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Abstract: Dripping rainfall simulators (DRS) for soil research generate water drops with different
types of drippers, but metal tubes are most commonly used, often in the form of hypodermic needles.
However, scientific papers using dripping rainfall simulators are often incomplete in terms of data
on hypodermic needle characteristics, as well as data on drops produced by hypodermic needles
under different water pressures. This study determines which drop sizes and dripping speeds are
generated by various hypodermic needles at different water pressures. For the purpose of this study,
a dripping rainfall simulator was designed and constructed for laboratory use. Water drops were
generated with 11 different needles, ranging in size from 16 G to 32 G (tube gauge number), at
different water pressures. Measured water drop sizes ranged from 1.42 to 3.69 mm at a dripping
speed between 10 and 360 drops per minute and water head from 14 to over 1970 mm. Measured
drop sizes, supplemented with data from previous studies, provided information on the relation
between drop sizes and the size of the hypodermic needles. Van Boxel’s numerical model provided
estimations of the fall velocity for different drop diameters and their kinetic energy for falling heights
up to 11.5 m. The results of this research can be used to design dripping rainfall simulators for
soil research.

Keywords: soil research; rainfall simulator with drippers; water drop diameter; dripping speed;
water drop kinetic energy

1. Introduction

Rainfall simulators have been widely used to investigate runoff and infiltration pro-
cesses and for soil erosion assessments [1-4]. They allow the replication of varying rainfall
characteristics in a faster, efficient, and controlled way in the laboratory and/or in the
field [5-9]. Generally, rainfall simulators are classified as dripping or spraying simulators,
depending on the drop formation method. Rainfall simulators generating water drops by
dripping (DRS) are among the most used for soil research and include different types of
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drippers, such as plastic and glass tubes, drippers in the form of holes, irrigation drippers,
and hanging yarn [10,11]. Within the group of DRS, two groups of simulators can be
distinguished, one group that has more than one dripper (DRS.) [12-15] and a specific
group of simulators that has only one dripper (DRS.;) [16-18]. In the hydraulic system
of DRS, the water is under relatively low pressure compared to the hydraulic system of
the spraying rainfall simulators [19]. Since the liquid flow is relatively low, the drop on a
dripper initially grows relatively slowly, establishing a quasi-static equilibrium between
the force of gravity and the surface tension. However, at the moment when the volume
of the drop reaches a critical value, the balance of forces is disturbed and the evolution of
the drop is accelerated, leading to its elongation and eventual breaking off [20-22] with the
establishment of a relatively low initial falling speed [23].

Metal capillary tubes are one of the most commonly used drippers, especially in the
form of hypodermic needles [11]. Hypodermic needles are primarily used as medical tools
and are usually relatively thin, hollow, stainless-steel tubes with a sharp tip on one end
and a colored plastic adapter on the other end that connects the needle to a syringe. The
size of the needles, i.e., the dimensions of their inner and outer diameters, is standardized
according to the main system for measuring the diameter of hypodermic needles called
Birmingham measurements [24]. Each needle is marked with a G mark and a number from
7 to 33, which corresponds to the size of the needle. Additionally, the needle adapters
are made in different colors according to international standards ISO 6009:2016 [25] and
ISO 9626:2014(E) [26] to facilitate the identification of the needle size [27].

Up to now, many soil studies with rainfall simulations have used hypodermic needles
as drippers [6,7,28]. Hypodermic needles used in the function of rainfall simulator drippers
are very suitable for soil research [1,2,29]. They generate water drops that match the size of
natural raindrops [30], have standardized dimensions, can generate a wide range of drop
sizes, are easy to use, are easily accessible on the market, have a relatively low price, have
high durability, do not rust, and can be easily replaced.

Ref. [31] conducted detailed research regarding the measurement of drop sizes gener-
ated by the metal tubes inserted telescopically in each other. He provided drop diameters
for different metal tube diameters and their relations to discharge, and reported a relation
between the water head and dripping speed water pressures. However, ref. [31] did not
use needles of standard lengths. Ref. [5] also conducted similar research, providing drop
diameters of blunted metal tubes at different water head and water flow values. How-
ever, although those data are of great significance, the metal tubes used in both studies
were blunted and had slightly different diameters than hypodermic needles following the
international standards, providing an innovative approach to the research.

