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Abstract: The results of the energetic characterization of two drip-type rainfall simulators, differing
in the length of their capillary tubes, are presented. The rainfall kinetic power and momentum
were measured using a single capillary tube and applying weighing and photographic techniques to
determine the raindrop mean equivalent diameter and fall velocity, respectively. The measurements
highlighted that the simulated rainfall intensity is the only variable affecting raindrop diameter,
and the increase in the capillary tube length produces a reduction in rainfall intensity and raindrop
diameter. Finally, an empirical relationship relating fall velocity with raindrop falling height and
diameter found in the literature was developed and positively tested using both the experimental
data of the velocity measurements from the present research and the literature. Relationships to
estimate the rainfall kinetic power and momentum based on the knowledge of mass and raindrop
falling height were proposed and positively tested for the two simulators in the present investigation.
In conclusion, operative guidelines for a drip-type simulator characterization are proposed in this
paper, considering that the knowledge of the geometric characteristics of the capillary tube, pressure
head, and falling height values are fundamental to having a complete energetic characterization of
the rainfall simulator.

Keywords: rainfall simulation; rainfall intensity; rainfall fall velocity; rainfall kinetic power;
rainfall momentum

1. Introduction

Rainfall is the most important climatic variable influencing erosive processes, and its
erosivity, i.e., the capability of rainfall to cause erosion, reflects the erosion phenomena due
to the impact of raindrops and surface runoff, both affecting the detachment and transport
of soil particles [1,2].

Rainfall erosivity, often referred as the R-factor in Universal Soil Loss Equation (USLE)-
based models, can be represented both as its kinetic energy per unit time and surface area,
called kinetic power, Pn (J m−2 s−1), and its momentum per unit time and surface area, M
(N m−2) [3]. Since rain erosivity is assessed by summing the contributions attributable to
each raindrop constituting the precipitation, its determination requires information on both
the terminal velocity of raindrops, vt (m s−1), and their drop size distribution (DSD).

Rainfall simulation holds significant interest in water erosion research, as it allows for
direct control of the erosive agent, which is not feasible with natural precipitation. The use
of simulated rainfall with known energetic characteristics enables a deeper understanding
of the dynamics of several sub-processes involved in erosion phenomena, such as rain
detachment or establishing the relationship between interrill erosion and precipitation
intensity. Moreover, the ability to simulate rainfall events with predetermined character-
istics at specified times substantially reduces experimentation time. Rainfall simulation
also ensures repeatability and comparability of experiments under controlled conditions
and over relatively short time periods, which is generally not achievable with natural
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rainfall. Thus, rainfall simulators are useful devices for investigating several hydrological
and erosive processes.

Small portable rainfall simulators have been used worldwide by different research
groups for many years and, since 1938, more than 100 rainfall simulators with plot dimen-
sions of <5 m2 (most of them <1 m2) have been developed [4–21]. Moreover, the absence of
standardization of rainfall simulation and test conditions makes it difficult to compare the
results available in the literature [17,22–24].

The rainfall simulator (model type 09.06) proposed by Kamphorst [7,25] is one of the
most used. This small device, easily transportable and widely applied for soil conservation
surveys, developed at Wageningen Agricultural University and first described by Kam-
phorst [7], was recently characterized from an energetic point of view [21]. This simulator
has a sprinkler with 49 capillary tubes (10 mm long and an inner diameter of 0.6 mm)
in fixed positions (Figure 1). This represents a limitation because drops flowing from a
single tube always impact the same point during an experimental run. The pressure head
on the capillaries can be increased or decreased by moving an aeration tube upward or
downward, and a built-in pressure regulator, based on Mariotte’s bottle principle, allows
for maintaining a constant rainfall intensity value during the rainfall simulation. According
to Kamphorst [7], the pressure head regulation is oriented to correct for the influence of the
viscosity, which depends on the water temperature. In fact, the device was not designed to
be used to produce showers of different intensities but to obtain a standard rain shower.
However, Bagarello et al. [26] proved that rainfall intensity can be significantly changed
by moving the aeration tube in this simulator and developed an empirical relationship
between rainfall intensity, the position of the aeration tube, and the water temperature.
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It is known that the main properties of simulated rainfall are its spatial distribution,
drop size distribution (DSD), the falling velocity of the drops, and kinetic power. Over
the years, these variables have been widely investigated for natural precipitation and
rarely for simulated precipitation. A summary of major requirements for small portable
rainfall simulators is reported by Iserloh et al. [21]. These authors studied and compared
the performance of 13 different rainfall simulators located in several European research
institutions, from the perspectives of dimension, intensity, and energetic distribution.

