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RAINFALL SIMULATION

ABSTRACT
Portable rainfall simulators used in small plots give sufficient flexibility to study a
wide variety ofprocesses (e.g. infiltration, interrill erosion, water quality) ondifferent soils
and slopes for a wide range of land uses. They also allow a number of repetitions in a
short period of time.
In conducting these studies, it is important to measure the characteristics of the
simulated rainfall applied to the test surface. It is unquestionable that wind affects field
experiments that make use ofrainfall simulators. Water-drop trajectories and velocities are
altered, affecting water application, kinetic energy distributions, and the hydraulics of
underlying overland flow, namely water depths and velocities.
A three-dimensional numerical model was developed from the movement and
physical conditions of individual drops, in order to estimate the distances and times which
are necessary for them to reach the ground after their release from the nozzle of a
simulator. The original momentum of the drop isaffected by dragforces, wind and gravity.
A logarithmic wind profile above the soil surface was assumed in all situations. Water
application and kinetic energy distributions were estimated from the coupling of the
hydrodynamic modelfor drop movement, astochastic drop generator representing a single
full-cone spray nozzle, and an appropriate interception algorithm at the soil surface. The
hydraulic characteristics of overlandflow are strongly related totheproperties and spatial
variability of the simulated rainfall. Thespatial distribution of rainfall intensity, mean drop
size, and drop incidence angles have been combined with an analysis of wind shear stress
at the water-air boundary, in order to study the influence of wind on the mechanics of
overland flow under spraying systems. This was done by analysis of the distribution of the
overland flow driving force on the ground plane.
The mathematical model presented in thispaper should facilitate the selection of
singlefull-cone spray-nozzles (spray angles, ejection velocities, and drop-size distribution)
and of the size and configuration of the spray areafor expected field situations (rainfall
characteristics, wind conditions, slope of terrain, andplot size). Itprovides a simple way
of visualizing spray patterns and overland flow on different sloping surfaces and for
different wind conditions.
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1. INTRODUCTION

1.1. WIND/RAINFALL INTERACTION INEROSION
Theerosivityofwind-drivenraincandiffer drastically fromthatofrainfallingunder
windless conditions (LAL et al., 1980) or that of windunder rainless conditions (LIMAet
al., 1992). Highlyerosive rains are generally those inwhichpeakrainfall intensity andpeak
windvelocitycoincide(AINAetal., 1977).Themagnitudeofthedifference dependsonwind
and rainfall characteristics, onothermeteorological factors likeair and soiltemperature and
relative humidity, onsoilcharacteristics, and onlanduse. Inerosion, theeffects of wind on
rain and vice-versa are complex and influenced by many variables.
1.1.1. Effect of wind onwater erosion
Wind is an unavoidable natural phenomenon that has long been recognized as an
important factor in water erosion. Wind can cause rain to fall at a considerable inclination
(UMBACK and LEMBKE, 1966; STRUZER, 1972; SHARON, 1980). Falling through a
logarithmic wind profile (expected profile under storm conditions, ROSENBERG et al.,
1983), raindrops arrive atthesurface withmostofthehorizontalmomentumtheypossessed
at higher altitudes (CALDWELL and ELLIOTT, 1972). Raindrop shape is altered to an
oblate spheroid with a flattened area betweenthe bottom and upwind side (DISRUD et al.,
1969). Wind alters the angle of raindrop impact and, by adding a horizontal component to
thedropvelocity (thusincreasing thekineticenergy ofrainfall), windincreases itsdetaching
capacity (LYLES, 1977).Manyresearchers havestudiedtheroleofraindrops insoilerosion,
especially how raindrops influence soil detachment (e.g. YOUNG and WIERSMA, 1973;
MOSS and GREEN, 1983). Soildetachment isknownto increase in wind-driven rainfalls.
LYLESetal. (1969) andDISRUDandKRAUSS(1971) reported that soildetachment from
clodsexposedtowind-drivenrainwasgreater thanthatcausedby similar rainfall intensities
without wind. Wind affects the relative proportion of upslope versus downslope splash
(LYLES et al., 1974). Highly erosive rains are generally those in which peak rainfall
intensity and peak wind velocity coincide (AINA et al., 1977).
Wind influences the distribution and the amount of precipitation (SHARON, 1980 and
LIMA, 1990)andthesizeofraindropsbybreakinglargedropsintosmallerdroplets(LYLES
et al., 1969 and DISRUD et al., 1969). Wind also influences themechanics of the overland
flow process (LIMA, 1989a, b andc).
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1.1.2. Effect of rainfall on winderosion
Themainfactor inwinderosion isthevelocity ofmovingair. Theinitiationof sediment
transportbywindisstrongly influenced bytherelativeairhumidity(KNOTTNERUS, 1980a
and 1980b), by precipitation (PLOEY, 1980), and by soil moisture (AZIZOV, 1977).
Although many strong wind events are accompanied by rainfall (LYLES et al., 1974;
LYLES, 1977), only limited knowledge is available on the effect of rain in increasing (or
decreasing) the ability of the windtocause movementand abrasion of soil. JUNGERIUSet
al. (1981) and LIMA et al. (1992) recorded appreciable wind erosion on beach sands and
dunesduringrainy days.Thiscanbeattributedtothetransport ofsoilparticles lifted intothe
airbyraindrop splashandtheirhighertransport trajectories ascomparedtoparticlesthatare
lifted primarily by wind (JUNGERIUS and DEKKER, 1990; LIMA et al., 1992).

1.2. WINDAND SPRINKLER DIRIGATION
CHRISTIANSEN (1942) studied the effect of wind on single sprinkler patterns and
found that the effect on the distribution was very significant. Many other researchers
(VORIES and BERNUTH, 1986; etc.) have studied the effect of wind on sprinkler
performance.
Sprinkler manufacturers offer a variety of sprinkler products designed to counteract
the effects of wind. They are described as reducing wind drift and evaporation, with lower
trajectory angles while still maintaining reasonable coverage (BERNUTH, 1988).
1.3. EFFECTS OFWINDONRAINFALL SIMULATIONS
Tocollectsufficient informationfromnaturalrainfall events,from fieldplotsrequires
a long time (10 to20 years) and considerable financial outlay.Where erosion plots already
exist, they should beused. Otherwise, it ismore cost-effective touse rainfall simulatorsto
apply acontrolled rainstorm to a smallplot andthencollecttherunoff and sediment arising
from it. Portable rainfall simulators used in small plots will yield data in a relatively short
time,andwillgivesufficient flexibility tostudyavariety ofprocesses,ondifferent soilsand
slopes,for awiderange of landuses.They will also allowanumber of replicates inashort
period of time. Normally, single nozzle rainfall simulators are more suitable for rugged
terrain.
Nowadays rainfall simulators are commonly used for infiltration, erosion, water
quality and hydrologie (rainfall-runoff) studies.
Knowledgeofthemechanicsofsoilerosionandofthehydraulicpropertiesofshallow
overland flow hasincreased inrecentyears. Forthese studies,itisimportanttomeasurethe
characteristics of simulated rainfall applied to the test surface.
Two major types of rainfall simulators are found in the literature: simulators
employingnozzles(mobileorstationaryandsingleormultiple)anddropformers.Thisreport
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deals only with single full-cone nozzle sprays (Fig. 1.1).
Rainfall simulations havebecome quitecommon,especially inwatererosion studies.
It is unquestionable that wind effects field experiments that use rainfall simulators.
Researchers try to avoid the problem by waiting for windless periods or by isolating the
boundary of their runoff plots with windscreens. On the other hand, if they conduct their
experiments under windy conditions, the drop trajectories and velocities will be affected
together with the hydraulic characteristics of overland flow, namely water depths and
velocities, introducing more variables into their experimental data and making it more
difficult to draw conclusions from the data set.
Raindrops vary insize from very tiny droplets barely larger than fog to amaximum
diameter of slightly over 7 mm. Most rainwater comes down in drops of between 1and 4
mm in diameter. In every instant of a simulated rainfall,a large variety of drop sizes can
occur. The wind effect is greater on smaller drops falling slowly than on large drops with
higher velocities.

Pressure gauge
Valve

Flexible
garden

Fig. 1.1 - Simple setup with a single full-cone nozzle.
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1.4. QUESTIONS THATNEED TOBEANSWERED

QUESTION 1- Howimportantisthewindeffect onrainfall simulationsinthe field?
What are the variables involved?
QUESTION 2 - What type of rainfall simulator (using nozzles or drop formers) is
more susceptible to wind effects?
QUESTION 3- What arethewindconditionsabovewhichfield experiments arenot
to beundertaken without windscreens?
QUESTION4 - How realistic/natural are simulations results if wind effects are
neglected?
This report deals mainly with Questions 1and2.
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2. NOZZLESANDSPRAY-NOZZLEDROPSIZES
2.1. NOZZLES
2.1.1. Introduction
Spray nozzles are vital components in rainfall simulations. Different spray nozzles
produce different spray patterns. Full cone sprays (solid circular pattern of drops) are
commonly used inrainfall simulations. Their performance iscritical to the efficiency of the
system.
Most spray nozzles canbe settoavariety of spray angles,todetermine the sizeand
configuration of thespray area (Fig.2.1).Inactualoperation, duetogravity and wind,spray
drops do not follow straight lines after leaving the nozzle, (Fig.2.1).

Spray
Distance

Fig. 2.1 - Spray angle,theoretical coverage,and reduced coverage inactualoperation (Spraying Systems,
1991).

2.1.2. Types of nozzles
There are five major types of nozzles. They are:
- Whirljet nozzles:
They produce a spatial distribution of small to medium drops over a wide range of
flow rates and pressures (Fig. 2.2). Whirljet nozzles also have the advantage of a large,
unobstructed flow passage, which minimizes the chance of clogging.
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Fig. 2.2 - Whirljet nozzle (Spraying Systems, 1992a).

- Spiraljet nozzles:
These nozzles have a spiral or helical design (Fig. 2.3). For any given pipe size,a
spiraljet nozzle offers the highest flow rate (Spraying Systems, 1991). Their structural
strength is limited however.

Fig. 2.3 - Spiraljet nozzle (Spraying Systems, 1992a).
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- Fulljet nozzles:
Thesenozzlesproduceasprayofmediumtolargedropsthatareuniformly distributed
across the solid pattern (Fig. 2.4). Somehave an internal vane to control the spraying. The
vaneless designallows for unrestricted internal flow. Vaneless fulljet nozzles arebest suited
to applications requiring a full-cone spray pattern with coarser spray characteristics and
greater free-passage dimensions through thenozzle.

Fig. 2.4 - Fulljet nozzle (Spraying Systems, 1992a).

- Atomizing nozzles:
Atomizingnozzlesareengineeredtoproduceextremelyfinedropsizes.Therearetwo
basic types: hydraulic atomizing and air atomizing. Hydraulic atomizing nozzles use the
liquidpressurealonetoproduceextremelyfinedropsinahollowconepattern.Airatomizing
nozzles mix liquid and air toproduce acompletely atomized spray.
- Flowback nozzles:
These nozzles allowaportionof theliquidfed tobereturned (rather thancontinuing
throughthenozzles)tostabilizepressurewhiletheflow ratefluctuates (Fig.2.5).Asaresult,
optimum drop size is always maintained.
2.2. SPRAY NOZZLE DROPSIZES
2.2.1. Introduction
Accurate assessment of spatial drop size distribution is an important factor in the
overall effectiveness of spray performance, affecting both water applications and kinetic
energy distributions (see Chapter 4). Thesensitivity ofthesystemisstrongly affected bythe
distribution of drop sizes (see Chapter 5).
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Fig. 2.5 - Flowback nozzle (Spraying Systems, 1992b).

2.2.2. Howto measure dropsize
Accurate drop-size analysis requires several sophisticated measuring aids, including
photo-imaging, laser light diffraction, alineardiodeand aphase-Doppler. Withthis stateof-the-art instrumentation, it is possible to characterize sprays and obtain valuable
information suchasdropdiameteraverages,dropdistributionandvelocityprofiles. Table2.1
gives atypical spray-drop analysis report. These drop-size analysis can alsobe made with
classical techniques such as the oil method or pressure transducers (see Section 2.2.3).
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Table 2.1 Spray characterization (Spraying Systems, 1991).

S P R A Y I N G S Y S T E M S CO.
REPRESENTATIVE DROP SIZES & DISTRIBUTION
3HF-SILCNB150/90 FULUET
90DEGREES SPRAYANGLE
1-24-1991
12 PSI
163GPM
-DropsizeAnalyzer: PMS-OAP-2D-GA2 (12400Mm max).
-Sampling Method: Flux (TEMPORAL) Spatially Correct
ed.
util Lzingtheprocedures
-All values computed
for determining
spray characterist icsasoutlinedby
ASTM (standard E799).
UPPER BOUND = 5964.17
LOWER BOUND = 239.20

(pm)
(Mm)

DROP
DIAMETER

[BOUNDED CURVE]
PERCENT CURVE
UNDERSIZE
0 00
12 19
23 38
33 64
43 04
51 64
59 47
66 60
73 04
78 81
83 91
88 33
92 04
95 02
97 24
98 72
99 57
99 94
100 00
100 00

0.20
0.31
0.47
0.71
1.08
1.65
2.50
3.80
5.74
8.63
12.87
18.98
27.48
38.77
52.72
68.13
82.55
93.05
98.29
99.80
1

(ARITHMETIC MEAN)
(SURFACE MEAN)
(VOLUME MEAN)
(SURFACE/LINEAR MEAN)
("EVAPORATIVE" MEAN)
(SAUTER MEAN)
(DeBROUGERE [HERDAN] MEAN

(DIAMETERATMax. dVOLUME/dDIAMETER)
9-DO. D/DV0.5])
[DV0. 5/DN0.5])

A. Nozzle designation, nominal spray angle, discharge
pressure aiulßow rate.
B. Sampling method and statement ofconformance to
ASTM-E799 (Revision 19X7).
C.Minimum and maximum drop diameters of
accumulated (test) volume.

n

D10
D20
D30
D21
D31
D32
D43

(VOLUME MEDIAN DIAMETER)
(NUMBER MEDIAN DIAMETER)
[BOUNDED]

(RELATIVE SPAN [(DO.
(COEFF.OFVARIANCE

B.
- C.

PERCENT VOLUME
UNDERSIZE

(M*>>
239
283
336
397
471
558
660
782
927
1097
1300
1540
1824
2160
2558
3030
3589
4251
5035
5964

-A.

