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Abstract: Research on water erosion often uses rainfall simulators, as these instruments
allow for controlling the characteristics of the erosive agent and carrying out replications
of experimental runs over brief time periods. In this paper, the early-step assessment of
a new pressurized rainfall simulator equipped with nozzles differing in their spray angle
and flow rate is developed. Experimental runs were performed to determine operative
information about its functioning and rainfall intensity distribution. The investigated
pressure—flow rate pairs, corresponding to values differing from those provided by the
manufacturer, suggested that these nozzles are affected by their technological variability.
Therefore, the use of the nozzles in pressure ranges that the producer did not investigate
requires the testing of the manufacturer’s characteristic curves. The developed analysis on
the variability of the measured average rainfall intensities and Christiansen’s Uniformity
coefficient with the distance from the nozzle orifice demonstrates that the best simulation
was obtained for the high-flow-rate nozzles at 120° and 90° with a pressure of 0.5 bar. These
two simulation conditions allowed for the obtainment of rainfall intensities equal to 50 and
70 mm /h, respectively, and excellent uniform spatial distributions within a circular area
with a diameter of 1.5 m. Moreover, to change the rainfall intensity during the simulation,
the more effective approach was to maintain a constant pressure and modify the nozzle
type, thereby modifying the nozzle spray angle. This finding underlines the importance of
verifying the manufacturer’s nozzle characteristic curves and testing the rainfall intensity
spatial distribution for selecting the nozzles most suitable for the simulation aims.

Keywords: rainfall simulator; rainfall intensity; rainfall spatial distribution; soil erosion

1. Introduction

Rain simulation is a remarkable tool in water erosion research, as it allows for the
control of the characteristics of the erosive agent, which cannot be controlled a priori
using natural rainfalls. Rainfall simulators are valuable devices in experimental tests
as they allow for controlled replications of precipitation events over short periods. By
providing numerous and repeatable rainfall conditions, these devices allow for isolating
specific variables and assessing their impact over relevant hydrological processes related
to soil erosion, infiltration rates, surface runoff, sediment transport, and conservation
practices [1-7].

Different rainfall simulators have been proposed in the literature, distinguished by
the research application, nozzle type, capillary material, droplet size distribution, rainfall
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intensity, and uniformity of the simulated precipitation, and each device requires testing
both the dynamic characteristics and the distribution of the simulated rainfall [8-36]. Before
using rainfall simulators for hydrological purposes, they need to be characterized not only
in terms of the rainfall intensity and its uniformity distribution, but also in terms of the
raindrop size distribution, raindrop falling velocity, and, thus, kinetic energy that reaches
the sampling area in a given time.

Referring to the raindrop formation process, rainfall simulators can be categorized as
dripping and pressurized simulators [37].

Dripping simulators, such as the Kamphorst one (model type 09.06) [18,38], use
needles or drippers to generate raindrops through gravity. Thus, they are simple in
design and effective for small-scale investigations. For fixed conditions, such as the water
temperature, pressure head, drippers’ geometric characteristics (length and inner diameter),
and fall height of drops, they form raindrops with constant characteristics in terms of
their diameter and fall velocity. Therefore, the use of a weighing technique to determine
raindrops’ diameters and a photographic method to measure their fall velocities [39,40]
allows for an easy characterization of this type of simulator. The main limitation of these
simulators is that they are often characterized by large raindrops, which always impact
the same areas unless the system is modified using meshes for the drop breaking and the
spatial redistribution [25,32,41-43].

In contrast, pressurized simulators use pumps and nozzles to generate rainfall closely
resembling natural storm events, since they allow for simulating precipitation having
a wider range of drop sizes and rainfall intensities by varying the raindrop falling height
and diameter [6,44]. Nevertheless, they require careful calibration and maintenance to
ensure accuracy and consistency in the simulation.

Although many rainfall simulators have been proposed and used in the literature, their
results are difficult to compare, even when the same physical process is investigated, due
to a lack of standardization in the operating conditions [3,32,36,45,46]. Therefore, the char-
acterization of a rainfall simulator by a consistent methodology is fundamental to ensure
the reproducibility and comparability of the experimental results of different investigators.

For improving the reliability of hydrological studies, another challenge of these devices
is their characterization in terms of the Drop Size Distribution (DSD), drop fall velocity
v (m/s), rainfall kinetic power P, (J/ m?/s) (i.e., the rainfall kinetic energy per unit area
and time), and momentum per unit time and area M (N/ m?) [39,40]. The energy characteri-
zation is straightforward to perform in drip-type simulators, as individual droplets can be
identified and analyzed with higher precision [40], while for the pressurized one, it requires
the use of a disdrometer to measure the raindrop size distribution and falling velocity.

The correct functioning of a simulator also implies that the rainfall distribution over
the investigated plot area is uniform. For this aim, the simple Christiansen Uniformity (CU)
coefficient [47] is the most frequently used parameter to evaluate the rainfall uniformity
over the plot surface [3,4,33,48-50]. The CU coefficient is calculated using the following

CU = (1 _ ml_l”) (1)

I,n

equation [47]:

where Y ! 1|I; — I,| is the sum of the absolute deviations of the rainfall intensity I; (mm/h)
of a single collector from the mean rainfall intensity I, (mm/h) of all collectors, and n (-) is
the total number of collectors. However, its use is appreciably dependent on the applied
methodology (the number, density, and layout of collectors) [51].

