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The dynamic simulation model of apples contact intera

The mathematical model of apples shock interaction with each other and with working surfaces
cal equipment during their gathering, transportation and technological processing has been p
the model using the Hertz theory, strain and other running parameters of bodies shock i

allows simulate the process in the mode of the calculated experiment. The graphic cha
of time contact forces, as well as examples of apples kinematics changes at initial ar
velocities have been given.

Keywords: shock, contact interaction, apple, Hertz contact strain, mat atical mo Iculated experi-

ment, recovery coefficient.
Introduction J

One of the most important requirements for apples is to
qualities. For this purpose, during their harvesting and
be avoided because that may violate the integrity and

ng shelf life without losing conditional
amages and excessive shock loads must
of apples pulp. Therefore, when preparing the
ical equipment, it is necessary to follow the
sportation and processing of apples for storage.
md everyday practical experience, depending on the
varieties of apples, they have different dimensic and technical characteristics. Since, as a rule, apples
of smaller sizes are used mainly for the m ach
with a diameter of 60—80 mm. Such apples; eir greater weight, receive greater dynamic damage during
transportation. In the shock theory, ass tion of fruits momentary impact, where the main parameters
of interaction correspond to the ing the amount of movement, have been assumed. This assumption
leads to a significant simplificati e interaction calculation model and it is inadmissible for the simulation
of objects interaction in ti imultaneous interaction of several fruits, their movement in the flow
(container), etc., where

impact load for simulation of shock interaction one can use a rheological
model of an elastic boc o determine the force of impact - the Hertz formula. However, the Hertz formula
h the time for elastic contact of bodies and changes in contact forces, magnitude,
over time. Also, kinematics of bodies, mainly apples, at the time of and after contact,

when they ial angular or tangential velocities, have not been investigated.

Material and method

g-term storage of apples is ensured by following high requirements that prevent their damage, that is, not
e ding the allowable contact strain when they interact with the technological surfaces and with each other.
One afythe most suitable ways of solving problems of apples contact interaction with each other and working
surfaces is to construct a model based on the elastic contact interaction of apples on impact. This model has
a real physical content at low kinetic energies of fruits. According to Hertz contact problem, the connection
between the force of contact interaction Pjo, the radius of the contact platform aio, and the magnitude of the
close convergence of the spheres (apples) ujo are as follows [5, 7, 8, 10]:
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where Ry and R, — radii of the spheres, ¢; and go — constants characterizing elastic properties of interaction
bodies and are determined through the Lame constants A; and pu;, or, relayively, Poisson coefficients v; and
shear modules p; = G; and Jung (elasticity)E;.
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In accordance, the force of contact interaction P;s of apples between each other or apple with platform of
magnitude of hard convergence u15 connected by dependence

kol
Py = 12—1112’ 3)
VK + K>

where k15 — a parameter that takes into account the elastic properties of the contact body in t ertz contact

problem; K; and K5 — the average curvature of the surfaces of the interaction bodies at of contact

(for curved surfaces with a minus sign). For an apple in the form of a sphere in radius e curvature of

the surface (the sphere) K; = R;, in case of an apple impact with a flat platform, the ave ature of such
is K ji= 0.

The model parameter of two bodies interaction ki takes into account| the 1anical properties of the

interaction bodies,

Consider the impact interaction of apples with spherical forrJd 1 with a hard flat platform. Implicit in
the Cartesian coordinate system Oxyz apple platform surface, the, ce f its gravity has running coordinates
Clzo(t); yo(t); z0(t)] , is described by the dependence [11],

fs(@,y,2,t) = [(& = 20(1)* + (y — o 20(t))? — R3]”® = 0. ()
The potential of a geometric field, which is des

will be equal to the distance to the surface of the fru
Accordingly, the surface of the platform

For the case of a stationary platform

nction (5) at an arbitrary point A(xa;ya;za)

at time t,. pa = fs(2a,ya,24,t) = lap(t).
normal plane equation that describes a similar field.

p(z,y,x sa-x+cosfB-y+cosy-z—d=0, (6)

where «, 3, and v — directional the platform normali vector; d — the distance from the platform to
the coordinates beginning.

