A comparative experimental study for dry and wet collisions
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Abstract. The collision between polyurethane prismatic foam and a dropping steel ball is
investigated experimentally. Because the foam presents large deformations, an analytical
model is not available. The impact is studied on a test rig from laboratory, for dry foam and for
the mineral oil wetted foam. The post impact velocity is found measuring the flight time and
the coefficient of restitution and lost energy are estimated. For the dry impact case the damping
effect is smaller than for the case of oil-wetted target.

1. Introduction

The mathematical models that describe the behaviour of a system with percussions have continuously
evolved. A characteristic of these systems is the sudden variation of the kinematical parameters of first
order without any change in the system’s configuration.

The simplest models study systems made of two bodies with unidirectional motion and accept as
hypothesis that percussion is an instantaneous phenomenon [1-3]. In order to describe the change of
the kinematical state of the system, a series of coefficients, expressing the ratio between the values of
the considered parameter post and before impact, are used. Amid these parameters, the most important
is the coefficient of restitution, defined by Newton as the ratio with changed sign between the
postimpact relative velocity and the relative velocity before impact:
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According to equation (1), the values of the coefficient of restitution may vary from e=0 which is
characteristic to plastic collision, when due to impact the system loses the entire kinetic energy, to
e=1 which is the case of elastic collision, when the kinetic energy of the system is maintained. The
requirement of modelling more complex dynamical systems lead to friction consideration, as shown in
[4]. Kane [5] analysed the impact with friction for a pendulum and using the equation (1) for the
coefficient of restitution reached a paradoxical conclusion, that the final energy of the system is
greater than the initial one. To overcome this situation, it is necessary to modify the definition of the
coefficient of restitution, equation (1). To this purpose, the notion of percussion is introduced:
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where F is the impact force between the two bodies and t is the time variable. It is accepted that the
collision period [0,t¢], is divided in two phases: the compression, during [0,t.], where t. is the

instant corresponding to the maximum approach between the bodies and the restitution phase, during



the interval [t..,tf], where t; is the final time, when the bodies separate. According to [6], Poisson
introduced the following expression for the coefficient of restitution:
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where n is the versor of the normal to the surfaces in the theoretical point of contact. Thus, the
coefficient of restitution is the ration between the normal percussion from the restitution phase and the
normal percussion from the compression phase.

Wang and Mason elaborated a classification of plane percussions with dry friction and made a
foremost observation as conclusion, that is, unlike forces, where the presence of friction forces
requires the existence of normal forces, the tangential percussions may exist independent of the
normal percussions. Based on this remark, Wang and Mason [1] emphasize that when studying a
problem of impact with friction, the principle of linkages formulated by Kilmister and Reeve [7] must
be considered; the constraints should be maintained using forces as long as possible and only on
contrary situation, the percussions should be used.

One of the main drawbacks of the instantaneous impact hypothesis consists in the impossibility of
estimation of the contact forces that develop during the impact process. The requirement of correct
design of the regions of different mechanical parts coming into contact compelled the decline of
instantaneous collision and the acceptance of the hypothesis of finite duration collision. Timoshenko
[Ti] considers the perfect elastic impact between two spheres under the assumption of Hertz type
impact forces and determines the values of the maximum impact force and of the total collision time.

The centric impact of two viscoelastic spheres was analysed by Lankarani [9] who concluded that
the only equation provided by the dynamic theorems [10] is the momentum theorem. To solve the
problem, Lankarani used an energy hypothesis and accepts that the quantities of energy lost by friction
during the two phases of impact, compression and restitution, are equal and describes the impact force
using the equation:
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where K is a coefficient depending on the elastic and geometrical characteristics of the bodies [11],
the exponent takes the value «=3/2 for a point Hertz contact type and vy is the initial relative

velocity. The model proposed by Lankarani describes accurately the quasielastic collisions for which
e>0.9. Flores, [12-13], makes the assumption that the characteristic point describes arcs of ellipse in
the phase plane and improves the Lankarani model proposing the following equation for the impact
force:
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The equation (5) can be applied for any type of collision, regardless of the values of the coefficient
of restitution.

As it can be observed form equation (4) and (5), even for describing the behaviour of the simplest
systems, nonlinear differential equations appear. It is expected that when considering more complex
systems, with the aim of an accurate description of their behaviour, more intricate differential
equations will be used. Additionally, the equations describing the models may lead to the bifurcation
phenomenon that makes impossible reaching a conclusion regarding the evolution of the system for a
longer period.



2. Statement of the problem and proposed solution

For the situations mentioned above, one of the solutions is to construct the actual device and to
elaborate the conclusions based on an experimental study. In this category is framed the present paper
that studies the effect the moist upon the damping characteristics of a material. The bodies used in the
experiment are a bearing ball as the projectile and a polyurethane parallelepiped, the target. The
experiments were conducted in two situations: first, for dry polyurethane foam and second, for wet
polyurethane obtained after the foam was soaked in mineral oil and then squeezed. A theoretical
model is difficult to elaborate for lubricant-wet body since even for the dry body, none of the
equations (4) or (5) is applicable because the exponent « takes different values for the compression
and restitution phase [14] and moreover, the hypothesis of small deformations required by the
Hertzian theory is not valid. The principle scheme of the test rig is presented in figure 1.

