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Preliminary notes
This paper analyzes theoretically the motion and flow of eight fruit types, along rotating sizing machines. It starts from differential equation of fruit
motion on a rotating disk of the sizing machine. A universal method that can generally be applied to determine the flow of all types of rotary sizing
machine is developed. Flow analysis comprised sized fruit mass and flow. New empirical coefficients were introduced: extent ratio, feed ratio and
distribution ratio. In particular, the influence of the relative speed of fruit on the capacity of sizing machines is researched. The results obtained for the
adopted values extend, feed and distribution ratio ke = 0,7; kf = 1; kd = 0,5 coincide approximately with those reported to date for fruit flow rate on sizing
machines. It was found that flow rates vary considerably, depending on fruit diameter and mass. Fruit numbers flow ranges from 8949 crops/h for apple to
40.157 crops/h for deep frozen raspberry. Mass flow varies from 229,1 kg/h for cherry to 2054,7 kg/h for apple.
Keywords: flow, fruit motion, fruit sizing

Izračunavanje protoka voća na rotacijskim kalibratorima
Prethodno priopćenje
U ovom radu teorijski je analizirano gibanje i protok osam vrsta voća duž rotacijskog kalibratora. Polazi se od diferencijalne jednadžbe gibanja voća na
rotirajućem disku kalibratora. Razvijen je opći model koji može biti primijenjen za određivanje protoka za sve tipove rotacijskih kalibratora. Analiza
protoka obuhvatila je masu i protok kalibriranog voća. Uvedeni su novi iskustveni omjeri: omjer postotnog iskorištenja opsega diska, omjer punjenja i
omjer raspodjele plodova. Posebno je istražen utjecaj relativne brzine voća na kapacitet kalibratora. Za usvojene vrijednosti navedenih omjera ke = 0,7; kf
= 1; kd = 0,5 dobiveni su rezultati koji se približno poklapaju s do sada poznatim protocima voća na kalibratorima. Ustanovljeno je da protoci značajno
variraju u ovisnosti o promjeru i masi voća. Količinski protok varira od 8949 plod/h za jabuku do 40.157 plod/h za duboko zamrznutu malinu. Maseni
protok varira od 229,1 kg/h za višnju do 2054,7 kg/h za jabuku.
Ključne riječi: gibanje voća, protok, dimenzije voća
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Introduction

After harvest, fruit crops differ in many properties.
Fruit sorting performed after harvest is a set of
technological operations, whose aim is to sort crops for
placement on the market, preservation or consumption as
fresh fruit, or industrial processing. In order to put fruit
crops on the market, they must be of uniform quality and
size. An effective production system is one of the
representatives of the concept of production systems
where such material flows have been established that they
can be compared to the production in the process industry
[1].
The fact that numerous factors influence the
possibility of standardizing crop quality, according to
prescribed criteria, indicates that subsequent crop
processing is a complex and important process [2].
Models with different level of complexity enable the
engineer to address various physical phenomena involved
in considered systems to different depth. The term ‘crop
processing’ primarily refers to crop sorting and grouping
by quality and size characteristics to as high extent as
possible. Without disregarding other operations preceding
or following the two mentioned, it should be stressed that
mechanized operations should be applied in fruit sorting
by quality, but to a higher extent when this is done by
fruit size or mass [3]. The factor that makes sorting by
geometric or weight properties more difficult is the
diversity of crop shapes: round, elongated or flat. To
illustrate the complexity, scale and level of costs for
above mentioned processing and packing of crops, the
following data are presented: the processing of 1,0 t of
fruit crops takes 20 ÷ 40 working hours, which is
equivalent to 50 ÷ 60 % of harvest costs and nearly oneTehnički vjesnik 21, 3(2014), 645-650

third of the total fruit production [4]. Rotating sizing
machines have not been subject of interest of many
authors so that theoretical background is not well
established especialy in praxis.
2

