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Annexure-I

General Criteria for Rainfall Simulator

1. Simulator should have stationary Nozzles (Pressure Nozzle System).
2. Drop Size dishibution should be near that of natural rainstorms.
3. Drop impact velocity near those of natural raindrops.
4. Rainfall Intensity should be in the range of 15 to 250 mm/tr.
5. Drop characteristics & intensity of application should be fairly uniform over the study area.
6. Raindrop application should be continuous throughout the study area.
7. Angle of impact should not be greatly different from vertical for most drops.
8. The simulator should have the capability of applying same simulated rainstorm repeatedly.
9. It should be portable for movement from one research site to another.
10. It should b€ light weighted enough that2 people can move it.
I l. It must be easy and quick to setup in the variable size fields.
12. It should be fabricated with easily available components.
13. The frame should be metallic and stiff enough to avoid sagging due to water load and pressure.

14. The material used should be corrosion free.

Draft Design is in Fig. 1.

Specific Requirements:

1. Rainfall Simulator should have Spray nozzles to simulate rain, assembly supported by metallic
frame on upper end.
It should be adjustable in width and length with the variable study plot size. Width of the simulator
should be in the range of 3 to 10 m.
Length should be adjustable in the range of 5 to 15 m.
The simulator should have tilting and adjustable facility (Adjustable nozzle height). The height can

vary from 2 to 5 m.
5. Eachnozzle should be fiued with control valve and pressure gauge excluding main control valve

and pressure gauge near the pump outlet.
Flow meter at the pump outlet to measure the outflow discharge from pump.
Connecting pipes should be of best quality (wear and tear free, corrosion free) sufficient length to
accommodate with the variable simulator frame size.
The connection pipes should be fitted so as to avoid any kind of sagging or pressure loss during
conveyance

Specific Nozzle Requirements:

The nozzle should be of material suitable for resisting abrasion, erosion and corrosion.

Full Jet Spray Nozzle (Full Cone) (preferably of Spraying Systems Co.)
Nozzle Inlet Conn. Female NPT
Capacity of nozzle to simulate rainfall should be in the range of 20 mm/tr to 250 mm/hr ( 20
litlmin to 200lit/ min).

4. Drop size distribution should be uniform for the entire study plot area.
5. Size of drops generated by nozzle should be nearly same as of natural rainstorms.
6. Nozzle attachment fixtures should be like that so as to accommodate another type of nozzle also.

7. Spray Angle should not be less that 85 degrees.
8. Maximum PSI 10

6.
7.

8.

J.
4.

l.
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Specific Pump Requirements :

Technical Specifications

Depth: 3 to 15 metres
Capacity: Max. 200 lit per min
Power Rating Single Phase : 0.37 to 1.1 kW (0.5 to 1.5 HP)

No moving parts inside the well, hence easy to service
Designed to prevent overloading and motor buming out
Models incorporated with IP44 protection and class'B'insulation
Dynamically balanced rotating parts ensure minimum vibrations
Replaceable wear and tear parts and hence longer life
CED coated wetted components for long life and rust free operations
More hygienic operations for drinking water
Fitted with shielded ball bearing - no lubrication required through life cycle
Should have suction lift self-priming.

Figure 1" Rain simulator



fr,\ sprayAnatysis
tl[trFFt and Research Services

P.0. Box 7900, Wheaton, IL 60189-7900 USA Tel: 630-665-5201 Fax:630-260-7593 www.sprayconsultants.com

Multiscale Design of Rain Simulator

K. Knasiak*, R.J. Schick and W. Kalata
Spray Analysis and Research Services

Spraying Systems Co.
wheaton. IL 60189 -7900 USA.

Abstract
The United States Army is interested in building a rain test simulator. It must be able to simulate rain rates ranging
from 1.07 - 14 mm/min. Furthermore, the drop size shall be in the range of 500 - 4500 pm. The simulator has to be

designed to support two types oftests, rain resistance (top spraying) and water integrity (side spraying). The top
spraying rain simulator was build and tested for the drop size and rain fall distribution with variable spray heights
and rain rates. For each rain rate separate spray nozzle was chosen. The measured drop size fell within the desired
size range. The measured rain fall distibutions were the most uniform at the highest nozzle heights.
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Introduction
The United States Army at Aberdeen Test Center is

interested in building a rain test simulator. This simula-
tor shall conform to the United States Departrnent of
Defense (DOD) ML-STD-8l0F.Method 506.4 stan-
dard [1] and related North Atlantic Treaty Organizz-
tion's specifications. Specifically, it must be able to
simulate rain rates ranging from 1.07 - 14 mm/min for
which the rain conditions are shown in Table l. Fur-
thermore, the drop size shall be in the range of 500 pm
- 4500 pm. In addition, consideration needs to be given
to ensure thd changing the simulation rates is easy and
that the entire simulator is as lightweight and flexible as
possible.