Scientific papers that use dripping rainfall simulators are often incomplete in terms
of data for needle orifice diameters, lengths, and types of hypodermic needles used as a
dripper, as well as data on the drop size that needles can generate [19,32-35]. Therefore, it
is needed to conduct calibration research of hypodermic needles, which would facilitate
the future use, research, and construction of rainfall simulators for soil research, providing
a part of solution and step closer in the process of harmonization of rain simulators
among scientists. The aim of our research was to determine the size and dripping speed
as a function of water pressure for hypodermic needles that are produced according to
the international standards ISO 6009:2016 and ISO 9626:2014(E). For the purposes of the
research, a DRS_; was developed and constructed to control the generation of drops. The
size of the water drops was measured under the given conditions.

2. Materials and Methods
2.1. Development of the DRS System

For the development of the DRS_; simulator, we used the following criteria:
1. It must have one dripper in the form of a hypodermic needle;

2. It must be relatively cheap:
3. It must be simple to use;
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4. It must have a precise water flow-regulating system and must endure a hydraulic
pressure in the system lower than 0.5 bar.

A DRS_; system is made up of several elements:

- Structural support:

- Water tank;

- Water-moving mechanism;

- Mechanism for water flow regulation and simulator operation;
- Water tank with a dripper;

- Dripper.

The structural support of the simulator consists of a wooden platform on which
almost all elements are fixed (Figure 1a,c). The water supply is provided from a water tank
filled with distilled water. Distilled water is used to avoid the possible formation of scale
inside the hydraulic system, especially the dripper. At the bottom of the tank, there is a
submersible electric water pump that is supplied with electricity directly from the power
grid (Figure 1b). The water pump moves water to the water tank with a dripper through
a series of different diameter rubber hoses, syringes, and fittings. They are transparent
to enable a visual inspection of the circulation of water and air in the hydraulic system.
Water flow is regulated primarily by a switch that is connected directly to the pump. At
low power, the pump tends to oscillate, causing an oscillating water flow. Therefore, a
secondary flow regulator is added, which compensates for any oscillations and ensures a
regular water flow.

Wooden . i

Air #
platform ;
(frontal side) c'l"e;::fbse" z

We-

Primary

{ ' flow 1 Qe
W controller ~ Water
. filter . Wa'k

Figure 1. Rainfall simulator with one dripper: (a) back side of the structural support, (b) water tank
with a water pump, (c) front side of the structural support with elements of the DRS_;, including
transparent hoses, syringes, flow regulators, a water filter, three-pronged taps, pressure gauge, air
release chamber, water tank with dripper, dripper, and water drop-measuring equipment such
as a NeuLog Drop Counter Logger Sensor NUL-223 (DCLS), mobile stand, NeuLog module-USB
module USB-200 (NLU) (NeuLog, 8600 Silkeborg, Denmark), and container for receiving drops
during measurement in the form of a plastic cup.
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The simulator elements are mostly taken from a basic medical infusion kit. Therefore,
secondary flow regulation is performed by a medical infusion flow regulator. The flow
direction is regulated by a series of three-pronged taps. Plastic syringes are used to create
an air release chamber and water tank with dripper. There is also a filter that prevents
the intrusion of potential water impurities from the water tank. Pressure in the hydraulic
system is measured by a pressure gauge (Figure 1c). The dripper is a standard hypodermic
needle. We use 11 needles of different diameters and lengths, ranging from 16G to 32G,
which were manufactured in accordance with ISO 6009:2016 and ISO 9626:2014(E) and are
currently available on the market (Table 1). The dripper is connected to the hydraulic system
by a Luer lock fitting (Figure 1c). When the simulations are finished, the hydraulic system
is washed and the water pump is turned off and removed from the water tank to prevent
rust. Additionally, water is completely pulled out of the system. A detailed description of
the simulator design (Figure S1) and function is provided in the Supplementary Material.

Table 1. Hypodermic needle sizes expressed as gauge number in accordance with ISO 9626:2014(E),
with associated dimensions, including nominal (Nom), minimal (Min), and maximal (Max) outer (OD)
diameter, wall type (TW-thin wall; RW-regular wall), thickness (ISO 9626:2014(E)), and available
lengths. Notes: colors indicate the color code from ISO 6009:2016. Colors are provided only for
needles used in our study. Up to gauge number 22G, all needles are 38 mm long, needles with a
higher gauge number are shorter.