TOTAL
CURVE
(Mm)
0
0
0
932
1340
1929
2548

DV0 5:
DN0 5:

BOUNDED
CURVE
(Urn)
786
1019
1271
1322
1616
1975
2545

- E.

2480
553

DVOL_MODE:

U.

2341

RSF:1.1457
:V: 4.4866

D. Per ASTM-E799-87; section 4.5. less than 1.0% of
the cumulative volume iscontained inthe largest
drop measured.
E.Threeprincipalmeans ofreportingdrop sizeare
commonly requested.Allothervaluesshown(arithmetic
mean, surfacemean.etc.Iareprovidedforconformance
totheASTM-E799-87standard.

The American Society for Testing andMaterials (ASTM, 1981) recognizestwo
different typesofdrop-size sampling techniques: spatial, and temporal orflux-sensitive.
The spatial technique isused whenacollectionofdrops occupying agiven volume
is sampled instantaneously (Fig. 2.6). Generally, spatial measurements are collectedby
holographic means or with high-speed photography.
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• Averaged overfinite volume
• Instantaneous sample.
• Sensitive to relative'number density N(d), particlés/volume

Measurement volume

Spatial
• Time averaged
• Sensitive tö particleflux
Time

Measurement •
cross-section

Flux

Fig. 2.6 - Spatial and flux sampling (ASTM, 1981).

Thefluxtechniqueisappliedwhenindividualdropspassingthroughthecrosssection
ofthesamplingregionareexaminedduringanintervaloftime(Fig.2.6).Fluxmeasurements
are generally collected byoptical orelectro-mechanical sensing ofindividualdrops.
If all drops in a spray are moving at the same velocity, the flux and spatial
distribution are identical. The spray will generally exhibitdifferences indropvelocitiesthat
vary from class size toclass size, depending onthe type ofnozzle, capacity, andspraying
pressure. Therefore, itisimportant tocombine measurement techniques and equipmentfor
measuring drop diameter (FERRAZZA etal., 1992).
2.2.3. Methods andequipment formeasuringofdropsize
There aremanymethodsandinstruments availablefordrop-size datacollection.The
following isabrief description ofsomeofthesetechniques.
Byexposingapanofoil tosimulated rainfall, onecancountandsizeindividualdrops
using a microscope (oil method). Because of spray velocity problems with this method
involve drop coalescence, inadequate sample size,andthe fact that very smalldrops willbe
deflected away from theoilby aircurrentsatthesurface. Larger drops cananddobreakup
onimpactwiththesurface. Thismethod isbased onthepremise thatwater drops suspended
in aless dense butviscous fluid assume anear-perfect shape owing tothesurface tension
forces (EIGEL and MOORE, 1983).
A similar method isthespraying of water drops into liquid sensitive paper (stain
method) orintoatray with flour (flour method).Again,thesmall drops mightbe deflected
away from the target and the large drops canbreak up onimpact.
Momentummethodsthatincludepressure transducers andpiezoelectric sensorshave
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also been successfully used to measure raindrop size and energy. These instruments are
subject to interference between drops and sensitivity (EIGEL and MOORE, 1983).
The first breakthrough in drop-sizing technology was the development of the
automated imaginganalyzer (Fig.2.7).Thisincorporates thespatialmeasurement technique,
whichuses a strobe light to illuminate the spray and record the image with a vidicon tube.
The image is scanned, and the drops are sized and separated into different classes
(FERRAZZA et al., 1992).
Otherspatial-sampling particleanalyzersutilizethefactthataspray dropwill scatter
laser lightthrough anangledependent onthediameter of the drop (Fig. 2.8). The scattered
lightintensity ismeasured withaseriesofdiodes.Acurve-fitting programisusedtoconvert
the light intensity distribution into any of several empirical drop-size distribution functions
(FERRAZZA et al., 1992).

. M
Optics-,
Televisioncamera—^
/

Fit

Monitor.

Sk

*
,y
/ \

lightsource
r(«irota)
j

{

C=3 UUL.I
CTJCDCE

«"»•rani
I Imm

Console

Fig. 2.7 - Automated imaging analyzer (FERRAZZA et al., 1992).
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Transmitter

Receiver

Spray
pattern

Detector
Laser

Scanning
receiver

Seam I
expander

Amplifier
A/D converter

Primer
Computer

Fig. 2.8 - Laser particle analyzer (FERRAZZA et al., 1992).

The optical array spectrometer probes areflux-samplinginstruments (Fig. 2.9). As
thedropspassthroughthesamplingplane,theyaresizedandcounted,providing information
which can also be used to determine drop velocity (FERRAZZA et al., 1992).
Spray nozzle

45° mirror

^

45" mirror.

tJHn-

^

Beam
bath

(—'—|

Objective
ooiec
mm

±L
Secondary
zoomlens

^
20 mW He-Ne laser

""

45" mirror

^ir-d^.t«a^tPrinter

Computer

Photodiode array

Fig. 2.9 - Optical array spectrometer probes (FERRAZZA et al., 1992).
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The aerometric phase Doppler particle analyzer is a point-sampling, flux-sensitive
instrument (Fig. 2.10) that uses a low-power laser. The laser is split into two beams by a
beam splitter and a frequency module.The two beams intersect again into a single beam at
the sample volume location. When adrop passes through the intersection region of the two
beams, an interference fringe pattern is formed by the scattered light. It is important totest
several points within the spray in order to obtain acombined result that is representative.
Measurementvolume

Printer |

""f

Scatteredlightinterferencepattern

0et1

"-'WVWVw

Det2

Det3

Filtereddopplerburstsignals

Fig. 2.10 - Aerometric phase Doppler particle analyzer (FERRAZZA et al., 1992).
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3.MODELLINGOFDROPMOVEMENTINWIND
3.1. INTRODUCTION
Once they are formed onadrop-former or catapulted from anozzle,drops beginto
move under the action of gravity and frictional forces. The latter arises from their motion
relative to the air, which can also be moving under wind. They will undergo complex
hydrodynamicinteractions,causingphenomenasuchasdropdeformation, internalcirculation,
evaporation, vibration,andcollision.Allthesephenomenamakeaquantitativedescriptionof
their hydrodynamic behaviour extremely difficult. Their canbeunderstood reasonably well,
however through theuse of several simplifications.
OKAMURA (1968) found, from aphotographic study,thatthedeformation of drops
in flight is random and concluded that the assumption of an average spherical shape is
reasonable. The phenomena of internal circulation, vibration, evaporation, breakup, and
collision will not be included inthepresent study.
Flow past an object may be regarded as incompressible under certain conditions
(PRUPPACHERandKLETT, 1978).Astheseconditionsholdfor allcloudparticlemotions,
we shall henceforth assume that the flow under consideration is incompressible
(PRUPPACHER and KLETT, 1978). For Newtonian fluids, of which air and water are
examples, the continuity and the momentum equation (Navier-Stokes equation) for
incompressible flow inthepresence of gravity acquires the form:
V• u =0

ÊL + u-Vu = - ^ + v V2« + *
dt
Pa

(!)

(2)

where üis the velocity, t is time, pa is the fluid density, g isthe gravitational acceleration,
p isthe fluid pressure, va isthe fluid kinematic viscosity, V is a gradient operator, and • is
the divergence operator.
This system of equations must be supplemented with suitable boundary conditions.
Amodelwasdevelopedbasedonthemovementandphysicalconditionsof individual
drops, inorder to estimate necessary distances andtimes for water drops of various sizesto
reachthegroundfrom thenozzle.Theoriginalmomentumofthedropisacteduponbydrag
forces, wind, and gravity.
Theballisticsof awaterdropdependondropsize,soathoroughstudymustconsider
a range of drop sizes.
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3.2. THREE-DIMENSIONAL MODEL DESCRIPTION
3.2.1. Theoretical development
For anozzlerainfall simulator, zero wind-speed istheonly situationfor whichtwodimensional analysis is sufficient. For non-zero wind-speed, a three-dimensional model
(which is symmetrical to the wind direction) must be constructed.
The movement of a drop is anunsteady-flow problem because the drop accelerates
under the influence of gravity, apossible catapulting action (inthecase of anozzle rainfall
simulator), buoyancy, and aerodynamic force. A completely rigorous treatment of this
problem of accelerating motion is complicated (see 3.1). Arguments presented elsewhere
(PRUPPACHER and KLETT, 1978) demonstrate that the effect of local fluid acceleration
isnegligiblebecause Pa/pw« 1.Henceit issufficient tousethe steady-state drag formulas
todescribethehydrodynamicresistancetothedrops.Inviewoftheabove,Newton's second
law of motionwillbeapplied tothedescription ofthevelocity history of thedrop involving
thedrag,buoyancy, and gravity forces only. These forces must sumvectorially to equalthe
acceleration of thedrop:
du
2
m^1 = - I o y - A C e
D
dt
2 Pa R
'

du

y

!

dt

2

T/2

A

a R

(3)

X

(4)

n
D y

m—f = --pyR A CDe + mg - -?-mg
dt
2
p
(I)
(H)
(HI) (IV)

(5)

where
e

*

y

'

e

y

y '

e

z

y

where ux, Uyand v^are the velocity components of the drop (m/s), ex, ey and ez are the
components of the unit vector giving the direction of the relative speed of the drop with
respect tothe wind (m/s), wisthe wind speed which isassumed toblow inthe X-direction
(m/s), misthemass of thedrop (kg), pa and pw are thedensities ofthe air andof the water

(6)
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(kg/m3), A is the characteristic cross section of the drop perpendicular to the relativeflow
(m2), CDis the drag coefficient of the spherical drop, and VR is the absolute value of the
relative velocity of the drop with respect to the wind(m/s).

6

Fig. 3.1 - Parameters involved in the study of the movement of a drop in wind, from the nozzle to the
ground surface.

Page 1 8

RAINFALL SIMULATION

In equations (3) to (5), term (I) represents the acceleration of the drop, term (II) is
the drag force, term (III) isthe gravity, and term (IV) isthebuoyancy force. Equations (1)
to (3) canbe rewritten in the following form (see Fig. 3.1):

!H± =-lï±£zvjte
*

(7)

4 Pw D

i = -2i.52^e,
dt

4

Pw

£ .*!-£.)-2i i ^ e ,
dt

Pw

4

Pw

(8)

y

D

D

(9)

with
VR =J(ux-w?

ß = arctan ^(jix-wf

+

u) + u\

+ My2/ wz)

Y =arctan (u / (wv - w))

m = - ^ n D3
6

(10>

(n)

(12)

(13)

where Disthedropdiameter (assumed spherical) (m),VRisthevelocity withrespect tothe
air (m/s),wisthewind speed (m/s), ß istheangleoftherelativedropvelocity with respect
to the wind with the vertical (rad), and y is the azimuth of the relative drop velocity with
respect to the wind (rad).
The drag coefficient expresses thetotal force from friction and form components.If
CD were constant, these equations could be integrated analytically. The drag coefficient,
however, dependsuponthe velocity (Reynolds number)andshape ofthedrops.Acomplete
analytical solution is not possible and the problem was solved numerically using Euler's
method.Factors acting onthedrops areconsidered atshort-time increments and interaction
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continues untilthe ground surface is reached. Thedrop Reynolds number isdefined by:
V

Re, = - 5 R—
"'
v.

D

(14)

where Red isdrop Reynolds number (-), VRisthe velocity withrespect to the air (m/s),D
isthedropdiameter, andvaisthekinematicviscosityoftheair(m2/s),defined by (EDLING,
1985):
va = 1.3045 l<r5+1.222 10"7 Ta - 9.6471 1(T10 fa +

„-

12

+ 7.2873 1(T 7Î

whereTaistheairtemperature(°C),assumedconstantwithheight.Thedensity oftheaircan
alsobe expressed as a function of temperature by the equation (EDLING, 1985):
p a = 1.29331 - 0.00496 Ta +2.807 10"5 7^ 7

(16)

3

- 1.88 10~ J ,

Following HOERNER (1958) and WILLIAMSON and THREADGILL (1974) the
dragcoefficient of asphereasafunction ofthedropReynoldsnumberiscalculated from the
following equations:
CD=^-

if Red <0.5

(17)

Ked

c
D

2638_ + 0 4 9

y

„ 0.845

J

05

^R

< 200
d

v

Red

2
CD= 0.525 + ( — )

if 200 <Re, <10000

(19)

'
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CD =0.44

if Ref 10000

(20)

In this study, a logarithmic wind profile above the soil surface was assumed in all
cases. Wind blows in the direction of thepositive X-axis.
A constant wind speed is assumed, which may be unrealistic in a convective storm
when drop size and wind velocities vary all the time. No allowance is made for the local
turbulence created by the simulator. Under neutral conditions,whentemperature isconstant
with height, the mean wind speed increases linearly with the logarithm of the height
(Rosenberg et al., 1983) (see Fig. 3.2):

w = (—) I»—
K

for zx >z0

(21)

with

u* -

wwK
10
In

\ p

where z0istheroughness length(m),zx istheheightabovetheground alongtheZ,-axis (if
an overland flow sheet of thickness h is present then z, = zx - h, and z0 refers to the
roughnessofthewatersurface; seeEquation41forthecalculationofZj)(m),wî0 isthewind
speed at 10m(standard measuring heightatmeteorological stations),Kisthe VonKarman
constant (approximately 0.4), x is the frictional shear stress (Pa), and u* is the friction
velocity (m/s).