The flow rate will be determined based on the amount
of liquid needed for each rain intensity test level. The
pressure required achieve this flow will be depend on
several factors which include drop size, spray angle,
and coverage. The pressure ranges will be determined
by analyzing the effect of pressure on drop size, spray
angle and coverage in this application.

Spray Coverage
Within each spray pattern type there are many noz-

des providing different spray angles, resulting in nar-
rower or wider spray pattern coverage. While the tabu-
lated spray angles are helpful from the standpoint of
comparing relative spray coverage ofdifferent nozzles,

Rain Condition Rain Fsil Rde FIow Rales

Exteme 14 mm/min (33.1 in/hr) 7310 Umin (1930 GPM)

HiCh 8 mm/min (18.9 in/hr) 4160 Umin (l100 cPM)

Steady-state ('tnedium") 1.7 mm/min (4.0 inlhr) 890 Umin (235 GPM)

Steady-sta0e (*low") 1.07 mm/min (2.5 in/tr) 56E Umin(150 GPM)
Teble 1. The total flow rate requir€d for each simulation mode >vq a22-9x?2.9 m'area-

To facilitate the rain test simulator, it is required to
be installed in a building with a floor area of 30.5x45.7
m' (100x150 tr). The simulator has to be designed to
support two typ€s oftests, rain resistance (top spraying)
and water integrity (side spraying). The general re-
gqirement for the rain resistance system is a 22.9x22.9
m' (75x75 ff) spray grid composed of 4 retactable
grids at a maximum spray height of 12.2 m (40 ft). The
requirement also calls for independent contol of each
gdd. The general requirement for the water integrity
system is a22.9x6.1m2 175120 f) modular spray grid
with a maximum spray distance of 6.1 m (20 ft). The
spray support structure is required to provide support to
all of the water plumbing which would feed the nozzles
in both the rain resistance and water integrity systems.

Theory
FIow Relations inSpray Noales

The nozde flow rate is directly related to nozzle
pressure and is computed as shown in Equation (l). Qr
and P1 are the rated flow and the rated pressure md Qz
and P2 are the required flow and pressure. The "n" ex-
ponent' will vary based on nozzle type, with a typical
range of 0.44 - 0.5 [2].

the spray angle should not bc extended geometrically if
accurate spray cov€rage information is required.

The spray at distances does not maintain the theo-
retical spray angle coverage farth€r away from the ori-
fice. Based on this information, the actual coverage for
a single nozzle will have to be determined experimen-
tally at the application conditions. The coverage for
multiple nozzles will also be determined experimen-
tally. Ideally, the nozde with the largest spray angle
will be choserl however such a selection may be com-
promised by the drop size and velocity requirements.
This problem can generally be addressed by a narow
spray angle at the expense of adding more nozzles in
order to obtain the coverage.

Drop Size and Veloctty
Drop Size is greatly affected by nozzle type, flow

rate and pressure. Generally, at the same operating con-
ditions (i.e. flow and pressure), the drop size in each
spray pattern is largest to smallest in the following or-
der: Full Cone, Flat Spray and Hollow Cone. An in-
crease in flow rate at a constant pressure increases the
drop size. An increase in pressure or an increase in
spray angle reduces the drop size.

The most common measures of drop size are vol-
ume median diameter (VMD, Dys5), Sauter mean di-
ameter (SMD, Dsz), Dvo.r, Dyqe. These were included in
this work. VMD is a value where 507o of the total vol-
ume or mass of liquid sprayed is made up of drops with
diameters smaller or equal to this value. SMD is the

*e) (l)
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ratio of the total volume of all the drops to the total
surface area of all the drops. Dye 1 and Dye,e are valu€S

where l0 and90%o respectively of the total volume or
mass of liquid sprayed is made up of drops with diame-
ters smaller or equal to this value. To get an indication
of uniformity of drop size distribution, a parameter

known as Relative Span Factor (RSF) can be computed
from Equation (2). Additionally, average velocity and
volume flux of the spray drops can be obtained P-51.

p5p - 
Dro., - Drol (2)

Dro.,

Nogk Corgtruclion Maleriah
Thc nozzles should be conshucted of a material

suitable for resisting abrasion, corrosion and erosion.
Abrasion is the erosion resulting from the cutting or
scarring action by suspended solid particles, which are
harder than the nozzle surfaces. To minimize abrasion
or attrition problems, harder materials such as stainless
steel, hardened stainless steel, tungsten carbide, and
other carbides should be considered.