Gauge Number Nom Min Max Needle Wall Thickness Length
OD OD OD Type Min Max
/ mm mm mm / mm mm mm

10G 3.400 3.300 3.500 T™W 0.241 0.341 38
11G 3.000 2.950 3.150 T™W 0.243 0.343 38
12G 2.700 2.650 2.850 ™ 0.208 0.208 38
13G 2.400 2.300 2.500 ™ 0.172 0.272 38
14G 2.100 1.950 2.150 ™ 0.175 0.275 38
15G 1.800 1.750 1.900 ™ 0.145 0.220 38
16G 1.600 1.600 1.690 ™ 0.159 0.204 38
17G 1.400 1.400 1.510 ™ 0.122 0.177 38
18G 1.200 1.200 1.300 T™W 0.145 0.195 38
19G 1.100 1.030 1.100 ™ 0.140 0.175 38
20G 0.900 0.860 0.920 ™ 0.113 0.143 38
0.800 0.800 0.830 ™ 0.127 0.142 38

22G 0.700 0.698 0.730 T™W 0.129 0.145 38
23 0.600 0.600 0.673 ™ 0.115 0.152 32
24G 0.550 0.550 0.580 ™ 0.104 0.119 16
25G 0.500 0.500 0.530 T™W 0.104 0.119 16
26G 0.450 0.440 0.470 RW 0.104 0.119 16
0.400 0.400 0.420 RW 0.108 0.118 13

28G 0.360 0.349 0.370 RW 0.108 0.119 13
29G 0.330 0.324 0.351 RW 0.096 0.109 13
30G 0.300 0.298 0.320 RW 0.083 0.094 6
31G 0.250 0.254 0.267 RW 0.070 0.077 6
- 3G 0.230 0.229 0.241 RW 0.070 0.076 4
33G 0.200 0.203 0.216 RW 0.057 0.064 4
34G 0.180 0.178 0.191 RW 0.057 0.064 4

2.2. Drop Size Measurement

After adjustment and starting the DRS_;, plastic cups are positioned under the dripper
and dripping is established. A NeuLog Drop Counter Logger Sensor NUL-223 (DCLS)
fixed on a mobile stand is positioned under the dripper to register dripping. Since small
drops are unable to completely interrupt the infrared beam, the DCLS is adjusted to reduce
the diameter of the infrared beam by installing a piece of insulating tape with a reduced
diameter opening placed at the end of the sensor that emits the beam. With this adjustment,
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even the smallest drops could interrupt the beam completely and get registered. The
DCLS is connected to a laptop via a USB cable, and the NeuLog module USB 200 (NLU)
from the NeuLog software application (ver. 7.311.149) is used to record. The NeuLog
software provides dripping speed data. Multiple test measurements of dripping speed
are performed for a period of 30 s or 60 s until the required dripping speed and pressure
equilibrium in the hydraulic system of the simulator are established. The overall water
drops are measured together on a precise laboratory scale (readability of 0.001 g). The mass
of a single drop is calculated as the ratio of the mass difference between the plastic cup
and plastic cup with collected drops, and recorded number of drops in a given unit of time.
The volume of single drops is estimated from the mass value and its density, assuming a
perfectly spherical shape of the drops.

The duration of dripping per measurement lasted for 1, 2, 5 or 10 min, increasing
with decreasing dripping speed and smaller drop sizes. The minimum dripping speed is
determined by the capabilities of simulator to keep a constant dripping speed. For drops
generated by needles with a relatively large diameter, the maximum dripping speed is
determined by the proposed limit of the DCLS, whereas for relatively small drops, the
maximum dripping speed is determined by the ability of the water pump to generate
sufficient water pressure in the hydraulic system to increase the flow and dripping speed.
Measurements are conducted starting with the minimum dripping speed and gradual
increments of dripping speed for every new measurement. At least 40 measurements for
all different dripping speeds were conducted for every hypodermic needle. The possible
effect of evaporation on the measurement results is not taken into account.

During the experiments, measurements of water pressure in the DRS_; system are
performed for the corresponding drop sizes and dripping speed. The establishment of pres-
sure equilibrium within the system is established by recording two identical measurements
of water pressure with 1 min apart, and is ensured before starting the experiments. Given
that the use of a pressure gauge usually consumes a relatively large amount of time until
the establishment of water pressure equilibrium in a system, pressure measurements are

performed only once for a dripping speeds of 10, 60, 120, 180, 240, and 360 drops-min .

