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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. 
Key words: baled silage, cylindrical bale, stretch film, 
tightness, mathematical model, simulation model. 
 
 

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 μm 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]. 

 
a         b 

 
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’ own 
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 bfr is determined 
by the relationship [21]: 

 
  lffffr bb  1 , (1) 

 
where: 
bf – width of non-stretched film, 
εlf – deformation of the film (quotient of elongation and 
initial length), 
νf – Poisson's coefficient of the film. 
 

The number of wrappings io (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]: 
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where: 
Db – bale diameter, 
kf – dimensionless relative coefficient determining the 
dimension of the overlap (width of contact of adjacent 
film strips), 0< kf <1 (at 50% overlap, kf = 0.5 and kf = 
0.75 at 75% overlap), 
nb – number of turns of the bale with respect to its axis, on 
which the number of layers is dependent (when wrapped 
with 4 layers nb = 1 rotation at the 50% overlap and nb = 
0.5 rotation at the 75% overlap). 
Calculated number of wraps io is very rarely an integer, so 
the last overlap zo will be usually less than the required 
specified frf bk : 

 

      fooffro kiikbz  1 , (3) 

where  oi  – the largest integer not greater than io. 

Then, the number of wrappings ioc has to be increased: 
 

 ioc = ⌊io⌋ + iod , (4) 
 
where iod – number of additional wrappings (with classic 
wrapping iod = 1). 
After the correction, the actual value of the last overlap is 
calculated zor: 
 

    zbinDbz frocbbfror  1 , (5) 

 
which now will always be greater than the required 

frf bk .  

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: 
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so the new value of the coefficient kf : 
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The new value of the coefficient kf will always be higher 
than the one assumed at the beginning and its value will 
increase as the ioc increases. 

The surface of the used film for the wrapper is 
determined by the relationship: 
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where: Hb – 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 αf angle based on an arc equal to 
the width of the stretched film: 
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The arc measure of the angle αz based on an arc equal to 
the width of the overlap: 
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Angular beginning αp1,i and end αk1,i of the i arc equal in 
length to the stretched film: 

 
 ))(1(,1 zfip i   , (11) 

 
 zzfik i   )(,1 , (12) 

 
Angular beginning αp2,i and end αk2,i of the i arc equal in 
length to the stretched film on the opposite side: 
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   zzfik i )(,2 ,     i = 1... ioc. (14) 

 
If the value of 2π of the calculated angles is exceeded 

according to the relationship (11) - (14), the value of 2π is 
subtracted. The calculated values according to the 
dependence (9) - (14) are marked in Fig. 2, which shows 
the variant of the wrapping: bf = 0.75 m, nb = 0.5,  
ioc = 16, id = 3, kf >0.5. 
 

 
Fig. 2. Geometry of the distribution of film strips in the 
cross-section with an even distribution of the overlaps  

 
 
 
 
 

In the interval (0, 2π) angular ranges αn,k are computed 
with the same number of n layers according to the 
formula: 
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where: αn,k is the angle range on which n layers are 
counted, k 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: 
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The percentage of Pn of the specified number n of layers 
on the circumference of the bale is calculated as: 
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NUMERICAL EXAMPLES 
 

Typical bale dimensions were adopted, diameter Db = 
1.2 m, bale height Hb = 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 νf = 0.34, 
unit elongation εlf = 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 bf, for which two values of overlaps were 
used:  
kf ≥ 0.5 and kf ≥ 0.75. Variants of wrappings are marked 
with the letters A1, A2, B1, B2, for which the following 
values have been adopted: 
A1: bf = 0.5 m, nb = 1 rotation, kf ≥ 0.5, 
A2: bf = 0.5 m, nb = 0.5 rotation, kf ≥ 0.75, 
B1: bf = 0.75 m, nb = 1 rotation, kf ≥ 0.5, 
B2: bf = 0.75 m, nb = 0.5 rotation, kf ≥ 0.75. 

For such values, according to the dependences (1) and 
(2), for variants A1 and A2, 
bfr = 0.38 m, io = 19.84 and for variants B1 and B2 bfr = 
0.57 m, io = 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 kf >0.50 (bfr = 0.38 m, io = 19.84) 
ioc /iod  20/1 21/2 22/3 23/4 24/5 25/6 26/7 27/8 28/9 29/10 30/11 
z cm 19.15 20.05 20.86 21.61 22.29 22.92 23.50 24.04 24.54 25.00 25.44 
kf  0.504 0.528 0.549 0.569 0.587 0.603 0.618 0.633 0.646 0.658 0.669 
Sf m2 28.24 29.65 31.06 32.47 33.88 35.29 36.71 38.12 39.53 40.94 42.35 
P4 % 98.39 76.61 78.22 36.30 58.04 0 37.90 0 17.75 0 0 
P5 % 0 23.36 0 63.66 0 95.98 0 55.64 0 15.34 0 
P6 % 1.61 0 21.76 0 41.91 4.01 62.05 44.31 82.22 84.64 97.59 
P7 % 0 0 0 0 0 0 0 0 0 0 0 
P8 % 0 0 0 0 0 0 0 0 0 0 2.40 

