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ABSTRACT

Force vs. time relationships of waterdrop impact are important
for understanding the process of erosion caused by soil splash. Wa-
terdrop impact forces were measured for 3.31-, 3.83-, 4.51-, and
5.25-mm diam drops falling from a height of 14.0 m onto piezo-
electric transducers with rise times of 2 and 5 us. Peak forces oc-
curred within 13 to 21 us of initial contact, ranged from 1.0 to 3.8
N, and decreased to 0.5 N after approximately 100 us. Average
pressures under impact were calculated from the force measurements
and an approximation of waterdrop contact area as a function of
time and decreased to 100 kPa after 50 us. The results indicated
that the times and magnitudes of the force of impact were poorly
predicted from currently used models and that the compressional
wave generated in the water upon impact is probably an important
parameter in determining the level and time distribution of forces
during impact.
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EASUREMENTS OF WATERDROP IMPACT FORCES
are needed in order to better understand the
mechanics of soil splash by raindrop impact. Recent
studies of soil splash have established a relationship
between soil shear strength measurements and soil
splash detachment (Cruse and Larson, 1977; Al-Dur-
rah and Bradford, 1982a, 1982b; Nearing and Brad-
ford, 1985). Mechanical behavior of soils, and shear
strength in particular, is a function of stress, or force
per unit area, on a soil mass. The knowledge of wa-
terdrop impact forces (and force-time relationships in
particular) is incomplete and must be increased in or-
der to improve the mechanistic description of erosion
caused by soil splash.

If numerical methods, such as that used by Huang
et al. (1982) to calculate impact pressures on a rigid
surface, are to be extended to the more complex sit-
uation of computing impact pressures on a nonrigid
soil surface, the results of the rigid case must be ver-
ified experimentally. Furthermore, measurements of
pressure or force of impact on a rigid surface may
approximate actual conditions in the case where drop
impact causes limited deformation of the soil surface.
Such may be the case for soil surface crusts. Therefore,
the objective of this study was to measure the force
of impact of waterdrops falling at terminal velocity on
a rigid surface using piezoelectric transducers. The re-
sults will be used to give an approximate quantitative
description of impact forces on a soil surface under
the conditions approaching that of a rigid surface (such
as a soil crust) and to evaluate the numerical tech-
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nigue of Huang et al. (1982) for computing stresses
under waterdrop impact. In particular, the justifica-
tion of ignoring the propagation of compressional
waves in the water during drop impact will be inves-
tigated.

BACKGROUND

Attempts have been made to measure waterdrop impact
forces. Palmer (1965), using a strain gage, measured the rel-
ative stresses of impact of three drop sizes on layers of water
ranging from O to 30 mm in depth. It is not clear from
Palmer’s discussion over what area the stress was measured;
his values apparently represent a measure of peak force of
impact. At zero depth of water the stress caused by impact
increased linearly with drop mass for the three drop sizes
falling from a height of 1.5 m.

Imeson et al. (1981) obtained measurements of peak volt-
age of output on a 5-cm diam, 1-mm thick piezoelectric
crystal. A direct measure of the true force was not achieved
wil;h.the crystal. Impact force, F, was estimated from the
relation .

F=mv/2r om

where v is impact velocity, m is drop mass, and r is spherical
(equivalent) drop radius. The voltage output of the crystal
was linearly related (7 = 0.985) to the assumed impact force
as calculated from Eq. [1] and known values of m, v, and .
Equation (1] is derived from classical mechanics and in-
volves several simplifying assumptions of the impact phe-
nomena. Its limitations will be discussed in detail later. The
piezoelectric device used by Imeson et al. (1981) acted es-
sentially as an undamped oscillator with an unfiltered out-
put signal. As such, it was useful for measuring peak output
voltages which could then be correlated to known or (in the
case of force) assumed drop parameters, but the measure-
ments gave no insight into the force-time relationships of
impact.