As reported by the American Society of Agricultural Engineers [52], the uniformity of
a rainfall simulator can be classified as unacceptable (CU < 60%), poor (60% < CU < 70%),
fair (70% < CU < 80%), good (80% < CU < 90%), or excellent (CU > 90%) [7]. Furthermore,
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Iserloh et al. [3] emphasized that achieving a CU above 80% is essential to ensure the proper
functioning and reproducibility of any rainfall simulation investigation.

Iserloh et al. [3] compared the performances of thirteen rainfall simulators of both types
spread throughout European research institutes, one of which is a drip-type simulating
a rainfall intensity equal to 360 mm/h. The others are pressurized rainfall simulators which,
according to Iserloh et al. [3], discharged into the sampling area rainfall intensity values
ranging from 37 to 94 mm/h.

To assess the spatial distribution of the simulated rainfall intensity, the authors used
small collectors to measure the rainfall intensity, obtaining CU values for the tested devices
varying between 60.6% and 97.8%. The investigated simulators were also characterized
in terms of the DSD and rainfall kinetic energy using an optical disdrometer (Laser Pre-
cipitation Monitor, Thies Clima, Gottingen-Germany), neglecting the spatial variability of
the rainfall energy characteristics and only providing the average measured kinetic energy
obtained by placing the disdrometer at five different spots in the center of the sampled
surface. The authors suggested that, since the low fall height did not enable them to reach
the terminal velocity of large natural raindrops (large drops are only produced when the
system pressure is low), the simulators produced low values of rainfall kinetic energy.

In this paper, a new pressurized small portable field rainfall simulator, equipped to be
used with different nozzle types, is proposed. The early-stage operative information about
its functioning and the uniformity of the rainfall intensity distribution is provided. For
each considered nozzle, the performance of the proposed rainfall simulator is evaluated
to verify the flow rate—pressure relationship (characteristic curve), test its technological
variability, and determine the uniformity of the rainfall intensity distribution for different
pressure values.

2. Materials and Methods
2.1. The Description of the Rainfall Simulator

The proposed simulator, schematically reported in Figure 1, belongs to the category of
pressurized nozzle simulators.
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Figure 1. The experimental set-up: the front-view of the support structure, nozzle, and rain collectors
(left) and a schematic representation of the rainfall simulator’s hydraulic system, from the feed system
to the nozzle outflow (right).
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The support structure is made of galvanized steel with a square base of 1.2 m per side,
corresponding to that of the plot subjected to the simulated rainfall (Figure 1). Designed
for easy assembly, the frame includes four uprights equipped with a telescopic sliding
mechanism, enabling the change in the frame’s height up to 3.2 m. Each upright can be
independently adjusted, allowing the structure to also be used on steep slopes or uneven
terrain. The upper section of the gantry is reinforced with a square grid, reducing vibrations
and improving stability during rainfall simulations.

The water stored in a 30 L capacity tank is pressurized using a centrifugal pump (model
2088-713-515, made by Shurflo, Roncg-France) (Figure 1). This pump features a maximum
pressure, P, of 3.8 bar and a maximum flow rate, Q, of 13.2 L/min. This pump operates on
a 12 V electrical power supply, which can also be sourced by a transformer connected to
a 220 V electrical grid and a 12 V, 10 Ah battery, ensuring the device’s functionality in
field applications.

Two separate control valves have been installed: the first valve (vq) controls the
amount of water drawn by the pump, while the second valve (v;) regulates the amount
of water recirculated into the tank (Figure 1). This configuration allows for finer pressure
adjustment, facilitating the execution of experimental tests, as a steady-state flow condition
can be easily achieved. In this investigation, when v, was completely closed, the maximum
flow rate occurred; as v, was gradually opened, the recirculation flow to the feed tank
increased, reducing pressure (up to 0.1 bar) and flow rate values at the nozzle.

The selected nozzles are axial full-cone sprinklers from the Lechler 490 Series (Lechler
Gmb, Metzingen-Germany) (Figure 2), made for chemical applications.

Figure 2. Close-up view of Lechler Series 490 nozzles (B: bore width).

These nozzles are specifically designed to minimize the risk of clogging due to their
wide flow channels, ensuring a uniform distribution over the circular impact area [53].
Manufactured from brass, these nozzles offer high resistance to oxidation and abrasion,
preserving their hydraulic performance over time. They maintain a stable spray angle
across a range of pressures, which is essential for uniform coverage. The nozzles of the
Lechler 490 series can cover different wetting surfaces depending on the pressure and
specific model. Five nozzle models were selected, distinguished by their spray angle or
delivered flow rate (High Q and Low Q nozzle type), and, for each model, two nozzles were
tested to verify their technological variability. The key characteristics of the investigated
nozzles, in terms of spray angle, bore diameter, and hydraulic properties (Q-P relationship),
provided by the manufacturer are listed in Table 1. Table 1 also lists the maximum diameter
of the circular wetted area corresponding to the used falling height of 1.63 m.
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Table 1. Characteristics of Lechler nozzles provided by the manufacturer.
Flow Rate (Q) [L/min]
Spray Bore
Angle and Type Width Pressure (P) [bar] Maximum Diameter
Nozzle Model (B) [mm] 5 1 5 3 5 7 10 of the Circular
Wetted Area (m)
45°_490683 High Q 2.55 287 379 5.00 588 721 8.25 9.52 1.35
60°_490684 High Q 2.60 287 379 5.00 588 721 8.25 9.52 1.88
90°_490686 High Q 2.70 287 379 5.00 588 721 8.25 9.52 3.26
120°_490688 High Q 2.75 287 379 5.00 588 721 8.25 9.52 5.65
120°_490608 Low Q 2.10 1.81 2.39 3.15 370 454 5.20 6.00 5.65