Model of the rotating sizing machine

According to the working principle, all sizing
machines can be translational or rotational, depending on
fruit trajectory on them. The majority of today’s
commercial and industrial sizing machines are based on
translational, translational-vibratory system of fruit
sorting by size [5]. The capacity of those machines ranges
between 3 and 10 t/h. It is determined by product type and
quality. For lower capacity, these machines can be
unnecessarily complex and can reduce their productivity
and cost-effectiveness in many ways. Rotating sizing
machines, on the other hand, are characterized by
considerably lower capacity. Their mass quantity is
certainly lower than 3 t/h, which in some cases can be
advantageous unless higher capacity is required.
Reduction in capacity can be compensated for by
engaging a number of parallel rotating sizing machines
and coupling their equivalent classes with a conveyor
system. The disadvantage of such a system would be to
increase the length of fruit trajectory during sizing,
whereby the possibility of fruit damage is bigger. Also,
rotating sizing machines are superior to those translational
due to smaller dimensions.
Models with different level of complexity enable the
engineer to address various physical phenomena involved
in considered systems to different depth. Depending on
the system that is to be designed, different design phases
may require models of different levels of complexity.
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The main parts of a fruit sizing machine comprise a
rotating disk, a sizing board, a feeding tray, receiving
trays and a power drive. Model is shown in Fig. 1. The
top surface of the rotating disk is formed into a conical
shape, which allows the fruit to roll down to the sizing
gaps by gravity. During operation, crops are continuously
filled onto the feeding tray and then rolled down onto the
rotating disk in clusters of 6 ÷ 10 pieces at a time [6].
Each fruit is then brought into contact with the sizing
board and the rim of the rotating disk through
gravitational and centrifugal forces. The fruits move along
the sizing board and drop down to the receiving tray
whenever the diameter of the fruit is less than the constant
metering gap. Small fruit thus will be sized before big
fruit.

The friction force is collinear with the vector of

relative velocity vrel and is opposite in direction relative
to the direction of relative motion, i.e.


 v
Fµ = − µN rel ,
vrel

(2)

and magnitude that depends on the sliding friction

coefficient μ and intensity of normal reaction N .

The force of inertia Fpin, presented in Eq. (1), is
reduced to normal component due to constant angular
velocity of the cone rotation ω, of the magnitude:


FpinN = mω 2 r sin θ k ,

(3)

and of direction normal to the axis of rotation, where
spherical coordinate r = OM while the angle θk is
designated in Fig. 2.
Coriolis force of inertia, present in Eq. (1), is given
by the relation:

 in
 
= −2ω × vrel .
Fcor
Figure 1 Shematic diagram of fruit sizing machine

In this paper a model with three receiving trays is
shown. In practice, it is possible that rotating sizing
machines have more trays.

(4)


Relative velocity vrel, presented in Eq. (2) and Eq.
(4), is determined by its projections vr, vθ and vφ on
coordinate axes of the spherical coordinate system:
vr = r,

3 Results and discussion
3.1 Motion of fruit

vϕ = rϕ cosθ ,

Fruit motion on a rotating disk of the sizing machine
(Fig. 2) can be viewed as a relative motion of the particle
M, of mass m, along the disk rotating at constant angular
velocity ω about vertical axis z. The moving coordinate
system, fixed to a rotating disk, is represented by
spherical coordinates: r, θ and φ, as shown by their axes
in Fig. 2.

(5)

vθ = rθ.
Taking into account that angle θ = θ k = const on the
cone surface, the projection vθ given by a corresponding
expression in Eq. (5), is annulled, i.e. vθ = 0 so that

relative velocity vrel becomes:






vrel = vr e1 + vϕ e2 = re1 + rϕ cosθ k e2 ,

(6)



where e1 and e2 are corresponding vectors of coordinate

axes [ r ] and [ φ] . Due to the orthogonality of coordinate

axes, the intensity of relative velocity can be written in
the form:

vrel = vr2 + vϕ2 = r 2 + (rϕ cosθ k )2 .

(7)


The force of friction Fµ , determined by Eq. (2), now
obtains the form:


 1 
(re1 + rϕ cosθ k e2 ),
Fµ = − µN
vrel

Figure 2 Forces acting on fruit and rotating disk

Differential equation of fruit motion relative to a
rotating cone is given by the relation:


 in

  
ma rel = mg + N + Fµ + Fpin + Fcor
.
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(1)

(8)

the intensity vrel being determined by Eq. (7).

The projections of acceleration a rel on coordinate
system axes are:
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a r = r − rϕ 2 cos 2θ − rθ 2 ,

(

)

1
d 2
r ϕ cosθ ,
r cosθ dt
aθ = rθ + 2rθ + rϕ 2 sinθ cosθ .

aϕ =

(9)

N = mg cosθ k − mω 2 r sinθ k cosθ k .

If point M, during its motion, does not leave the cone
surface, then θ = θ k = const therefore the relation Eq. (9)
obtains a simpler form:

a r = r − rϕ 2 cos 2θ k ,
aϕ =

(

)

1
d 2
r ϕ cosθ k ,
r cosθ k dt

(10)

aθ = rϕ 2 sinθ k cosθ k .
Differential equation of relative motion, Eq. (10) is
equivalent to the system of scalar differential equations:

mar = mg sinθ k − µN

r
+ mω 2 r cos 2θ k +
vrel

+ 2mωrϕ cos 2θ k ,
rϕ cosθ k
maϕ = − µN
− 2mωr cosθ k ,
vrel

(12)

(13)