In soil erosion processes, one of the dynamic rainfall characteristics is raindrop impact
velocity, which depends on the height of fall of each raindrop, h (m), and its diameter, D
(m). Numerous studies [27–33] demonstrate that for a drop having a diameter equal to
D, the falling velocity v (m s−1) grows with h and, for h > 20 m, the fall velocity assumes
its terminal value, vt, (m s−1), corresponding to an equilibrium condition between the
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gravitational power and the aerodynamic resistance. Few terminal velocity measurements
of natural raindrops are available in the literature [28,29], and the empirical relationships
between vt and D are based on measurements of single simulated raindrops that fall in
stagnant air [28–33].

Characterizing the rainfall produced by a rainfall simulator fed at a pressure of about
2 bar, at a height of 2 m, and a rainfall intensity value of 40 mm h−1, Ries et al. [34]
stated that most of the inaccuracy is due to the drop fall velocity measurements [35,36]. In
particular, they indicated that small drops moved with “an unrealistic high velocity” and that
an available height of 2 m is not sufficient for accelerating and reaching terminal velocity.
Moreover, the high fall velocity of very small drops prevented the laser disdrometer from
recognizing all the raindrops.

Abudi et al. [20] applied a digital camera capable of recording video at 8000 FPS
(frames per second) to monitor simulated falling drops (in the range of 1–5.2 mm), falling
from a height of 4.5 m, and calculate their size and velocity. They found that this height
allowed only small drops (1–3 mm) to arrive almost at the terminal velocity, while bigger
drops (3–5 mm) were more affected by the drag force due to the viscosity of air, requiring a
longer freefall path to reach their terminal velocity.

Iserloh et al. [21] energetically characterized the Kamphorst simulator using raindrop
size distribution and falling velocity measurements carried out by the Thies Laser Pre-
cipitation Monitor. These authors did not provide information on the applied operating
conditions (pressure head, water temperature) and used the device in its standard operation
setting (rainfall intensity equal to 360 mm h−1, falling height set at 40 cm). They found that,
for this rainfall simulator, the kinetic power values are greater than those calculated for
natural rainfall, because the Kamphorst simulation is characterized by a very short test
duration, and it also produces large and high-energy drops.

Carollo et al. [37] energetically characterized the Kamphorst simulator by using a
weighing method for drop mass determination and a photographic technique for drop fall
velocity measurements. At first, the rainfall uniformity distribution of the simulator was
positively verified considering several pressure heads (ranging from 1.9 cm to 11.9 cm) and
water temperatures (from 24 ◦C to 27 ◦C), achieving a uniformity coefficient ranging from
96 to 99%. Then, using a single capillary tube, the simulator was characterized in terms of
kinetic power and momentum. They observed that, for the experimental set-up considered
in their investigation (pressure head varying from 1.9 to 6.9 cm, water temperature ranging
from 16 ◦C to 26 ◦C, and falling height less than 1.3 m), this simulator produces large
drops (0.5–0.61 mm) with fall velocities comparable to that of a body falling free in a
vacuum, which is the maximum achievable velocity value. The authors also proposed two
empirical equations for the rainfall kinetic power and momentum estimations, allowing the
characterization of the rainfall simulator by knowing the falling height and the simulated
rainfall intensity.

Using a photographic technique, Laws [30] measured the velocity of raindrops having
diameters ranging from 1 to 6 mm and falling in still air from a height, h, varying from 0.5
to 20 m. Laws’ [30] measurements suggested a clear dependence of v by fall height and
raindrop diameter. In particular, the analysis highlighted that for h < 6 m, the growth rate
of the falling velocity increases with the raindrop diameter, while for h > 6 m, an increase
in h does not produce an increase in the falling velocity, because it is only dependent on the
raindrop diameter.