For each nozzle type, the nozzles were positioned at the center of the upper grid
of the metal structure and as a terminal component of the supply conduit, which has
a diameter equal to %2 inch (1.27 cm). A digital manometer (model PCE-DMM 10, made by
PCE Instruments, Italy), placed on the upper grid of the structure at the same height as the
nozzle to avoid errors attributable to the outflow dynamic effects (Figure 1), was installed
to measure the pressure of the rainfall simulation. Moreover, using a T-shaped connector,
a metal manometer in a glycerin bath was installed at the terminal section of the supply
line (Figure 1) for verifying the reliability of the digital manometer’s measurements during
the simulation. The nozzle position at the highest point of the system also facilitated the
steady-state condition.

The use of full-cone nozzles results in rainfalls confined within a pseudo-conical
volume, with the nozzle orifice as its apex, and the shape of this volume is affected by
pressure and falling height.

2.2. Experimental Measurements

To measure the flow rate, Q (L/min), for each pressure value, the water volume was
collected and then weighed using a digital scale with a resolution of 0.1 g (model 6200 D, made
by Precisa Gravimetrics AG, Dietikon, Switzerland), while time was recorded using a digital
stopwatch with a resolution of 0.01 s. The sampling time was set equal to two minutes.

The following statistical indices were considered to verify and thus quantify the
reliability of the nozzle characteristic curves. In particular, the values of the mean relative
error (MRE) (%) and the mean absolute error (MAE) (%) were calculated as follows:

100 —nN Xcalculated — Xmeasured
MRE = WZ,-ZO p (2)
measured
100 Xcalculated — Xmeasured

MAE =

~ Lo ©)

in which X gicuiated aNd Xpeasured denote the calculated and measured considered variables,

Xmeasured

respectively, and N is the number of experimental data.

Rain collectors with a diameter of 6.35 cm and a maximum capacity of 200 cm® were
placed to collect the rainfall volumes in the selected sampling surface. The rain collectors
were placed on a polystyrene base cut to fit the containers, preventing any movement due
to the impact of the rain. With reference to a circular surface of 60 cm in diameter, 55 rain
collectors were used, numbered, and arranged as concentrically as possible inside a circular
sampler with a diameter of exactly 60 cm (Figure 3).
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Figure 3. The top-view of the sampling scheme used for volumetric tests (a) and the view of the
experimental set-up in the laboratory (b). The diagram shows the positions of the rain collectors, with
a central sampling area of 60 cm in diameter and a total length of 3 m along the three main directions.

The surrounding area was sampled by arranging 17 rain collectors along each of the
6 axle shafts (Figure 3). A total of 157 collectors were numbered and located in a circular
area with a diameter of 3 m. The external surface of the collectors was also dried before
weighing to avoid measurement errors (systematic overestimates) caused by water adhering
to the beakers and present among the samplers.

Rainfall intensity measurements were carried out for each nozzle model, fixing the
pressure upstream of the nozzle and the drop falling height (equal to 1.63 cm), i.e., the
distance between the nozzle and the upper surface of the rain collectors. The volumes,
Vol (mm?), collected after a time interval of about 30 min, were measured by weighing
each rain collector before and after precipitation, assuming a water specific weight of
1000 kg/m3.

Knowing the volume of rainfall collected by each cup, the simulated rainfall intensity
I; (mm/h) was determined as follows:

Vol
I = oy 4)
in which ¢ (m?) is the sampling surface of each collector, equal to 6400 mm? for the
considered cups, and ¢ (h) is the sampling time.

The spatial distribution of simulated rainfall intensity was assessed both within
a circular area of 60 cm in diameter, centered on the vertical axis passing through the
nozzle orifice, and in the surrounding area outside the 60 cm circle using three sample
directions, with six axle shafts, that cover a total diameter of 3 m (Figure 3). The rationale
behind the selection of a 60 cm sampling core is due to the fact that this simulator was
initially conceived for point-scale hydrological measurements within a 60 cm diameter plot.
Subsequently, the evaluation of distribution uniformity was extended beyond the initial
60 cm diameter for considering the theoretical maximum size of the circular wetted area
corresponding to the different nozzles (Table 1).

In this investigation, for each nozzle, the volumetric tests were conducted at different
pressure levels, ranging from 0.25 to 0.54 bar for nozzle models 120° and 90° and from 1.00
to 1.54 bar for nozzle models 45° and 60°. These pressure values were chosen for obtaining
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a simulated rainfall, consisting of visually distinguishable single droplets that reach the
ground, avoiding the formation of a spray flow.