2.3. Assessment of the Kinetic Energy of Drops

Given the relevance of the kinetic energy of drops to soil erosivity, this parameter is
only calculated for the DRS based on measured values of drop sizes, dripping speeds and
drops velocities estimated using the model [23] for terminal and lower falling heights of a
drops (Equation (1)). The initial drop falling velocity is adopted as 0 m-s~!. Calculations are
performed for adopted values of the water and air density of 1000 kg-m 3 and 1.2 kg-m 3,
respectively, and an air temperature of 20 °C as follows:

m-v2

KE =
2

(1)

where
KE—kinetic energy of a falling drop (J);
m—mmass of a water drop (kg);
v—water drop velocity (m-s~1).

2.4. Data Analysis

This research analyzes the drop size relation to the dripping speed for the market-
available hypodermic needle sizes, i.e., opening diameters. However, the needle opening
diameter is determined with a nominal outer diameter (OD Nom), according to ISO
9626:2014(E) international standards. Those deviations are constrained with the maximal
outer diameter (OD Max) and needle wall maximum and minimum thickness values
(Table 1). Given that the drop diameter is a function of the needle diameter, some deviation
is also possible. Drop diameters are used for the determination of the relation between drop
and needle diameters, and consider the drop diameter at a dripping speed of 10 drop-min~!
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(d 10) and maximal drop diameter at a certain dripping speed (d Max) as border values.
Due to the simplification of analyses, we also use the mean value (d Avr) of d 10 and d
Max. The opening diameters of the needles used in this study are OD Nom, OD Min, and
OD Max. Water pressure for a corresponding dripping speed of different needle sizes is
analyzed. Water pressure at d 10 (h 10) and d Max (h Max) are singled out.

Regression lines were calculated for the relation between the outer diameter of the
needle and the drop size. Since, in the literature, both logarithmic curves and exponential
curves are used, we fitted both. Data from [5,30] are used. Ref. [30] used needles with
diameters of 0.23 mm to 1.6 mm, which produced drop sizes of 1.6 to 3.6 mm. To produce
larger drops, one would have to use thicker needles (10G to 15G; see Table 1), but these
were not tested by [30]. To also have information on the larger drop sizes, we added
data from [5], who used drippers with outer diameters of 3.97, 4.76, and 6.35 mm, which
produced drop sizes of 4.85 mm to 5.80 mm.

Based on [23], we determined 50, 75, 90, 95, and 99% of the terminal fall velocity for all
drop diameters, as well as the height necessary to achieve it and the attained kinetic energy.

The relationship between the variables is analyzed through distribution equations and
coefficients of determination (R?). Data analysis is conjoined and the results are compiles
in nomographs. The NeuLog software application (ver. 7.311.149), LibreOffice Calc, and
IBM SPSS Statistics (ver. 27.0.1.0) are used as software packages in this research.

3. Results

When the dripping speed is adjusted to less than 10 drops/min, the dripping speed
is not constant and drops of considerably different sizes are produced. This problem is
not observed at dripping speeds of 10 drops/min or more. Therefore, experiments are
developed with dripping speeds of at least 10 drops-min~!. The dripping speed of drop
sizes increases until a certain critical value is reached, after which the drops become smaller
as the dripping speed increases until a water jet is formed. The maximum dripping speed
is determined only for drops generated using 16-25G needles due to the manufacturer’s
proposed limitation for a DCLS to count drops at a speed over 360 drops'min~!. The
maximum dripping speed for drops generated by 27G, 30G, and 32G needles is limited
by the ability of the water pump to generate sufficient water pressure in the hydraulic
system, with limitation values of 349, 279, and 233 drops-min~!, respectively (Figure 2a).
Water pressure in the hydraulic system of the simulator is determined by measuring the
difference in the water level on the left and right sides of the pressure gauge (Figure 1c).

The relation between the drop diameter and dripping speed for different needles is
described by a polynomial distribution of 3rd degree and coefficient of determination (R?)
ranging from 0.74 to 0.90 (Table 2), which indicates strong relations. With a reduction in
needle diameter, the dripping speed at which d Max is reached decreases with a trend
described by the equation y = 0.185x%*" and R? = 0.91 (Figure 2a).

The relation between the water pressure and dripping speed for different needle
diameters is described by a linear distribution (Table 3). Decreasing the diameter of
needles leads to a less sensitive water pressure change due to increasing flow resistance
when water passes through the needle with a trend described by the power equation
y = 152611884.58x 20 and R? = 0.86 (Figure 2b).