Above all for meteorological aims, many authors propose relationships to estimate
raindrop falling velocity as a function of the diameter of the drop and the atmosphere den-
sity and viscosity, depending on the fall heights [3,31,38–47]. For describing the variation
in the terminal velocity with the diameter of the drop, which in nature might be expected
to deform from the spherical shape as it falls through the air, Best [40] used measurements
of vt carried out by Spilhaus [39] to propose three empirical relationships to estimate v.

Assouline et al. [48] evaluated the raindrop velocity at the soil surface as a function
of the falling height, considering fall velocity measurements carried out by Laws [30] and
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Wolfs [49]. For simulated rainfalls, they suggested that drop velocity at the soil surface
is comparable to the terminal velocity of equivalent diameters for falling heights greater
than 5.5 m.

Leone and Pica [3], using raindrop falling velocity measurements carried out in
laboratory conditions by Laws [30] and Gunn and Kinzer [31], proposed a relationship
to estimate v by the raindrop diameter, which assumes the maximum value for D equal
to 0.5 cm. Moreover, in this analysis, the authors considered only raindrop diameters
varying in the range of 0.10–0.55 cm since for D < 0.10 cm, the drop has both a low terminal
velocity and a small mass, producing negligible kinetic power. Instead, for D > 0.55 cm the
raindrops are unstable and tend to break up before reaching their terminal velocity [50].

Considering that for natural rainfall the terminal velocity increases for D < 0.56 cm,
until which it seems to be constant, and using the measurement carried out by many
researchers [28–33], Ferro [47] deduced the following relationship:

v = VS

(
1 − e−aSD

)
(1)

where VS and aS are parameters depending on h. For h greater than or equal to 20 m or
for natural rainfalls, the raindrop reaches its terminal velocity, and thus in Equation (1),
VS and aS are equal to 9.5 m s−1 and 6 cm−1, respectively. For falling height, h, less than
20 m, Equation (1) can be also used for quantifying the raindrop impact velocity, which
is less than the terminal one [51]. Equation (1) has been widely used to estimate terminal
velocity for natural precipitation in the Mediterranean area [27,51–54] and to deduce many
theoretical relationships to estimate rainfall kinetic power, Pn (J m−2 s−1), and rainfall
momentum, M (N m−2), by knowing the raindrop size distribution.

Since the height of the commonly used rainfall simulators does not allow the achieve-
ment of the terminal velocity values of natural rainfall, the application of Equation (1)
requires a choice of VS and aS values that correspond to the falling height of the investi-
gated simulator.

The aim of this investigation is to give instructions for the characterization of two
drip rainfall simulators, regarding fall velocity, mass, and thus the kinetic power and
momentum of simulated raindrops hitting the soil. New empirical relationships to estimate
the fall velocity, kinetic power, and momentum for simulated rainfall are also proposed.

2. Materials and Methods
2.1. Experimental Set-Up

The experimental setup (Figure 2), located in the laboratory of the Department of
Agricultural, Food, and Forest Sciences of the University of Palermo (Italy), consists of
a Kamphorst rainfall simulator (KS) (model type 09.06) [25] (Figure 1), placed inside a
wooden support positioned above a metal structure (1.9 m high and 1.2 m wide). To explore
different rainfall characteristics from those supplied by the original Kamphorst simulator
(KS), a new capillary tube was also considered—a metal capillary tube (Figure 3) with a
length of 28 mm and an inner diameter of 0.6 mm, made by Benecreat, which was placed
inside the dripping plate and fixed with hot glue.

The installation is also equipped with a stopwatch, a scale (model MP-3000G, made
by Chyo), a foldable metal ladder, a tank for water storage, a mobile phone camera, and an
opaque color background panel. The frame rate of the camera, which records slow motion
video at 720p resolution, is 480 FPS (frames per second). The mobile phone is supported
and leveled by a vertically extendable photographic tripod, allowing the positioning of
the camera lenses in parallel with the falling direction of the simulated rain. Since the
minimum height at which the camera can be positioned above the photographic tripod is
60 cm, the maximum explorable falling height for the considered experimental setup is
equal to 1.3 m. A meter ruler was also placed in parallel with the falling direction of the
drops to calculate the distance traveled by a raindrop during its fall. During the recordings,
the distance between the camera lenses and the ruler was 24 cm. An LED lamp, opposite
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the camera and 40 cm behind the background panel, was also used to guarantee raindrop
recognition in the frames.
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2.2. Test Procedure to Determine Rainfall Characteristics and Calculate Rainfall Kinetic Power
and Momentum