In this investigation, the uniformity of precipitation at a given distance from the nozzle
was also investigated by considering the rings corresponding to the inlet surfaces of the
collectors, positioned at a fixed distance from the vertical axis of the nozzle orifice. For each
nozzle model, the trend of the rainfall intensities averaged in the circular area (Figure 4a)
and the concentric rings (Figure 4b) and the uniformity coefficients, as a function of the
distance from the nozzle, were also determined.

Figure 4. Schematic examples of circular areas (a) and concentric rings (b).

3. Results

The reliability of the proposed rainfall simulator and the performance of each consid-
ered nozzle were tested by verifying the relationship (characteristic curve) between the
flow rate, Q (L/min), and pressure, P (bar), and by evaluating the spatial distribution of
the rainfall intensity.

3.1. Testing the Characteristic Curve

For all the nozzle types, and considering pressure values ranging from 0.5 bar to 10 bar,
the manufacturer suggested values of the (P, Q) pairs (Table 1) that can be described by the
following relationship (Figure 5):

Q=aP’ )

in which a and b are coefficients that are equal to 3.8 and 0.4 for the nozzles at high flow rates
(45°_490683, 60°_490684, 90°_490686, 120°_490688) and to 2.4 and 0.4 for the 120°_490608
model, which is a low-flow-rate model. In other words, a common characteristic curve is
suggested for different high-flow-rate nozzles.

For each nozzle model listed in Table 1, two nozzles (n; and ny) were considered to
test their technological reliability. For each nozzle, the characteristic curve provided by the
manufacturer (Equation (5)) was tested by collecting, under a constant pressure, the water
volume over a given time. Specifically, 11 pressure values, ranging from 0.1 bar to 2.5 bar,
were considered.
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Figure 5. Characteristic curves (P-Q) of the considered nozzle models.

Figure 6 shows the comparison between the experimental (P, Q) pairs and the char-
acteristic curves provided by the manufacturer (Equation (5)). The analysis showed that,
for a fixed model, the n; and ny pairs (P, Q) were almost overlapped, confirming the
technological reliability of the chosen models. In other words, for a fixed pressure and for
each model, the two nozzles produced nearly the same Q value.

Moreover, to verify the reliability of the characteristic curves suggested by the man-
ufacturer, the values of the MRE (%) (Equation (2)) and MAE (%) (Equation (3)) and the
percentage of measurements affected by absolute errors (AEs) less than or equal to 10%,
referred to as high- and low-flow-rate nozzles, were calculated (Table 2). The analysis of the
errors suggested that the characteristic curves are able to describe the experimental pairs,
with an MAE equal to 5.6% for high-Q nozzles and 5.4% for low-Q ones. The percentage of
measurements with an absolute error >10% is equal to 13.6% for both cases, and 68.8% (for
high-flow-rate type) and 25% (for low-flow-rate type) of them occurred for a P < 0.5 bar.

Table 2. The reliability of Equations (5) and (6) in estimating Q, with coefficients suggested by the
manufacturer and those calibrated on data.

Manufacturer Calibration on
Characteristic Curves Experimental Data
Nozzle Type High Q Low Q High Q Low Q
Spray angle 45°,60°,90°, 120° 120° 45° 60°,90°, 120° 120°
MRE —1.68% —5.06% 0.80% 0.14% 0.30%
MAE 5.59% 5.39% 3.89% 1.84% 4.29%
Data with AE < 10% 86.36% 86.36% 90.91% 100.00% 100.00%

This result suggested that Equation (5), with a and b coefficients provided by the
manufacturer, which was developed for a P > 0.5 bar, did not provide good Q estimates
for a P < 0.5 bar. Therefore, Equation (5) needed to be calibrated by the experimental data
of the present investigation. Figure 7 shows the calibration of the nozzles’ characteristic
curves based on the experimental data.
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Figure 6. Experimental pressure—flow rate (P-Q) data for the five tested nozzles (45°_490683 (a),
60°_490684 (b), 90°_490686 (c), 120°_490688 (d), and 120°_490608 (e)) compared with the manufac-
turer’s characteristic curve.

Specifically, the high-Q nozzles with spray angles of 60°, 90°, and 120°, as well as
the low-Q nozzle with a 120° spray angle, were calibrated using Equation (5), with the
coefficients a and b equal to 3.73 and 0.48 for the high-flow-rate type (Figure 7a) and 2.26
and 0.49 for the low-flow-rate type (Figure 7b). A different approach was required for the
45° nozzle, which showed a different performance and was therefore calibrated using the

following relationship:
Q=cin(P)+d (6)

in which ¢ and d are coefficients equal to 1.44 and 4.06 (Figure 7c), respectively.
The statistical indices (MRE, MAE, and the percentage of measurements affected by
absolute errors less than or equal to 10%), referring to the calibration of the characteristic
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curves on experimental data, are also listed in Table 2, showing an appreciable improvement
in performance compared to those observed with manufacturer characteristic curves.

77 45 -
(@) o (b)
6 ]
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g
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Figure 7. A comparison between the manufacturer characteristic curves and those calibrated on data
to reproduce the experimental pressure—flow rate (P-Q) values for the models 60°_490684, 90°_490686,
and 120°_490688 (a), 120°_490608 (b) and 45°_490683 (c).