If it is assumed that the initial relative velocity was
collinear with the cone generating line, i.e.
(14)

there follows that φ0 = 0 , therefore from the relation (13)
it comes out that ϕ = 0 too, i.e. particle M will be moving
along the cone generating line [7]. Taking into account
this fact, it can be deduced that aθ = 0 , so that Eq. (11)
obtains the form:

mr = mg sinθ k + mω 2 r cos 2θ k ,
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(17)

where the quantity ω ' = ω cosθ k while r0 and r0 are a
coordinate of the fruit M and projection of its relative
velocity at initial moment t0 = 0 respectively. If l is the
length of the cone generating line, time tk, needed for fruit
to reach the cone (disk) rim from initial position
determined by the coordinate r0, is obtained from the
condition r(tk) = l, wherefrom it follows:

1
ω’

ln

a + a 2 + b2 − 1
,
1+ b

(18)

the quantities a and b being determined by expressions:

where from

vϕ0 = vϕ (0) = r0ϕ cosθ k = 0,

r
g sinθ k 

r (t ) =  r0 +
 cosh (ω't ) + 0 sinh (ω' t ) −
2
ω'
ω'


g
− 2 sinθ k ,
ω'

tk =

whose exact solution, with corresponding initial
conditions, due to extreme complexity, should be sought
in the application of some numerical method. In order to
simplify the analysis of influence of some geometric and
constructive parameters it is convenient to obtain an
approximative solution of system, Eq. (11). Assuming
that the friction force can be neglected, and by leaving out
the second term on the right side of the second equation
of the system Eq. (11), as a small quantity, it is obtained:

r 2ϕ cos 2θ k = const = r02ϕ 02 cos 2θ k .

(16)

The final equation of fruit motion relative to the
moving cone becomes:

(11)

maθ = mg cosθ k − mω 2 r cosθ k sinθ k − N −
− 2mωrϕ sinθ k cosθ k ,

maφ = 0,

having in mind that the second equation of the system,
Eq. (11) is identically satisfied. From the second equation
of the system, Eq. (15), the intensity of normal reaction is
determined:

(15)

g
sin cosθ k
r0
ω' 2
, b=
.
a=
g
g


r0 + 2 sin sinθ k
ω'  r0 + 2 sinθ k 
ω'
ω'


l+

(19)

The relative speed of the crop can be determined by
the relation:

r
g sinθ k 

r(t k ) =  r0 +
 sinh (ω't k ) + 0 cosh (ω' t k ) −
2
ω'
ω'


(20)
g
− 2 sin (ω' t k ),
ω'
where tk time is determined by (18).
Also, it decreases the chance of congestion by
increasing fruit relative velocity.
When crops are moving along a metering gap, being
sized in a single batch, which is most often the case, fruit
relative velocity, given by Eq. (20), practicaly does not
exist in exploitation and can be neglected:





va = vrel + vp ≈ vp .

(21)

Therefore, absolute velocity is apprroximately equal
to the transmission speed of fruit, Vp = ω·D/2. Functional
dependence of this speed on the number of rotations and
diameter of metering gap is graphically presented in Fig.
3.

647

Fruit flow calculation on the rotating sizing machines

D. Markovic et al.

receives the component of relative velocity too, moving
down the rotating disk and falling onto the receiving tray
for a certain sizing.
Total numbers mass quantity of all sized fruit batches
at the sizing machine exit is:

QN = 60k e k f k d

( D − d )π
n.
d

(22)

Total mass quantity of all sized fruit batches at the
sizing machine exit is:
Figure 3 Velocity as function of diameter of disk and revolution per
minute

3.2 Flow of fruit determination
Velocity, which is given by Eq. (21) will be used in
expressions to practically define the flow of fruit through
the calibrator, bearing in mind that the relative velocity,
Eq. (20) in the practical exploitation is of negligible
intensity compared to the intensity of the transmission
velocity (vrel << vp) and its contribution will be introduced
in the calculation of the flow through the correction
coefficient kf. Also, in the expression for the speed are not
considered phenomena such as friction, irregular shape
and size of the fruits, as well as their mutual collisions.
Consequently, when calculating the rate of fruit for the
calculation of the capacity of the calibrator, it is necessary
to introduce additional influencing factors in the form of
correction coefficients ke and kd. Just when the crop is
found against the metering gap on the sizing board, whose
dimensions exceed the dimensions of the crop itself, then
the board stops it no longer in relative motion, so the crop

No
1
2
3
4
5
6
7
8

Qm = 60k e k f k d

( D − d )π
mn.
d

(23)

Due to the simplification of the model, it is assumed
that the relative velocity linearly depends on the crops on
a conical disk angular velocity. The disk extent ratio, ke <
1, is the design parameter that depends on the width of
feeding tray for fruit conveying and dosing, i.e. the space
it occupies above the rotating disk. The larger the cone
angle of the rotating disk, the larger the feed ratio, kf ≥ 1,
and crops are conveyed to the disk in larger amounts than
needed, so as to be distributed to the disk rim, only in one
batch along the sizing board. When moving along the
rotating disk, the crops are not distributed along the entire
arc against the sizing board, so their speed is reduced due
to stopping, sliding, rebounding and rubbing. This
requires the correction of speed using the distribution
ratio kf ≥ 1, that indirectly indicates how much fruit
conveying and dosing should be slowed down. The
average diameter of selected fruit is generally equal to the
height of the middle of metering gap.