The change in momentum, Ap, of a drop impacting a rigid
surface can be expressed as

Ap = J: TRtydt = F ot 2]

where F(f) is the time dependent force of impact, F is the
average impact force, and At is the impact duration from ¢,
to ¢, If change in momentum is assumed to be m times v
and total impact time is assumed to be 2r/v, Eq. [1] can be
derived from Eq. [2] where F from Eq. [1] is F, the average
force of impact. The assumption (used implicitly by Imeson
et al,, 1981, to derive Eq. [1]) that the impact time is equal
to 2r/v implies that the drop is spherical and not oscillating
immediately before impact and that the velocity of a fluid
particle in the impinging drop does not change prior to
reaching the solid surface. Actually, such velocity changes
are generated by the propagation of compressional waves in
the drop during impact, by surface tension effects, and by
fluid viscous effects.

By using the assumptions of no effects due to compres-
sional wave generation or viscous or surface tension, a the-
oretical force vs. time curve of drop impact may be derived.
The force at any given time, as pointed out by Ghadiri and
Payne (1977), would be equal to the product of the mass of
water arriving at the surface per unit time and its velocity.
The area of contact, A(¢), of a fluid drop impacting a rigid
surface would be a function of the drop shape and velocity.
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The‘equilibrium (nonoscillating) shape of the falling drop is
oblate (Pruppacher and Pitter, 1971) and described by

a=r [l + inc,,cos(na)] (3]

n=0

where a is the radius from the drop center to the drop edge
at an angle 6 from the vertical. The first 7 to 10 cosine coef-
ficients are sufficient to define the series. The coefficients ¢,
for n = 0 to 9 were derived theoretically by Pruppacher and
Pitter (1971) and are dependent upon drop size. The area
of contact, A(?), is then )

AWt = w(@*—(a, — n)) [4]

where ¢ is the time from initial drop to solid contact and a,
is the radius at # = 0 and ¢ = 0. Thus the force during
impact would be

Fn = p v A (3]

where A(?) is given in Eq. [4] and p is the fluid density. The
theoretical force vs. time curve, as described by Eq. [5], of
a non-viscous, incompressible “water” drop with a diameter
of 5 mm and a velocity of 9 m/s is given in Fig. 1.

In reality, the waterdrop impacting a solid surface behaves
as a compressible fluid. On impact a compressional wave is
propagated through the drop from the contact points. Hence,
for a short time during impact, the fluid behaves as a com-
pressible (elastic) material and the impact must be described
using compressible mechanics. Kinner (1967) states that the
duration of‘compressible behavior is approximated by 2 vr/
C2, where C is the velocity of sound in water (about 1500
m/s for water at 20°C). For a 5-mm diam drop with an
impact velocity of 9 m/s, the duration of the compressible
phase would be of the order of 0.02 us. The area of impact,
A(t)z, at that time would be, using Eq. [3] and [4], about 2300
pme,

The maximum instantaneous contact pressure during the
compressible phase of impact may be approximated by the
“water hammer” pressure (Adler, 1979), P,, where

P,=pCv. [6]

Note that P, is independent of drop size per se and varies
only with impact velocity for a given fluid density and ve-
locity of sound (although drop velocity is a function of size
for a given height of fall). During impact, the pressure dis-
tribution on the contact area is not uniform but exhibits an
annular-shaped stress concentration on the drop perimeter
(Ghadiri and Payne, 1981; Huang et al., 1982; Engel, 1955).
Engel (1967) predicted that the average pressure, P,,,, over
the area of contact at the time of peak pressure, is propor-
tional to the water hammer pressure and is given as

Pay=a/2(o CV) 7]

where « is a theoretically derived coefficient which is a func-
tion of the geometry of the system. « is about 0.4 for a
waterdrop impacting a solid planer surface (Engel, 1967).
For the 5-mm diam drop with a velocity of 9 m/s, P,,, is
about 2.7 MPa. The maximum A(#) during the compressﬁ)le
phase was calculated previously for this drop. The maxi-
mum force which could occur at this time is equal to P,,,
times A(¢) which for this drop is about 6.2 mN. As will be
shown from the results of this study, forces of drop impact
are much higher than this and occur after the previously
calculated duration of the compressible phase of impact.
Ghadiri and Payne (1981) measured maximum impact
stresses of waterdrops by penetration of the drops through
nylon meshes, from analysis of splash rebound measure-
ments from high speed photography, and from the output
of a miniature force transducer. They used two drop sizes,
6.2 and 3.5 mm diam, with height of fall ranging from 0.7

4 v r r — v v

FORCE (N)

o 100 zoo. __ 300 400
TIME (us)
Fig. 1. Theoretical force vs. time curve for inviscid incompressible

waterdrop with a diameter of 5 mm and impact velocity of 9 m/
S. .

to 6.2’ m. Maximum stresses of about 2 to 6 MPa were found
for a duration of about 50 us on the perimeter of a circle
around the drop center. The values of stress obtained by
Ghadiri and Payne were of the order of those computed
from Engel’s (1967) formula (i.e., Eq. [7]).