Figure 8 shows the comparison between the Q measured value and those calculated
by Equations (5) and (6) calibrated on data, highlighting the good performance of the new
calibration since all the experimental points are close to the line of the perfect agreement
(1:1). Indeed, for the high-Q nozzles with spray angles of 60°, 90°, and 120°, as well as
the low-Q nozzle with a 120° spray angle, all the measurements are affected by absolute
errors less than or equal to 10%. For the nozzle with a spray angle of 45°, 90.9% of the data
present an AE < 10% (Table 2).

6 A ’ 6 A

(a) +10% | ,- (b) +10% -~
i /I, /’/, 5 T ,’,/ /,’,
= o LN T
é 4 1 . ‘ D 44 - l/
= L 2 o/
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measured Q (L/min) measured O (L/min)

Figure 8. Comparison between measured Q values and those calculated by Equations (5) and (6)
calibrated on data for the models 45°_490683, 60°_490684, 90°_490686, and 120°_490688 (a), and
120°_490608 (b).
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3.2. Rainfall Intensity

For each nozzle type and fixed P, the values of the average intensity, I, (mm/h) and
the rainfall intensity CU coefficient (Equation (1)) (Figure 3) were determined (Table 3)
considering the central sampled circular area of 60 cm in diameter.

Table 3. Experimental results, for each tested nozzle model and pressure value, in terms of the
average rainfall intensity (I;) and Christiansen Uniformity coefficient (CU), considering the central
sampled circle with a diameter of 60 cm.

Spray Angle and

Nozzle Model Nozzle Type  Nozzle n. P (bar) I, (mm/h) CU (%)
ny 0.26 68.12 73.50%

i 0.54 68.90 90.90%
120°_490608 Low Q N 0.25 44.65 88.10%
2 0.51 51.60 95.60%

ny 0.26 64.60 92.10%

i . 0.52 60.59 96.20%
120°_450688 High Q N 0.26 55.33 97.10%
2 0.53 55.23 97.20%

ny 0.25 130.59 93.90%

X . 051 85.41 95.60%
90°_490686 High Q 0.25 132,55 91.00%
2 0.52 83.13 95.40%

ny 1.02 327.43 66.50%

. . 1.54 32141 72.40%
60°_450684 High Q 1.02 164.20 91.80%
2 1.52 176.27 92.20%

n 1.00 186.94 91.50%

i . 1.50 246.95 91.70%
45°_490683 High Q N 1.03 209.05 91.40%
2 1.50 253.10 90.20%

The analysis showed that, considering the wet area of 60 cm in diameter, the 120° spray
angle models recorded values of I, that seem to be little influenced by the increase in
pressure from 0.25-0.26 to 0.51-0.54 bar. The increasing pressure values, instead, determine,
especially for the low-flow-rate nozzle type (model 490608), an improvement of the rainfall
intensity CU coefficient (Table 3).

The 90° spray angle model was much more sensitive to the rise in pressure (from 0.25
to 0.51-0.52 bar). Indeed, this rise determined a relevant reduction in the I, values and
a slight improvement in the CU coefficient (Table 3).

The 45° and 60° spray angle models required pressures of 1.0-1.4 bar to simulate rain-
falls characterized by distinguished raindrops. Simulated rainfall intensity values ranging
from 164.2 mm/h to 327.4 mm/h, which can be high for hydrological purposes, correspond
to the chosen pressures. The growth of P yielded an increase in the average rainfall intensity
and a nearly constant CU, except for the n; of the 60° spray angle model, which showed an
anomalous behavior compared to the other nozzles, registering an average rainfall intensity
equal to 327.43 mm/h with a CU = 66.5% for a P = 1.02 bar and equal to 321.41 mm/h with
a CU =72.4% for a P = 1.54 bar (Table 3).

For a fixed nozzle model and pressure value, the analysis revealed that different values
of I; occur for n; and ny, except for the 90° spray angle model, which exhibited lower
technological variability, since very similar I, values were discharged into the sampling
area (Table 3).

For the investigated nozzle models and pressures, Figures 9-13 show the trend of the
I, values with the distance from the vertical axis of the nozzle orifice, considering both the
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circular areas (Figure 4a) and the concentric rings (Figure 4b) of the wetted area of 3 m in
diameter. Moreover, in the same figures, the trend of the CU coefficient (Equation (1)) with
the distance from the nozzle and considering the concentric rings is shown.
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Figure 9. The spatial distribution of the mean rainfall intensity (I;), considering both the circular
sampling areas (a,b) and the concentric rings (c,d), and of the Christiansen Uniformity (CU) coefficient
(e,f) for nozzle model 120°_490608 with low flow rates. The black and red vertical lines represent the
distance of both the wetted area of 60 cm and the simulator plot of 1.2 m from the nozzle, respectively.
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Figure 10. The spatial distribution of the mean rainfall intensity (), considering both the circular
sampling areas (a,b) and the concentric rings (c,d), and of the Christiansen Uniformity (CU) coefficient
(e,f) for nozzle model 120°_490688 with high flow rates. The black and red vertical lines represent the
distance of both the wetted area of 60 cm and the simulator plot of 1.2 m from the nozzle, respectively.
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Figure 11. The spatial distribution of the mean rainfall intensity (I,), considering both the circular
sampling areas (a,b) and the concentric rings (c,d), and of the Christiansen Uniformity (CU) coefficient
(e,f) for nozzle model 90°_490686. The black and red vertical lines represent the distance of both the
wetted area of 60 cm and the simulator plot of 1.2 m from the nozzle, respectively.
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Figure 12. The spatial distribution of the mean rainfall intensity (I,), considering both the circular
sampling areas (a,b) and the concentric rings (c,d), and of the Christiansen Uniformity (CU) coefficient
(e,f) for nozzle model 60°_490684. The black and red vertical lines represent the distance of both the
wetted area of 60 cm and the simulator plot of 1.2 m from the nozzle, respectively.
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Figure 13. The spatial distribution of the mean rainfall intensity (I,), considering both the circular
sampling areas (a,b) and the concentric rings (c,d), and of the Christiansen Uniformity (CU) coefficient
(e,f) for nozzle model 45°_490683. The black and red vertical lines represent the distance of both the
wetted area of 60 cm and the simulator plot of 1.2 m from the nozzle, respectively.