Figure 1. The principle scheme of the test rig

The base 1 supports the cylindrical vertical rod 2. The part 3 can glide along the rod 2 and it can be
blocked with a screw in the needed position. An horizontal rod is fixed to the part 3 and a prismatic
body 4 can slide on it; the body 4 is set on the required position with a screw. A conical hole is made
in the inferior side of the part 4. The ball 5 is brought into contact to the conical hole and thus the
same launch position h is ensured. When the ball is set free, it falls and collides the prismatic
polyurethane foam 6 and rebounds up the height h'.

The velocity of the ball when it collides the surface of the polyurethane foam is:

v =,/2gh (6)
The post impact velocity of the ball is:

v =./2gh (7)



The distance h from equation 6 is well determined because is constructive parameter of the test
rig, but the height h' is difficult to determine. To carry out this, the experiment is filmed with a
camera at 240 frames / sec . The film is split into frames and the precise duration t' of the bounce of the

ball between the first and the second impact can be found. During this period, the ball reaches the
height h' and then falls and impacts the target again:

V=g ®

With known values of the velocity before and after impact, the coefficient of restitution and the
energy lost during collision can be found.

3. Experimental results. Discussions

A question that was raised during the experimental tests concerns the estimation of the flight time of
the ball, specifically the instant when the flight time t' starts. As it can be observed form figure 2,
during the impact period, the polyurethane target presents large deformation, comparable to the
dimensions of the ball, and it also moves. A simple calculus shows that the ball is in contact with the
target for a duration of (1581-1573)/240=0.033sec . The polyurethane is free on the board of the test-

rig and because there is possible that it will deform differently for two successive launchings, the time
of the flight was calculated between the instant when the ball reaches the target for the first time and
the instant when it detaches completely from the target, after the second impact.

|

[ 1578F oY 1581 F == ———— ]

|

-
2756 F 7F ¥ 2764F e Y

Figure 2. Images of the ball during the contact period for two successive launchings



In figures 3 and 4 there are presented two film frames with the ball at the moment when it detaches
from the surface of the target and at the moment when it contacts again the foam after the flight time.
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Figure 3. The ball at the first impact with the Figure 4. The ball at the second impact with the
target target

From each figure, in the lower left side it can be noticed the index of the frame that permits calculation
of the time of flight:

foew — fold _ 16631573

240 " 240

Sec

t'=

sec=0.375sec 9)

For each of the two cases, dry and wet foam, 12 launches were made. The results are presented in
figure 5, where there are also shown the mean values of the flight time for the launchings:
t'dry =0.376 sec and tye; =0.365.
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Figure 5. The values of the time of flight for the two cases



It is observed that the time of flight of the ball after the impact with the oil-wet foam is smaller and
from here, the conclusion that the post impact velocity of the ball is smaller for the oil-wet contact
than for the dry contact.

In the experiments made, the launching height of the ball was h=0.38m and thus the impact velocity
with the target, according to equation (6), is v=2.73m/ sec. Based on the relation (8), the post impact
velocities are:

Vry =1.844m/ seC, Ve =1.788 (10)

And the corresponding coefficients of restitution are:
et =0.655, e, =0.676 (11)

The ratio of the energies lost during impact is:
2
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In order to estimate the magnitude of the maximum impact force, it is accepted that during the contact
period, the impact force has a variation of the form:

F(t)zF{l—COS?} (13)
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where t¢ is the total contact time, tf=0.033sec. The impact force is plotted in figure 6.
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Figure 6. The accepted variation of the impact force
The mean value of the impact force during the collision is:
i
j F(t)dt

Fred = 2>———— » =Fy (14)

On the other side, the mean impact force can be calculated using the relation:

m(v-Vv)

y (15)

Fmed =

Since for the accepted variation of the force the maximum force is:



Fmax =2Fo (16)

It results
Fmax _ m(v-v') (17
2 ts
The relation (17) permits an estimation of the maximum impact force:
2m(v —v
Fmax = % (18)

The ball used in the experiments has the diameter d=3/4"=19mm and the mass m=0.028kg .

Applying the relation (18) for the dry impact, for which there were determined v=2.73 m/s, v’ =1,844
m/s, it is obtained Fpax ~1.5newton .

In literature, [15-17], tests performed on porous materials or on materials capable of absorbing
liquids, conclude that the wet materials behave considerably different from the dry ones both in quasi-
static and dynamic tests: the stiffness, strength and the elasticity modulus decrease but the lost energy
increases as more liquid is absorbed by the material. This is in agreement with the results of the
present work, given that the damping for the tests on oil-wet foam was greater than for the dry case.

4. Conclusions
The paper presents an experimental study concerning energy aspects for the impact between a ball and
a polyurethane target, for two situations: the dry polyurethane and the oil-wet polyurethane.

The test rig was made in the laboratory and ensures the same conditions for ball launching. The
impact velocity is found by calculus, knowing the height from which the ball falls and the post impact
velocity is found by using a video camera, based on the duration of the post impact flight time. During
the tests and recordings it was noticed that the deformations of the target are comparable to the
dimensions of the ball and thus the theoretical models from literature cannot be applied.

For the situations considered there were determined the flight times as mean value of the times
obtained experimentally. Using the experimental data, the values of the coefficient of restitution and
the losses of energy were found. One of the main conclusions is that the losses in the case of lubricated
impact are greater than for the dry impact. The energy lost in the oil-wet target case is with 5%
greater than for the dry target impact.

Finally, accepting for the impact force a variation similar to the ones from technical literature, an
estimation of the maximum impact force is made.
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