The relations between drop diameters d Avr to OD Nom are determined by power
and logarithmic regression equations and corresponding coefficients of determination.
These relations can also be used for the needles excluded from the measurement (10-15G,
17G, 24G, 26G, 28G, 29G, 31G, 33G, and 34G) (Figure 3). The values for the coefficients of
determination indicate a very strong relation for all drop diameter-to-dripper diameter
relations (Table 2). The relation of d Avr vs. ODNom All is strong for both the power and
logarithmic regression equations (Figure 3).
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Figure 2. Drop diameters as a function of the dripping speed (intensity) for (a) different hypodermic
needle sizes (16-32G), and (b) water pressure as a function of the dripping speed. The red and blue
dots represent drop diameters, respectively, at (a) d 10 and d Max and (b) a water pressure of h 10
and h Max. Red dotted lines represent the power relation of the dripping speed to the maximal drop
sizes (Power (d MAX)) and corresponding water pressure (Power (h MAX)). The upper pressure
gauge limit is marked with a solid red horizontal line. Note: code colors are similar to those proposed
by ISO 6009:2016. The water pressure for a 32G needle is not possible to measure by a simulator
pressure gauge, and so it is not presented.

Based on known values of drop sizes, falling heights, and achieved velocities, it is
possible to estimate the achieved kinetic energy, an important factor for the drop erosivity
of rainfall simulators (Equation (1)). Drop velocities are estimated using the [23] model
for heights where the drops have achieved 50%, 75%, 90%, 95%, or 99% of their terminal
velocity of fall. For the drop diameters ranging between 1.00 and 4.99 mm, highly related
polynomial distributions are established for different percentages of their terminal velocities
(Figure 4b), the height necessary to achieve them (Figure 4a), and their KE (Figure 4c).
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The drop velocity, falling height, and kinetic energy relations to the drop diameters are
described by polynomial equations of 3rd, 4th, and 5th degrees and R? values.

Table 2. Hypodermic needle gauge numbers and corresponding drop diameters at d 10, d Max and
d Avr for a 3rd degree polynomial equation in the form of y =a - x> + b - x?> + ¢ - x + 0. R? values

“u_

describe the relation between the drop size and dripping speed for different needle sizes. Note: “y

y7es

represents the drop diameter, while “x” represents the dripping speed. Note: colors indicate the color

code from ISO 6009:2016.
l\i;::lg):r 1% Mdax A“i/r R? Equationy=a-x®+b-x*+c-x+0

mm mm mm / mm
3.48 3.69 3.59 0.90 y=195x 107 x x> —3.56 x 107% x x> + 1.68 x 1073 x x + 3.46
3.15 3.34 3.24 0.87 y=230 x 1077 x x> —3.90 x 107% x x> + 1.68 x 103 x x +3.13
2.98 3.19 3.08 0.82 y=5.09 x 1077 x x> —6.31 x 107% x x> +2.16 x 1073 x x +2.96
2.79 2.98 2.89 0.85 y=496 x 1077 x x> —5.65 x 107% x xZ +1.96 x 1073 x x + 2.77
2.69 2.85 2.77 0.85 y=251x10"7 x x> =383 x 10 7% x x> + 149 x 1073 x x +2.68
2.57 2.74 2.65 0.87 y=9.14 x 1077 x x> — 857 x 1070 x x% +2.24 x 1073 x x +2.55
2.45 2.61 2.53 0.88 y =866 x 1077 x x> —8.53 x 107° x xZ +2.31 x 1075 x x +2.41
2.26 2.37 2.31 0.84 y=528 x 1077 x x> — 6.00 x 107% x x> + 1.65 x 1073 x x +2.24
2.09 218 214 0.85 y=1.94 x 1078 x x> — 1.38 x 107> x xZ +2.32 x 102 x x +2.07
1.70 1.94 1.82 0.76 y =523 x 1078 x x> —3.17 x 1072 x x* +5.50 x 1073 x x + 1.65

e e 1.74 1.58 0.74 y=955x 1078 x x> —5.01 x 107> x x? +7.88 x 1073 x x + 1.35

Table 3. Hypodermic needle gauge numbers and corresponding water pressure h 10 and h Max. The
linear equation and R? value describes the relation between the water pressure and dripping speed

for different needle sizes. Note: “y” represents water pressure, while “x” represents the dripping
speed. Colors indicate the color code from ISO 6009:2016.

