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1. Introduction

Mechanical damage to heans caused by harvesting, cleaning and handling equipment
has become an aggravating and costly problem in recent years. It is necessary to mini-
mize mechanical damage by developing new machines and new processes that allow the
bean to retain its wholeness when processed. Mechanical damage of beans is usually
caused when they are threshed by a threshing cylinder and transported through separat-
ing and processing systems. The main cause of bean damage seems to be the impacting
of beans against various elements of harvesting systems. It is the purpose of this paper:
1) to review the contact theory used for the design of fruit harvesting equipment for
minimum bruising by Horsfield,? 2) to apply it to the evaluation of {a)the importance
of material properties of the bean, (b) the impact device and (c¢) the impact velocity on

bean damage.

2. Review of contact theory for application to beans

According to the theory for two impacting spheres given by Timoshenko® and also
Goldsmith? who extended Hertz's contact theory, the approach @ of the spheres at the
point of maximum compression can be predicted by

(5 V\7
=\ % @
where V=relative velocity of approach of both spheres
n, = me
my mz

e L_(_'L RaRz
\/;7?2 (K1+K2)2 (R1+R2>

mi==mass of first sphere
mz==mass of second sphere
Ri=radius of first sphere
R:=radius of second sphere
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Y =Poisson’s ratio of first sphere
V;=Poisson’s ratio of second sphere
Ei=modulus of elasticity of first sphere
E;=modulus of elasticity of second sphere

Timoshenko *also derived the expression of the approach @ of the spheres two in terms
of the pressure between the bodies and radius of the contact area, as follows:

L Tta
e= (K,+K;) Po“é““ 2)
where Po=pressure at the center of the contact area.

a=radius of the contact surface of the two spheres.
Eq.(2) can also be expressed as follows ¥
Ri R, (
R+R, 3)

=
a= (K, +K,) EPO

Solving eq.(3) for P, substituting into eq.(2), and solving for o results in

¢ _(RitRy)
R, R (4)

a=a

When afalling sphere mass m; impact a surface of mass m: and m; is very large com-
pared with mi, then the impact velocity V and the mass term n in eq. {1) can bereplac-
ed by the drop height h and the sphere weight W using the following identities:

Vi= 2gh (5)

and W=mg 8)

where g = acceleration due to gravity (in/sec”)
From egs. (5) and (6},

Vi= 2Wh -
my
Since m:mf{'mz :,_,mx/m2+l
m; mz m,
for my>m, M :*5117" {8)

Assuming Poisson’s ratio to be (.49 for both sphere and surface, eq.(l)can be sub-
stituted into eq.(@). Then the following equation for the radius of the contact area,
using units of lb and in, can de obtained.
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a=1.077 (W h)"* ( 131+Ez)‘/"’( RiR; )”

E, E. R, -+ R:

~ 1 2 1/5( E, EZY/S( Ri R, \2/5
— - /
=1,077 ( 2m1\ ) E, E, } R}+R2/ 9

Substituting eq.{9) into eq.{2) and using eq. (4} yields

m Vz>1/5 ( E I, \4/5( R1+R2)3/5

po=10.899 ( E1+E2} RiR.

1
> (10)

where the units are in Ib/in”,

In addition to giving the maximum compressive stress, eq. (10) can be used to deter-
mine the maximum internal shear stress T,y which occurs at the boundary of the
cirele of contact by using the following relationship !

T max=0.27P, 11)

Before applying the above equations to bean impact problem, the assumptions used in
the derivation must be considered.
The assumptions made by Hertz are the following:
(1) The material of the contacting bodies is homogenous.
(2) The loads applied are static.
(3) Hooke's law holds.
{4) Contacting stresses vanish at the opposite ends of the body (semi-infinite body).
(5) The radius of curvature of the contacting solid is very large compared with the
radius of area of contact.
{6} The surfaces of the contacting bodies are sufficiently smooth that tangential forces
are eliminated.
The assumption regarding the homogeneity of the material is a serious restriction with
beans if they are impacted from the bottom, top or front because they have two cotyle-
dons. The assumption can be made however with the case of side impact neglecting the

effect of thin seed coat.

According to Pao®Hertz's contact theory is valid only if the impact is of very long
duration in comparison with the time required for the wave propagation. Mohsenin®
concluded that “apparently during the deformation process there is a sufficient time for
elastic waves to travel to and fro several times before they are dissipated throughout
the colliding bodies”

Regarding assumption (3) Lee and Radoh "have shown that, with loading times of less
than one fourth of the relaxation time (an indication of the degree of viscoelasticity),
biological materials can be considered elastic. For bean impact situations this condition
exists.

