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The effect of additional foil wraps on the tightness of the packaging of bales
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Abstract. The work analyzed the effect of additional
wraps on the number of layers and thus the tightness of
the material under protection. It was assumed that all the
overlaps of each two consecutive wraps are the same, and
each additional wrap causes the same increase of all the
tabs. The mechanical properties of the film and its
dimensions were taken into account. We have written our
own simulation program that allows us to calculate the
percentage of a given number of film layers on the side of
the bale and the visualization of the distribution of layers
in its cross-section. Calculation examples have been
provided. Conclusions and suggestions resulting from the
obtained simulation results have been formulated.
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INTRODUCTION

Protection of the rolled material for silage consists in
mechanical wrapping of singles bales with a flexible film.
The wrapping machine should provide a wrapping that
meets the requirements of the tightness with the assumed
number of layers of film on the entire outer surface, with
the lowest possible use of the film.

For wrapping, we use films with the thickness of
approx. 25 um and the width of 0.5 m or 0.75 m and the
stretch ratio in the range of 50% to 70%. The following
layers are overlapped with the 50% or 75% overlap of the
film width [10, 18]. The use of 6 layers to a greater extent
ensures the required tightness of the protection [13, 16,
17], however, four layers of the film are usually sufficient
[14, 15]. Four layers are obtained when the bale during
the wrapping makes 1 turn against its own axis using a
50% overlap or 0.5 turn using the 75% overlap. Impact on
the tightness has the degree of the stretch of the film,
which has its limitations due to the possibility of
microcracks [4, 5, 11, 19]. Despite the tight protection
and a high degree of compaction [7], the validity of the
silage is determined by the storage time [8].

Due to the fact that the quotient of the length of the
wrapped bale circumference and the width of the film
reduced by the length of the overlap is rarely an integer,
one additional wrapping is applied, which increases the
length of the last overlap above the assumed values.

The diameters of the bale as well as the width of the
film have dimensions that are within a certain tolerance
and, therefore, the number of layers may be smaller than
the assumed one [1, 2]. Assuming the cover of the bale
with four layers and a 50% overlap, narrow belts can be
formed along three layers and, in an unfavorable case,
along two layers. Similarly, when using a 75% overlap,
three-layer belts can be created, as shown in Fig. 1.

To prevent this, you can apply an even increase of all
the overlaps by separating the excess created by the
additional wrap. The improvement of tightness depending
on the increased width of mutual overlapping of adjacent
belts is confirmed by experimental tests [3, 6, 22]. Even
distribution of layers also has an impact on reducing film
consumption, which is confirmed by the results of a few
theoretical and experimental studies [9, 12, 20, 21, 23].
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Fig. 1. The unfavorable arrangement of the film layers; a
—overlap 50%, b — overlap 75%

In this paper, a wrapping was proposed, in which a
small reduction in the width of the film would not reduce
the number of layers and thus the deterioration of the
tightness. For this purpose, mathematical relations were
derived, on the basis of which the authors’
simulation program was developed to determine the
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percentage share of the number of layers on the perimeter
of the bale with even distribution of all layers. The
program makes it possible to visualize the distribution of
layers in the cross-section of the bale. The effect of
increasing the additional wrappings on the percentage of
the number of layers on the circumference that has a
direct impact on the tightness of the wrapping was
determined. Variations in the length and width of the film
after stretching have been taken into account. The
influence of the inclination of the film strips on the
forming and the influence of deformation of the bale
caused by the pressure of the film was not taken into
account.

THEORETICAL MODEL

The width of the film after stretching by is determined
by the relationship [21]:

by =b,(1-v,s,). (1

where:

b,— width of non-stretched film,

g — deformation of the film (quotient of elongation and
initial length),

v,— Poisson's coefficient of the film.

The number of wrappings i, (the rotation of the arm
with a roll of film or table with a bale in an axis
perpendicular to the axis of the bale) is determined by the
dependence [21]:

D,n,

I, = ) 2
bfr (1 - kf )

where:

D, — bale diameter,

kr — dimensionless relative coefficient determining the
dimension of the overlap (width of contact of adjacent
film strips), 0< k<1 (at 50% overlap, k= 0.5 and k; =
0.75 at 75% overlap),

n;, — number of turns of the bale with respect to its axis, on
which the number of layers is dependent (when wrapped
with 4 layers n, = 1 rotation at the 50% overlap and n, =
0.5 rotation at the 75% overlap).

Calculated number of wraps i, is very rarely an integer, so
the last overlap z, will be usually less than the required

specified kb, :

Zo:bt%[(l_kfxio_LioJ)+kf] ; Q)
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where \_ia J — the largest integer not greater than i,.

Then, the number of wrappings i,. has to be increased:

ioc = |_i0J + iod 5 “4)

where i,; — number of additional wrappings (with classic
wrapping i,y = 1).