(22)
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Fig. 3.2 - The nozzle spraying a sloping surface,with a logarithmic wind profile, blowing upslope.
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4.MODELLINGOFWATERAPPLICATIONANDKINETICENERGY
DISTRIBUTIONS
4.1 WATER APPLICATION DISTRIBUTION
Lossofwaterbetweenthenozzleandthegroundcanbedividedintotwocomponents:
(1)drift loss(outof theareaunder study);(2)evaporation loss.Thedrift loss,whichalmost
by definition isaresult of thewind alone,neednotbewell-correlated withthe evaporation
loss, which is only partially affected by the wind. When measuring with rain gauges, one
should also expect wind-induced losses. Fig 4.1 shows a fulljet making a solid circular
pattern of drops under windless conditions.

Fig. 4.1 - Fulljet nozzle making a solid circular pattern of drops under windless conditions.

The patternof waterapplication isdistorted bywind.Ifweassumethatthewindless
application is uniform, any distortion of application may lead to lower uniformity. If
application is deficient, lower results canbe expected from the rainfall simulation.
Whenwecomputetherateof soilerosionbyrainfall, itisimportantto assesshowmuch
rain fell on sloping ground.
Therainfall flux intercepted onsloping ground dependsontheangle of incidence ofthe
rain, the inclination of the surface, andtherelative orientation of the sloping surface tothe
rainvector (STRUZER, 1972;SHARON, 1980).Thus,for agiveninclinationofrainfall, the
proportion of rain actually intercepted by a sloping surface will differ from the rainfall
collected on ahorizontal surface.
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4.2 KINETIC ENERGY DISTRIBUTION
Thekineticenergy outputofrainfall simulators.Erosivity indicesbasedonthekinetic
energy oftherainfall havebeenproposed tocharacterise erosionby overland flow andrills.
Severalresearchers (MOLDENHAUER andKEMPER, 1969;STILLMUNKESandJAMES,
1982; and KOHL et al, 1985) have indicated that soil surface sealing under sprinkler
irrigation is related to the kinetic energy of the sprinkler discharge per unit area atthe soil
surface andtoitsaccumulationintime.Therefore, thedistributionofkineticenergy overthe
wetted area is of interest. KOHL et al. (1985) showed that large nozzle sizes produced
greater kinetic energy than smaller sizes. A reducing of the water pressure results in an
increase inkinetic energy perunit of discharged water. Figure 4.2 shows thekinetic energy
distribution for a sprinkler (KOHLet al., 1985).
Whenthe sizedistribution ofraindrops isknown,thetotalenergy isafunction ofthe
wind velocity and, generally, of the shape of the wind profile.

Fig. 4.2 - The distribution of kinetic energy over one-fourth of the pattern of a smooth-plate sprinkler
with a 6.4-mm nozzle operated at 100 kPa pressure (KOHL et al., 1985).

Inthemodel,the velocity ofeachdrop wascalculated inaccordance withthenozzle
elevation and the analysis of thevelocity history of falling drops (assumed spherical) under
the influence of gravity, wind and frictional forces. Thekinetic energy was summed for all

Page 2 4

RAINFALL SIMULATION

drops falling on every square element of the ground surface:

KE-\±m,

«?

(23)

where nisthenumberof raindrops impingingatthetime intervaldtonasectiondxdtofthe
horizontal plane surface, and KE isthekinetic energy onthat section(W/m2).
The intensity of the impinging raindrops isdefined by:

E
p =
ef

where Pef isthe effective precipitation (m/s).

m

i

Li
Pw &t *x Ay

(24)
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5. INFLUENCEOFSPATIALVARIABILITYOF
SIMULATEDRAINFALLONOVERLANDFLOW

5.1. OVERLANDFLOW
Overlandflowis akey process withinthehydrologiecycle,and it isvery important
topeople and their environment. Practical applications are found inthe design of hydraulic
structures, in irrigation, drainage, flood control, water erosion and sediment control, waste
water treatment, and environment and wildlife protection.
Not all the rain that reaches the surface is removed by overland flow. Part of it is
involved in other processes such as infiltration, interception by vegetation, accumulation in
depressions,evaporation, andtranspiration. Theinteractionsbetweentheseprocesses arenot
yet fully understood.
Infiltration is usually the most important conditioning factor of rainfall loss,
determining the balance between the gain of soil water and overland flow. A general
approach to infiltration problemsrequires simultaneous solutionoftheequations describing
the process of energy and mass transfer in a complex system embracing all the zones of
water movement inthe liquid and vapourphases.
In overland flow two, major mechanisms can be discerned. The first, often called
Hortonian overlandflow,occurs whenever the rainfall intensity exceeds the infiltration rate
(CHORLEY, 1978). The second, called saturation overland flow, is produced when the
storage capacity of the soil is completely filled, so that all subsequent additions of water at
the surface, irrespective of their rate of application, are forced to flow over the surface
(KIRKBY and CHORLEY, 1967). The incorporation of these concepts into overland flow
modelling isstill inprogress (KIRKBY, 1988). Forexample,todescribetheunsaturated and
saturated zones and the rising water table requires complex models and detailed soil data.
Themorphologicalfactors thataffect overlandflow onslopesarethegradient,length,
and shape of the slope, and its exposure to prevailing rain-bringing winds (HOLY, 1980;
LIMA, 1988). The degree to which they influence overlandflowisclosely related to other
factors suchassoilcharacteristics, climate,andvegetation(DUNNEandLEOPOLD, 1978).
For the topography, the description of depression storage is important for assessing
infiltration and overland flow retardation. Thecomplexity of the surface depression storage
and theboundary conditions makes itdifficult to find exact solutions to overland flow from
hydrodynamics.Theinfiltration of soilswithdisturbed surfaces (e.g.tilled soils) isgenerally
poorly understood (MOORE et al., 1980). Interception losses to vegetation can also be
significant.
Surface seal development strongly affects infiltration processes (RÖMKENS et al.,
1990). The dynamic interaction between solute transport in overland flow and
physico-chemicalprocessescancauseareductionoftheinfiltrationrateoncrusted salineand
sodicsoils and,consequently, increaseflowduringrainfall (GERITSandLIMA, 1991).The
application of overlandflowmodels totheseconditions may fail if that dynamic interaction
is not considered. Seal development can also be caused by the dispersive and compactive
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action of raindrop impact and deposition of suspended sediment particles in pores and by
filtration (RÖMKENS et al., 1990).
5.2 THEORETICAL DEVELOPMENT
The hydraulic characteristics of overland flow are strongly related to the properties
and spatial variability of simulated rainfall. Thespatial variability of rainfall intensity,mean
drop size, and drop-incidence angles have been combined with an analysis of wind-shear
stress atthewater-air boundary inorder tostudy the influence ofwind onthemechanicsof
overland flow under spraying systems.
The objective of this chapter is to determine, through a force-balance analysis, the
two-dimensional overland flow paths on a plane surface under a full-jet nozzle, with and
without wind effects. In this analysis, the total kinetic energy of the falling raindrops is
assumed to be dissipated onthe overland flow water sheet.
Three forces are involved inevery elementary horizontal section AxAyof whichthe
middlepoint P(x,y,z) lies onthe inclined receiving ground surface (Fig. 3.2). These forces
are:
(1) Force due to impinging raindrops.
This force canbe estimated through the impulse-momentum principle:

-.

.£,

m a

t i

(25>

At

where n is the number of raindrops impinging at the time interval At on an elementary
section AxAy, and Fd isthe force due to raindrops (N).
Force Fd makes an anglea withthe vertical and has an azimuth 0 (Fig. 4.2), and is
assumed to be dissipated onthe overland flow water layer.
(2) The tangential wind-shear force.
The length of this force canbe expressed interms of xby:
Ft = AX Ay T

where Ft is the tangential wind-shear force (N), and T isthe frictional shear stress (Pa).

(26)
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Ifthemeanhorizontalwindspeed increases linearlywiththelogarithmoftheheight,
then T is:

x p (

= * rffr )2

(27)

Force F t ishorizontal andpoints tothepositive X-axis (Fig. 4.2).
(3)Theforce expressing gravity inanoverland flow elementary section.
This force canbe expressedby:
Fj =g pw

(28)

AX Ay h

where F^^ istheforce expressing gravity inanoverland flow elementary section (N),and h
istheaverage depth offlow inthe elementary section(m).
ForceFt isvertical.Itassumesauniform overland flow sheetovertheentire surface.
For simplification, theincrease ofdepth andvelocity andrelated forces duetomomentum,
pressure, andresistance ontheflow, arenotconsidered.
Theforce obtained from thesumofforces Fl5 Ft,andFdinevery elementary square
(AxAy) isvectorF:
F =Fxî + Fyj +Fzk =(Ft+Fd since cos6) i +
+ (Fdsina sin6)ƒ +(-Fl-Fd cosa)lc

(29)

where i, j , andkaretheunit vectors alongthehorizontal axis (X-axis andY-axis) andthe
vertical axis (positiveupwards).
The length offorce Fis:
F =^{F+Fd sina cos9)2+ (Fdsina sin6)2+ (~F1-Fdcosa)2
For the analysisofoverland flow, weneedtodeterminetheprojection offorce Fon
the receiving ground surface.
The surface, assumed tobeaplane,canbe represented bytwounit vectors (it along
the XI-axis, theinterception ofthe surface withthe horizontal plane XY, and j x alongthe
steepest line ofthe surface intheuphill direction) (Fig5.2and 5.3):

(30)
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h = "i i + a2j

(31)

=sin(o)-û) i - cos(to-Q)y

Jl

= b

l * + b2 J

+ b

3

k

(32)

cosas/ cos(a)-Q) i +cosas/ sin(o)-Q)j + sina^ &

The azimuth of the steepest line of the slope (uphill direction) is Q and the azimuth
of the wind direction (X-axis) is co.The angle of the steepest line of the receiving surface
with the horizontal isasl

winddirection

Fig. 5.2 - Planes and axis.
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wind
direction^

Fig. 5.3 - Topview of axis and grid with elementarysections.

Let kt be a unit vector perpendicular to both the X-axis and the Yj-axis of the
surface, pointingupwards:
£j = i1xjl =[-COS(Ü)-Q) sinas/] i +
+ [-sin(o)-Q) sinajZ] j + cosas/ k=
=A i +Bƒ + C k

(33)

where x is the cross product of twovectors.
Because the origin (0,0,0) lies onthe receiving ground surface, the equation is:
Ax +By +Cz =0

( 34 )
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To find the component F x l of the projection of F on the surface, vector F will be
separated intotwo components, F xl and F aux ,where thefirst istobeparallel totheunit vector
it and the second is to be perpendicular to i t :
with

F =F , +F
xl
F

aux

(35)

C

xl = h

Kux' h = 0

where . is the dot product of two vectors. Then, the scalar c is determined by the equation:
0 = Fauxh

= (F - C1 ^

=F.l\

(36)

-C

or
(37)

c =Fi, =Fxax + Fya2
Then:
F

xl =(Fx<h+ Fyaia?) h+(Fxaia2

(38)

+F

y4) Il

Similarly, the component F y l of the projection of F on the surface will be:

pyi= (FÄ +W + FPA) h +
+ ÇPJtfo

+

Fb\

+

Fzb2b3) j \

+

(F&b,

+

(39)

Fb2b3

+

Fzb]) k,

The coordinate transformation betweenthe two coordinate systems (see Fig. 5.2) will
be:
sin(a)-Q) cosa s/ cos(o)-Q) -sina si cos(a>-Q)
-cos(o)-Q) cosa si sin(«-Q) -sinas/sin(a>-Q)
0

sina si

cosa si

•*1

yi
Zi

(40)
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and consequently:
*1

X
1

?! =[AY
*1

y
z

(41)

Matrix [A] can be used to calculate the components of vector F on the X ^ Z ,
coordinate system instead of to derive the projection components of F on the surface as
described inequations 35 to39:

X
F

y,

Fx
= [AY1

F

y

F

z

(42)
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6. COMPUTERPROGRAMS
6.1. INTRODUCTION
Inthis Chapter,twocomputerprograms arebriefly described: DROPandNOZZLE.
Theyweredeveloped inANSI Candarepresented inAppendixI.Theprograms listed inthis
report are provided "as is",without warranty of any kind.
6.2. DROP
The purpose of DROP (Appendix I) is to calculate the trajectory of a drop once
catapulted from a nozzle. Thedrop is acted uponby drag forces, by wind, and by gravity.
A. Data

structure

The data are subdivided into classes. First wehave the global input variables. Then
there is the structure defining the state of a drop. Finally there are global data that are
calculated from the input variables. These datacanbefound in files "drop.h" and "drop.c"
(Appendix I).
B. Function

structure

In file "drop.c" there are three basic functions, which are prototyped in "drop.h":
(1) initiate systemconstants
Thisfunction calculatesthevariablesthatareconstantfor eachtrajectory. Hence,this
function has to be called once for every trajectory.
(2) makeJirst step
Thisfunction calculatesthedatadescribingtheinitialstateofthedropfrom theglobal
variables given. Hence, this function also hastobe called once for every trajectory.
(3) do step
This function calculates the state of the drop onetime-step later.
In "drop.c" there is one extra function: complete state, which completes the
calculation of a new state, once x, y, z, Vx,Vy and Vzhave the right value. It is called by
makeJirst state and dostep.
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C. The driver program
Thedriverprogram islistedin "dojraj.c". Itreadsintheinput,doesthecalculations
of the trajectories, and writes the results to a file. It iscalled by:
dojraj name inputJile name outputJile
C.l. Structureof the input file
Thelisting "indrop" contains atypicalexample of aninputfile for thecalculationof
four trajectories. Thedriverprogram dojraj scanstheinputfilefor anequalsignandreads
anumber. So,allthetextbefore anequalsignisirrelevant. Firstthegeometrical information
is given, then the physical information, the time steps and finally, for each trajectory to be
calculated, the necessary values for the calculation of the initialstate.
C.2.Structureof theoutput file
The structure of the output file is very sober: for each trajectory and for each time
step the position of the drop is given through the coordinates t, x, y, z, and Vdrop. Two
trajectories are separated by ablank line. The listing "outdrop" contains a typical example
of an output file.
6.3. NOZZLE
Thepurpose of NOZZLE (AppendixI)istocalculatetheeffect ofthedrophits from
asinglefull-cone spraynozzleonwaterapplication,onkineticenergy,andonoverland flow.
Forthis,theplaneissubdivided intorectangles,andfor eachrectangle anumber of statistics
are calculated.
A. Data

structure

Thedata are subdivided intoclasses. These datacanbe found infiles "nozzle.h" and
"nozzle.c" (Appendix I):
(i) "nozzle.h":
For thedescription ofthe nozzle,anumber of variables are needed: thedischarge of
the nozzle, the speed of drop release by the nozzle (which is assumed to be constant), the
spray angle(which isthemaximumanglewiththevertical of adropreleased by thenozzle,
assumed to be the same in all directions), and the statistical description of drop diameter
released by the nozzle.
Withrespect tothedistributionof dropsproducedbythenozzle,dropdiameters (the
quantiles) are required to describe the statistics (see also Fig. 6.1). If, for example, 4
diameters are specified (qlv..,q4), Vsof the drops will fall between qt and qj, Vswill fall
betweenq2 andq^, andVswillfallbetweenqjandq4(seealsoFig.6.1).Inthisway,available
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data as in Table 2.1 (page 10) canbe incorporated into the program.
To gather statistical information intheplane,oneneeds theminimumandmaximum
values of x and y (e.g. the field plot size) and the number of subdivisions in the X and Y
directions. With this information, the selected area isregularly subdivided into rectangles.
Because rainfall simulations arelimitedto shorttimeperiods,thenumberof dropsto
be generated from the nozzle is also necessary.
(ii) "'nozzle.c":
A few variables are declared in "nozzle.c". First, the total volume of water sprayed
during the simulation. Then, the typical size of arectangle inthe plane inthe X and inthe
Y directions (stepx and step_y). Finally, a number of two-dimensional arrays to hold the
statistical information gathered (e.g.,stat diameterisusedtocalculatetheaverage diameter
ineach rectangle inthe selected area).
B. Function

structure

In file "nozzle.c" there are several basic functions implemented. These are:
(1) random initials
This function generates a "random" drop release from the nozzle. For this, the
function assumes a random number generator with a uniform deviate, generating random
numbers between 0 and 1 (file "uniform.c"). The initial conditions for each drop are
determined as follows:
(i)0O is chosen, spaced uniformly between 0 and2n;
(ii)cc0is chosen, spaced uniformly in 0 and a,^;
(iii)thediameter ischosenwithaninverse cumulative distributionfunction approach.
Figure 6.1 illustrates this technique for four quantiles.
The function randominitials should beadapted tothe type and caracteristics of the
nozzle spray (see Chapter 2).
(2) initiate statistics
This function dynamically allocates space for the arrays with the statistical
information.
(3) calc_planeh.it
This function calculates the exact position, inplane coordinates, of each drop hit on
theplane surface.
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rnd - uniform random between 0 and 1
d - random diameter

Fig. 6.1 - The inverse cumulative distribution function approach.

(4) totally
Function totally updates the statistics whenever a new hit hasbeen calculated.
(5) report tally
Functionreport tallywritestheresultsofthestatistical informationtoafile(seealso
output description, further on).

C. The driver program
The driver program, listed in "dospray,c" combines all functions to simulate the
sprayfromthenozzle.Itgeneratesinitialconditionsforadrop(throughrandominitials)and
thencalculatesthedroptrajectory (usingthefunctions indrop.c) untilthedrophitstheplane.
Whenenoughdropshavebeensimulated, andthestatistical information hasbeenprocessed,
the results are written to output files.
Theprogram canbeexecuted withanumberof options.Toimplement this,the files
"option.h"and "option.c" are used.
The command line for do sprayis:
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do spray name inputJile [s namescalarJile] f-v name vectorJile] f-h namehitjile]
(i)an input file has to be given;
(ii) if the user wants a file that describes all scaler information, he has to add the
option "-•$•"and the name of the file to whichthis information should be written;
(iii) if the user wants a file that describes all vector information, he has to add the
option "-v" and the name of the file to whichthis information should be written;
(iv) if the user wants a file that describes all the positions where the drops hit the
plane,hehastoaddtheoption "-h"andthenameofthefiletowhichthis information
should be written.
CI. Structureof the input file
Thelisting "innozzle" contains atypicalexampleof aninputfile. Theprogram scans
theinputfile for anequalsignandthenreads anumber, inthesameway asfor dotraj. So,
all thetext before anequal signisirrelevant. Data of the input file, having alwaysthe same
order as presented in file "innozzle", consist of: geometrical information, physical
information, description of nozzle and spray pattern (e.g., accurate drop-size distribution),
information for computations,and information for the output.
C.2.Structureof thescalaroutput file
The scalar output file contains all scalar statistical information. Every line contains
information for onerectangle oftheplane.First thexand ycoordinates of themiddlepoint
oftherectangle,thenthemeandropdiameter, thedrop intensity,themeanvolume intensity,
and, finally, the mean kinetic energy. The listing "scalar" contains a typical example of an
output file.
C.3.Structureof thevectoroutput file
Thevectoroutputfilecontainsallvectorinformation. Theinformationontheconstant
vector fields (gravity force field and wind-shear stress force) isgiven first.
Every line contains information for one rectangle on the plane. First the x and y
coordinates of the middlepointof therectangle, thenthe number of drops,thenthe x andy
components of the force induced by the rain, and finally the components of the total force.
The listing "vector" contains atypical example of anoutput file.
C.4. Structureof thehitoutput file
Thefile "hit" containsallxandycoordinatesontheplanecorrespondingtothepoints
where drops hit the surface.
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7. RESULTS
7.1. DROP MOVEMENT
Theeffect of wind ondroptrajectories catapulted from anozzleisshowninFig. 7.1
(two-dimensional trajectories, side view), and in Figs. 7.2 and 7.3 (three-dimensional
trajectories, topviewandperspectiveview).SeeChapters3and6for adescriptionofDROP.
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Fig. 7.1 - Two-dimensional
drop paths of a 1-mm drop
ejected in different directions
with a velocity of 5 m/s. Top:
without wind; Centre: with Vwind
= 3.5 m/s blowing upslope;
Bottom: with Vwind = 7 m/s, also
blowing upslope. The slope of
the receiving plane is 10%.
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Fig. 7.2 - Top view of three-dimensional drop paths of a 1-mm drop ejected in different directions at a
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Drops that are sprayed into the wind do not go as far as drops sprayed downwind.
Thosethatare sprayed crosswind haveasmallreductionofdistanceofthrow crosswind,but
this istranslated downwind.
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Fig. 7.3 - Three-dimensional drop paths of a 1-mm drop ejected with a velocity of 5 m/s in different
directions. Top: still air; Centre: with Vwind = 3.5 m/s blowing upslope; Bottom: with Vwind = 7 m/s, also
blowing upslope. The slope of the receiving plane is 10%.
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Thegreater effect ofthewindonsmaller dropsisdueprimarily togreater drag(Fig.
7.4). Because smaller drops havealower fall velocity,they are more time-subjected tothe
wind action (Figs.7.4and 7.5).
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Dropsthatarecatapultedathighspeedsaresubjecttodecelerationduetodragforces.
Those released from the nozzle at low speeds accelerate with gravity (Figs. 7.6 and 7.7).
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Drop velocities over time are strongly affected by wind (Fig. 7.8). The greatest
variation in velocity occurs when the drop is ejected into the wind and when the drop is
airborne the longest time (about 0.75 sfor aheadwind of 7m/s).
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Fig. 7.8 - A 1-mm drop ejected with a velocity of 5 m/s in different directions (Fig. 7.1 shows the
corresponding two-dimensional drop paths). Top: without wind; Centre: with V ^ ^ = 3.5 m/s blowing
upslope; Bottom: with V ^ = 7 m/s, also blowing upslope. The slope of the receiving plane is 10%.
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The effect of different wind speeds is shown in Fig. 7.9. Wind speed was increased
from still-air to 21 m/s headwind (at 10m) for adrop released horizontally against the wind
direction (V0=5 m/s). At high wind speeds, the drop path actually curls back over itself. This
occurs when the horizontal velocity is reversed by wind drag before the vertical velocity is
overcome by gravity. As the speed (headwind) increases, the travelling time also increases.
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7.2. WATER APPLICATION AND KINETIC ENERGY
Kineticenergy andwaterapplicationdistributionsunderanozzle,bothinstill-airand
in wind, are normally highly concentrated (see Appendix 2). Fig 7.10 shows the spray
patterns of 20 000 drops that hit a 30% sloping plane under different wind conditions. An
example of kinetic energy distributions for an increasing downslope wind is shown in Fig.
7.11. Figure 7.12 illustrates the effect of wind direction on kinetic energy distributions. In
all cases, there is a strong concentration of water application and kinetic energy below, or
close below, the nozzle.

1

0
t
Distance tonozzle (m)

0
t
Distance to nozzle (m)

Fig. 7.10 - Spray patterns of 20 000 drops on a 30% slope:Top left: still air; Bottom left: wind blowing
from the left; Bottom right: wind blowing downslope; Top right, wind blowing upslope. The maximum
spray angle is 100 deg (see Fig. 2.1).
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Fig. 7.11 - Kinetic energyunder asingle full-cone nozzleinan increasing downslope wind. Top: still air;
Centre:with Vwind= 3.5 m/sblowing upslope;Bottom: with V^,,,,= 7m/s,alsoblowing upslope.The slope
of the receiving plane is 10% and the maximum spray angle is 100 deg (see Fig. 2.1).

Page 46

RAINFALL SIMULATION
KE (watts/m2)
Vw=7m/s

X(m) ° 5

1

KE(watts/m2)
Vw=7m/s

0.5 Y(m)
X(m) °

5

1

KE(watts/m2)
Vw=7m/s

0.5 Y(m)

Fig. 7.12 - Kinetic energy under a single full-cone nozzle in different wind directions. Top: with wind
blowing downslope; Centre: with wind blowing upslope; Bottom: with wind blowing from the left. The
wind speed is Vwind= 7 m/s and the slope of the receiving plane is 10% and the maximum spray angle is
100 deg (see Fig. 2.1).
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Because the effects of wind are greater on smaller drops, the distribution of drop
diameters is quite different for still-air and windy conditions (Fig. 7.13).
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Fig. 7.13 - Diameter distributions under a singlefull-cone nozzle for anincreasingdownslope wind.Top:
still air; Bottom: with Vwind = 7 m/s blowing downslope. The slope of the receiving plane is 10% and the
maximum spray angle is 100 deg (see Fig. 2.1).
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7.3 OVERLAND FLOW
Figures 7.15 and 7.17 give the spatial variation of the field for the overland flow
drivingforce,whichallowscomparisonsbetweendifferentwindspeedsanddirections.Figure
7.14showsthetwosimulationsituations(rightandleft ofFigs.7.15to7.17).Thelengthand
directionality of the vectors werebased on vector and trigonometrical analysis of the force
balance for every elementary area of the surface plane.
In windless conditions (Fig. 7.15), overland flow can not be considered straight
because of the anglesof incidenceonthereceiving surface.