 
Factor Unit Numerical value A2 kf >0.75 (bfr = 0.38 m, io = 19.84) 
ioc /iod  20/1 21/2 22/3 23/4 24/5 25/6 26/7 27/8 28/9 29/10 30/11 
z cm 28.58 29.03 29.43 29.81 30.15 30.46 30.75 31.02 31.27 31.50 31.72 
kf  0.752 0.764 0.775 0.784 0.793 0.802 0.809 0.816 0.823 0.829 0.835 
Sf m2 28.24 29.65 31.06 32.47 33.88 35.29 36.71 38.12 39.53 40.94 42.35 
P4 % 96.79 76.61 56.44 36.30 16.15 0 0 0 0 0 0 
P5 % 3.21 23.36 43.52 63.66 83.83 95.98 75.80 55.64 35.50 15.34 0 
P6 % 0 0 0 0 0 4.01 24.17 44.31 64.45 84.64 95.19 
P7 % 0 0 0 0 0 0 0 0 0 0 4.81 
P8 % 0 0 0 0 0 0 0 0 0 0 0 

 
Factor Unit Numerical value B1 kf >0.50 (bfr = 0.57 m, io = 13.23) 
ioc /iod  14/1 15/2 16/3 17/4 18/5 19/6 20/7 21/8 22/9 23/10 24/11 
z cm 30.07 31.87 33.44 34.83 36.06 37.16 38.15 39.05 39.87 40.61 41.30 
kf  0.528 0.559 0.587 0.611 0.633 0.652 0.669 0.685 0.699 0.712 0.724 
Sf m2 29.65 31.76 33.88 36.00 38.12 40.24 42.35 44.47 46.59 48.71 50.82 
P4 % 88.30 46.37 58.04 0 27.82 0 0 0 0 0 0 
P5 % 0 53.58 0 85.89 0 25.42 0 0 0 0 0 
P6 % 11.69 0 41.91 14.09 72.14 74.55 97.59 64.89 67.31 4.45 37.10 
P7 % 0 0 0 0 0 0 0 35.06 0 95.54 0 
P8 % 0 0 0 0 0 0 2.41 0 32.65 0 62.85 

 
 

Factor Unit Numerical value B2 kf >0.75 (bfr = 0.57 m, io = 13.23) 
ioc /iod  14/1 15/2 16/3 17/4 18/5 19/6 20/7 21/8 22/9 23/10 24/11 
z cm 43.54 44.44 45.22 45.92 46.53 47.08 47.58 48.03 48.44 48.81 49.15 
kf  0.764 0.780 0.793 0.805 0.816 0.826 0.834 0.843 0.850 0.856 0.862 
Sf m2 29.65 31.76 33.88 36.00 38.12 40.24 42.35 44.47 46.59 48.71 50.82 
P4 % 76.60 46.37 16.14 0 0 0 0 0 0 0 0 
P5 % 23.38 53.58 83.84 85.89 55.62 25.42 0 0 0 0 0 
P6 % 0 0 0 14.09 44.33 74.55 95.17 64.89 34.69 4.45 0 
P7 % 0 0 0 0 0 0 4.82 35.06 65.26 95.54 74.19 
P8 % 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 A1 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 A1, B1) are obtained, the larger width of the 
film affects the increase of the layers above four (5 layers: 
0 and 3.21% - variants A1 and A2 as well as 0 and 
23.38% - variants B1, B2, 6 layers 11.69% - option B1). 
For variants A1 and A2 and variants B1 and B2, the 
proportion of layers and film consumption are the same 
when the number of wrappings is odd. 

With the application of kf > 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 A1 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 A1 
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 A1 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. A more reliable protection is obtained using a wider 
film and the factor kf > 0.75. The consumption of the 
film is similar (variants A2 and B2). 

2. At the cost of additional four wraps (only three over 
necessary) and an additional consumption of 6.35 m2, 
in the case of variant B2, five layers of protection can 
be obtained. 

3. 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. 

4. 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. 

5. 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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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 kf >0.50 (bfr = 0.38 m, io = 19.84) 
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P7 % 0 0 0 0 0 0 0 0 0 0 4.81 
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Factor Unit Numerical value B1 kf >0.50 (bfr = 0.57 m, io = 13.23) 
ioc /iod  14/1 15/2 16/3 17/4 18/5 19/6 20/7 21/8 22/9 23/10 24/11 
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P4 % 88.30 46.37 58.04 0 27.82 0 0 0 0 0 0 
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P6 % 11.69 0 41.91 14.09 72.14 74.55 97.59 64.89 67.31 4.45 37.10 
P7 % 0 0 0 0 0 0 0 35.06 0 95.54 0 
P8 % 0 0 0 0 0 0 2.41 0 32.65 0 62.85 

 
 