After the correction, the actual value of the last overlap is
calculated z,,.

z,, =by, =Dy, + [(ioc _1)(b 2 _Z)] > ®)

which now will always be greater than the required
kb, .

Assuming that all the overlaps are to be the same, their
values are increased from the excess obtained and their
value is determined by the dependence:

—k.b
z = Q + kfbfw (6)

oc

so the new value of the coefficient &;:

ko=

, %)

z
by,

The new value of the coefficient &, will always be higher
than the one assumed at the beginning and its value will
increase as the i,. increases.

The surface of the used film for the wrapper is
determined by the relationship:

_ 2i,b,(D,+H,)

s 8
g,f+1 ®

S

where: H, — height (width) of the bale.

To investigate the geometry of the layers on the
wrapped bale and to calculate the percentage of number
of layers on the perimeter of the bale, a procedure was
developed in which the following values are calculated:
The arc measure of the a, angle based on an arc equal to
the width of the stretched film:

i ) 9)

The arc measure of the angle a. based on an arc equal to
the width of the overlap:
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_2kb,

o
z
Db

(10)

Angular beginning a,,;; and end oy, ; of the i arc equal in
length to the stretched film:

(11)

a,,=({-1)a,-a.),

akl,i =l(af _az)+a29 (12)

Angular beginning a,,; and end oy, ; of the i arc equal in
length to the stretched film on the opposite side:

(13)

a,, =(i-\a,-a)+r,

A =i, —a) o +m, i=1i  (14)

If the value of 27 of the calculated angles is exceeded
according to the relationship (11) - (14), the value of 2z is
subtracted. The calculated values according to the
dependence (9) - (14) are marked in Fig. 2, which shows
the variant of the wrapping: b, = 0.75 m, n, = 0.5,
loe =16,1;=13, k>0.5.

Fig. 2. Geometry of the distribution of film strips in the
cross-section with an even distribution of the overlaps
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In the interval (0, 2x) angular ranges a,,; are computed
with the same number of n layers according to the
formula:

i=i

a, = zm[(apl,i _akl,i)+ (apZ,i _akZ,i)]’ (15)
i1

where: a,; is the angle range on which n layers are
counted, £ is the next number of the angle range with the
same number of layers.

Angular ranges in which n layers are located are the
sum of angular ranges with the same number of layers:

(16)

min ***" "max

The percentage of P, of the specified number n of layers
on the circumference of the bale is calculated as:

a
P =2150%. (17)
VA
NUMERICAL EXAMPLES

Typical bale dimensions were adopted, diameter D, =
1.2 m, bale height H, = 1.2 m and it was assumed that the
bale was to be secured with at least four film layers.
Poisson's coefficient of the film was assumed as vy= 0.34,
unit elongation g, = 0.7. It was assumed that all overlaps
are the same and each additional wrap increases all
overlaps.

In order to investigate the effect of additional wrapper
on the number of layers, calculations were made for two
widths of film by for which two values of overlaps were
used:
kr> 0.5 and k; > 0.75. Variants of wrappings are marked
with the letters Al, A2, B1, B2, for which the following
values have been adopted:

Al: by=0.5 m, n, = 1 rotation, ky> 0.5,
A2: b;=0.5m, n, = 0.5 rotation, k> 0.75,
B1: b;=0.75 m, n, = 1 rotation, k> 0.5,
B2: b= 0.75 m, n, = 0.5 rotation, k> 0.75.

For such values, according to the dependences (1) and
2), for variants Al and A2,
b; =038 m, i, = 19.84 and for variants Bl and B2 b, =
0.57 m, i, = 13.23. Other sizes are given in Table 1.
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Table 1. Numerical values of calculated quantities for two typical film widths and two methods of wrapping with
increasing number of wrappings

Factor Unit Numerical value A1 k>0.50 (b; = 0.38 m, i, = 19.84)

loc iod 20/ 2172 22/3  23/4 24/5 25/6  26/7 27/8  28/9  29/10 30/11
z cm  19.15 20.05 2086 21.61 2229 2292 2350 24.04 2454 2500 2544
ky 0.504 0.528 0.549 0.569 0.587 0.603 0.618 0.633 0.646 0.658 0.669
Sy m’ 2824 29.65 31.06 3247 3388 3529 3671 38.12 39.53 4094 4235
Py % 98.39 76.61 7822 3630 58.04 0 3790 0 1775 0 0

Ps % 0 2336 0 63.66 0 9598 0 55.64 0 1534 0

Py % 1.61 0 2176 0 4191 4.01 62.05 4431 8222 84.64 97.59
P, % 0 0 0 0 0 0 0 0 0 0 0

