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Abstract. The article presents the results of studies confirming the law of the gamma distribution of 
microcapillaries in the structure of materials having a stochastic structure, for example, natural skins. The 
relative humidity of the latter depends on the mass of moisture collected by the microcapillaries, with heat 
and mass transfer under vacuum conditions. Numerical values of relative humidity in this case may differ 
from those recommended by footwear manufacturing technologies and should be considered as an integral 
part of the phenomenon of high-intensity heat and mass transfer under vacuum conditions and be 
determined by the proposed models. 

1 Introduction 
Studies of the processes of heat and mass transfer 
through a porous medium in materials to which the 
natural skin [1] refers are based on the method of 
studying the diffusion of a liquid or a steam mixture 
flowing through a single capillary tube simulating a 
porous medium. Such an approach makes it possible to 
calculate the diffusion coefficient, the rate of mass 
transfer over a single capillary, but because of the 
complexity of the structure of the porous medium, the 
experimental data differ significantly from the calculated 
parameters. With high-intensity heat and mass transfer, 
for example, under vacuum conditions [2], the 
mechanism of mass transfer by molecular diffusion 
changes to effusive, in the form of vapor [3]. 

Its further condensation in the pores 
(microcapillaries) commensurate with the size of its 
molecules requires consideration of the stochastic 
structure of the porous medium and the laws of 
distribution of microcapillaries in it, which will allow 
calculating not only the diffusion coefficient, the mass 
transfer rate, but also the moisture gain in the materials 
under consideration, due to sorption phenomena, their 
relative humidity [4, 5]. So, for example, the relative 
humidity of the skin with intensified hygrothermal action 
[6, 7] can differ from the values of 26 ... 30%, which are 
recommended by the standard technologies of making 
footwear. Thus, according to the data given in the work 
of R.V. Lutsyk [8], for a half-skinned chrome-tanned 
type of tanning, the moisture of the microcapillaries is 
from 22 to 27%, and for a heat-resistant yufti, from 16 to 
21%. In this connection, obviously, with intensified 
hygrothermal action [9, 10], it becomes necessary to 
consider the scatter of indicators of relative skin 
moisture, caused by microcapillary porosity П under 

experimental studies [11], as an integral part of the 
phenomenon and to study its nature in more detail. The 
nature of the observed scatter should be analyzed by 
statistical methods for the subsequent use in 
recommendations based on the statistical conclusions 
about the trend and dispersion, the indicators of the 
relative humidity of the skin. 

2 Experimental part 
To study the law of distribution of relative moisture 
indices of leather samples obtained from the results of 
experimental studies, a sample set of values for each 
batch of samples was considered 60230 n , as is 
known [12], for sample size 60n  statistical criteria 
give fairly accurate and unbiased recommendations at 
the level of significance %.5  

For statistical studies of the sample set, a program 
written using the Maple 9.5 package commands was 
used. 

Based on the results of calculations of the sample set 
of relative humidity for the leather samples (HVAC), a 
statistical series was compiled. The number of digits of 
the statistical series is calculated by the Stürgers rule [6]: 

1]lg3,32[1  nk   (1) 

here [k]  is the operation of computing the integer part 
of a number. 

Thus, with the volume of the sample population 
60n , the number of intervals of the statistical series is 
6k . 
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The boundaries of the categories of the statistical 
series with the frequencies of sample values falling into 
the corresponding category are presented in table 1. 

Table 1. Statistical series for indicators of relative skin 
moisture 

Ranks 1 2 3 4 5 6 
Borders 
ranks 

23,1 
25,567 

25,567 
28,033 

28,033 
30,5 

30,5 
32,967 

32,967 
35,433 

35,433 
37,902 

Frequencies 2 6 9 16 17 10 
 

Graphical representation of the statistical series 
(histogram) is shown in fig. 1. 
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Fig. 1. Histogram of indices of relative humidity samples of 
leather 

On the horizontal axis, in fig. 1, the boundaries of the 
discharges of the statistical series are plotted, on the 
vertical axis − the relative frequencies, divided by a step. 
Here: mj is the number of sample values (Table 1) that 
fall into the j-th category 1,2,...6j ; xmax − xmin=14,8 − 

sampling range; 467,2minmax 
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  relative frequencies of sample values, 

divided by a step (values of the empirical density 
function). 