Factor Unit Numerical value B2 kf >0.75 (bfr = 0.57 m, io = 13.23) 
ioc /iod  14/1 15/2 16/3 17/4 18/5 19/6 20/7 21/8 22/9 23/10 24/11 
z cm 43.54 44.44 45.22 45.92 46.53 47.08 47.58 48.03 48.44 48.81 49.15 
kf  0.764 0.780 0.793 0.805 0.816 0.826 0.834 0.843 0.850 0.856 0.862 
Sf m2 29.65 31.76 33.88 36.00 38.12 40.24 42.35 44.47 46.59 48.71 50.82 
P4 % 76.60 46.37 16.14 0 0 0 0 0 0 0 0 
P5 % 23.38 53.58 83.84 85.89 55.62 25.42 0 0 0 0 0 
P6 % 0 0 0 14.09 44.33 74.55 95.17 64.89 34.69 4.45 0 
P7 % 0 0 0 0 0 0 4.82 35.06 65.26 95.54 74.19 
P8 % 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 A1 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 A1, B1) are obtained, the larger width of the 
film affects the increase of the layers above four (5 layers: 
0 and 3.21% - variants A1 and A2 as well as 0 and 
23.38% - variants B1, B2, 6 layers 11.69% - option B1). 
For variants A1 and A2 and variants B1 and B2, the 
proportion of layers and film consumption are the same 
when the number of wrappings is odd. 

With the application of kf > 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 A1 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 A1 
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 A1 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. A more reliable protection is obtained using a wider 
film and the factor kf > 0.75. The consumption of the 
film is similar (variants A2 and B2). 

2. At the cost of additional four wraps (only three over 
necessary) and an additional consumption of 6.35 m2, 
in the case of variant B2, five layers of protection can 
be obtained. 

3. 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. 

4. 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. 

5. 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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Abstract. Birch tree sap was concentrated by mens of the 
reversed osmosis technique. The energy consumption in a 
small-scale pilot apparatus was estimated. The threshold 
value for the water removal above which the specific 
energy consumption significantly increased was 
identified. Below the threshold value the reversed osmosis 
had low energy demand and could be an attractive method 
for the production of birch tree sap-based beverages.  
Key words: specific energy consumption, birch tree sap, 
reversed osmosis, soft-drink, natural products. 
 
 

INTRODUCTION 
 

The use of saps of different tree species as food 
products has had a long history in human culture across 
the globe. For centuries the palm sap has been processed 
in the Far East in order to make wine or sugar. A similar 
procedure has also been popular in Africa and India. 
Native Americans from the territory of today's Canada 
tapped maple trees [8]. In the East and North Europe the 
tradition of  birch tree sap collection from the Betula 
pendula and B. pubescens is still living and strong [10]. 

The birch tree sap flow in a trunk serves to transport 
the nutrients important for the plant physiology in early 
spring. Its major components, apart from water, are: 
reducing sugars (together around 8-10 g/dm3) [2,6] malic 
acid (0.5 g/dm3) [6] amino acids: glutamine, citrulline and 
glutamic acid (up to 0.5 g/dm3) [1] and various inorganic 
cations and anions [4,3]. The root pressure has been 
identified as the driving force of sap movement rate and 
the highest flow has been observed before the burst of 
buds burst and development of leaves [8].  

Usually, the industrial processing of birch sap is not 
carried out in the same way as of maple sap. The sugars 

concentration in maple sap is around fivefold higher [11] 
than in its birch counterpart. Due to the low content of 
solutes in birch sap the production of  birch syrup requires 
large quantities of the raw material, greater workload and 
high consumption of energy for the processing and 
transport. As a result, the market value of birch syrup is 
much higher than that of maple syrup. 

A potential method of birch syrup production involves 
the use of reverse osmosis (RO) technology. In the first 
stage the raw product is concentrated by RO to around 10o 
Brix and later on the remaining water is removed by 
boiling under reduced pressure [7]. In this application the 
benefits of the RO are not full exploited. Due to the high 
raw material consumption and high sensitivity of the 
product to thermal treatment the alternative methodology 
is worth considering. In our recently published work [13] 
the prospective use of the reverse osmosis technology for 
the production of birch sap-based beverages was shortly 
discussed. For an obvious reason, the production costs of 
such drinks recalculated for the unitary volume will be 
much lower in comparison to the birch syrup 
manufacturing. Moreover, the prospective use of the 
obtained product might be much wider. The sweet syrup 
is mainly the flavour enhancement additive while the 
birch sap beverages could be meant for the direct 
consumption or become the basis for further processing.  

It could be believed that the new trend, in which raw 
birch sap becomes regarded as a valuable starting material 
for more complex products, is unstoppable. The 
consumption of natural untreated birch sap has had a long 
tradition. It has been used in the folk tradition both as 
medicine and as an important element in cosmetic 
procedures [10]. However, from the commercial point of 
view raw sap has one major drawback, i.e. its rather bland 
taste. In order to overcome this drawback, the market has 
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