Nozzle

Nozzle

mm

Fig. 7.14 - Simulation situations.Right: with only forces duetodrop impact; Left: considering wind shear
stress andanoverland flow water depthof 1 mm.
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Thenon-uniformity ofrainfall intensity anddrop incidence angles,combined withthe
tangential wind-shear stress inthewater-air boundary, affected thedriving-force balance
and changed the downslope and upslope hydraulic characteristics of overland flow.
Consequently, flow velocities anddepths both will be affected.
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8. CONCLUSIONS

The effect of wind on nozzle sprays andunderlying overland flow was investigated.
Two computer programs were developed: DROP, which calculates the trajectory of drops
once catapulted from a nozzle, and NOZZLE, which calculates the effect of the drop hits
released from a single full-cone spray nozzle on water application, on kinetic energy, and
on overland flow. Results showed that wind has a significant effect onrainfall simulations.
Physically based mathematical models for nozzle sprays, that account for all the
processes involved andtheir interactions,canneverbemade.There are limitationsowingto
the assumptions underlying the theoretical developments. Simplifying of assumptions,
however, should assure that the model still retains the basic characteristics of the physical
system being modelled. The numerical computer models proposed in this report require
specification of the nozzle characteristics, wind conditions, and surface properties.
The following conclusions canbedrawn:
(i) The distribution of water application and kinetic energy over the wetted area is
veryimportantinmanystudies.Waterapplicationandkineticenergydistributionscan
beaccurately studied bycoupling ahydrodynamic model for drop movement and an
appropriate stochastic drop generator.
(ii) The pattern of water application under a nozzle is distorted by wind. Because
windlessapplications are already non-uniform, anyfurther distortioncanleadtostill
loweruniformity coefficients. Ifapplicationisdeficient, lowerresultscanbeexpected
from the rainfall simulation. Also,drop size distributions with and withoutwind are
considerably different, because thetrajectories of smaller drops aremore affected by
wind than those of bigger drops.
(iii)The non-uniformity of simulated rainfall (e.g. rainfall intensity pattern and drop
incidenceangles)inducedbywindcansignificantly affect thehydraulicsofunderlying
overland flow. Wind causes a change in the driving force of overland flow by
affecting drop trajectories and impact velocities and through tangential shear stress
intheoverland flowwater-air boundary,byaffecting waterdepthsandoverland flow
velocities. Wind also affects the shape and size of drops and their splash shapes,
which appears to have an effect on the flow resistance of overland flow (LIMA,
1989b and d). These cases were not investigated here.
(iv)Rainfall simulation experiments should be supplemented with information about
thewindcharacteristics. Thisisparticularly important infield experiments inregions
where rainfall is accompanied by strongwinds.
(v)Because the models presented in this report have no fitted parameters, they are
especially helpful in the selecting of nozzle types (spray angles, ejection velocities,
and distribution of drop sizes), to determine the size and configuration of the spray
area for theexpectedfield situation(rainfall characteristics, windconditions,slopeof
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terrain, and plot size). It provides a simple way of visualizing spray pattern and
overlandflowondifferent sloping surfaces and for different wind conditions.
(vi) While manufacturers offer a wide variety of nozzles with a variety of spray
angles,one should consider drop-size distributions andexpected wind speeds before
choosing which spray angle touse.
(vii) Many rainfall simulators with multiple nozzles are purported to generate a
uniformly distributed rainfall pattern; it is normal to find coefficients of uniformity
(CHRISTIANSEN, 1942) of around 85% for the rainfall intensity within an area
bounded bythecorner nozzles. Forrainfall simulators withonly onenozzle,alower
uniformity coefficients should be expected. Multiple nozzle overlap should be
considered inordertoincreasewaterapplicationandkinetic-energyuniformity inthe
studied plotareas.
Further research should focus on the coupling of NOZZLE to two-dimensional
overlandandsedimenttransportmodels.Fieldexperimentsarealsorequired tofully evaluate
the suitability and effectiveness of the formulation presented inthis report.

Page 5 3

RAINFALL SIMULATION

ACKNOWLEDGEMENT

The authors wish to thank Dr. A.F.J. Jacobs (Department of Meteorology of the
WAU) for his helpful suggestions on the drop movement model and Ir. R. Uijlenhoet
(Department of Water Resources of the WAU) for his comments during preparation of the
manuscript. The first author is indebted to the International Agricultural Centre
(Wageningen, The Netherlands) and the GulbenkianFoundation (Lisbon, Portugal) for
financial support.

Page 5 4

RAINFALL SIMULATION

REFERENCES
AINA, P.O., LAL, R. and TAYLOR, G.S., 1977. Soil and crop management in
relation to soil erosion in the rainforest of western Nigeria. In: Soilerosion: prediction and
control (G.R. FOSTER, ed.),SCSA,Ankeny, Iowa, 75-82.
ASTM, 1981.Standardpracticefordeterminingdatacriteriaandprocessingforliquid
dropsizeanalysis.American Societyfor TestingandMaterials,DesignationE799-81, USA.
AZIZOV, M.T., 1977. Influence of soil moisture on the resistance of soil to wind
erosion. Pochvovedeniye, 1, 102-105.
BERNUTH, R.D.von, 1988.Effect oftrajectory angleonperformance of sprinklers
in wind. J. of Irrigation and Drainage Engineering, ASCE, 114(4), 579-587.
CALDWELL, D.R. and ELLIOTT,W.P., 1972.Theeffect of rainfall onthewind in
the surface layer. Boundary-Layer Meteorology, 3, 146-151.
CHORLEY, R. J. 1978. The hillslope hydrologie cycle. In Hillslope hydrology, M.
J. Kirkby (ed.), 1-42. Chichester: JohnWiley.
CHRISTIANSEN, J.E., 1942. Irrigation by sprinkling. Research Bulletin 670,
California Agricultural Experiment Station, California.
DISRUD,L.A. andKRAUSS,R.K., 1971.Examining theprocess of soildetachment
from clods exposed to wind-driven simulated rainfall. Trans. ASAE, 14,90-92.
DISRUD,L.A., LYLES,L.andSKIDMORE,EX., 1969.Howwind affects thesize
and shape of raindrops. Agric. Eng. 50,617-626.
DUNNE, T. and L. B. LEOPOLD, 1978. Water in environment planning. San
Francisco: Freeman.
EDLING,R.J., 1985.Kineticenergy,evaporationandwinddrift ofdropletsfrom low
pressure irrigation nozzles.Transactions oftheAmericanSociety of Agricultural Engineers,
28(5), 1543-1550.
EIGEL,J.D.andI.D.MOORE, 1983. Asimplified techniquefor measuring raindrop
size and distribution. Transactions of the ASAE, 26(4), 1079-1084.
FERRAZZA,J.,W.BARTELLandR.SCHICK, 1992.Spraynozzledropsize:How
to evaluate measurement techniques and interpret data and reporting procedures. Spraying
Systems Co, Bulletin No. 336, Wheaton, USA.

Page 5 5

RAINFALL SIMULATION

GERITS, J. J. P. andJ. L. M. P.de LIMA, 1991.Solutetransport and wind action
in relation to overlandflowand water erosion. Cremlingen, Catena Verlag.
HOERNER, S.F., 1958. Dynamics. University Tutorial Press, London, England.
HOLY,M., 1980.Erosionandenvironment. Environment SciencesandApplications,
Vol. 9, Pergamon Press, Oxford, 225p.
JUNGERIUS, P.D. and DEKKER, L.W., 1990. Water erosion inthe dunes. Catena
Supplement 18,185-193.
JUNGERIUS, P.D., VERHEGGEN, AJ.T. and WIGGERS, A.J., 1981. The
development of blowouts in 'De Blink', a coastal dune area near Noordwijkerhout, The
Netherlands. Earth Surf. Proc. and Landforms 6, 375-396.
KIRKBY,M.J.andR.J.CHORLEY, 1967.Throughflow, overlandflowanderosion.
Bull. Intern. Assoc. Sei. Hydrology 12,5-21.
KIRKBY, M. J. 1988. Hillslope runoff processes andmodels. Journal of Hydrology
100: 315—39.
KNOTTNERUS,D.J.C., 1980a.Maatregelenaanhetstuifgevoeliggrondoppervlakter
bestrijding van erosie door wind. Inst. Voor Bodemvruchtbaarheid, Nota 92, 15pp.
KNOTTNERUS,D.J.C., 1980b.Relativehumidityoftheairandcriticalwindvelocity
inrelation toerosion. In: Assessment of erosion (M.deBOODT and D. GABRIELS,eds.),
Wiley, Chichester, 531-539.
KOHL, R.A., D.W. DEBOER and P.D. EVENSON, 1985. Kinetic energy of low
pressure spray sprinklers. Transactions of the American Society of Agricultural Engineers,
28(5), 1526-1529.
LAL,R., LAWSON, T.L., andANASTASE,A.H., 1980. Erosivity of tropicalrains.
In: Assessment of erosion (M. de BOODT and D. GABRIELS, eds.), Wiley, Chichester,
143-151.
LIMA, J.L.M.P. de, 1988.Morphological factors affecting overlandflowonslopes.
In:Landqualities inspaceandtime.J.BoumaandA.K.Bregt (Eds.),PUDOC,Wageningen,
321-324.
LIMA,J.L.M.P. de, 1989a. Theinfluence oftheangleof incidence oftherainfall on
the overland flow process. In: New Directions for Water Modeling (Proc. IAHS Third
Scientific Assembly, Baltimore, 10-19 May 1989), IAHSPubl. no. 181,73-82.

Page 5 6

RAINFALL SIMULATION

LIMA, J.L.M.P. de, 1989b. Overland flow under rainfall: some aspects related to
conditioning factors andmodelling.Ph.D.Thesis,Wageningen Agricultural University, 160
pp.
LIMA, J. L. M. P. de, 1989c. Overland flow under simulated wind-driven rain. In
Land and water use (Proc. of the Eleventh International Congress on Agricultural
Engineering), 493-500, Rotterdam: Balkema.
LIMA,J. L.M. P.de, 1989d. Raindrop splash anisotropy: slope,wind and overland
flow velocity effects. Soil Technology 2, 71—8.
LIMA, J.L.M.P. de, 1990. The effect of oblique rain on inclined surfaces: a
nomograph for the rain-gauge correction factor. J. of Hydrology, 115:407-412.
LIMA, J.L.M.P. de, 1992. Splash-saltation transport under wind-driven rain. Soil
Technology, 5, 151-166.
LYLES, L., 1977. Wind erosion: processes and effects on soil productivity. Trans.
ASAE, 20, 880-884.
LYLES, L., DICKERSON J.D. and SCHMEIDLER, N.F., 1974. Soil detachment
from clodsby rainfall: effects of wind,mulchcover, and initial soilmoisture. Transactions
of the ASAE, 17,697-700.
LYLES, L., DISRUD, L.A. and WOODRUFF, N.P., 1969. Effect of soil physical
properties, rainfall characteristics, and wind velocity on clod disintegration by simulated
rainfall. Soil Sei. Soc. Am. Proc, 33(2), 302-306.
MOLDENHAUER, W.C.andW.D.KEMPER, 1969.Interdependence ofwaterdrop
energy andclod size oninfiltration andclod stability.SoilScienceSociety of America Proc.
33(2), 297-301.
MOORE, I.D.,C.L. LARSON and D.C. SLACK, 1980.Predicting infiltration and
micro-relief surface storage for cultivated soils.WaterResources Research Center,Univ.of
Minnesota, Minneapolis, Minnesota, Bulletin 102.
MOSS,A.J.andGREEN,P., 1983.Movementof solids inair andwaterbyraindrop
impact: effects of drop-size and water-depth variations. Aust.J. SoilRes.,21(3), 373-382.
OKAMURA, S. and K. NAKANISHI, 1969. Theoretical study on sprinkler sprays
(Part four) Geometric pattern form of single sprayer under wind condition. Transactions of
the Japanese Society of Irrigation, Drainage and Reclamation Engineering, 29, 35-43.
PLOEY,J.de, 1980.Somefield measurements andexperimentaldataonwindblown
sands. In: Assessment of erosion (M. de BOODT and D. GABRIELS, eds.), Wiley,
Chichester, 143-151.

Page 5 7

RAINFALL SIMULATION

PRUPPACHER, H.R. and J.D. KLETT, 1978. Microphysics of clouds and
precipitation. D. Reidel Publishing Company, Dordrecht, Holland, 714p.
RÖMKENS,M. J.M., S.N.PRASAD,F.D. andWHISLER, 1990. Surface sealing
and infiltration. In Process studies in hillslope hydrology, M. G. Anderson & T. P. Burt
(eds.), 127—72. Chichester, England: JohnWiley.
ROSENBERG, N.J., BLAD, B.L. and VERMA, S.B., 1983. Microclimate: the
biological environment. John Wiley & Sons,New York.
SHARON, D., 1980. Thedistribution of hydrologically effective rainfall incident on
sloping ground. J. of Hydrology, 46, 165-188.
SPRAYINGSYSTEMSCo, 1991.Anengineer'sguidetospray nozzlesfor pollution
control equipment. Bulletin No. 312, Wheaton, USA.
SPRAYING SYSTEMS Co, 1992a. Performance engineered spray nozzles for
efficient air pollution control. Bulletin No. 333,Wheaton, USA.
SPRAYING SYSTEMS Co, 1992b. Gas conditioning with flowback nozzle lances.
Bulletin No. 294B, Wheaton, USA.
STILLMUNKES,R.T.andL.G.JAMES,1982.Impactenergyofwaterdroplets from
irrigation sprinklers. Transactions oftheAmericanSociety ofAgricultural Engineers,25(1),
130-133.
STRUZER, L.R., 1972. Problem of determining precipitation falling on mountain
slopes. Sov.Hydrol. Selected Pap.,2, 129-142.
UMBACK, CR. & LEMBKE, W.D., 1966. Effect of wind on falling water drops.
Transactions of the ASAE, 9, 805-808.
VORIES,E.D.andR.D.vonBERNUTH, 1986.Singlenozzlesprinkler performance
inwind.Transactions oftheAmericanSociety ofAgriculturalEngineers,29(5), 1325-1330.
WILLIAMSON,R.E.andE.D.THREADGILL, 1974.Asimulationforthedynamics
ofevaporating spraydropletsinagricultural spraying.Transactions ofthe AmericanSociety
of Agricultural Engineers, 17(2), 254-261.
YOUNG, R.A. and WIERSMA, J.L., 1973. The role of rainfall impact in soil
detachment and transport. Water Resources Res.,9(6), 1629-1636.
ZASLAVSKY, D. and SINAI, G., 1981. Surface hydrology: II - distribution of
raindrops. J. Hydraulic. Div., 107, 17-36.

