
was made of nominal l-inch by 4-inch pine around the outside, with
nominal 2-inch by 4-inch interior sections. Each panel was then
covered with three L-feet by d-feet sheets of 1/b-inch plexiglas (for
one side) or 3/8-inch plywood (for the other).

Panels were then bolted together, and 3/8~inch plywood bolted
to the top and bottom to enclose the throat section. Figure AI-3
represents a cross-section of the throat and Figure AI-4 is a side
view of the complete tunnel, including entrance section, test throat

section, fan transition section, and fan assembly.
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Figure AI-2. One 8' x 12' Panel of Wind Tunnel. Frame Was
Covered With Three 4' x 8' Sheets of 1/4" Plexiglas
or 3/8" Plywood. Scale: 1/2" = 1'0"

2



Figure AI-3. End View of Tunnel. Scale:
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Figure AII-1. Drop Weight Vs. Diameter
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Figure AII-2. Drop Former and Filter Funnel Fitted With Frame
For Suspending From Ceiling. Scale: 1/4" = 1"
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Drop Former

6" Plexiglas Pipe for Protection
of Drops From Air Currents

Figure AII-3. Elevation View of Throat Section With Drop
Former in Place. Scale: 1/4" = 1'0"
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