Huang et al. (1982) used a finite difference technique to
solve the Navier-Stokes equations for inviscid, incompres-
sible flow for the waterdrop impact problem. Fluid velocity
distributions and the pressure distributions within the drop
and at the fluid-solid contact during an impact were calcu-
lated. The assumption of incompressible behavior was an
approximation, as was previously discussed. They consid-
ered that the compressible phase is so short compared to
the incompressible phase, on the order of nanoseconds as
compared to microseconds, that it may justifiably be ne-
glected. The possible effect of drop surface tension was also
neglected. Huang et al. (1983) used the loading conditions
obtained from the previous study to compute the elastic
deformations of the solid surface under impact. Results of
the impact deformations were related to the soil splash
mechanism.

MATERIALS AND METHODS

The force vs. time curves of waterdrop impact were mea-
sured using piezoelectric transducers. The high frequency
response, fast rise time, and high sensitivity of piezoelectric
transducers made them a logical choice for measuring tran-
sient waterdrop impact forces. Two transducers were used:
a Kistler> model 607C1 pressure transducer (hereafter re-
ferred to as transducer A) and a PCB model 113A02 pressure
transducer (hereafter referred to as transducer B). Both were
calibrated for force. Transducer A had a sensing area of 6.45
mm in diameter and transducer B had a sensing area of 5.54
mm in diameter. Although force versions of the transducers
were available which were equivalent in every way to the
pressure versions except for the external casings, the pres-
sure transducers were chosen because their casings were
sealed to prevent fluid from entering and shorting or cor-
roding the internal electronics.

The signal from the transducers was amplified by a Kistler?
model 5004 charge amplifier. Interchangeable plug-in filters
were used on the amplifier to dampen parasitic high fre-
quency noise from the input signal. The choice of filter fre-
quency was based on the resonant frequency of the trans-
ducer and was a compromise between decrease in signal rise
time and increase in signal smoothness. Kistler (1984) sug-
gests that the optimum ratio of filter frequency, f; to trans-
ducer frequency, f;, is about 0.33. We found this ratio to be

3 Trade names and company names, included for the benefit of
the reader, do not imply endorsement or preferential treatment of
the product listed by the USDA.
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Fig. 2. Measured force vs. time curves: a. from transducer A b. from
transducer B.

nearly optimal for our experimental conditions. A filter of
68 000-Hz frequency was chosen for transducer A, which
had a resonant frequency of 250 000 Hz. The ratio of f/f,
was therefore 0.27. The rise time of the system was 0.35/f;
(Kistler, 1984) which in this case was 5.1 us. A 180 000-Hz
filter was used with the transducer B, which had a resonant
frequency of 450 000 Hz. The ratio f/f; was therefore 0.40
and the rise time was 1.9 us.

The transducers were calibrated in a shock tube (Bower-
sox, 1958; Schweppe et al., 1963). The shock tube provides
pressure steps with rise times on the order of 1 us (Bowersox,
1958). Transducer A had a highly linear response to applied
force over the range of forces encountered in this experi-
ment. The rise time response to the pressure steps was be-
tween 5 and 6 us. We were not able to calibrate transducer
B in the shock tube due to technical problems with the trans-
ducer which occurred after the measurements of drop im-
pact force were made. Therefore, we used the manufacturer’s
calibration constant for that transducer. As will be seen from
the data, however, the magnitude of measured force was the
same for both transducers. We assumed, therefore, that the
manufacturer’s calibration for that transducer was correct
for the dynamic impact measurements.