In particular, the analysis highlighted that the 120° nozzle model (490608) with a low
flow rate (Figure 9) is characterized by performance differences between the nozzles
n; and np (Figure 9a—d), denoting a clear technological variability. For nozzle n;, the
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average rainfall intensities rapidly decreased with distance, starting from about 80 mm/h
(Figure 9a,c). Instead, nozzle ny produced a constant rainfall intensity (about 45 mm/h)
up to 50 cm from the nozzle axis (Figure 9b,d). In any case, at the maximum considered
pressure of 0.51-0.54 bar, these nozzles showed a good uniformity of the rainfall intensity
inside the rings, up to considerable distances (about 100 cm) from the nozzle (Figure 9e,f).
Instead, the uniformity appreciably decreased with a minor pressure, especially for the
nozzle nj.

The two nozzles with a 120° spray angle and high flow rates (model 490688) (Figure 10)
exhibited equal performances concerning the trend of the I, values with the distance from
the nozzle, considering both the circular areas (Figure 10a,b) and the concentric rings
(Figure 10c,d). Concerning the trend of the CU with the distance from the nozzle, np
produced CU values greater than 90% up to 100 cm from the nozzle, independently of the
considered pressure (Figure 10f). For the nj nozzle, the highest-pressure value gave the best
rainfall intensity uniformity with the increase in the distance from the nozzle (Figure 10e).

The two 90° nozzles (Figure 11) did not exhibit performance differences, regardless
of the applied pressure, demonstrating a good technological reliability (Figure 11a—d).
Moreover, for each nozzle, the increase in the P value determined a decrease in the average
rainfall intensity, because the same flow rate was distributed over a larger surface, pro-
ducing an enlargement in the wetted area (Figure 11a—d). Furthermore, the increase in the
P value determined a growth of the CU, particularly in the wetted area farther from the
nozzle (Figure 11e,f). Thus, for both nozzles, the best simulation occurred at a pressure of
0.5 bar, which ensured a nearly constant average rainfall intensity (80 mm/h) within the
wetted area of 60 cm in diameter and also determined the highest CU values.

The analysis of the nozzles with a 60° spray angle (Figure 12) highlighted that they
are not technologically reliable regarding the spatial distribution of the rainfall intensity.
For a fixed pressure and distance from the nozzle, the nozzles n; and n; provided different
values of the average rainfall intensity concerning both the circular areas (Figure 12a,b) and
the concentric rings (Figure 12c,d). Moreover, the delivered rainfall intensity was too high
(up to almost 400 mm/h for n; and 200 mm/h for ny). In addition, for both P values, np
showed a better performance than n; in terms of the CU as the distance from the nozzle
increased, especially in the concentric rings up to a distance of 30 cm from the nozzle
(Figure 12¢,f). However, for this nozzle model, both the I; and CU trends with the distance
from the nozzle are less affected by the increase in P (Figure 12a—f).

Concerning the 45° nozzle model (Figure 13), the analysis shows that the employed
nozzles provided the same results when analyzing both the circular areas (Figure 13a,b)
and the concentric rings (Figure 13c,d). Moreover, this nozzle model is the only one, among
those tested, that produced precipitation with an increasing average rainfall intensity value
as the distance from the nozzle grew. This increasing trend of I, is observed up to distances
of 40 cm from the orifice, after which it rapidly decreases, becoming practically negligible
at 70 cm (Figure 13a—-d). As a result, the CU values exhibit a marked decreasing trend
(Figure 13e,f) for all the considered nozzles and pressures. Nevertheless, it remains quite
high (CU > 90%) up to distances of about 40 cm from the nozzle orifice.

Furthermore, for each fixed nozzle relative to the 60° and 45° spray angle models,
the decrease in the operating pressure from 1.5 bar to 1 bar determined lower I, values
(Figures 12a—d and 13a-d). However, despite this downward vertical shift in the distance—
intensity relationships, the average simulated rainfall intensities remained excessive for
hydrological purposes.