To characterize the rainfall simulators of the present investigation from an energy
point of view, a standardized test procedure was performed using different values of
water temperatures, T (◦C), and pressure heads, H (m). For each H–T pair, which was
repeated three times, the water volume corresponding to 100 water drops flowing out by
the selected capillary tube was collected and weighed, also recording the sampling time.
For the modified Kamphorst simulator (MKS), which has a capillary tube 28 mm long with
an inner diameter of 0.6 mm, and for the highest-pressure head values (H ≥ 7 cm), the
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count of the number of drops was conducted with the support of slow-motion video, since
the drop formation rate was very fast and did not allow naked-eye measurements.

The knowledge of the weight of the water volume, m (kg), referred to as the considered
number of drops, nD, allows for determining the mean mass of a single water drop, mSD
(kg), as follows:

mSD =
m
nD

(2)

Therefore, its volume, VSD (m3) can be obtained:

VSD =
mSD

ρ
(3)

in which ρ is the water density (kg m−3), which depends on the water temperature. Con-
sidering that the water drop generated by the nozzle is spherical, its diameter, D, expressed
in cm, is calculated as:

D = 2 3

√
3 VSD

4 π
(4)

The photographic method was not considered for the calculation of the raindrop
diameter because of the characteristics (frame rate and resolution) of the mobile phone used
in this investigation, which didn’t allow for capturing the raindrop size due to the motion
blur effect. Conversely, the knowledge of the VSD by the weighing technique allowed
us to consider the three dimensionality of the raindrop for the calculation of its diameter
(Equation (4)).

Considering H values equal to 2 cm, 5 cm, and 7 cm for KS and equal to 2 cm, 4 cm,
6 cm, 8 cm, 10 cm, and 12 cm for MKS, and water temperature ranging from 16 ◦C to
26.1 ◦C for KS and from 17.7 ◦C to 19.1 ◦C for MKS, the fall velocity of a droplet v (m s−1)
was measured by a photographic method. For each H value, four falling height intervals
(h = 0.33–0.42 m; h = 0.52–0.61 m; h = 0.85–0.96 m; and h = 1.21–1.30 m) were also considered.
Measuring the displacement of a single raindrop between two following frames, looking
at its upper tip, and knowing the frame rate, the raindrop fall velocity, v (m s−1), was
calculated. For the Kamphorst rainfall simulator (KS), a maximum value of H equal to 7 cm
was used in this investigation, as, beyond this value, several raindrops were detected in
each frame, and this circumstance made it difficult to identify the path of the considered
falling raindrop.

The reliability of the photographic method in estimating the fall velocity of individual
raindrops was verified by comparing the measured v values with the maximum velocity,
vmax (m s−1), achievable by drops falling freely in a vacuum from a height, h (m), starting
from rest, and in the absence of air resistance:

vmax =
√

2gh (5)

where g is the gravity acceleration (m s−2).
For each test condition, the knowledge of the mass, m, and fall velocity of the droplets,

v, which was assumed the same for all the drops, yielded to calculate both the kinetic
power, Pn (J m−2 s−1), and momentum, M (N m−2):

Pn =
0.5 m v2

σ t
(6)

M =
m v
σ t

(7)

in which t (s) is the sampling time, and σ is the area assigned to the considered capillary
tube, which is equal to 0.001276 m2.
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3. Results

Figure 4 shows the relationship between D and IS measured for different H values
using the Kamphorst simulator (KS) and the modified Kamphorst simulator (MKS). The
measurements highlight that IS ranges from 187.8 to 633.7 mm h−1 for KS and from 90.4 to
358 mm h−1 for MKS, while D varies from 0.50 to 0.61 cm and from 0.28 to 0.33 cm for KS
and MKS, respectively. Moreover, in both cases, the D values present a decreasing trend
with IS, and this trend is independent of the considered pressure head values (Figure 4).
This figure also shows that, for both simulators, the highest values of H produced the
highest IS and the smallest D values.
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For both simulators and for each considered pressure head and water temperature,
raindrop fall velocity, v (m s−1), was measured at different falling heights, h (m), by the
photographic method described in Section 2.2.