Force vs. time curves were measured on 3.31-, 3.83-
4.51-, and 5.25-mm diam drops. The mean and variation of
the drop sizes were determined by weighing 10 drops to the
nearest 0.1 mg. The 5.25-mm drops were not measured with
transducer B due to its smaller size of sensing area. The
raindrop tower designed by Al-Durrah and Bradford (1981)
was used to produce the drops. The height of fall for the
drops was 14.0 m. The corresponding velocities for those
drops at 14.0-m fall height were obtained from the data of
Laws (1941). Velocity increases with drop size and was 8.32,
8.75, 9.07, and 9.29 m/s respectively for the four drop sizes
used, which was essentially terminal velocity for those drops
(Gunn and Kinzer, 1949). The characteristics of the drops
are given in Table 1.

Many of the drops which impacted the transducer did not
fall wholly on the sensing surface. The drops which fell par-
tially on the edge of the sensing area could be determined

Table 1. Waterdrop characteristics.

Drop diameter Drop mass
x s x s Velocity
mm mg m/s
3.31 0.01 19.0 0.2 8.32
3.83 0.02 29.4 0.4 8.76
4.51 0.02 48.0 0.7 9.07
5.26 0.03 75.6 1.1 9.29

Table 2. Measured peak forces and time of

impact to peak forces.
Peak force Time to peak  Number of
Trans- Drop observations
ducer  diameter x s x s n
mm — N — —— s —
A 3.31 1.03 0.14 21.2 1.2 15
3.83 1.65 0.27 19.3 29 15
451 2.55 0.29 15.4 29 15
5.25 3.76 0.21 13.9 4.0 8
B 3.31 0.97 0.08 144 14 15
3.83 1.61 0.05 13.9 1.5 11
451 2.59 0.30 13.1 14 15

from the splash pattern on the Al block on which the trans-
ducers were mounted. Those drops which fell completely on
the sensing area formed a single ring centered around the
transducer after impact. Erroneous data due to drop im-
pingement on the sensor edge was eliminated in this way
during data collection. :

The force input signal was recorded on a Hewlett-Packard
model 5182A waveform recorder at a rate of one point per
microsecond for a period of 512 us for each impact. Between
8 and 15 impacts were recorded for each drop size on each
transducer. The mean and variation of both maximum im-
pact force and time to maximum impact force were deter-
mined for each drop size and transducer data set. Repre-
sentative curves which approximated mean force and time
to peak values were selected from the data sets. Average
pressure vs. time was determined from the force divided by
the contact area as calculated from Eq. [4].

RESULTS AND DISCUSSION
Waterdrop Forces

The representative force vs. time curves measured
by the two transducers are shown in Fig. 2. The curves
were assumed to be valid for ¢ greater than the trans-
ducer rise times, hence, the curves begin at t = 6 us
for transducer A and att = 3 us for transducer B. The
peak impact forces occurred within the valid time range
of measurement and hence may be considered to be
accurate. Table 2 lists the peak forces and times to
peak for each of the drop sizes and each transducer.
The forces decayed to 0.5 N after approximately 100
us. As expected, peak force increased with drop size.
No attempt was made in this study to correlate peak
waterdrop impact forces to drop properties.

The measured time to peak force ranged from 13 to
21 us and tended to decrease with increasing drop size,
but was not the same for both transducers. Transducer
A measured a longer time to peak than did transducer
B in each case. This is probably due to the slower rise
time of transducer A.

The force vs. time curves of impact are very differ-
ent from that calculated using Eq. [4] for an incom-
pressible drop as shown in Fig. 1. Both the theoretical
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Fig. 3. Force vs. time curves for the 4.51-mm diam drop as measured
with transducer B, as calculated from Eq. [5], and as integrated
from the numerically derived data of Huang et al. (1983).

(based on Eq. [4]) and measured force vs. time curves
for the 4.51-mm drop are plotted in Fig. 3. The dif-
ference suggests that by ignoring the compressible be-
havior of the drop during impact, an important aspect
in understanding the process of impact is lost.

The pressure distribution data of Huang et al. (1983,
Fig. 2) was integrated over the area to obtain total
force. The data for the 4.51-mm diam drop was plot-
ted in Fig. 3 for force. The numerical technique under-
estimates the forces of drop impact. A possible reason
for this is that the compressible behavior of the drop,
which was ignored in the numerical solution on the
basis of its assumed short duration, may in fact have
a longer lasting effect than was assumed by Huang et
al. The difference between measured and computed
impact forces could also be due to water surface ten-
sion or viscous effects, which were ignored in the nu-
merical solution. A numerical experiment would need
to be performed to delineate between the possible ef-
fects of water compressibility and surface tension or
viscosity on waterdrop impact forces.