By sample   n 1kkX   observed values of a random 
variable, the basic numerical characteristics of the 
empirical distribution law are calculated: 
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The selective average for the obtained series of 
observations is 0567,32выб x . 

The sample mean is a consistent, unbiased and 
efficient estimate for the mathematical expectation of a 
hypothetical distribution law. The sample mean indicates 
the average value of the distribution of the skin's relative 
skin densities. 

The value of the sample variance is 9418,9выб D . 
The sample variance is a consistent estimate for the 

theoretical variance of the hypothetical distribution law. 
The selective mean square deviation is 3,1531 σвыб  . 
The value σвыб indicates the average variance of the 

observed values of the relative skin moisture values 
around the mathematical expectation. 

The value of the selective asymmetry coefficient for 
a given sample 743,0выб As  is substantially less than 
zero and indicates the left-sided slowness of the 
histogram relative to the normal distribution law with the 
same mathematical expectation. 

The value of the selective kurtosis coefficient was 
1453,0Eвыб   and points to the sharpness of the 

empirical density function with respect to the density of 
the normal distribution law with the same parameters of 
mathematical expectation and variance. 

To test statistical hypotheses about the distribution 
law of the random variable under study, according to the 
method of moments, the unknown numerical 
characteristics of the hypothetical distribution law are 
equated to their empirical estimates: 
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3 Approach 
It is known from the above theoretical studies [13,14] 
that the distribution of skin relative humidity parameters 
must obey the gamma distribution, and accordingly we 
will test the hypothesis of the gamma distribution of the 
sample population under study. A description of the 
main parameters of this distribution and the form of the 
corresponding density function is given in [15]. 

The practical value of the criterion χ2 when checking 
statistical hypotheses on the distribution law is 
calculated by the formula: 
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where n is the sample size; mj − the number of sampled 
values that fall into the j-th category, pj − probability of 
falling into the j-th category of the random variable of 
the hypothetical distribution law; k1 − the number of 
digits of the statistical series is recalculated by the 
Pearson criterion from the condition: 

5jnp  (4) 

Those bits for which condition (8) is not satisfied are 
combined with neighboring ones until the condition is 
satisfied. 

The value of the criterion statistics χ2 for the gamma 
distribution of the samples is: 

316,3χ 2
пр  . 

The theoretical value of the criterion 2
,χ r  is 

calculated depending on the number of degrees of 
freedom r and the significance level of the criterion α . 
The level of significance of a statistical criterion is the 
probability of accepting an incorrect basic hypothesis, it 
is set by the experimenter and is equal to 0.05. The 
number of degrees of freedom according to [9] is equal 
to the number of digits of the statistical series after 
recalculation minus the number of constraints imposed 
on the frequencies: 

211  kr   (5) 

For the gamma distribution .51 k  
Links superimposed on frequencies: 
1) the sum of the relative frequencies is unity, 
2) two unknown parameters of the gamma 

distribution are equated to their empirical estimates. 
Thus, the theoretical value of the criterion χ2 at the 

significance level 05,0  will be equal to 

.991,5χχ 2
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2
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r;

2
вдоль пр,   , then 

there is no reason to reject the hypothesis of gamma 
distribution, and it is accepted as plausible. 

The gamma distribution is given by the density 
function [7] 
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Solving the system (7) with respect to a and s, we 

obtain: 
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The graph of the hypothetical density function in 
combination with the histogram is shown in fig. 2 and 
table 2. 
 