At the point of contact ith the plane E(xg;yg; zg) both functions (5) and (6) takes the value
fs(ze,ym, 2m,t) = fp(x , 2 0, but normali to the surface of the apple ng and sufaces of the platform
np will be ng =

—np.

Here ng = gradfs; adfp = cosa-i+cosf-j+cosy-k

So, the force pact interaction Np, which influences on an apple from the side of the platform
will be Np =

The ap, ent speed at any given time ¢ will be determined by the vector

dao(t) 7, Ow(t) - O=(t)

7s(t) = —5; ot ot (™)

e value of the hard convergence of an apple by radius R; with platform, which is described by the
dependence (5), at the point of contact will be

ui2(t) = Ry — fpi(xo, 90, 20,) = R —d+ cosa -9+ cosf - yg + cosy - zg = 0. (8)

In general case i is such apple by weight m; can contact with other apples or work surfaces and have j
contact points Ej;;. On the selected movable ¢ apple in general influence such forces as: earthly gravity Gi;
inertia — m;a;, directed opposite to the acceleration vector a; = dig/dt; normal and tangential forces P” and
sz in each E;; — contact zone from interaction with j body. Accordingly, moments also influence into an apple
Mp;; and Mp;; from forces P” and Fw , the moments of twisting from the rotating motion of the fruit at the
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point of contact Tij and inertial moments of forces. At the same time, equation of equilibrium of all forces,
applied to the apple it is expedient to put in a fixed, basic coordinate system Ozyz, and equation of equilibrium
of forces moments — in its own coordinate system of the apple, O"z"y" 2" the center of which O located in
the center of the apple Clx(t); yo(t); 20(t)], and the axes are tightly bound with the body of the apple [6-8, 11]

M=

k
Z (15” + F”) — mi(_zi + Gi = O;

j=1 j=1

k
(75 +85) x (P + F) + 315~ L o,
j=1

from force F}, | 6,7]; Eg? — vector amount of forces moments.

In the coordinate system of a moving body LY = %ﬁi + ([@f x K§y]), where K — apple

The twisting moments form a small fate of power factors, that act on a particle (less thd %
1)) d

tiplier [11, 12]. For the
xyz and O™z y 2" with

Coulomb law F;; = pADS; /|ADS;|, where i — the coefficient of dry friction
apple surface relative to the platform Fj; in contact zone.

The transition from the coordinate system Ozyz to Oz y"z" h
base (;(y(.¢ and own apple (;'(;'¢/'¢ coordinate systems, where ¢ = ¢
objects of unchanging volume ¢ = ¢ = 1. The relation between coordinate

homogeneous coordinates will be the following

=G/l y=C/¢ 2=C/¢G o=/

The matrix record of the transition from its own coordinate

J¢h 2N =/
the apple to the base will look like [12]:
M(R) Qo1 Q22 Qg3

Q31 Q32
0 0

where o;; — guiding cosines between th S 0 ase and their own coordinate systems; M (R) = |zyz1|T —
a matrix that specifies the coordinateg of an‘arbitrary point of the body in the general coordinate system Oxyz
1+
)

ail o2 iz %
R") =11, (a) M(R"), (10)
0

and corresponds to the vector r(¢ t)j + z(t)k; M(R") = |2 y"2"1|T — matrix corresponding to
the vector r(t) = 2 ()i +y"(t)j d specifies the coordinates of the same point in its own coordinate
system of the object O"z"y xo(t)i + yo(t)J + 20(t)k — radius vector that connects the beginning
of the base coordinate syst the start of its own aperture coordinate system, which coincides with its
gravity center; II,, and s of linear displacements and turns of its own coordinate system Oz y” 2"
in general Ozyz:

Similarly, the afiat he inverse transform from the inertial coordinate system to the own coordinate
system of the olfject e been written.

In an expanded form} the system of equations (9) takes the form:

70

k
AU L

Z.Pij [grad(fi) - TLAE ﬂ —mia; + Gy = 0; an

i=1 e

} — L =o0.