Calculated Pressures

The curves in Fig. 4 of average pressure vs. time,
calculated from the force data and with Eq. [4] for
A(?), indicated that the pressure peaks occurred before
the 3 or 6 us limitations of the transducers and hence
were not recorded. The pressure curves were, how-
ever, accurate starting at 6 us for transducer A and at
3 us for transducer B. According to Engel’s theory,
peak pressure should be dependent only on drop ve-
locity and not drop size. However, the pressure after
peak will decrease faster the smaller the drop size. This
was consistant with the observed results. The results,
therefore, do not necessarily suggest that larger drops
exhibit greater peak impact pressures, but they do in-
dicate that the high pressures occur for a greater du-
ration and hence over a greater area for the larger
drops. From the measurements of transducer B, for
example, average pressure of greater than 500 kPa were
present for about 7 us in the case of the 3.31-mm diam
drop and for about 17 us in the case of the 4.51-mm
diam drop. By 50 us the pressure for all the drop sizes
is reduced to approximately 100 kPa.

The maximum average pressure calculated from the
force measurements was for the 5.25-mm diam drop
and was 1.3 MPa. This must be considered to be, based
on the fact that the actual peak pressures could not be
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Fig. 4. Average pressure vs. time as calculated from the measured
force and Eq. [4]: a. from transducer A b. from transducer B.
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Fig. 5. Average pressure vs. time for the 4.51-mm diam drop as
calculated from the force measured with transducer B and Eq. [4],
and as obtained frem the data of Huang et al. (1983).

recorded, a conservative measurement, and in fact was
about half of Engel’s predicted value (using Eq. {7])
of peak average pressure which is 2.7 MPa.

The average pressure from the calculations of Huang
et al. (1983) was plotted in Fig. 5 along with the cal-
culated pressures from the measured force data. The
numerical technique underestimates the pressures of
drop impact. Again, the difference may be due to com-
pressibility, surface tension, and/or viscous effects
which were not considered in the numerical model.

Implications

The measurements of impact forces and the pres-
sures calculated from those forces indicate that theory
or numerical techniques that do.not take into account
compressional wave generation, surface tension, or
viscosity, do not predict the actual behavior well. The
theory which describes the compressible behavior, such
as Engel’s, suggests very high pressures for a very short
duration after the initial contact, which agrees quali-
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tatively with the measured data. The possible effects
of surface tension or viscosity are not known. Surface
tension and viscosity may have a similar effect on the
force vs. time relationships or their effects may be neg-
ligible. Further research is needed to delineate the ef-
fects of compressibility, surface tension, and viscosity
on waterdrop impact forces; however, it is apparent
that by ignoring their effects the impact phenomenon
is not well described.

CONCLUSIONS

The results of this study may be summarized as

follows: ~

1. Peak force ranged between 1.0 and 3.8 N for the
3.31, 3.83, 4.51, and 5.25-mm diam drops tested,
occurred within about 13 to 21 gs after initial
contact, and decreased to 0.5 N after approxi-
mately 100 us. These curves are very different
from those that would be expected by assuming
the drop during impact to be incompressible and
have no surface tension or viscosity.

2. The average pressure curves increased and de-
creased much more quickly than did the force
curves because of the increase of contact area
with impact time. Peak impact pressures OC-
curred before 3 us and could not be measured
with the equipment used. The results showed that
high impact pressures occurred over a longer time
period for the larger drops. Average pressures of
over 500 kPa were present for about 7 us in the
case of the 3.31-mm diam drop, and for about
17 us for the 4.51-mm diam drop as measured
with transducer B.

3. The data from this investigation suggests that the
times and magnitudes of forces and average pres-
sures of impact are not well predicted from the-
ory using incompressible mechanics nor by the
numerical technique applied by Huang et al
(1982), which assumes incompressible fluid be-
havior and ignores surface tension effects and
viscosity.
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