Page 5 8

RAINFALL SIMULATION

NOTATION

Dimensionless parameters:
c
CD
i
ix
j
jx
k
kx
K
n
Re d
7i

scalar
drag coefficient ofthe spherical shaped drop
unit vector along the horizontal axis (X-axis)
unit vector along X,-axis (interception ofthe surface with the horizontal plane XY)
unit vector along the horizontal axis (Y-axis)
unit vector along Y - a x i s (steepest line ofthe surface in the uphill direction)
unit vector along the vertical axis (positive upwards)
unit vector perpendicular to both Xj-axis and Yj-axis of the surface, pointing
upwards
Von Kârmân constant
number of impinging raindrops
drop Reynolds number
3.14159265...

Dimensioned
A
D
ex
ey
ez
F
Fx
Faux
Fd
Ft
Fxl
Fyl
g
h
H
KE
m

parameters:

characteristic cross section ofthe drop perpendicular tothe relative flow (m 2 )
drop diameter (assumed spherical shaped) (m)
unit vector giving the direction, along the X-axis, of the relative speed of the drop
with respect tothe wind (m/s)
unit vector giving the direction, along the Y-axis, of the relative speed of the drop
with respect tothe wind (m/s)
unit vector giving the direction, along the Z-axis, of the relative speed of the drop
with respect tothe wind (m/s)
sum the forces F x , F t and F d (N)
force expressing gravity ina overland flow elementary section (N)
component ofvector F perpendicular tothe unit vector ix
force due tothe impinging raindrops (N)
tangential wind shear force (N)
component ofvector F parallel tothe unit vector ix
component ofvector F parallel tothe unit vector j \
gravitational acceleration (m/s 2 )
average depth offlow inthe elementary section (m)
height ofthe nozzle (m)
kinetic energy (watts/m 2 )
mass ofthe drop (kg)
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P
p
P ef
Ta
u
u*
ux
Uy
uz
VR
x
y
z
z0
Z]
w
w 10

rainfall intensity (mm/min)
fluid pressure (Pa)
effective precipitation (m/s)
air temperature (°C)
velocity (m/s)
friction velocity (m/s)
velocity components ofthe drop along the X-axis (m/s)
velocity components ofthe drop along the Y-axis (m/s)
velocity components ofthe drop along the Z-axis (m/s)
absolute value ofthe relative velocity ofthe drop with respect tothe wind (m/s)
distance along the X-axis (m)
distance along the Y-axis (m)
distance along the Z-axis (m)
roughness length (m)
height above the ground surface along Z,-axis (m)
wind speed (m/s)
wind speed at 10 m height (m/s)

a
oc0
as,
ß
T
Q
co
y
va
pa
pw
9

angle offorce F d with the vertical (deg)
angle with the vertical ofa drop released by the nozzle (deg)
angle of the steepest line of the receiving surface with the horizontal (deg)
angle of the relative drop velocity with respect to the wind with the vertical (deg)
frictional shear stress (Pa)
azimuth of the steepest line of the slope (uphill direction) (deg)
azimuth ofthe wind direction (X-axis) (deg)
azimuth ofthe relative drop velocity with respect tothe wind (deg)
kinematic viscosity ofthe air (m 2 /s)
densities ofthe air (kg/m 3 )
densities ofthe water (kg/m 3 )
azimuth offorce F d (rad)

Other symbols:
-»
V
x
[A]
©
©

vector
gradient operator
divergence operator; dotproduct of two vectors
cross product of twovectors.
matrix
sad face
happy face
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APPENDIX 1- COMPUTER PROGRAMS

A.1.1. DROP
File: "drop.h"
I*
* header file for the file drop.c
*

* -defines the global variables
*

* -defines the basic structure describing a state
* -prototypes the basic functions of drop.c
*
*/

#ifdef DROP_MAIN
#defme GLOBAL
#else
#defme GLOBAL extern
#endif
/*

*

definition of fundamental constants

*/

#define Karman 0.4
/* Karman constant
[-] */
#define rho_w 1000.0
/* rho_ of the water
[kg\m3] */
#define g
9.81
/* Acceleration due to gravity [m\s2]

*/

/*

*

the fundamental structure

*/

typedef struct {
float t;
/* Time
float x, y, z;
/* coordinates of drop
float z_plane;
/* z in plane-relative coordinates

[s] */
[m] */
[m] */
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float Vx, Vy, Vz; /* components of speed
float Vwind;
/* speed of wind directionccc
float drag_factor; /* used in differential equation

[m/s] */
[m/s] */
[1/s] */

}
state;
/*

* the global variables
*/

GLOBAL float plane_slope; /* slope of plain with horizontal [rad] */
GLOBAL float angle_wind; /* azimuth of wind direction
[rad] */
GLOBAL float H;
/* release height of drop
[m] */
GLOBAL float VwindJO;
/* wind speed at 10 m
GLOBAL float zO;
/* surface roughness
GLOBAL float temp;
/* air temperature
GLOBAL float del_t;

/* timestep

GLOBAL float VO;
GLOBAL float diameter;
GLOBAL float alphaO;
GLOBAL float thetaO;

/* initial speed
/* diameter of drop
/* angle with vertical
/* azimuth

GLOBAL float abs_to_plane[3][3];
/*

* the functions
*/

void initiate_systemconstants (void);
void makefirststate (state *to_make);
void dostep (state *from, state *to);

File: "drop.c"

main file of drop
-implements the basic functions
*/

[m/s] "/
[m] */
[C] */
[s] */
[m/s] */
[m] */
[rad] */
[rad] */
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#define DROP_MAIN
#include <math.h>
#include <stdio.h>
#include "drop.h"

float invjkinviscair;
float wcoeff, wconst;

/* inverse of kin.vise, of air */

/* wind speed = w_coeff * [log(z)-w_const] */
float diffeq_coeff, gravterm; /* used in diff equations
*/
/*

*

local procedures

*/

void initiate_systemconstants();
float drag_coeff(float Reynolds);
void complete_state(state *s);
/*

*

implementation of procedures

*/

void initiate_systemconstants()
{
float rhoair;
float t = temp;
abs_to_plane[0][0]
abs_to_plane[0][l]
abs_tojplane[0][2]
abs_to_plane[l][0]
abs_to_plane[l][l]
abs_to_plane[l][2]
abs_to_plane[2][0]
abs_to_plane[2][l]
abs_to_plane[2][2]

= sin(anglewind);
= -cos(anglewind);
= 0.0;
= cos(plane_slope) * cos(anglewind);
= cos(planeslope) * sin(angle wind);
= sin(planeslope);
= -sin(planeslope) * cos(anglewind);
= -sin(planeslope) * sin(anglewind);
= cos(plane_slope);

rho_air = (1293.31 - 4.96*t+0.02807*t*t-0.000188*t*t*t)/1000.0;
invkinviscair =
1.0/(1.3045e-5 + 1.222e-7*t - 9.647le-10*t*t+7.2873e-12*t*t*t);
w_coeff
wconst

= Vwind_10/log(10.0/(z0));
= log(zO);
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diffeq_coeff = del_t * (-0.75) * rhoair / ( r h o w * diameter);
grav_term = del_t * g * (1.0 - rho_air/rho_w);
}

float drag_coeff(float Reynolds)
{
float dragcoeff = 24.0/Reynolds;
if (Reynolds >0.5)
{
if (Reynolds<200)
drag_coeff = 0.49 + 26.38 / pow(Reynolds,0.845);
else if (Reynolds<10000)
dragcoeff = sqrt(0.525+drag_coeff*drag_coeff);
else
dragcoeff = 0.44;
}

return dragcoeff;
}
void complete_state(state *s)
{
float Vx_rel, V r e l ;
float Reynolds;
s->z_plane = abs_to_plane[2][0]*s->x
+ abs_to_plane[2][l]*s->y
+ abs_to_plane[2][2]*s->z;
if (s->z_plane > 0)
{
s->Vwind = w_coeff * (log(s->z_plane) - wconst);
}
else
{
s->Vwind = 0;
}
if (s->Vwind<0) s->Vwind = 0.0;
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Vx_rel = s->Vx - s->Vwind;
V_rel = sqrt(Vx_rel*Vx_rel+s->Vy*s->Vy+s->Vz*s->Vz);
Reynolds = i n v k i n v i s c a i r * diameter * V r e l ;
s->drag_factor = diffeq_coeff * drag_coeff(Reynolds) * V r e l ;
}
void make_first_state(state *fs)
{
fs->t = 0.0;
fs->x =0.0;
fs->y =0.0;
fs->z = H ;
fs->Vx = V0*sin(alpha0)*cos(theta0);
fs->Vy = V0*sin(alpha0)*sin(theta0);
fs->Vz = -V0*cos(alpha0);
complete_state(fs);
}
void do_step(state *from,state *to)
{
to->Vx = from->Vx + from->drag_factor * (from->Vx - from->Vwind);
to->Vy = from->Vy + from->drag_factor * from->Vy;
to->Vz = from->Vz + from->drag factor * from->Vz
- gravterm;

to->x = from->x + del_t * to->Vx;
to->y = from->y + del_t * to->Vy;
to->z = from->z + del_t * to->Vz;
to->t = from->t + d e l t ;
complete_state(to);
}
#undef DROP MAIN
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"dojraj.c"

I*

* driver program to calculate trajectories
*

* -reads input
*

* -by using the functions implemented in drop.c,
* calculates a number of trajectories
* -writes the results to a file
*
*I

#include <math.h>
#include <stdio.h>
#include <stdlib.h>
^include "drop.h"

#define TO_ES(f) while((!feof(f))&&(fgetc(f)!='='));
#define deg_to_rad 0.0174553293
/*

* local procedures
*/

void get_input(FILE *from);
int get_initials(FILE *from);
/*

* implementation of procedures
*/

void get_input(FILE *from)
{
TOES(from); fscanf(from,"%g",&plane_slope);
planeslope *= d e g t o r a d ;
TO_ES(from); fscanf(from,"%g",&angle_wind);
angle_wind *= d e g t o r a d ;
TO_ES(from); fscanf(from,"%gM,&H);
TO_ES(from); fscanf(from,,,%g,,,&Vwind_l 0);
TO_ES(from); fscanf(from,"%g",&zO);
TO_ES(from); fscanf(from,"%g",&temp);
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TO_ES(from); fscanf(from,"%g",&del_t);
}

int get_initials(FILE *from)
{
TO_ES(from);
if(!feof(from))
{
if (4=fscanf(from,"%f %f %f %f\&VO,&diameter,&alphaO,&thetaO))
{
alphaO *= d e g t o r a d ;
thetaO *= deg_to_rad;
return 1;
}

}
return 0;
}

int main(int arge, char* argv[])
{
FILE *input, *output;
state prevs, s;
float V t o t ;
if (argc<3)
{
fprintf(stderr,"usage : do_traj infile statfile\n");
exit(-l);
}
input = fopen(argv[l],"r");
if (!input)
{
fprintf(stderr," file %s not found !!\n",argv[l]);
exit(-l);
}
output = fopen(argv[2],"w");
getinput(input);
fprintf(output,"\#[time
while (getinitials(input))
{

x

y

z

V_total]\n");
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initiate_systemconstants();
make_first_state(&s);
fprintf(output,"\n");
while (s.z_plane>0)
{
V_tot = sqrt(s.Vx*s.Vx+s.Vy*s.Vy+s.Vz*s.Vz);
fprintf(output,"%f %f %f %f %f\n",s.t,s.x,s.y,s.z,V_tot);
prevs = s;
do_step(&prevs,&s);
}
}

fclose(output);
return 1;
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A.1.2. NOZZLE
File: "nozzle.h"
I*

*

header file for the file nozzle.c

*

-defines the global variables
-prototypes teh basic functions of nozzle.c

*

*l

#ifdef NOZZLE_MAIN
#defme GLOBAL
#else
#defme GLOBAL extern
#endif
/*
*

input global variables

GLOBAL float Qnozzle;
/* discharge of nozzle
[m3/s] */
GLOBAL float maxalpha; /* maximum angle with vertical
[rad] */
GLOBAL float layerthickness; /* thickness of water layer
[m] */
GLOBAL int num_diameters;/* number of quantiles of drop diameters */
GLOBAL float *dia_quant; /* list of drop diameter-quantiles [m] */
GLOBAL int numdrops;

/* number of drops to be calulated

GLOBAL float m i n x , m a x x ; /* for the statistics */
GLOBAL int num_x_divisions;
GLOBAL float min_y, max_y; /* for the statistics */
GLOBAL int num_y_divisions;
I*
*

procedures

*l
void randominitials (void);
void initiate_statistics (void);
void calc_planehit(state *s_beforehit, state *s_afterhit,
float *x_plane, float *y_plane,

*/
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float *Vx_plane, float *Vy_plane,
float *V_total);
void to_tally(float x_plane, float y_plane,
float Vx_plane, float Vy_plane,
float Vjotal);
void reporttally (FILE *scalar, FILE *vector);

File:

"nozzle.c"

/*

* main file of nozzle
*

*
*
*
*
*

-defines the arrays for the statistics
-implements the basic function to similate the spray
-implements the basic functions for the statistics