Table 1 Properties of eight types of fruit and sized crop mass and numbers mass quantity [6, 8 ÷ 13]
Average crop mass,
Sized crops flow,
Kind of fruit and variety
Average crop diametar, mm
kg/1000
numbers/h
Mangosteen
55
80
13 722
Tangerine Clementine
60
82
12 463
Orange Tompson
77
218
9 405
Apple Redspar
80,4
229,6
8 949
Peach Filina
68,1
181
10 816
Apricot Rajabali
43
53
17 937
Cherry Chabestar
21
6
38 179
Deep frozen raspberry
20
6
40 157

Calculations of theoretical mass quantity expressed
by the relations, Eq. (22) and Eq. (23) were applied for
various types of fruit and the results obtained are shown
in Tab. 1 and by a diagram in Fig. 4 and Fig. 5. The
values adopted were: disk diameter D = 600 mm and
number of disk revolutions n = 21 1/min sized fruit
damage being the least [6]. The adopted coefficients
figuring in these expressions were: ke = 0,7, kf = 1, kd =
0,5.
The majority of fruit types vary considerably in
physical properties determined by fruit variety. Therefore,
Tab. 1 shows fruit varieties that can be claimed to be
exactly the characteristic representatives of the variety.
Functional dependence of mass quantity on fruit average
diameter and its average mass is shown by the graph in
Fig. 6. It is noticeable from the graph that the capacity

Sized crop flow, kg/h
1097,7
1021,9
2050,4
2054,7
1957,6
950,7
229,1
240,9

and efficiency of the rotating disk sizing machine grow as
fruit mass increases and its diameter decreases.

Figure 4 Diagram of sized crop numbers
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Further studies of rotating sizing machines should be
related to specific type of fruit, due to their specific shape
and dimensions. Also, studies should be oriented to
dimensioning the parameters of sizing machines, such as:
metering gap diameter, disk rotating speed, disk cone
angle, coefficients involved in calculations of theoretical
capacity, given and described in this paper, as well as the
speed of dosing.
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Symbols

Figure 6 Sized crop mass quantity as a function of disk diameter and
revolutions per minute
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Conclusion

Under conditions of fruit crops production,
processing and trade, the sizing machines described can
be used on wholesale fruit markets and in small-capacity
factories for fruit processing and packing.
Mathematical model of rotating sizing machine is
described in details. Instead of exact numerical solution of
very complex system of differential equations an
approximative solution is obtained. In that way influences
of some geometric and construction parameters such as
extend ratio ke, feed ratio kf and distribution ratio kd,
become more transparent. And this approach gives
satisfying results in practical exploitation. The
contribution of tilt angle of conical disc, and
consequently, the relative velocity on the capacity
calibration is very small. Their influence can be neglected
and the coefficient kf adopted as 1.
When fruit sizing is performed it is always possible to
damage crops by hitting or bruising, while deep frozen
fruit sizing can cause cracking of crops. In both cases it is
necessary to carry out optimization of disk speed and
capacity of such sizing machines to make the sizing
process as efficient as possible with as small fruit damage
as possible. As the motion of fruit crops across sizing
machines depicted in this paper is complex, this machine
is almost exclusively suitable for fruit crops with ball-like
fruit, while sizing of other types of fruit would require the
increase of disk cone angle. In the case of aggregating
several individual rotating sizing machines such
advantage of theirs is eliminated compared to
translational sizing machines of the same rank by
capacity.
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d - average diametar of calibrated crops, mm
D - diametar of metering gap, mm
F - force, N
g - constant of gravitation, m/s2
ke - extent ratio, kf - feed ratio, kd - distribution ratio, m - average mass per one crop, kg
n - number of disk revolutions, min−1
N - cone normal reaction, N
Q - mass quantity rate of calibrated crops, kg/h
t - time, s
v - velocity, mm/min
μ - coefficient of sliding friction, ω - angular velocity, rad/min
Qk - cone angle of rotating disk, °
Indexes
0 - initial value,
cor - Coriolis force (acceleration),
in - inertia force,
m - mass,
N - numbers,
p - transmission motion,
rel - relative motion.
5
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