Here the first equation of the system (11) is written in the base (fixed) coordinate system, and the second
- in the own (moving) coordinate system of the apple.

The indicated dependences are the basis for constructing an imitation model for the interaction of apples
with each other and with technological surfaces. In the model, the description of bodies interaction has been given
by the normal equations of their surfaces, whose potential geometric fields determined their mutual placement
in space, their convergence and availability of contact points. In case of contact, the interval At was set for the

. s HADE;
;Pij {(TZAJ + (5{}) X [grad(fi/\) — A J

etj
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procedure of numerical differentiation. Step by step the amount of hard convergence u15 and contact forces F)ij
and Fj;, that occur at such convergence and moments from these forces have been determined. The next step
was to determine the linear and angular accelerations from the forces found and the new values of the velocities
and displacements of each body (apple) interaction and their linear and angular velocities, which defined new
coordinates of the bodies through the period of time At and new levels of hard convergence u;; and contact
forces Pij and F’U

In order to take into account energy losses in determining the contact interaction forces, equation (3) was
represented as [6, 7|

ko@D U+ ke + (1 — ko)th(—Aduy; /dt)]
2V K1 + Ko ’
where k. — coefficient, which depends on the coefficient of recovery at impact, k. = 0.8 — 0. — parameter

of the model smoothing the load curve at the point of maximum force value Pj5, A > 10; ameters
model k. and A are specified experimentally from the condition while providing a given recove ctor e.

P12

Results

The constructed model allowed to conduct a computational experim
interaction ¢ and running forces of contact interaction, depending on the phy
of the interaction bodies, as well as kinematics of bodies (apples) durin,
initial conditions.

The study of the shock interaction of one apple with a hard platform
because it is one of the most common case of fruits bruising. I tation of the models for different initial
conditions is presented in Figure 1-5.

In particular, in Figure 1 it has been shown a graph of ti iation of shock contact interaction P = Pjq
for an apple with a diameter of 80 mm, the modulus shift of i = (G1 = 1.1 M Pa, Poisson’s coefficient
vy = 0.18 with a rigid steel surface (G2 = 8.1 101° Pq, v,
moment of contact varies from vy = 0.2 m/s till v n this case, the force of interaction increased
from Py o = 11.5 N at the time of interaction ¢ o § ill 97.0 N at t1.4 = 0.0055 s.

[
IF'|Jik"1 oo

‘8040.00[17
E030.000. //
/)
e

\
X“‘TQ———_ #1000

Figure 1. The c e of the running force of the apple interaction contact (G; =1 M Pa, v; = 0.18)
with steelgplatform (Go = 8.1 x 10'° Pa, 15 = 0.28) at different initial velocities of interaction
v € [0.2;0.4;0.6;0.8;1.0;1.2; 1.4;] m/s

t ph, it is clear that with the increase of the initial rate of contact, the force of impact interaction
antly increases with a slight decrease in contact interaction time.
igure 2 shows a graph of changes in the time of the force of impact contact interaction P = Pj5 for an
apple'of the same physical and mechanical characteristics for different diameters (6;8 and 10 mm) with a steel
platform at initial contact speeds vy = 0.5 m/s (bottom graph) and vy = 1.0 m/s.

The analysis of Figure 2 shows that with increased apple size, the force and time of the contact interaction
increases, and at the lower collision rates, the interaction time is greater. Figure 3 shows the graphical dependences
of the time variation of the impact contact interaction force 15 with a steel platform for apples of different
hardness, that is, different values of the displacement module, at the initial collision speed vy = 1.0 m/s.
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Figure 2. The change of the running force of the apple interaction contact
(D =80 mm, vy = 0.18) with different diameters D € [60; 80; 100] mm with a steel‘platform
0

(G2 = 8.1 x 10'° Pa, vy = 0.28) at interaction speed vy = 0.5 m/s and vy = 1.
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Figure 3. The change of the running force,of ple interaction contact at
(D = 80 mm, v, = 0.18) of different hardnes 16;0.8;1.0;1.2;1.4;1.6] M Pa
with a steel platform (G = 8.1 x 1019 P 0.28) at a speed collision vy = 1.0 m/s

From the graphs it has been seen that for ha

interaction.
[ d

Figure 4 shows the interaction of appl
8.000 12.000 16.000

the impact forces are larger with less contact time

orms’ of different materials.