The assumption regarding the ratio of the radius of contact area to the surface radius
is also valid since the bean has relatively high elastic modulus resulting in a small radius
of the contact area. The rest of the assumptions regarding contacting stress vanish-
ment and surface smoothness are not critical for beans.

For impacting beans with a flat, rigid surface:
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R:>»R, and E.,»E,, then,

RiR: _ R
RitR:  R/R.t1
E+E, _E/E+1 _ 1

for R.>»R,

for >k,

1::i EZ E] E]

Iq.(9) can be solved for the modulus of elasticity of the sphere as follows:

WhR}
aﬁ

- m1v2Rf
0.724'5““_*”&5 (12)

Ey=1.449

where R: is the radius of the sphere(bean). The modulus therefore can be deter-
mined for an impact situation, if the energy Wh or %—m,v" is known, the surface radi-
us at the point of contact is known, and the contact-area radius is known. Once the
radius is determined, the maximum shear stress which occurs during an impact can be
found using eqs. (10) and (11).

Because local surfaces of beans have to be described as ellipsoidal, the equations for
the mobulus and maximum shear stress have to be modified by using the following rela-
tions derived by Timoshenko ®

2R Re 2aqas
R= &Ralte 0 %8adp
ReFR, ©  aetas

where subscripts a and b respectively refer to the major and minor radii.
3. Applicaton of the theory for evaluation of bean damage

From egs. (10) and (11) maximum pressure and maximum shear stress are propor-
tional to an energy term, a modulus term and a radius term as follows:

E E, )"/5 ( R1+R2)3/5
cFE/ M RR,

For bean harvest and handling systems eq. (13) shows that for preventing mechanical
damage during impact it is more important to use a low modulus material for impacting
parts than it is to reduce impact energy. It is apparent that, for a threshing cylinder,
elastic modulus E; of the cylinder spikes has more importance than the cylinder speed
for reducing mechanical damage to beans. The radius R, of the bean is fixed. It is then
necessary to avoid impact on hard surfaces with radii much smaller than those of the
beans. IEq.(13) also shows the difficulty of using impact energy or impact velocity to
predict damage to beans during impact. A very small change of dean modulus k. has a
greater effect on maximum stress or internal shear than does a change in impact veloc-
ity.

From egs. (10) and (11) it is also seen that once the allowable stress or shear
strength, elastic modulus, radius and weight of the bean are known, the eq. (10) can
be used to evaluate impact velocities, surface moduli and radii which will prevent bean
damage caused by different parts of the harvesting and the handling systems. The effect
of bean weight is less critical compared to the other parameters discussed above.

Assuming that large and small beans have the same elastic modulus and allowable stress.

(13)

Tmax=0.27P, (me2>l/57(
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and the weight is proportional to Ri, the maximum allowable impact velocity without dam-~
age can be evaluated as follows:
From eq. (10)

v OC[( R1 R'_) )3( _L )LT/Z:( Rz )3/2
. I{} +R2 1%1 | Rl + Rz

If the surface radius R, is large compared to the bean radius R, then,

R _ 1
R;*+R. R/R,+1

Thus the bean size has little effect on damage susceptibility. However if the beans are
small, they are less likely to be damaged.

=1

4. Some comments on the contact theory

1) It is assumed in this paper that the poisson’s ratio is 0.49 for both sphere and
the impact surface to derive the egs.(9) and (10) But this may not be the case
which actually exists for biological materials and impact surface materials. Both values
probably vary and the Posisson’s ratio of biclogical products may likely to be dependent
on the moisture content. This situation allows the application of the above equations to

the case only if Poisson’s ratio and the moisture content of the biological material are
known,

Narayan *obtained the elastic modulus of navy beansby using buckling theory consi-
dering a bean to be a beam with variable section area. To see the applicability of this
contact theory to bean impact situation, eq. (9) has been used to examine how close
the value of contact area calculated from the available data is to the values which can
be assumed to be reasonable. The following values obtained by Narayan are used to
evaluate the area of contact between a bean and an impacting surface of flat steel.