Gauge Number 1}:) Mhax R? Equation
/ mm mm / mm

16G 14 29 0.98 y =0.04x + 14.45
18G 15 42 0.99 y = 0.08x + 13.66
19G 17 43 1.00 y =0.11x + 16.17
20G 25 82 1.00 y =0.22x + 23.39

34 112 0.99 y = 0.30x + 33.32
22G 39 141 1.00 y = 0.52x + 32.08
23G 47 209 1.00 y = 0.83x + 38.82
25G 56 202 0.99 y = 0.84x + 50.28

77 507 1.00 y =4.34x + 33.99
30G 631 1516 0.99 y =7.62x + 554.63

>1970 >1970 / /

When planning rainfall simulation experiments, researchers have to choose the drop
size, which largely determines the needle to be used, and rainfall intensity, which is the
product of the drop size, dripping frequency, and the number of drippers per unit area. The
spacing between drippers should provide a uniform rainfall. Several dripper distribution
patterns have been applied, such as rectangular [36], triangular [37], and circular [38]. For
the accurate placement of drippers when designing a dripping rainfall simulator, a paper
scheme with the position of the drippers is typically used. However, if the location of
drippers is determined by measuring with a tape, it is possible to achieve a maximum
precision of 1 mm (Figure S3).
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Figure 3. Relation between the measured drop diameters and diameters from [30] to the outer dripper
diameter (d Avr vs. OD Nom All) with the corresponding logarithmic (Log. (d Avr vs. OD Nom All))
and power (Power (d Avr vs. OD Nom All)) regressions. Note: values for the drop diameters and
dripper diameters are taken from Tables 1 and 2.

For dripping simulators with more than one dripper, it is necessary to include the
total amount of drippers and dripping speed in the calculation to determine total achieved
kinetic energy of simulated rainfall. Based on the number and distance of drippers, as well
as the desired rainfall intensity, it is possible to estimate the amount of water required, the
volume of the drops, the velocity of the drops, and given the relation between pressure and
dripping speed, it is possible to determine the required pressure. To facilitate calculations,
nomographs representing indirect combinations of physical drop properties are prepared
from our results (Figure S2a,b). Nomographs are used to adjust dripping simulators
or as a starting point for the construction of a new rainfall simulator. An example on
how to use nomograph to design a rainfall simulation experiment is provided in the
Supplementary Material.

In order to make the simulated precipitation spatially uniform, rectangular [36], tri-
angular [37], or circular [38] dripper distribution patterns are primarily applied when
designing simulators with drippers. Accordingly, there are limitations regarding the total
number of drops used (Figure S1).
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Figure 4. For different drop sizes. this figure shows (a) the height the drops need to fall to achieve
50%, 75%, 90%, 95%, or 99% of the terminal velocity of fall, (b) the velocity at that height, and (c) the
kinetic energy of the drops at that height. Note: this does not depend on whether the drop sizes are
measured, interpolated, or extrapolated. It just depends on the drop diameter.

4. Discussion

Changes in needle diameters and dripping speeds affect the diameter of generated
drops. Generally, a reduction in the needle diameter leads to decreasing drop diameters.
Drop diameters d 10 and d Max are important as lower and upper drop diameter limits
for every needle. The largest measured d Max of 3.69 mm is generated using a 16G needle
at a dripping speed of 360 drops-min~!, while the lowest d 10 of 1.42 mm is generated
using a 32G needle at a dripping speed of 10 drops-min~!. In the case of 16G and 18G
needles, d Max is determined by the proposed speed limit for counting drops of the DCLS,
360 drops/min. In the case of smaller drops (19-32G needles), d Max is achieved at a lower
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dripping speed, after which the dripping diameter gradually decreases with the increase in
the dripping speed.