Ppik100

=

Figure 4. The change of the running force of the apple interaction contact
,G1 =1 MPa,v; = 0.18) with an platform with different values of the shift modulus
Gy € [1-10%1-10%5-10%1-10%5-10%1-107;1 - 108]

ollows from the graphs (Fig. 4) that the impact strength can be significantly reduced only when the
platform is made of a material for which the shift modulus (or the Young module) is smaller or at least equal
to the apple displacement modulus. The shiftness platform change in the rate Go > 1 -10® practically does
not affect on the change in the force of impact Pjs. So, the replacement of the steel platform on the wooden
(G2 =4-10° Pa) practically does not reduce the forces of contact interaction.
In the case of falling packets with apples placed in several layers into the platform, the most injured are
apples placed in the lower layer, which are in contact with the rigid bottom and perceive loading from the upper
layers.
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where e— the shape coefficient of the curve, for elastic impact

e<

Figure 5 shows graphs of force time variation of apples contact interaction in the presence of upper layers.
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Figure 5. The change of the running force of the lower layers the apple interacti

contact (D = 80 mm, Gy =1 M Pa,v; = 0.18) in a container with a plastic platfe

(Go =1 x 10° Pa,vy = 0.3) with the placement of apples in 1, 2 and 3 layexs @
0

speed of interaction with the container to the platform vy = 0.25 m/s and

o

t N\ [ te—
Pij(t) = Pij max (T_tk) [W (13)
co-clastic and elastic-plastic bodies

1.5; tx, - a time of contact interaction; 7 — the asymmetry p of the curve interaction, 7 = tp max/tk,

for a symmetric curve 7 = 0.5. The bigger values of the coeffici re taken for greater speeds of collision and

normal impact without a tangential component.

of conservation of momentum, element with mass
movement (reflected from the surface of the p

If the mass element j significantly greater tha element i, m; > m; so, in accordance with the law

herefore the ratio is the following

miv e) = P;jdt = kp Pijmaxtk, (14)
0
where e— recovery coefficient at impagt,for apples e = 0.25 — 0.35; kp - the parameter determining the shape
effect of the curve on the magnitu the’force impulse.
The shape of the curve vari bit from the physical and mechanical characteristics of the apple and

to a small extent depends on the speed of impact. For critical speed of apples collision with a hard platform
kp =0.53 — 0.54.

Firthermore, taki @ scount (14) the dependence (13) takes the form

5 e(l—7)/7
m;vo(1l + e) t te —t
P..(t) = . 1
z](t) kpts (T~tk> |:tk(1—7'):| ( 5)

endence (15) describes the change in the force of contact interaction at a given contact time t,
nstall experimentally, so it has a significant practical value.

initial values of linear and angular velocities (without impact) has been shown.
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Figure 6. The change of apples linear speed (D = 80 mm,G; =1 M Pa,v; = 0.
on steelsurface (Gy = 8.1 x 10'° Pa, vy = 0.28) in the transition from slipping t
at an initialspeed v, = 0 and different angular velocities w, = 5;10; 15; 2051
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Figure 7. The change of apples linear speed (D = 80,m
(Go = 8.1 x 101 Pa, vy = 0.28) in the transition from
different angular velociti

MPa,v; = 0.18) on steel surface
rolling at an initial speed w, = 0 and
0.75; 1.0 m/s

g
0.5;

o rolling of apples having an initial only linear or
n 0.1s).