Figures 14 and 15 show an example of the spatial distribution of rainfall intensities
referring to the high-flow-rate nozzles at 120° and 90° with a pressure of 0.53 and 0.52 bar,
respectively, which are the nozzles that produced the best rainfall simulation. Specifically,
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these figures highlight that, in the simulator plot area, the two nozzles produced a different
range of rainfall intensity, giving a homogeneous spatial distribution of I;. Moreover,
a decreasing trend of the I; values with the increase in the distance from the nozzle is
registered for both the considered nozzle models.

DOCOOOCCO0000

D Simulator plot
® Nozzle

Rainfall intensity range
[ 0-10mm/h
[110-20mm/h
[]20-30mm/h
[]130-40mm/h
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I 80 - 90 mm/h
I 90 - 100 mm/h

Figure 14. An example of the spatial distribution of the rainfall produced by the nozzle model
120°_490688 at a test pressure of 0.53 bar.
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Figure 15. An example of the spatial distribution of the rainfall produced by the nozzle model
90°_490686 at a test pressure of 0.52 bar.
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4. Discussion
4.1. Testing the Characteristic Curve

For obtaining a simulated rainfall composed of visually distinguishable single droplets
that reach the ground, the use of pressure values different than those suggested by the
manufacturer was required.

Therefore, the use of nozzles in an application field different from that of the original
design required special attention in verifying the characteristic curves, the average rainfall
intensity, and the rainfall uniformity within the wetted area.

At first, the laboratory tests led to choosing only two values of P that allowed for the
avoidance of a spray flow. As an example, the use of a pressure higher than 0.7 bar for 90°
and 120° models determined a rainfall characterized by very small droplets, emitted so
rapidly as to originate a spray. Conversely, for 45° and 60° nozzle models, the use of low-
pressure values (<1 bar) caused intermittent rainfalls, making the simulation unrealistic.

The manufacturer distinguished these nozzle models into two categories: the high-
flow-rate type (45°_490683, 60°_490684, 90°_490686, and 120°_490688) and low-flow-rate
type (120°_490608). For each category, a characteristic curve was proposed (Figure 5).
Therefore, for a fixed category, a given pressure value yields a unique Q value, which is
distributed on a different wetted surface. The latter is dependent on the considered spray
angle model.

The P-Q measurements of the present investigation (Figure 6) allowed for the testing
of the manufacturer characteristic curves. For the considered pressure values, the results
suggested that these curves need to be recalibrated as estimation errors of Q occur (Table 2).

This result demonstrated that the calibration of Equation (5) and Equation (6) by
the experimental data resulted in a more reliable estimation of the flow rate, also for
a P < 0.5 bar (Figures 7 and 8, Table 2).

Moreover, the data also suggested that, for the 45° nozzle model, the characteristic
curve assumes a different form than that of the other high-Q flow rate nozzle types. In other
words, these results highlighted that, for pressure values different from those suggested by
the manufacturer, these nozzles are more affected by the technological variability.

4.2. Rainfall Intensity

For a fixed nozzle model and pressure value, the I, and CU were also investigated
considering the central circular wetted area with a diameter of 60 cm (Table 3). The analysis
revealed that different values of I, occurred between the n; and ny; nozzles for all models,
except for the 90° spray angle model, which resulted in less technological variability, since
very similar I; values were discharged into the sampling area (Table 3). Within the diameter
of 60 cm, all nozzle models have a high rainfall intensity CU coefficient (Table 3), except
the 120° model at low a Q and P = 0.25 bar and the n; nozzle at a 60° spray angle at both
P values, highlighting the reliability of the selected nozzles for hydrological purposes. The
range of the rainfall intensity CU coefficient of the present investigation (66.5-97.2%) was
comparable to that suggested by Iserloh et al. [3] (60.6-97.8%) for the pressurized rainfall
simulators, confirming the reliability of the proposed simulator to provide an accurate
spatial rainfall intensity distribution.

The analysis was also extended to the sampling area of 3 m in diameter, since the 120°
nozzle model placed at a height of 1.63 m could cover a wetted area of a maximum of 3 m.

For each nozzle model and fixed P values, the I, variability with the distance from the
vertical axis of the nozzle orifice was investigated by considering both the circular areas
(Figure 4a) and the concentric rings (Figures 4b and 9-13). Moreover, the trend of the CU
coefficient with the concentric rings was examined. The analysis highlighted that the 120°
nozzle model with low flow rates (490608) determined performance differences between
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n; and ny, denoting a dependence on the considered nozzle. This notable technological
variability is probably due to the small size of the orifice, which amplifies the effects of the
micro imperfections of the device (Figure 9).

For the 120° spray angle and high-flow-rate (490688) nozzles, the growth of the
pressure value from 0.26 to 0.50 bar did not result in a decrease in the I;, but an increase
in the wetted area was observed (Figure 10). In other words, the same average rainfall
intensity was distributed over a larger wetted surface. The best CU values were consistently
obtained at 0.5 bar (Figure 10e,f).

Therefore, the analysis of the 490688 model allowed for the conclusion that it can
adequately simulate precipitation both in terms of the maximum intensity (about 60 mm /h)
and uniformity of distribution, even on plots up to 1.2 m in size. Moreover, for this nozzle
model, the reduction in pressure does not effectively decrease the precipitation intensity;,
which could be obtained by changing the nozzle model.