*/

#define NOZZLE_MAIN
#include <math.h>
#include <stdio.h>
#include <stdlib.h>
#include "drop.h"
#include "nozzle.h"
#include "uniform.h"
#define PI 3.14159265359
#define volume factor 1.0471976

/*

*

local global variables

*/

static float totalvolume;
float stepx, step_y;
int **stat_num_drops;
float **stat_diameter;
float **stat_volume;
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float **stat_kin_energy;
float **stat_impuls_x;
float **stat_impuls_y;
/*

*

implementation of procedures

*/

void random_initials()
{
int quantnum;
float rnd,x;
thetaO = 2*PI*uniform();
alphaO = maxalpha * uniform();
rnd = uniform()*(num_diameters-l);
quantnum = floor(rnd);
x = rnd - quant_num;
diameter = x * dia_quant[quant_num] +
(1-x) * dia_quant[quant_num+l];

void initiate_statistics()
{
int i j ;
totalvolume = 0.0;
stepx = ( m a x x - min_x)/nurn_x_divisions;
step_y = (max_y - min_y)/num_y_divisions;
statnumdrops =
(int**) malloc(sizeof(int*)*(unsigned) num_x_divisions);
stat_diameter =
(float**) malloc(sizeof(float*)*(unsigned) n u m x d ivisions);
stat_volume =
(float**) malloc(sizeof(float*)*(unsigned) n u m x d ivisions);
stat_kin_energy =
(float**) malloc(sizeof(float*)*(unsigned) numxdivisions);
statimpulsx
=
(float**) malloc(sizeof(float*)*(unsigned) n u m x d ivisions);
stat_impuls_y
=
(float**) malloc(sizeof(float*)*(unsigned) n u m x d ivisions);
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for (i=0; i<num_x_divisions; i++)
{
stat_num_drops[i] =
(int*) malloc(sizeof(int) * (unsigned) num_y_divisions);
stat_diameter[i] =
(float*) malloc(sizeof(float) * (unsigned) n u m y d ivisions);
stat_volume[i] =
(float*) malloc(sizeof(float) * (unsigned) num_y_divisions);
stat_kin_energy[i] =
(float*) malloc(sizeof(float) * (unsigned) num_y_divisions);
statimpulsxfi] =
(float*) malloc(sizeof(float) * (unsigned) num_y_divisions);
stat_impuls_y[i] =
(float*) malloc(sizeof(float) * (unsigned) num_y_divisions);
for (j=0; j<num_y_divisions; j++)
{
sM_num_drops[i][j] = 0;
stat_diameter[i][j] = 0.0;
stat_volume[i][j]
= 0.0;
stat_kin_energy[i][j] = 0.0;
stat_impuls_x[i][j] = 0.0;
stat_impuls_y[i][j] = 0.0;
}
}
void calc_planehit(state *s_beforehit, state *s_afterhit,
float *x_plane, float *y_plane,
float *Vx_plane, float *Vy_plane,
float *V_total)
{
float x_hit, y h i t , Vx_hit, Vyhit, Vz_hit;
float lambda;
lambda = - s_afterhit->z_plane
/(s_beforehit->z_plane-s_afterhit->z_plane);
xhit
y_hit
Vx_hit
Vyhit
Vzhit

= lambda *s_beforehit->x+ (l-lambda)*s_afterhit->x;
= lambda *s_beforehit->y+ (l-lambda)*s_afterhit->y;
= lambda * s_beforehit->Vx + (1-lambda) * s_afterhit->Vx;
= lambda * s_beforehit->Vy + (1-lambda) * s_afterhit->Vy;
= lambda * s_beforehit->Vz + (1-lambda) * s_afterhit->Vz;

*V_total = sqrt(Vx_hit * Vx_hit + Vyjiit * Vy_hit + Vzjiit * Vz_hit);
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*x_plane = abs_to_plane[0][0] * x h i t
+ abs_to_plane[0][l] * y h i t ;
*y_plane = abs_to_plane[l][0] * x_hit
+ abs_to_plane[l][l] * y h i t ;
*Vx_plane = abs_to_plane[0][0] *Vx_b.it
+ abs_to_plane[0][l] * Vy_hit
+ abs_to_plane[0][2] * Vzhit;
*Vy_plane = abs_to_plane[l][0] * Vxhit
+ abs_to_plane[l][l] * Vy_hit
+ abs_to_plane[l][2] * Vz_hit;
}
void to_tally(float x_plane, float y_plane,
float Vx_plane, float Vy_plane,
float Vtotal)
{
int i,j;
float volume, mass;
volume = volume factor * diameter * diameter * diameter;
mass = rho_w * volume;
totalvolume += volume;
if ((x_plane>min_x)&&(x_plane<max_x)
&&(y_plane>min_y)&&(y_plane<max_y))
{
i = floor((x_plane-min_x)/step_x);
j = floor((y_plane-min_y)/step_y);
stat_num_drops[i][j]++;
stat_diameter[i][j] +=diameter;
stat_volume[i][j] += volume;
stat_kin_energy[i][j] += 0.5 * mass * V_total * V_total;
stat_impuls_x[i][j] += mass * Vx_plane;
stat_impuls_y[i][j] += mass * Vy_plane;
}
void report_tally(scalarfile,vectorfile)
FILE *scalarfile, *vectorfile;
{
int i j ;
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float surface;
float gx, gy, Fxrain, Fyrain;
float r o o t t a u o v e r r h o , windshearforce;
float mid_x, mid_y;
float meandiam;
float tot_time;
tottime = totalvolume / Qnozzle;
printf("total time of simulation [s] = %g\n",tot_time);
printf("number of surfaces = %d\n",
num_x_divisions * num_y_divisions);
surface = step_x * step_y;
printf("surface of each unit [mA2] = %f\n",surface);
if (scalarfile)
{
fprintf(scalarfile,"#[%10s % l l s % l l s % l l s % l l s %lls]=\n",
"midx","midy","diam","drop intens","vol intens","kin energ");
mid_x = min_y + step_x/2.0;
for (i=0; i<num_x_divisions; i++)
{
mid_y = min_y + step_y/2.0;
for (j=0; j<num_y_divisions; j++)
{
if (stat_num_drops[i][j]>0)
{
mean_diam = stat_diameter[i][j]/stat_num_drops[i][j];
}
else
{
meandiam = 0;
}
fprintf(scalarfile,"% 10.4e % 10.4e % 10.4e % 10.4e % 10.4e
% 10.4e\n",
mid_x,mid_y,
meandiam,
stat_num_drops[i][j]/tot_time,
stat_volume[i][j]/tot_time,
stat_kin_energy[i][j]);
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mid_y += step_y;
}
fprintf(scalarfile,"W);
mid_x += step_x;
}
if (vectorfile)
{
gx = surface * layer_thickness * g * r h o w * abs_to_plane[0][2];
gy = surface * layer_thickness * g * rho_w * abs_to_plane[l][2];
fprintf(vectorfile," gravity force in x-direction = %f\n",gx);
fprintf(vectorfile," gravity force in y-direction = %f\n",gy);
r o o t t a u o v e r r h o = VwindlO * Karman / log(10/z0);
wind_shear_force = surface * r o o t t a u o v e r r h o * r o o t t a u o v e r r h o ;
fprintf(vectorfile," wind stress force in x-direction = %f\n",
windshearforce);
fprintf(vectorfile,"\n[%10s % l l s %10s % l l s % l l s % l l s %lls]=\n",
"midx", "midy","num drops", "Fx_rain", "Fy_rain", "Fxjotal", "Fyjotal");
mid_x = min_y + step_x/2.0;
for (i=0; i<num_x_divisions; i++)
{
mid_y = min_y + step_y/2.0;
for (j=0; j<num_y_divisions; j++)
{
Fxrain = stat_impuls_x[i][j]/tot_time;
Fyrain = stat_impuls_y[i][j]/tot_time;
fprintf(vectorfile,"% 10.4e % 10.4e %10d % 10.4e % 10.4e %
10.4e % 10.4e\n",
mid_x,mid_y, stat_num_drops[i][j],
Fx_rain+gx+wind_shear_force, Fy_rain+gy);
mid_y += step_y;
}
mid_x += step_x;
}
}
}

#undef NOZZLE MAIN

Fxrain,

Fyrain,
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File: "uniform.h"
I*
* prototypes the function uniform
*/
float uniform(void);

File: "uniform.c"

* implements a uniform random number generator by
* using the random number generator ran3 from the book
* Numerical Recipes
* by Press e.a.
*/
#define MBIG 1000000000
#defme MSEED 161803398
#define MZ 0
#define FAC (1.0/MBIG)
float ran3(idum)
int *idum;
{
static int inext,inextp;
static long ma[56];
static int iff=0;
long mj,mk;
int i,ii,k;
if (*idum < 0 || iff = 0) {
iff=l;
mj=MSEED-(*idum < 0 ? -*idum : *idum);
mj %= MBIG;
ma[55]=mj;
mk=l;
for (i=l;i<=54;i++) {
ii=(21*i) % 55;
ma[ii]=mk;
mk=mj-mk;
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if (mk < MZ) mk += MBIG;
mj=ma[ii];
}
for (k=l;k<=4;k++)
for (i=l;i<=55;i++) {
ma[i] -= ma[l+(i+30) % 55];
if (ma[i] < MZ) ma[i] += MBIG;
}
inext=0;
inextp=31;
*idum=l;
}
if (++inext == 56) inext=l;
if (++inextp == 56) inextp=l;
mj=ma[inext]-ma[inextp];
if (mj < MZ) mj += MBIG;
ma[inext]=mj;
return mj*FAC;
}

#undef MBIG
#undef MSEED
#undef MZ
#undef FAC
/*

* change the following value to alter the seed
*/

static int newseed =-3;
float uniform(void)
{
return ran3(&newseed);
}

File:

"options.h"

/*

* header file for the use of options.c
*

*
*

-defines the global file names
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-prototypes the basic function

*/

#ifndef OPTIONS_MAIN
#define GLOBAL
#else
#define GLOBAL extern
#endif
GLOBAL char* progname ;
GLOBAL char* inputfilename;
GLOBAL char* scalar_stat_file_name ;
GLOBAL char* vectorstatfilename
GLOBAL char* hit_file_name ;
void get_options(int arge, char* argv[]);

File: "options.c"
I*
* main file of options
*

*

-implements the function getoptions

*/

#define OPTIONS_MAIN
#include <stdio.h>
#include <stdlib.h>
#include "options.h"
static char* correctuse = "%s inputfile [-s scalarstatfile] [-v vectorstatfile] [-h
hit_file]";
static char* defaultinputfilename = "";
static char* default_scalar_stat_file_name = "";
static char* default_vector_stat_file_name = "";
static char* default hit file name = "";

void error(char *message)
{
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fprintf(stderr,"%s : %s\n",progname, message);
fprintf(stderr,"correct usage :");
fprintf(stderr,correct_use,progname);
fprintf(stderr,"\n");
exit(-l);

void set_defaults(void)
{
inputfile_name = defaultinputfilename;
scalar_stat_file name = defaultscalarstatfile name;
vector_stat_file_name = default_vector_stat_file_name;
hit_file_name = default_hit_file_name;
}

void get_options(int arge, char* argv[])
{
set_defaults();
progname = argv[0];
arge--; argv++;
if (argc=0)
{
error("input file name expected");
}
inputfilename = argv[0];
arge--; argv++;
while (argOO && argv[0][0]=='-')
{
switch(argv[0][l])
{

case 's'
arge-; argv++;
if (arge = 0)
{
error("after -s file name expected");
}
else
{
scalarstatfilename = argv[0];
argc~; argv++;
}
break:
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case 'v' :
arge--; argv++;
if (arge == 0)
{
error("after -v file name expected");
}
else
{
vectorstatfilename = argv[0];
arge--; argv++;
}
break;
case 'h' :
arge--; argv++;
if (arge == 0)
{
error("after -h file name expected");
}
else
{
hitfilename = argv[0];
arge--; argv++;
}
break;
default :
error("unknown option");
}
}
}

#undef OPTIONS MAIN

File: "do spray.c"
I*
* driver program to simulate the nozzle
*

* -reads input
* -by using the function randominitial generates a drop
* -by using the functions in drop.c calculates the trajectory of the drop
*
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* -calculates the hit on the plane
* -reports the hits to the statistical procedures in nozzle.c
* -writes the desired results to files
*
*/

#include <stdio.h>
#include <math.h>
#include <stdlib.h>
#include "drop.h"
#include "nozzle.h"
#include "options.h"
#define TO_ES(f) while((!feof(f))&&(fgetc(f)!='='));
#define deg_to_rad 0.0174553293
/*

* local procedures
*/

void get_input(FILE *from);
/*

* implementation
*/

void get_input(FILE *from)
{
int i;
TO_ES(from); fscanf(from,"%g",&plane_slope);
planeslope *= deg_to_rad;
TO_ES(from); fscanf(from,"%g",&angle_wind);
anglewind *= deg_to_rad;
TO_ES(from); fscanf(from,M%g",&H);
TOJES(from); fscanf(from,"%g",&layer_thickness);
TO_ES(from); fscanf(from,"%g,,,&Vwind_l 0);
TO_ES(from); fscanf(from,"%g",&zO);
TO_ES(from); fscanf(from,"%g",&temp);
TO_ES(from); fscanf(from,"%g",&Qnozzle);
TO_ES(from); fscanf(from,"%g",&V0);
TO_ES(from); fscanf(from,"%g",&max_alpha);
maxalpha *= d e g t o r a d ;
TOES(from); fscanf(from,"%d",&num_diameters);
diaquant = (float*) malloc(sizeof(float)*(unsigned)num_diameters);