Corrosion is the destruction of nozzle surfaces
caused by a chemical attack by the solution on the noz-
zle material surfaces. The usual measures for limiting
the corrosion of nozzle surfaces include selecting mate-
rials which are compatible with the chemical being
used. This is generally a function of the liquid identity,
liquid temperature, and percent concentration of the
corrosive agent.

Erosion is the desfuction of material surfaces by
abrasion, atfition, chemical corrosioq or a combination
of these factors. It is caused by liquid flows with or
without solid particles. Harder materials, reduced liq-
uid velocity, and added corrosion inhibiters to the
sprayed liquid can slow down the erosion ratp of nozzle
surfaces.

Methods
Noale Solutions

For all rain rate (RR) simulations, FullJettD nozdes
produced by Spraying Systems Co. (Wheaton, Illinois,
USA) were chosen. These nozdes are full cone nozzles
available in narrow, standard and wide spray angle con-
figurations. For lower rain rales targeted for 0.42, 0.85,
1.3 and 1.7 mm/min (1,2, 3 and 4 in/hr) wide angle
spray nozzles were used with coarse nozzle distribution.
For higher rain rates targeted for 3.4, 5.1,7.6, and 14

mm/min (8, 12, 18 and 33 in/hr) the narrow angle spray
nozzles were used with fine nozzle distribution.

Rain Simulator
To validate the nozzle performance, a rain simula-

tor shown in Figure I was constructed. 18 nozzles were
placed on top of the apparatus with spatial distributions

shown in Figures 2 and 3. The coverage area was ap-
proximately 4.1x5 m'(13.5x16.5 ff). To measure the
distribution ofsimulated rain fall, a patternator or a cart
with24 collection tubes placed side by side in a sfaight
line was used. Each tube had 2400 ml volume capac-

ity with 8 cm intemal diameter. The pattemator had a

collection height of 0.8 m. This means that tle spray
height is the difference ofnozzle height and patternator
height.

Figure 1. Rain simulator

Lower Rain Rale Tests
For the lower rain rates (0.42, 0.85, 1.3 and 1.7

mm/min), the spray setup had 4 nozzles active. These
nozzles were positioned in such way, that each active
nozzle was located in the center of an hexagonal cell
formed by inactive nozzles. The cart with pattemator
tubes was positioned on the centerline between two
nozzles. The pattemator had an origin set on the right-
hand side (see Figure 2). The measurements were per-

formed at one nozzle height of 6.1 m (20 ft). During
each test, in addition to collected volumes, the pressure,

flow rates and collection time were measured.
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Figure 2. Lower rain rate test set up.
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Higher Rain Rale Tests
For the higher rain rates (3.4, 5.1, 7.6, and 14

mm/min), the spray setup had all nozzles active. The
cart with patternator tubes was positioned at numerous
locations with the approximate coverage surface of 2x4
m'as shown in Figure 3. The rain simulation meas-
urements were performed at three different nozzle
heights: 3, 4.6 md 6.1 m (10, 15 and 20 ft). During
each test, in addition to collected volumes, the pressure,
flow rates and collection time were measured.

J i..
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Figurc 3. High€r rain rate test set up.

Drop Sizc Measurcmenb
A twodimensional Artium Tcchnologies Phase

Doppler lnferomet€r (PDI) 200MD instnrment (shown
in Figure 4) was us€d to make drop size and velocity
measurements, as shown in Figurc 4.

Figure 4. Artium Technologies PDI

The solid state laser systems (green 532 nm and red 660
nm) used in the PDI-200 MD are Class 38 lasers and

provide about 50-60 mW of power per beam. This is an
intense enough laser power to help offset dense spray
effects.

The tansmitter and receiver were mounted on a
rail assembly with rotary plates; a 40' forward scatter
collection angle was used. For this particular test, the
choice of lenses was 2000 mm for the transmitter and
2000 mm for the receiver unit. This resulted in a size
range with a size of about 27.9 pm-3351.7 pm. This
optical setup was used to ensure capturing the full range
of droplet sizes while maintaining good measurement
resolution. The particular range used for these given
tests was determined by a preliminaxy run where the
Dye5 and the overall droplet distribution could be ex-
amined. This appeared adequate to collect the entire
droplet size range produced by the nozzles. For each
test point a total of 25,000 samples were used. The
principals of drop size measurement techniques and use
of the PDI were previously published by various au-
thon [6-12].