The reliability of the photographic method was checked by comparing the values of
the measured v (m s−1) and the theoretical velocity, vmax (m s−1), obtained by Equation (5).
Figure 5 shows, for both rainfall simulators, the relationship between v and vmax for
different h values. The experimental pairs (vmax, v) are below the 1:1 line, suggesting the
reliability of the raindrop velocity measurements obtained by the photographic method for
both simulators.

To improve the capability of Equation (1) in estimating rainfall fall velocity for any h
value, at first, the VS and aS values were determined using the v and h measurements carried
out by Laws [30]. In particular, for a fixed h, the VS and aS values were calculated by mini-
mizing the sum of the squared differences between the v values measured by Laws [30] and
those calculated using Equation (1). Figure 6 highlights the dependence of aS VS (Figure 6a)
and VS (Figure 6b) with the falling height, h, described by the following equations:

aS = α hβ (8)

VS =
γ

1 + δ
hε

(9)
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where α (cm−1 m−β), β (-), γ (m s−1), δ (mε), and ε (-) are parameters that, considering
Laws’ [30] data, assume constant values equal to 11.43 cm−1 m−β, −0.24, 11.50 m s−1,
1.65 mε, and 0.80, respectively.
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The accuracy of Equation (8) (R2 = 0.9094) and (9) (R2 = 0.9863) to describe the rela-
tionship between aS and VS with the falling height, h, suggest introducing Equations (8)
and (9) for estimating VS and aS in Equation (1), and thus the latter can be rewritten as:

vCalc =
11.50

1 + 1.65
h0.80

[
1 − e−11.43h−0.24D

]
(10)

According to Equation (10), the fall velocity, v, of the simulated raindrop can be
calculated by the knowledge of the falling height, h (m), and the raindrop diameter, D (cm).

To test the accuracy of Equation (10) in estimating fall velocity, at first the measure-
ments by Laws [30] were considered. Figure 7 shows the comparison between the measured
values of v and those calculated by Equation (10). The points corresponding to these pairs
are located around the line of perfect agreement (R2 = 0.9994), registering a mean absolute
error (MAE) equal to 2.10%, and 98.04% of the measurements are affected by MAE ≤ 10%
(Table 1).
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Table 1. Reliability of Equation (10) for estimating fall velocity.

Laws
[30]

Epema and
Riezebos [33] KS MKS

Mean relative error [%] 0.21 −0.32 −0.58 −1.73
Mean absolute error [%] 2.10 1.78 2.43 3.02
Measurements with absolute error ≤ 10% [%] 98.04 100.00 100.00 100.00
Coefficient of determination [R2] 0.9994 0.9997 0.9993 0.9990

The reliability of Equation (10) was also tested considering the fall velocity measure-
ments carried out by Epema and Riezebos [33] (Figure 8a) and those measured by the
investigated simulators, KS and MKS (Figure 8b). The nearness of the points of the pairs
(v, vCalc) to the 1:1 line, and the R2 values almost equal to 1 (Table 1), confirm the applica-
bility of Equation (10) to fall velocity estimates, independently of the rainfall simulator
considered in the present investigation (Figure 8). Indeed, even if the use of Equation (10)
produces slight underestimations of the fall velocity (Table 1), all the measurements are
affected by a mean absolute error less than or equal to 10% (Table 1).
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Figure 8. Comparison between the values of fall velocity calculated by Equation (10), vcalc, those
measured, v, by Epema and Riezebos [33] (a), and of the present investigation (KS and MKS) (b).