The measurement of water pressure shows that to start dripping requires some pres-
sure in the hydraulic system. The lowest observed pressure h 10 is 14 mm of a water head
for a 16G needle and was recorded at a dripping speed of 10 drops-min~!. A gradually
rising water pressure increases the dripping frequency too. The water pressure h 10 is
drastically enlarged in a 30G needle compared to 16-27G needles. However, since the
maximum pressure allowed on a pressure gauge is 1970 mm (Figure 2b), we conducted
measurements of pressure for a 30G needle until reaching the pressure gauge maximum
scale reading and estimate further pressure by assuming linear relation. For a 32G needle,
measurements of water pressure are not possible because the PG exceeds the upper scale
limit of 1970 mm in the pressure gauge. We can clearly observe that with the rising water
pressure, the dripping speed in the hydraulic system also increases, following a linear
regression curve (Table 3). However, it is important to note that, given the non-uniform
length of all needles, the length will affect water flow resistance too. Therefore, the drop
diameter and water pressure relations to dripping speed could also be affected, especially
for 27G to 34G needles (for an OD Nom of 0.40 mm to 0.18 mm)

Both power and logarithmic regressions provided excellent relations of d Avr vs. OD
Nom All (Figure 3). However, it is necessary to emphasize that there are possibly slight
deviations in those relations due to different needle OD and wall thickness deviations
within proposed tolerance values (Table 1). Based on the d vs. OD Nom All distribution,
we can observe that the power regression would potentially overestimate the drop diame-
ters generated by needles. On the other hand, logarithmic regression would potentially
underestimate the drop diameters (Figure 3). However, drippers from [30] represent metal
needles and tubes (with sharp and obsolete tips, respectively), which may not necessarily
correspond to the dripper diameters proposed by the ISO 9626:2014(E) international stan-
dard. Nonetheless, all regressions are in accordance with findings from [39], which report
that an increasing dripper diameter impacts the detached drop weight, i.e., drop diameter,
and becomes less dependent on the dripper diameter.

The size of natural raindrops ranges from 0.12 to 7.00 mm [40], although it rarely
exceeds 4 mm [41-44]. Therefore, it is possible to generate these drops using needles as
drippers (Figure 3). As [31] suggested, the significance of being able to produce 5 mm
drops under controlled conditions becomes apparent when the criteria proposed by [45]
are considered. They suggested that rainfall effects on soil loss are based on one-hundredth
of the product of rainfall energy for a given storm and the maximum 30 min intensity
of the storm. Using this criteria, it is more important to simulate storms based on the EI
value (product of total storm energy E and its maximum 30 min intensity I), rather than the
intensity or amount of water. Additionally, the availability of large drops is essential when
the height of fall is limited. The additional mass of large drops is needed to compensate
for the failure of the falling drops to reach terminal velocity, considering that the greatest
number of rainfall simulations were conducted with drop diameters larger than 2.0 mm [11].
On the other hand, for natural rainfall, the maximal median volume diameter (Dy) usually
does not exceed 2.5 mm [46] and it is inherent for relatively heavy rains, while for frequent
relatively light rains, the Dy is significantly smaller [47]. Regarding that, it is necessary to
emphasize the ability of needles to produce drops smaller than 2 mm.

The generation of drops by 32G, 33G, and 34G needles would require the establishment
of a significantly higher hydraulic pressure in the hydraulic system of the rainfall simulator
(Figure 2b). Such requirements could potentially lead to technical difficulties in developing
the simulator due to the possibility to generating too much pressure and possible leakage [3].
On the other hand, with an enlargement of the needle diameter, the pressure would not
increase significantly, but the dripping speed may become more sensitive to changes in
hydraulic pressure (Figure 2b). Considering that pressure regulation is the primarily way
to regulate the dripping speed [11], such an issue could impair the rainfall simulator use.
These claims may explain the large number of simulators using 27G needles (0.40 mm
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OD Nom) [11,30]. Besides being easily available on the market (due to their medical use),
hypodermic needles generate drops whose diameters correspond to the size of drops that
can be found in natural rainfall of almost any intensity [48]. Furthermore, needles require
very low or no pressure to prevent dripping at the lowest dripping speed. Additionally,
their sensitivity to a change in dripping speed with pressure allows reasonably good
dripping speed regulation.

The terminal velocity of drops increases with drop diameters up to 9 m-s~! for drops
larger than 4 mm (Figure 4b). The falling height necessary to achieve the terminal velocity
of drops increases with the increment of the drop diameter, reaching almost 11.5 m to
reach 99% of the terminal velocity for drop diameters between 3 and 4 mm, after which
the needed height decreases slightly for larger drops (Figure 4a). Reaching 95 and 90% of
the terminal velocity requires a significantly shorter falling height with a relatively low
decrease in the achieved kinetic energy compared to the 99% height. Drops with a diameter
less than 1.0 mm require around 2.0 m to reach 95% of the terminal velocity, while larger
drops require significantly more than 2 m. For example, drops with a diameter of 2 mm
require a falling height of more than 5.6 m to obtain 95% of their terminal velocity, which
corresponds to 90% of their kinetic energy at terminal velocity (Figure 4c).