As follows from the figures, the transition from
angular velocity occurs over a short period of @ S

Conclusions

sis of the simulation mathematical model, which allows to determine
ion of apples between themselves or with technological surfaces, but

The deduced dependencies are t
not only the parameters of contacti
also to simulate in the mod
movement during processin

e conditions of interaction with several objects simultaneously. According
und that the contact time of the apples between themselves and in hard

sticity. With the increase in the collision rate of apples with the platform or among

t interaction strength increases significantly with a slight decrease in contact time. The

of the force of the impact contact interaction, in which the structure of the flesh of the apples for
has not disturbed, is Pyax = 80 , for soft — 35 — 40 .

the modulus of
themselv
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P.Porarsinckuii, P.I'eBko, FO.Huxkepyii, O./Imurposr, P.Posym
AMaHbIH e3apa >KaHacybl OPEeKeTiHiH
ANMHAMNWKAJIBIK NTMUTAIINAJIBIK MOII;e.TIi

Anmanapabig 6ip-6ipiMeH, COHIal-aK, TEXHOJIOTUSIIIBIK *KabIbIKTaAP/IbIH, KYMBIC 6eTTePIMEH OJIap/Ibl XKUHAY,
TACBIMAJIJAY >KOHE TEXHOJIOTUSIBIK, OHJEY Ke3iHJIeri COKKBIMEH e3apa 9CcepJieCyiHiH MaTeMaTUKAJbIK MO-
eIl YChIHBLTFAH. ['epir TeOpusiChIH maiiiajana OTBIPHIT MOJE/Ibe KEPHEYIl, COHIAN-aK, TeHEeHIH COKKBLIBIK,
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ocepiHiH 6acKa J1a aFrbIMIAFbl TapaMeTPJIepiH aHbIKTal bl MOoesbIiH epeKImesIiri yakbT mapaMeTpepiHiy
©3repyin opHATY OOJIBII TAOBLIAIbI, OYJT €CEeNTeIreH SKCIEPUMEHT PEKUMIHE MPOIECTi MOIEIbIEYTe MyM-
KiHgiK 6epesni. CoHbIMEH KaTap, 6acTalKbl OYPBINITHIK YK9HEe TAHTEHIIUSIBIK, KBIIJAMIBIK, KE3IHIEr aiMa
KWHEMAaTHUKACBIHBIH ©3repy MbICAIAPhl KeJITIpiareH.

Kiam cesdep: cOKKBI, ©3apa H6ailiaHbICy 9peKeTi, aama, [epiiriy Tyiticiesi kepHeyi, MaTeMaTHKAJIbIK, MOJIEb,
€CEIITEJIETIH IKCIIEPUMEHT, KAJIIbIHA KeITIPy KO3hduImenTi.

P.Poraroinckuii, P.I'esko, FO.Huxkepyii, O./Imurpos, P.Pozym

rZl;I/IHaMI/I‘IeCKaSI nMMUTannmoOHHas MOAEJIb
KOHTAKTHOI'O BBaHMOﬂeﬁCTBHH s10JI0K

IIpencraBiena mareMaTudecKasi MOJENb YAaPHOIO B3aUMOIENHCTBUS SI0JI0K MEXy coHo
YUMU TTOBEPXHOCTSIMY TEXHOJOTHIECKOTO 00OPYIOBaHUS IPU UX YOOPKE, TPAHCIIOPTUPOB
ckoit obpaborke. B mozenn ¢ nucnosib3oBannem teopun l'epria onpenensrorcs
TEKyII¥e IIapaMeTphbl yaapHoro B3auMojieiictust Test. OcobeHHOCTh MOIen
mapaMeTpOB BO BPEMEHH, YTO ITO3BOJISIET MOJEIMPOBATDH IIPOLECC B P
ta. [IpuBenensl rpadudeckue 3aBUCUMOCTH U3MEHEHUsI KOHTAKTHBIX CH
U3MEHEeHHs] KHHEMATHUKY sI0JI0K IIPY HAYAJIbHBIX YIVIOBBIX M TAHIM€HIUAJIbHDI

Kmouesvie crosa: ynap, KOHTAKTHOE B3aUMOJEHCTBUE, H6J‘IOKJO THBIe HalpsizkeHus Lepria, marema-
THUYeCKad MO/Ie/Ib, HCYUCIAEMbI 9KCIIEpUMEHT, KO3(i)(bI/H_H/IeHT CC' CHU:.
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