The developed tests of Equation (10) support its applicability for calculating the kinetic
power and momentum of the simulated rainfall for KS and MKS. Therefore, substituting
Equation (10) in Equations (6) and (7), the following relationships were obtained:

PnCalc = 0.5
m
σt

[
11.50

1 + 1.65
h0.80

(
1 − e−11.43h−0.24D

)]2

(11)

MCalc =
m
σt

11.50
1 + 1.65

h0.80

(
1 − e−11.43h−0.24D

)
(12)

According to Equations (11) and (12), Pn and M per unit area, σ, and time, t, are
functions of h, m, and thus of D. Figure 9 shows the comparison between the measured
values of Pn and M and those calculated, PnCalc and MCalc, using Equations (11) and (12),
both for the Kamphorst simulator and the modified Kamphorst simulator. The closeness of
the pairs (Pn, PnCalc) (Figure 9a) and (M, MCalc) to the line of perfect agreement (Figure 9b)
confirms the reliability of the proposed relationships to estimate Pn and M. Moreover, as
reported in Table 2, better results are obtained for both simulators in the estimation of the
rainfall momentum. Indeed, for both simulators, all the rainfall momentum measurements
have a mean absolute error less than or equal to 10%. Concerning rainfall kinetic power,
the measurements affected by mean absolute errors less than or equal to 10% are less than
82.5% (Table 2).

Water 2024, 16, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 9. Comparison between the measured values of Pn and M of the present investigation and 
those estimated by Equations (10) and (11), respectively. 

Table 2. Reliability of Equations (10) and (11) for estimating Pn and M. 

 KS MKS 

 
Pn 

[J m−2 s−1] 
M 

[N m−2] 
Pn 

[J m−2 s−1] 
M 

[N m−2] 
Mean relative error [%] 1.21 0.56 3.59 1.73 
Mean absolute error [%] 4.95 2.47 6.13 3.02 
Measurements with absolute er-
rors ≤ 10% [%] 

82.50 100.00 80.00 100.00 

4. Discussion 
For a fixed pressure head and capillary tube diameter, the comparison between the 

pairs (IS and D) of the KS and those obtained by MKS showed that the increase in the 
length of the capillary tube results in a significant decrease in the simulated rainfall in-
tensity and, consequently, of the raindrop diameter values (Figure 4). Moreover, con-
cerning the MKS, the use of a longer capillary tube, having the same inner diameter as 
the KS, allowed the exploration of higher pressure heads, which correspond to lower 
values of rainfall intensities and as a consequence of the simulated raindrop diameter 
(Figure 4). In particular, the use of the MKS enabled the simulation of rainfall constitut-
ed of small raindrop diameters. Moreover, for both simulators, the increase in IS, due to 
growth in H, determined a decrease in D because, in a given sampling time, the raindrop 
formation rate at the outlet of the nozzle increases, and this circumstance produces 
many drops characterized by low D values. 

To characterize the simulators energetically for each considered pressure head, the 
fall velocity measurements, v (m s−1), were carried out using the photographic technique 
for h lower than 1.3 m, which was the maximum explorable value for the experimental 
setup considered in this investigation. Notwithstanding the limits of the mobile phone 
used in the present investigation, which is why the photographic technique was not con-
sidered for the determination of the droplet diameter, the proposed method allowed for 
accurate measurements of the raindrop fall velocity (Figure 5). 

Despite the low values of h considered in the present investigation, the measured v 
values, which resulted as lower than the theoretical ones obtained by Equation (5), high-
lighted the influence of air resistance during the drop fall motion. Therefore, in agree-
ment with many authors [3,31,37–47], the measured values of the raindrop falling veloci-

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5

P n
 C

al
c (

J m
−2

s−1
)

Pn (J m−2 s−1)

KS

MKS

1:1

+10%

−10%

(a)

0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.1 0.2 0.3 0.4 0.5

M
Ca

lc
(N

 m
−2

)

M (N m−2)

KS

MKS

1:1

+10%

−10%

(b)

Figure 9. Comparison between the measured values of Pn and M of the present investigation and
those estimated by Equations (10) and (11), respectively.



Water 2024, 16, 2100 11 of 15

Table 2. Reliability of Equations (10) and (11) for estimating Pn and M.