Results
Lower Rain Ralzs

Ttrc 0.42-1.7 mVmin rain rdes were measured to
verify that they met dre drop size requirements. For a
single nozzle height of 6.1 m and ditrerent rain rates,
different capacities of wide angle full cone nozzles
were used. Figure 5 shows dre dishibution of collected
liquid for each lower rain rate case which were col-
lected behrreen two active nozzles as shown in Figure 2.

- 
TargetRR=0.85 r

Figure 5. RR distribution in lower rain rates.

Figure 5 shows relatively even distributions of liq-
uid collected by a pattemator. In order to quantify the
variability ofthe collected liquid, the ratio ofthe stan-
dard deviation to the average, known as the coefficient
of variance (CV), was computed. The statistical sum-
mary of all cases is provided in Table 2.
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The drop size data shown in Table 3 indicates that
all lower rain rate simulated data fell within the re-

quired drop size ranges. The Dvo.r ranged from 260 to
500 pm, Dye.e ranged from 1580-1900 pm, and Dvo.s

varying at rang€ 530-1450 pm. RSF varied from I to
2.5. SMD varied from 480 to 1000 pm.

Higher Rain Rates
The 3.4-14 mVmin rain rates wer€ measured to ver-

ify that they met the drop size requirements. For each

spray height different capacities of narrow angle full
cone nozzles were used. Figure 6 shows the distribu-
tion of the collected liquid for each case. The top por-
tion of Figure 6 shows each cas€'s measurement data
(in red dots) and their conesponding meshed surface

that was computed with a 2D Herrrite interpolation
algorithm. The bottom portion of Figure 6 shows the
uneven structures (bumps) in each case, providing gen-

eral performance features ofeaoh case.

Figure 6. Top: Collected volume spatial distributions
for differe,nt rain rates (RR) and nozde heights (NH).
Red dots indicate measured data Mesh indicates 2D

interpolated data. Bottom: Surface plot of 2D interpo-
lated volume spatial distributions.

Figure 6 clearly indicates that cases at3.4 mnozde
height have the largest variance and at 6.1 m nozzle
height, the variance was the lowest. The variance cor-
responded to the nozde positions. The significant vol-
ume peaks that are most distinctive at 3.4 m spray

height were approximately at the nozzle positions. The

statistical summary of Table 2 confirms the graphical

results shown in Figures 6, where the CV is the highest

at 3.4 m nozzle height and it is the lowest at 6.1 m.

Generally, at each nozzle height, CV decreased as the

desired rain rate increased. Figure 7 graphically indi-
cates the changes in CV.
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Figure 7. Coefficient of variance of rain rate data for
higher rain rates at multiple nozzle heights.

The drop size data shown in Table 3 indicates that

all higher rain rate simulated data fell in required drop

size. All had about the same Dye.1 at range of 250-290
pm, the same Dvo.q at range 3050-3180 lrm, but Dvos

varying at range of 640-1100 pm. RSF varied from 2.6

to 4.6 pm. SMD varied from 530 to 650 pm.

Dlscussion
In order to satisfr the conditions posed by the rain

characteristics, full cone type nozdes that provided

reasonable volume coverage throughout its spray area

were chosen. Since the sprayed volume distibution of
'rsuch nozde is Gaussian in nature, overlapping the

sprays needed to be taken in to account, particularly for
the lower rain rates (0.42'1.7 ml/min) where not all
nozzles were activated as shown in Figure 2. Also, the

higher rain rates (3.4-14 mVmin) spray overlap was

significant and was affected by all neighboring nozdcs.

The flow rate and pressure ratings that were used wert
based on overall coverage rather than for a single noz-

zle. For the lower rain rates, the flow rate calculation
was approached differently. It was calculated based on

the circular area computed fiom the radius defined by

the distance between active nozde and any of six

neighboring inactive lszzlss (see Figure 2). The usual

approach for spray overlap in such cases is targeted to
1/3 of spray diameter. This means that the volume that
is sprayed outside the cell area has to be accounted for.

Since there would be 6 neighboring nstivs nezzle5

around the cell, it is assumed that their combined over-

lap volume that falls into the cell is approximately the
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same as that cell's overspray volume. Spray coverages
produced by the selected wide angle nozzles used for
the lower rain rains produced result nearly equivalent to
those that were calculated using the l/3 overlap ap-
proximation. It can be concluded based on the results
shown in Figure 5 and Table 2 that this assumption in
lower rain rates provides reasonable rain fall distribu-
tions.