E,=1X10"psi (for navy bean of high moisture)
E;=30X10°psi (for steel)

V=2000fpm=400 in/sec (impact velocity)

W=4 X10""lb (bean weight)

Rzazé%in
(for side impact)
Ru,:zin
)31
_ 2RuRw _ °32°4 _ :
R, R. TR, M:_)’_,+l 0.167 in
32 4

LW 4X107'b
' g 388in/sec’

R,=o (flat surface)

=1.03X10"° lb-sec’/in
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Putting these values into eq. ©) we find

10" -+ 30X 10° )/ (0.167><oo)“/5
10" X 30X 10° 0.167-+c0

=0.0506 in

ax1.o77(—é—><1.03><10'6><4002)‘/5(

Also for beans of E,= 2X 10" psi (for navy beans of low moisture)
a==0.0441 in

These values for the contact area seem reasonable. The application of contact theory
to beans therefore seems to be a promising approach to the analysis of the bean impact
problem. By knowing specific values of Poisson’s ratio for beans, more accurate evalua-
tion of the parameters such as a, Ei, P and Ty, can be made from the egs. (9), (10,
A1 and (12

2) For the use of eq. 12 to evaluate the elastic modulus of beans, one problemis
that elastic modulus is inversely proportional to the fifth power of the radius of contact
area. This may lead to erroneous results unless adequate precautions are taken to meas-
ure the contact area. The comparison of the results obtained from contact theory with
the results of other theories, will be of interrest and also be useful for investigating
the applicabilities and the limitations of the individual theories to specific conditions of
beans.

3) The eq. 17 expressing the relationship between maximum pressure and maximum
shear stress is derived for the case of a steel sphere? pressed against a plane steel
surface. This relationship may not be applicable for the case of biological material. . A
modification of the equation may be needed for a specific analysis of been damage mechanism.

5. Explanation of bean damage by contact theory

An explanation can be made on bean impact damage which usually increases at a low
moisture content.” ¥ "The elastic modulus increases with the decrease of moisture con-
tent ¥ According to eq. (13} the maximum pressure and maximum shear stress increase
in proportion with the elastic modulus to the four fifth power of the bean, if the im-
pact surface has a very large value of elastic modulus since

El E? ]j:l

for Bk g TE/EAT

Therefore the maximum stress occuring in the bean becomes high at low moisture con-
tents, resulting in the failure of the bean material.

The data available on the effect of bean impact velocity and bean weight upon the bean
damage are limitted. Some experimental results were obtained by Hoki¥indicating con-
siderable effects upon the bean damage, It is difficult to make any quantitative evalua-
tion of the results. The effect of bean weight however seems to be more significant
than predicted from eq. (13, since this is only one fifth power of the weight increase.
Further investigation will be necessary on this subject.

The effect of impact velocity is considerable at the high velocity range. Quantitative
evaluating the contact theoty is again difficult to make, but the amount of damage should
increase with the impact velocity to the two fifth power. Detailed examination of bean
damage should be made for evaluating the applicability of contact theory to impact velo-
city and damage analysis.
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Summary and conclusions
The Hertz’s contact theory applied to fruit bruising has been critically reviewed. Its
application to the been impact problem has been considered. By using available data on
bean properties, applicability of contact theory to bean impact has been investigated.
Conclusions derived are as follows:

1)

2)

. Timoshenko, S.

The application of contact theory for evaluating relative importance of mechanical
properties of beans seems to be promising.

The important factors affecting bean bamage are the elastic moduli of beans and
impact surfaces, radii of beans and impact surfaces, and impact velocities. The
effect of bean weight and size is less critical compared to the other factors.
However this also depends upon the elastic modulus of impacting surface.

With a reasonable assumption of poisson’s ratio for the beans it is possible to
evaluate the elastic modulus by using contact theory. The comparison of the results
obtained by the contact theory approach with the results obtained by other methods
such as compression tests, bending tests or vibration tests, will be useful for
better understanding of the applicability and the limitation of the individual methods.
To evaluate the elastic modulus of a bean by contact theory, accurate measure-
ments of the radius of the contact area and the bean surface radius are necessary.
Suitable measuring method of those parameters should be established.

It should be possible to predict maximum pressure or shear stress occuring in the
bean during impact by using contact theory.
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FOWEI kB R R O

PO RO MEB AL THO SR TW AN LY OB &, SO SO & #5L /, ST
SIERMOYE T — & & O GO RO T ORI & 17 WU T O8RS 415 7,
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