KS MKS

Pn
[J m−2 s−1]

M
[N m−2]

Pn
[J m−2 s−1]

M
[N m−2]

Mean relative error [%] 1.21 0.56 3.59 1.73
Mean absolute error [%] 4.95 2.47 6.13 3.02
Measurements with absolute errors ≤ 10% [%] 82.50 100.00 80.00 100.00

4. Discussion

For a fixed pressure head and capillary tube diameter, the comparison between the
pairs (IS and D) of the KS and those obtained by MKS showed that the increase in the length
of the capillary tube results in a significant decrease in the simulated rainfall intensity
and, consequently, of the raindrop diameter values (Figure 4). Moreover, concerning
the MKS, the use of a longer capillary tube, having the same inner diameter as the KS,
allowed the exploration of higher pressure heads, which correspond to lower values of
rainfall intensities and as a consequence of the simulated raindrop diameter (Figure 4).
In particular, the use of the MKS enabled the simulation of rainfall constituted of small
raindrop diameters. Moreover, for both simulators, the increase in IS, due to growth in
H, determined a decrease in D because, in a given sampling time, the raindrop formation
rate at the outlet of the nozzle increases, and this circumstance produces many drops
characterized by low D values.

To characterize the simulators energetically for each considered pressure head, the fall
velocity measurements, v (m s−1), were carried out using the photographic technique for h
lower than 1.3 m, which was the maximum explorable value for the experimental setup
considered in this investigation. Notwithstanding the limits of the mobile phone used in
the present investigation, which is why the photographic technique was not considered
for the determination of the droplet diameter, the proposed method allowed for accurate
measurements of the raindrop fall velocity (Figure 5).

Despite the low values of h considered in the present investigation, the measured
v values, which resulted as lower than the theoretical ones obtained by Equation (5),
highlighted the influence of air resistance during the drop fall motion. Therefore, in
agreement with many authors [3,31,37–47], the measured values of the raindrop falling
velocity highlighted the importance of the drop falling height in the v estimate, since h
synthesizes the effects of air density and viscosity during the raindrop falling process.

Thus, for simulated precipitation, in which the falling heights are very low (h < 20 m),
h is a variable that has to be considered, in addition to D, for computing the raindrop
fall velocity. The new proposed empirical relationship (Equation (10)), calibrated using
Laws’ [30] measurements, allowed a reliable estimation of the fall velocity, for simulated
raindrops having a D ranging from 1 to 6 mm, and h varying from 0.5 to 20 m. The analysis
conducted in the present investigation suggested that this result is independent of the
considered rainfall simulator (Figures 7 and 8). In other words, for any drip-type rainfall
simulator, the use of Equation (10) yields accurate v estimates when both the raindrop
diameter and its falling height are known. The information relative to the raindrop diameter
and velocity for different falling height values allowed for characterizing KS and MKS both
in terms of kinetic power, Pn, and momentum, M.

The comparison between the measured values of Pn and M and those estimated
by Equations (11) and (12), respectively, suggest that for h < 1.3 m, the knowledge of
both the mass, and thus the raindrop diameter, and the raindrop falling height yielded
accurate estimations of the kinetic power and momentum of the rainfall produced by the
two simulators in the present investigation. In other words, awareness of the geometric
characteristics of the capillary tube, the pressure head, and the falling height values are
fundamental for having a complete characterization of the rainfall simulator, because these
variables allow the determination of IS, Pn, and M.
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In addition to these results, the use of a capillary tube longer than the KS one allowed
for exploring values of rainfall intensity, raindrop diameter (Figure 4), and thus of Pn and M
(Figure 9) that are lower than those obtained using the Kamphorst simulator in its original
form. These findings could be interesting for the realization of a new rainfall simulator
with different capillary tubes that can be changed to simulate a specific rainfall.

Operative Instructions

From an operative point of view, the analyses conducted in this investigation using the
KS and the MKS simulators gave useful information on the characterization of a drip-type
rainfall simulator.

In general, for each test condition and geometric characteristic of the capillary tube,
the rainfall intensity is easily measured knowing the water volume that flows out in each
sampling time. The weighing of the water volume corresponding to a fixed number of
drops flowing out by the selected capillary tube allows for determining the mass and thus
the mean raindrop diameter value.

The use of Equation (10), proposed and verified in this investigation using differing
fall velocity measurements available in the literature, allows reliable estimations of v by
the knowledge of h, set by the operator, and D, obtained by the previously described
procedure. Therefore, the measurement of these variables enables the operator to calculate
the kinetic power and momentum of simulated precipitations produced by drip-type
rainfall simulators.