Page 8 2

RAINFALL SIMULATION

for (i=0;i<num_diameters;i++)
{
TO_ES(from);fscanf(from,"%g",&dia_quant[i]);
}
TO_ES(from);fscanf(from,"%d",&num_drops);
TO_ES(from);fscanf(from,n%g",&del_t);
TO_ES(from);fscanf(from,M%g",&min_x);
TO_ES(from);fscanf(from,"%g",&max_x);
TO_ES(from);fscanf(from,"%d",&num_x_divisions);
TO_ES(from);fscanf(from,"%g",&min_y);
TO_ES(from);fscanf(from,"%g",&max_y);
TO_ES(from);fscanf(from,"%d",&num_y_divisions);

int main(int arge, char* argv[])
{
FILE *input,*scalar,*vector,*hit;
state prevs, s;
float x_plane, y_plane, Vx_plane, Vy_plane, Vtotal;
get_options(argc,argv);
input = fopen(inputfile_name,"r");
if (!input)
{
fprintf(stderr,"%s : file %s not found!\n",progname,inputfile_name);
exit(l);
}
if (hit_file_name)
{
hit= fopen(hit_file_name,"w");
}
else
{
hit = NULL;
}
get_input(input);
initiate_statistics();
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while (num_drops-->0)
{
if (num_drops%100==0)
{
fprintf(stderr," still to do : %d drops\n",num_drops);
}
random_initials();
initiate_systemconstants();
make_first_state(&s);
while (s.z_plane>0)
{
prevs = s;
do_step(&prevs,&s);
}
calc_planehit(&prevs,&s,&x_plane,
&y_plane,&Vx_plane,&Vy_plane,&V_total);
if (hit)
{
fprintf(hit,*'%f %f\n",x_plane, y_plane);
}
to_tally(x_plane, y_plane, Vx_plane, Vy_plane, Vtotal);
}
if (hit) fclose(hit);

if (scalar_stat_file_name)
scalar = fopen(scalar_stat_file_name,"w");
else
scalar = NULL;

if (vectorstatfilename)
vector = fopen(vector_stat_file_name,"w");
else
vector = NULL;

report_tally(scalar,vector);
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if (scalar) fclose(scalar);
if (vector) fclose(vector);
return 1;
}
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A.1.3. EXAMPLE OF INPUT FILES

File: "indrop"
geometrical information :
slope of plane [deg]= 10.0
azimuth of wind direction [deg]= -10.0
height of nozzle [m] = 2
physical information :
Vwind at 10m [m/s] = 7
zO [m] = 0.003
temperature [C]=21
for the calculations :
time step =0.01
initial values :
V0 [m/s] diameter [m] alphaO [deg] thetaO [deg]
1st = 5
1.0e-3
0
0
30
0
2nd=
5
1.0e-3
2.0e-3
60
90
3rd=
5
90
180
4th = 5
4.0e-3

File:

"innozzle"

geometrical information :
slope of plane [deg]=-10.0
azimuth of wind direction [deg]= 0.0
height of nozzle [m] = 2
thickness of water layer [m]= 0.005
physical information :
Vwind at 10m [m/s] = 3.5
zO [m] = 0.003
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temperature [C] = 21
description of nozzle :
discharge [m3/s] = 0.002
initial speed [m/s] = 5
maximum alpha [deg] = 50
number of diameters = 9
diameter 1 [m] = 1.165e-3
diameter 2 [m] = 1.575e-3
diameter 3 [m] = 1.900e-3
diameter 4 [m] = 2.195e-3
diameter 5 [m] = 2.485e-3
diameter 6 [m] = 2.780e-3
diameter 7 [m] = 3.100e-3
diameter 8 [m] = 3.490e-3
diameter 9 [m] = 4.050e-3
information for computations :
number of drops = 50000
time step = 0.01
information for output :
m i n x = -1.0
m a x x = 1.0
numxdivisions = 1 5
min_y = -1.0
max_y = 1.0
num_y_divisions = 1 5
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A.1.4. EXAMPLE OF OUTPUT FILES

File:

"outdrop"

#[time

x

y

z

V_total]

0.0000000.0000000.0000002.0000005.000000
0.0100000.0483620.0000001.9990294.837145
0.0200000.0951900.0000001.9971094.686752
0.0300000.1405790.0000001.9942684.547775
0.0400000.1846140.0000001.9905324.419300
0.0500000.2273710.0000001.9859254.300526
0.0600000.2689220.0000001.9804684.190742
0.0700000.3093290.0000001.9741814.089321
0.0800000.3486510.0000001.9670843.995698
0.0900000.3869400.0000001.9591933.909368
0.1000000.4242440.0000001.9505243.829874
0.1100000.4606100.0000001.9410953.756800
0.1200000.4960760.0000001.9309183.689764
0.1300000.5306820.0000001.9200093.628417
0.1400000.5644610.0000001.9083813.572433
0.1500000.5974450.0000001.8960463.521507
0.1600000.6296640.0000001.8830183.475357
0.1700000.6611450.0000001.8693083.433714
0.1800000.6919140.0000001.8549283.396323
0.1900000.7219940.0000001.8398913.362943
0.2000000.7514080.0000001.8242073.333344
etc...

File: "scalar"

#[ midx

midy

-9.3333e-01 -9.3333e-01
-9.3333e-01 -8.0000e-01
-9.3333e-01 -6.6667e-01
-9.3333e-01 -5.3333e-01
-9.3333e-01 -4.0000e-01
-9.3333e-01 -2.6667e-01
-9.3333e-01 -1.3333e-01

diam

drop intens

0.0000e+00
0.0000e+00
2.3970e-03
3.7475e-03
2.8514e-03
1.7880e-03
3.0186e-03

vol intens

kin energ]=

0.0000e+00 0.0000e+00 0.0000e+00
0.0000e+00 0.0000e+00 0.0000e+00
1.841le+02 3.3800e-06 5.9876e-04
9.2053e+01 5.0731e-06 1.0521e-03
1.841le+02 4.5866e-06 8.4286e-04
3.6821e+02 2.4226e-06 3.413le-04
1.841le+02 5.5564e-06 1.0763e-03
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-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01

-2.9802e-08
1.3333e-01
2.6667e-01
4.0000e-01
5.3333e-01
6.6667e-01
8.0000e-01
9.3333e-01

2.6368e-03
2.7443e-03
2.4056e-03
3.7515e-03
1.7342e-03
2.5197e-03
0.0000e+00
0.0000e+00

1.841le+02
9.2053e+01
4.6026e+02
9.2053e+01
1.841le+02
1.841le+02
0.0000e+00
0.0000e+00

4.1883e-06
1.9923e-06
7.1115e-06
5.0896e-06
1.0067e-06
3.3810e-06
0.0000e+00
0.0000e+00

7.9582e-04
3.6287e-04
1.2186e-03
1.0904e-03
1.3107e-04
6.0134e-04
0.0000e+00
0.0000e+00

-8.0000e-01
-8.0000e-01
-8.0000e-01
-8.0000e-01
-8.0000e-01
-8.0000e-01
-8.0000e-01
-8.0000e-01
etc...

-9.3333e-01
-8.0000e-01
-6.6667e-01
-5.3333e-01
-4.0000e-01
-2.6667e-01
-1.3333e-01
-2.9802e-08

3.1139e-03
3.081le-03
2.301le-03
2.4692e-03
1.6393e-03
2.3644e-03
0.0000e+00
2.8097e-03

9.2053e+01
9.2053e+01
9.2053e+01
9.2053e+01
9.2053e+01
1.841le+02
0.0000e+00
5.5232e+02

2.9107e-06
2.8195e-06
1.1746e-06
1.4513e-06
4.2466e-07
2.7649e-06
0.0000e+00
1.4021e-05

5.3720e-04
5.1447e-04
1.8485e-04
2.4254e-04
5.3071e-05
4.7737e-04
0.0000e+00
2.7004e-03

File: "vector"
gravity force in x-direction = 0.000000
gravity force in y-direction =-1.514387
wind stress force in x-direction = 0.000000

[

midx

-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01
-9.3333e-01

midy n u mdrops
-9.3333e-01
-8.0000e-01
-6.6667e-01
-5.3333e-01
-4.0000e-01
-2.6667e-01
-1.3333e-01
-2.9802e-08
1.3333e-01
2.6667e-01
4.0000e-01
5.3333e-01
6.6667e-01
8.0000e-01
9.3333e-01

Fx_rain

Fyrain

Fxtotal

Fy_total]=

0 0.0000e+00 0.0000e+00 0.0000e+00•
0 0.0000e+00 0.0000e+00 0.0000e+00•
2-5.9465e-03 •1.0855e-03• 5.9465e-03-1
1-9.8013e-03 •2.4392e-04- 9.8013e-03-1
2-8.0753e-03 7.7868e-04• 8.0753e-03-1
4-3.4439e-03 9.9004e-04• 3.4439e-032-1.0356e-02 4.4270e-03• 1.0356e-022-7.4522e-03 3.9222e-03- 7.4522e-031-3.2097e-03 2.5992e-03• 3.2097e-035-1.1625e-02 9.6291e-03• 1.1625e-021-9.1159e-03 9.5857e-03• 9.1159e-032-1.1527e-03
1.5202e-03- 1.1527e-032-5.2132e-03 6.6865e-03• 5.2132e-030 0.0000e+00 0.0000e+00 0.0000e+00
0 0.0000e+00 0.0000e+00 0.0000e+00

1.5144e+00
1.5144e+00
5155e+00
5146e+00
5136e+00
5134e+00
5100e+00
5105e+00
5118e+00
5048e+00
5048e+00
5129e+00
5077e+00
1.5144e+00
1.5144e+00
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-9.3333e-01
-8.0000e-01
-6.6667e-01
-5.3333e-01
-4.0000e-01
-2.6667e-01
-1.3333e-01

File: "hit"
0.558939 0.288504
0.922508 -0.266035
-0.066993 -0.224129
0.362926 -0.281723
0.016137 0.003500
0.997323 -0.194311
-0.200751 0.522201
-0.120800 1.280214
-1.205076 0.165641
0.943974 -0.266750
0.122412 0.277993
0.005106 -0.865314
-0.128340 -0.385061
0.537177 0.977040
-0.003817 -0.634556
-0.270335 -0.202089
0.450188 0.906229
-0.286875 0.138478
0.553735 -0.406856
1.105880 0.323322
0.082548 -0.101891
-0.201789 1.135718
0.167809 0.284890
-0.529383 0.023909
-0.295914 0.084560
0.948872 -0.049986
0.764479 -0.357817
0.098759 0.967760
-1.057035 0.114657
-0.512973 0.753780
0.206265 0.059189
etc...

1
1
1
1
1
2
0

-4.2464e-03
-4.5496e-03
-1.6551e-03
•2.1291e-03
•4.9049e-04
•4.0701e-03
0.0000e+00

•2.2843e-03 -4.2464e-03 •1.5167e+00
•2.0045e-03 -4.5496e-03 •1.5164e+00
•2.8263e-04 -1.6551e-03 •1.5147e+00
•3.8172e-05 -2.1291e-03 •1.5144e+00
8.6237e-05 -4.9049e-04 •1.5143e+00
1.2873e-03 -4.070le-03 •1.5131e+00
0.0000e+00 0.0000e+00-1.5144e+00
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APPENDIX 2-LABORATORY EXPERIMENTS WITH FULL-CONE
NOZZLE UNDER WINDLESS CONDITIONS

Laboratory experiments wereexecuted withasingle full-cone nozzle under windless
conditions to determine the water application distribution. In Table A.2.1, x and y are
distances (cm) and P isthe rainfall intensity (mm/min). Nozzle isat x =60cm and y =60
cm.
Table A.2.1 - Rainfall intensity (mm/min).

X

Y

0
22
44
66
88
110
132
0
22
44
66
88
110
132
0
22
44
66
88
110
132
0
22
44
66
88
110
132
0
22
44
66

132
132
132
132
132
132
132
110
110
110
110
110
110
110
88
88
88
88
88
88
88
66
66
66
66
66
66
66
44
44
44
44

P
4.5
9.9
10.0
9.7
9.4
5.7
3.8
8.0
8.5
8.5
8.2
8.2
9.3
9.4
7.1
8.8
11.0
10.9
8.2
8.0
10.5
7.3
10.4
15.9
13.9
9.7
7.1
9.3
7.5
10.6
15.4
14.4
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Table A.2.1 - Rainfall intensity (mm/min) (continuation).

X
88
110
132
0
22
44
66
88
110
132
0
22
44
66
88
110
132

Y
44
44
44
22
22
22
22
22
22
22
0
0
0
0
0
0
0

P
8.8
6.5
8.4
7.5
8.1
11.2
10.4
7.3
6.9
8.8
8.1
8.3
9.2
9.4
9.0
9.3
6.9

Calculated parameters:

Average rainfall intensity (Simpson's Rule)
Area of positive volume = 36 %
Area of negative volume = 64 %

9.42 mm/min
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15.9

Fig. A.2.1 -Rainfall distribution on a 1.20 x 1.20 m2 plot showing points of measured rainfall intensities
(see Table A.2.1).

Fig. A.2.2 - Rainfall distribution on a 1.20 x 1.20 m2 plot.
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^
^

Fig. A.2.3 - Rainfall distribution on a 1.20 x 1.20 m2 plot after smoothing with the minimum curvature
method.