For the 90° nozzles, an increase in pressure led to a decrease in rainfall intensity, as the
same flow rate was distributed over a larger area (Figure 11a—d). Nevertheless, the best
CU values were observed at 0.5 bar, denoting an optimal performance at this pressure. The
analysis also demonstrated that the 90° nozzles present the highest technological reliability
and, therefore, could be used for the proposed rainfall simulator.

Conversely, the 60° nozzles showed poor technological consistency: at a fixed pressure
and distance, n; and n; yielded differences in the average intensities, with excessively high
I, values (up to almost 400 mm /h for n; and 200 mm/h for ny), making them unsuitable
for hydrological applications.

Moreover, for both the 60° and 45° nozzles (Figure 13), the increase in the pressure
from 1 to 1.5 bar did not enhance the wetted surface and did not improve the CU. In both
cases, the CU remains high up to approximately 40 cm. However, at higher pressures,
these nozzles produced excessively high intensities over small surface areas, making them
unsuitable for hydrological simulations.

In conclusion, this analysis shows that the best simulation in terms of rainfall intensity
was obtained for the high-flow-rate nozzles at 120° and 90° with a pressure of 0.53 and
0.52 bar, which generated average rainfall intensity values equal to 50 and 70 mm/h,
respectively. The rainfall intensity values were uniformly distributed within the simulator
plot area (Figures 14 and 15) and presented an excellent spatial distribution uniformity
(CU > 90%) within a large circular area with a diameter of 1.5 m.

Furthermore, with these nozzle models, except for the 90° spray angle one, the change
in the operating pressure did not produce a variation in rainfall intensity, but it caused
variations in the spatial distribution of the precipitation. Therefore, to obtain the required
rainfall intensity value, it is necessary to change the nozzle type and/or model or adjust
the nozzle height. As an example, for a fixed nozzle model and pressure, the increase in
the simulation height produces a lower rainfall intensity value. This finding underlines the
importance of an accurate calibration to select the most reliable nozzles for hydrological
applications. For these purposes, this analysis represents only the first step towards the
complete characterization of this simulator. In fact, the limits of this investigation are the
absence of energy characterization—important for using the proposed rainfall simulator in
hydrological and soil erosion studies—and the use of a single raindrop falling height.

5. Conclusions

In this paper, a new portable rainfall simulator, designed for use both in the field and
laboratory, with pressurized nozzles and a downward spray was presented. The proposed
rainfall simulator has the advantage of having a lightweight and easily assembled support-
ing structure, which is essential for field applications. Moreover, since the four uprights
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can be independently adjusted, the design allows the simulator to be easily used even in
steep and/or uneven terrain.

The proposed simulator operates using a single nozzle, and to evaluate its simulation
capabilities, five full-cone nozzle models were tested, each characterized by four distinct
spray angles and two different characteristic curves.

After reconstructing and verifying the consistency of the characteristic curves of all
the tested nozzles with those provided by the manufacturer, the P-Q measurements of
the present investigation allowed for the testing of the manufacturer characteristic curves,
suggesting that, for the considered pressure value, these curves need to be calibrated on
data, because errors in the Q estimation occur. Therefore, the analysis highlighted that for
pressure values different from those suggested by the manufacturer, these nozzles are more
affected by the technological variability. Therefore, it is important to verify the reliability of
the manufacturer’s characteristic curves.

The analysis of the results also showed that, except for two nozzles (one at 120° with low
flow rates and one at 60° with high flow rates), all the tested nozzles exhibited a good degree
of rainfall intensity uniformity distribution, especially within the circular area with a diam-
eter of 60 cm, where uniformity coefficients were always higher than 88%. The study of the
performance of the considered nozzle models showed that the best simulation was obtained
for the high-flow-rate nozzles at 120° and 90°, imposing a pressure of 0.5 bar. Under these
conditions, precipitation intensity values, similar to those of natural rain (50-70 mm/h),
were obtained, also registering excellent uniform spatial distributions within a large circular
area with a diameter of 1.5 m.

Adjusting the operating pressure, for varying the intensity during the rainfall sim-
ulation, proved to be ineffective, as it led to variations in the precipitation distribution:
for instance, the intensity increased in some areas despite pressure reductions. Instead,
a more effective approach was to maintain a constant pressure and modify the nozzle
model, thereby modifying the nozzle spray angle. Using nozzles with the same characteris-
tic curve but different angles was a viable strategy for 120° and 90° nozzles, but not for 60°
and 45° nozzles, which were determined to be unsuitable for hydrological applications.

In conclusion, these findings represent preliminary tests to verify the reliability of the
proposed simulator for studying hydrological processes. In particular, the results of this
study underlined the importance of recalibrating the manufacturer’s nozzle characteristic
curves and testing the rainfall intensity spatial distribution to select the most reliable
nozzles. Specific experimental investigations are required to energetically characterize
each simulated rainfall and for exploring different falling heights, considering that these
factors influence the rainfall intensity uniformity distribution, the raindrop velocity, and,
potentially, the droplet size. The future analysis will allow for a complete characterization
of the proposed rainfall simulator.

Moreover, a new simulator, composed of multiple nozzles of the same model, will be
designed for enabling the simulation of precipitation in larger plot areas, having a known
average rainfall intensity value and spatial distribution for larger sampling areas.
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