 
 

Fig. 2. Histogram of relative humidity indices for skin samples 
and a hypothetical function of the gamma distribution density 

Table 2. Values of the gamma distribution density function  
for the samples 

Borders ranks Values function 
23,1 0,128·10-2 

25,567 0,0140 
28,033 0,0598 
30,5 0,1164 

32,967 0,1171 
35,433 0,0669 
37,902 0.0234 

 
From the function of the density of the gamma 

distribution, calculate: 

    .5,09516,31 ОВКP
9516,31

0

  dxxf  

Find the boundaries of the interval 95,0γ   

  
  .95,0272,38ОВК841,25P
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The index of the relative skin moisture for the 
samples, calculated from the statistical series, according 
to the rule of two sigma changes in the range (25,841; 
38,272) with a confidence probability of 0,95. 

4 Conclusions 
The results obtained indicate a scatter in the relative 
humidity of the skin due to the different microcapillary 
porosity П of samples cut from different parts of the 
skin and therefore the results of the intensified 
hygrothermal treatment should be evaluated, in our 
opinion, not by the numerical index of the relative 
humidity, but by the time necessary to fill a single 
microcapillary of the skin as a result of sorption 
phenomena and heat exchange between the skin and 
steam according to the equations given in [16]: 

f(x) 

x 
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where r0 is the radius of the microcapillary at the initial 
instant of time; L − length of the capillary, taking into 
account its tortuosity; ρn is the vapor density 
corresponding to the process conditions (pressure and 
temperature); ρв  is the density of water; D is the 
diffusion coefficient, and τ is the processing time. 
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Having set by the specific heat of skin of Sk equal 
1,61 kJ / (kg To) [4], we will receive numerical values of 
an additional weight of moisture in skin weight 
depending on temperature.  

The numerical values of mass of the condensed 
moisture as a result of capillary and sorption processes 
and heat exchange received on the equations (9,10) and 
corresponding to them values of relative humidity of 
skin are given in table 3. 

Table 3. Values of relative humidity of samples of skin 
depending on parameters and time of vacuum and sorption 

moistening 

Key 
parameters 
vacuum and 

sorption 
moistening 

Moistening time, s 

120 240 360 480 

Average value 
of pressure, Pa 25·103 30·103 40·103 50·103 

Average value 
of temperature, 

° C 
55 57 58 59 

Average value 
of density of 
steam, kg/m3 

16·10-2 19·10-2 26·10-2 36·10-2 

Average speed 
of the thermal 

movement 
molecules, m/s 

6,23·102 6,24·102 6,24·102 6,26·102 

Average length 
of a free run 
molecules, m 

0,4·10-6 0,37·10-6 0,28·10-6 0,22·10-6 

Coefficient of 
diffusion,.m2/ s 0,83·10-4 0,76·10-4 0,58·10-4 0,45·10-4 

Volume of 
moisture, m3 3,51·10-14 5,25·10-14 5,84·10-14 6,09·10-14 

The calculated 
mass of 

moisture of 
microcapillaries 
as a result of the 

sorption 
phenomena (9), 

% 

9,5 13,5 15,3 16,0 

The mass of 
moisture 

calculated by a 
formula as a 
result of heat 

exchange (10), 
% 

2,5 2,6 2,7 2,8 

The total 12,0 16,1 18,0 18.8 

calculated mass 
of moisture, % 
The calculated 

relative 
humidity of 

samples of skin, 
% 

18,0+12,0= 
=30 

18,0+16,1= 
=34.1 

18,0+18,0= 
=36,0 

18,0+18,8= 
=36,8 

 
The time of maximum filling of the microcapillary 

with moisture calculated according to the formula (9,10) 
will be 480s [10] (the relative humidity of the leather 
samples is 36,8% and this value can be recommended 
with intensified hygrothermal treatment of natural skins 
in the corresponding equipment [17-20]. 
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