In other words, to completely characterize a drip-type rainfall simulator, it is enough
to fix the operating conditions (pressure head, water temperature) and know the capillary
tube features (diameter, length).

5. Conclusions

Rainfall simulators, providing controlled conditions for investigating hydrological
and erosive processes, are valuable tools for scientific research into soil erosion processes.

The aim of this investigation was to give instructions for the characterization of two
drip rainfall simulators, named KS (Kamphorst simulator) and MKS (modified Kamphorst
simulator), by coupling the weighing and photographic techniques for the measurement of
the raindrop mass, diameter, and fall velocity.

In particular, the present study revealed that the simulated rainfall intensity is the only
factor affecting the diameter of raindrops, which has a decreasing trend with IS, due to an
increase in the outflow velocity. Moreover, by fixing the capillary tube’s inner diameter,
the increase in its length (MKS) allows for reproducing rainfall having lower intensity and
thus smaller raindrops than those produced by KS.

Concerning raindrop fall velocity, using Laws [30] measurements, a new empirical
relationship to estimate raindrop fall velocity is proposed, according to which v is a function
of the falling height and the raindrop diameter. The reliability of the proposed empirical
equation was positively tested using fall velocity measurements of the present investigation
and those available in the literature. Moreover, the measured Pn and M values of the present
investigation allowed for suggesting that, for h < 1.3 m, knowing both the mass, and thus
the raindrop diameter, and the raindrop falling height, enables accurate estimates of both
the rainfall kinetic power and momentum produced by the drip-type rainfall simulators.
In other words, the results of the present investigation find an operative field in the study
of hydrological and soil erosion processes, because the knowledge of both the operating
conditions (pressure head, water temperature) and the diameter and length of the capillary
tubes allows for completely characterizing a drip-type rainfall simulator.

The advantage of having a rainfall simulator with known characteristics and thus in
controlled conditions, which are generally not achievable with natural rainfall, enables a
deeper understanding of the dynamics of several sub-processes involved in erosion phe-
nomena, such as rain detachment or, for example, the relationship between interrill erosion
and the energy characteristics of the precipitation at the plot scale. Future investigations
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could be aimed at verifying the reliability of the proposed empirical relationships consider-
ing a wider range of falling heights and other rainfall simulators. Moreover, the use of a
disdrometer or the application of photographic techniques with the use of a high-speed
camera will enable comparison with the raindrop size and the raindrop fall velocity values
obtained in this investigation.
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Abbreviations

Abbreviation Description Units
aS Parameter of Equation (1) depending on raindrop falling height cm−1

d Capillary tube inner diameter m
D Raindrop equivalent diameter m
g Gravity acceleration m s−2

h Raindrop falling height m
H Pressure head m
IS Rainfall intensity mm h−1

lu Capillary tube length m
m Weight of the water volume kg
mSD Mean mass of a single raindrop kg
M Rainfall momentum per unit time and area N m−2

MCalc
Rainfall momentum per unit time and area calculated by
Equation (12)

N m−2

nD Number of drops -
Pn Rainfall kinetic power per unit time and area J m−2 s−1

PnCalc
Rainfall kinetic power per unit time and area calculated by
Equation (11)

J m−2 s−1

R2 Coefficient of determination -
t Sampling time s
T Water temperature ◦C
v Raindrop fall velocity m s−1

vCalc Raindrop fall velocity calculated by Equation (10) m s−1

vmax
Maximum velocity of a raindrop falling freely in a vacuum,
starting from rest

m s−1

vt Raindrop terminal velocity m s−1

VS Parameter of Equation (1) depending on raindrop falling height m s−1

VSD Mean volume of a single raindrop m3

α Parameter of Equation (8) cm−1 m−β

β Parameter of Equation (8) -
γ Parameter of Equation (9) m s−1

δ Parameter of Equation (9) mε

ε Parameter of Equation (9) -
ρ Water density kg m−3

σ Surface area assigned to a single capillary tube m2
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Acronyms

Acronym Meaning
DSD Drop size distribution
FPS Frames per second
KS Kamphorst rainfall simulator
LED Light-emitting diode
MAE Mean absolute error
MKS Modified Kamphorst rainfall simulator
USLE Universal Soil Loss Equation
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