Comparing the attained results with those from [31], there is an obvious similarity
regarding the relation between the drop diameter and discharge, and the relations between
water pressure in the system and dripping speed and discharge. However, there are
slight deviations between those relations. Possible reasons for them vary, such as the
wall thickness of larger drippers and a difference in the tip geometry. Moreover, a slight
difference in the kinetic energy of falling drops is possible due to differences between
models that are used for the calculation of the falling drop velocity.

In future research, we will investigate the potential impacts of other parameters
(e.g., evaporation, water and air temperatures, atmospheric pressure, and water chemical
characteristics) on the drop sizes of simulated rainfall. Although the drop weight method
for the measurement of drop size is widely adopted [49], it would be much easier to conduct
a calibration of needles’ performances using some type of disdrometer. In that way, it would
be possible to complete the calibration much faster, although the precision and relevance of
the results probably would not be better due to oscillations in measurements [50].

Nomographs are developed in this study to provide improved insights regarding the
interconnection of simulated rainfall variables and facilitate experimental research and
rainfall simulator design. Those are results that have a role in providing us approximate
values for assessments of drop sizes at different dripping speeds and water pressures.

5. Conclusions

The research successfully established a relation between the drop sizes generated
by hypodermic needles and the dripping speed at a corresponding water pressure. This
research facilitates the future use of hypodermic needles as drippers and the construction of
rainfall simulators. The rainfall simulator for this research was constructed to be simple and
easily adaptable for various purposes in soil research. The rainfall simulator is described in
detail so that its replication would be easy.

By using a wide range of needle sizes, it is possible to simulate most natural rainfall
drop sizes. Changes in needle diameters and dripping speeds, i.e., water pressures, affect
the diameters of the generated drops. Generally, a reduction in the needle diameter leads
to decreasing drop diameters. The largest measured diameter is 3.69 mm and is generated
using a 16G needle at a dripping speed of 360 drops-min~!, while the lowest diameter
of 1.42 mm is generated using a 32G needle at a dripping speed of 10 drops-min~!. The
availability of large drops is essential when the height of fall is limited, while, on the other
hand, for the natural rainfall with a maximal median volume diameter (Dy) usually under
2.5 mm, it is necessary to emphasize the ability of needles to produce drops smaller than
2 mm.
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This paper provides data on the required falling height of drops and corresponding
terminal velocity of fall and, more importantly, the achieved velocity. These can be used
to estimate the kinetic energy of the drops, which is very important for the construction
of rainfall simulators for soil erosion and conservation research. The obtained results
show similarity with those from [31] regarding the relation between the drop diameter
and discharge, and the relations between the water pressure in a system and dripping
speed and discharge. However, although this study provides relevant information on drop
sizes at different dripping speeds and water pressures using distinct standard hypodermic
needles, drop size calibration should not be neglected during simulation experiments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app14166969/s1: Figure S1: (a) Back side of the structural support
(PL), (b) water tank (WT) with a water pump (WP), transparent hoses (H1, H2, and H5), plastic hose
coupling (HK1), (c) front side of the structural support (PL) with elements of the DRS_;, including
transparent hoses (H3-H11), plastic hose coupling (HK2), syringes (S1-S5), flow regulators (FR1
and FR2), water filter (WF), three-pronged taps (T1-T5), pressure gauge (PG), air release chamber
(ARC), water tank with dripper (WTD), dripper (D), and water drop measuring equipment such as
the NeuLog Drop Counter Logger Sensor NUL-223 (DCLS), mobile stand (MS), NeuLog module-USB
module USB-200 (NLU), and container for receiving drops during measurement in the form of a
plastic cup with a volume of 250 mL (RC). Notes: taps on the Figure Slc are not adjusted into
any specific position already described. Figure S2: (a) Nomograph for the calculation of dripping
rainfall simulator’s interconnected variables such as the drop diameter, dripping speed, dripper
discharge, dripper density, rainfall intensity, and falling height and kinetic energy of the drops.
(b) Nomograph for the calculation of the dripping rainfall simulator’s interconnected variables such
as the dripping intensity, dripper density, rainfall energy intensity, and kinetic energy of single and
multiple drops [51]. Figure S3: Number and spacing of drippers in square and triangular patterns for
a square-shaped water reservoir with drippers.
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