Simulating nature has always been challenging, es-
pecially physical phenomena such as natural precipita-
tion. Significant differences can be noted in the droplet
fonnation of rain as compared to spray nozzle atomiza-
tion. Rain is created by condensation of moist air into
small droplets that then agglomerate into larger drops
and fall to earth. Drops generated by spray nozzles are
created by forcing fluid at elevated pressures through
small openings with various geomenical configurations
forcing the fluid into sheets, ligaments and then drops

[5,13]. One may argue that the lower end drop size
range (500 - 4500 prn) posed by DOD standard [] was
not completely satisfied haus€ the smallest Dyq.1

ranged from 250 to 500 Urn. This means that lW/o of
the total volume measured had droplets smaller than
500 pm. While this is tnre the majority of liquid vol-
ume from the sprays is ovenvtrelrningly within required
drop size range. With 85o/o to 90elo of sprayed volume
within the required drop size range, the experimental
results can be considered as valid. Additionally, the
rain simulator produced rain fall distributions that were
reasonably even and therefore the majority of natural
rain phenomenon was reproduced.

Conclusions
Beginning from the drop size (l0t - l0-3 m scales)

and ending up on dimensions of the test apparatus (lOt
m scales), the design parameters of the rain simulator
were satisfied. In all cases drop size ranged fiom 250
pm (smallest Dye.1) to 3200 pm (highest Dys.e) and sat-
isfied the project's drop size requirements. Rain fall
distibutions were relatively even at all rain rates rang-
ing form 0.42 to 14 mm/min at 6.1 m nozzle height.
The design consisted of consistent spacing of narrow
angle full cone nozzles at higher rain rates and required
all nozzles to be active. In lower rain rates the wide
angle full cone nozzles were used. These nozzles were
spaced in such a pattern, where active nozzl€s were in
the center of hexagonal cells formed by the inactive
nozzles.

2D Two Dimensional
CV Coefficient of Variance
DOD Deparfinent of Defense
NH Nozzle Height
PDI Phase Doppler Interferometer
RR Rain Rate
SMD Sauter Mean Diameter

Volume Median Diameter
Relative Span Factor
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Tables

Table 2. Statistical summary of measured rain fall for all tests.

Tabte 3. Drop stze and velocity measurements for all tests at 6.1 m nozzle height.
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Desired
RR

(wn/min)

Noule
Height

(m)

Measured RR (based on collected volryme)

Ave. RR
(mm/min)

Min. RR
(mm/min)

Max RR
(mm/minl

Std RR
(mm/min)

CoefJ:. of
Variance

0.42 6.1 0.40 0.32 0.60 0.07 0.16

0.85 6.1 1.08 0.85 t.25 0.14 0.13

1.3 6.1 t.2l 1.08 1.42 0.1I 0.09

t.7 6.1 t.76 1.67 1.89 0.06 0.03

3.4
3.0 2.75 0.068 25.5 4.97 l.8l
4.6 3.59 0.80 I1.0 t.97 0.55

6.1 3.60 1.42 6.7r 1.14 0.32

5.1

3.0 4.38 0.08 39.5 7.68 t.75

4.6 5.23 125 t7.7 3.24 0.62

6.1 5.67 2.87 10.3 t.72 0.30

7.6
3.0 6.65 0.28 45.6 r0.2 1.54

4.6 8.23 2.65 23.6 4.31 0.52

6.1 9.55 5.70 15.1 1.93 0.20

l4
3.0 r0.2 0.85 53.7 13.6 1.33

4.6 13.6 5.t7 32.4 5.98 0.44

6.1 15.9 11.5 24.8 2.29 0.14

RN
(mn/min)

Pressure
(hPa)

D Dvn < Dvn r Dvo.c R,Sr
V, V,

(nr) (nds)

0.42 67.6 481 533 263 t579 2.5 1.25 0.77

0.85 5t.7 638 734 36r 1752 1.9 l.9l 0.8s

1.3 66.9 996 1450 498 1885 1.0 2.02 1.24

1.7 82.7 913 1370 450 1901 l.l 1.92 1.15

3.4 317 529 641 253 318 l 4.6 J.JJ 0.76

5.1 290 647 r096 288 3140 2.6 3.97 0.92

7.6 241 616 933 290 3050 3.0 3.93 1.09

t4 483 569 904 259 3145 3.2 5.57 1.06