Py % 0 0 0 0 0 0 0 0 0 0 2.40
Factor Unit Numerical value A2 k>0.75 (bs; = 0.38 m, i, = 19.84)

loc /iod 2001 2172 22/3  23/4  24/5 25/6  26/7 27/8 28/9  29/10 30/11
z cm 2858 29.03 2943 2981 3015 3046 30.75 31.02 3127 31.50 31.72
ky 0752 0.764 0.775 0.784 0.793 0.802 0.809 0.816 0.823 0.829 0.835
Sy m’ 2824 29.65 31.06 3247 33.88 3529 36.71 38.12 39.53 4094 42.35
Py % 96.79 76.61 5644 3630 16.15 0 0 0 0 0 0

Ps % 321 2336 43.52 63.66 8383 9598 75.80 55.64 3550 1534 0

Py % 0 0 0 0 0 4.01 2417 4431 6445 84.64 95.19
Py % 0 0 0 0 0 0 0 0 0 0 4.81
Py % 0 0 0 0 0 0 0 0 0 0 0
Factor Unit Numerical value B1 k,>0.50 (b; = 0.57 m, i, = 13.23)

loc fiod 14/1 152 16/3 17/4 18/5 19/6  20/7  21/8  22/9  23/10 24/11
z cm  30.07 31.87 3344 3483 36.06 37.16 38.15 39.05 39.87 40.61 41.30
ky 0.528 0.559 0.587 0.611 0.633 0.652 0.669 0.685 0.699 0.712 0.724
Sy m>  29.65 31.76 33.88 36.00 38.12 4024 4235 4447 4659 4871 50.82
Py % 88.30 4637 58.04 0 2782 0 0 0 0 0 0

Ps % 0 53.58 0 85.890 0 2542 0 0 0 0 0

P % 11.69 0 4191 14.09 7214 7455 97.59 6489 6731 445 3710
P, % 0 0 0 0 0 0 0 3506 0 9554 0

Py % 0 0 0 0 0 0 241 0 3265 0 62.85
Factor Unit Numerical value B2 k,>0.75 (b = 0.57 m, i, = 13.23)

foe /iod 14/1 152 16/3 17/4 18/5 19/6  20/7  21/8  22/9  23/10 24/11
z cm 4354 4444 4522 4592 46.53 47.08 47.58 48.03 4844 4881 49.15
ky 0.764 0.780 0.793 0.805 0.816 0.826 0.834 0.843 0.850 0.856 0.862
S m’ 29.65 31.76 33.88 36.00 38.12 40.24 4235 4447 46.59 48.71 50.82
Py % 76.60 46.37 16.14 0 0 0 0 0 0 0 0

Ps % 2338 53.58 8384 85.89 55.62 2542 O 0 0 0 0

P % 0 0 0 14.09 4433 7455 95.17 64.89 3469 445 0

P, % 0 0 0 0 0 0 482  35.06 6526 9554 74.19
Py % 0 0 0 0 0 0 0 0 0 0 25.78

The bold font indicates values according to variants A2 and B2, which are respectively the same in variants Al and B1.
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DISCUSSION OF THE RESULTS

With even distribution of all the overlaps and the use
of one additional (necessary) winding, the required four
layers and partially five (variants A2, B2) and even six
(variants Al, B1) are obtained, the larger width of the
film affects the increase of the layers above four (5 layers:
0 and 3.21% - variants Al and A2 as well as 0 and
23.38% - variants B1, B2, 6 layers 11.69% - option B1).
For variants Al and A2 and variants Bl and B2, the
proportion of layers and film consumption are the same
when the number of wrappings is odd.

With the application of k&, > 0.75 and 6 additional
wrappings for variant A2 and only four additional
wrappings for variant B2, the coating is provided with
five and six layers, with the proportion of more layers
increasing with the number of wrappings.

Five layers and the same percentages are obtained for
variants Al and A2 using six additional wraps and for B1
and B2 using four additional wraps. The consumption of
film in both cases is similar. In the case of variants Al
and B1, a further increase in the number of wraps may
result in a deterioration of the tightness, as a result of the
re-emergence of areas on the circumference with four
layers. For variant B1 the case occurs with five additional
wrappings and for variant Al it occurs twice, for seven
and nine additional wraps. This is quite a surprising result
confirming the importance of the geometry of the
layering, as shown in Figure 3.

CONCLUSIONS

Based on the conducted simulation tests, the following
conclusions can be made:

1.
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A more reliable protection is obtained using a wider
film and the factor k> 0.75. The consumption of the
film is similar (variants A2 and B2).

At the cost of additional four wraps (only three over
necessary) and an additional consumption of 6.35 m?,
in the case of variant B2, five layers of protection can
be obtained.

Variant B2 with additional four wrappings seems to
be the most advantageous of the four considered in
this paper. In addition, in variant B2, the wrapping
time is the shortest.

Due to the evenly distributed overlaps, the minimum
reduction in the width of the film, e.g. due to a higher
tensile force or in the case of sliding of the bale
during rotation, will not affect the number of layers
required.

The use of the proposed method of wrapping requires
software control of the bale rotation drives motion
and wrapping apparatus (or table).
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