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Abstract: Theoretical and experimental description of moisture sorption processes in microcapillaries of 
chrome tanned natural leather samples in vacuum (at pressure of saturated water vapor of 0.02 to 0.08 MPa 
and corresponding temperatures of 60 to 80°C). Prediction of the relative humidity of samples after vacuum 
moisture sorption based on the model vapor sorption in a single microcapillary obtained basing on the First 
Fick's law and Mendeleev's-Clapeyron equation and models of condensation process due to heat exchange 
between vapor and capillary surface. The experimentally obtained dependence of leather samples relative 
humidity on the time of processing at the vacuum moisture sorption machine indicates the possibility of 
using the proposed mathematical models for prediction. The correlation coefficient R of experimental data 
and the data obtained using proposed models was 0.892.
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INTRODUCTION

Currently there is no a single theoretical concept 
that can be a basis for obtaining a rigorous quantitative 
description of heat and mass transfer in capillary-and-
porous bodies, including leather, however, extensive 
material has been gained, explaining some regularities 
of  processes  [1-3]. Modeling of these processes is 
based on the phenomenon of energy and material
transfer and follows the general laws of
thermodynamics  of  irreversible processes, while the 
theory  of  non-equilibrium  thermodynamic  processes
is underdeveloped and to describe them, quantum
physics  and  nanotechnology  concepts  should  be 
used [4, 5]. Simplified criteria of Y. Mikhaylov's
equation  that  are  used  to  describe  high-intensity
heat  and  mass  transfer [6] make it possible to set 
further  ways  of  its  intensification us to establish 
further  ways  of  its  intensification. However, being
non-generalized, these equations are not suitable for 
quantitative  description  and  management  of  IGV. 
The closest to solving this problem is the model of 
relationship  between  heat-and-mass transfer and
strain-relaxation processes in capillary-porous bodies 
(which was developed by R.V. Lutsyk [7] on the basis 
of   the  Boltzmann-Volter  hereditary  theory,  first  and 

second principles of thermodynamics for non-
equilibrium  processes  in  open systems) used in 
natural  leather  drying  at  atmospheric  pressure. Work 
of Gazor H.R., Eyvani A. [8] based on artificial neural 
network and Clapeyron-Clausius equation derived
models suitable for prediction of equilibrium moisture 
content  in  onion  slices. However, the proposed 
models do not take  into  account  the  mechanism  of
heat  transfer under reduced pressure (vacuum) and 
processes that developed in the materials structure
under such influence.

It is known that capillary condensation of water 
vapor occurs only in small capillaries with effective
radius τ<10-7 and even in cases where the capillary 
walls are hydrophobic. To develop a mathematical
model of this process, let's imagine leather capillaries as 
cylindrical tubes with length tube considerably larger 
than its diameter equal to 2ro where ro[] is the radius of 
single capillary [9].

Suppose that at moment τo the process of
transferring steam to the tube and its deposition on its 
walls starts. As a result of condensation on the walls, 
radius of the tube unoccupied by vapor will decrease. 
Let's denote the change of this radius as r(τ) and find 
out how it depends on time.



World Appl. Sci. J., 29 (12): 1661-1666, 2014

1662

Suppose that during time ∆τ, mass of moisture ∆m
will condense on tube walls, for which the following 
expression is valid:

m V v∆ = ∆ ⋅ ρ (1)

where ∆V is increment of water layer volume, m3; ρv
is water density, kg/m3.
Moisture volume increment ∆V is equal to:

V 2 r r L∆ = π ⋅ ∆ ⋅ (2)

where ∆r is change of tube radius; L is tube length

L = ξ⋅l

where l is the distance between tube ends and ξ is the 
coefficient of the capillary tortuosity.
According to Fick's law 7, the mass ∆m [] is:

nd
m D S( ) d

dx
ρ

∆ = − ⋅ τ ⋅ τ (3)

where S(τ) is the cross-sectional area of the tube at
moment ∆τ

2S(t ) p[r(t)]=

where ρn is vapor density.
Substituting (2.2) and (2.3) in (2.10), we obtain:

2nd
D r 2 r r L v

dx
ρ

− ⋅ π ⋅∆τ= π ⋅ ∆ ⋅ ⋅ ρ (4)

or
nd

D r 2L v r
dx
ρ

− ⋅ ⋅∆τ= ⋅ ρ ⋅ ∆ (5)

Replacing the increment with differentials, we shall 
obtain a differential equation with separable variables:

ndD drdx d
2L rv

ρ

− ⋅ τ =
⋅ρ

(6)

Having integrated expression (6), we shall obtain:

n

1

dD
dxln(r) C

2L v

ρ

= − ⋅ τ +
⋅ ρ

(7)

or
D

n .
2L

vr( ) C e1

′ρ
− τ

⋅ρ
= ⋅ (8)

with τ = 0 the radius is equal to ro, therefore C1 = ro,
(0)Π Π′ ′ρ = ρ  is the gradient of vapor condensation at the 

entrance of the capillary, y=then

D (0)
n

2L vr( ) r eo

′ρ
− ⋅τ

⋅ρτ = ⋅ (9)

The volume of water condensed in the capillary 
tube is defined by the following expression:

2
D (0)n t

2L v2 2V Vtr.beg. Vtr.end pr L pr e L0 0vl

2D (0)n t2L2 vpr L 1 e0

 
 
 
 
 
 

 
 
 
 
 
 

′ρ− ⋅
⋅ρ= − = − ⋅ ⋅

′ρ− ⋅⋅ρ= ⋅ −

(10)

To calculate the amount of moisture using formula 
(10), it is necessary to know values D and n (0)′ρ , which 
depend on pressure and vapor temperature.

Having set their average values, one can
theoretically define the amount of the moisture
condensed. The average gradient of vapor concentration 
along the tube length is equal to:

d
dx x

Π Πρ ρ
= (11)

To establish the relationship between average
gradient of the vapor concentration and the gradient of 
concentration at the entrance of the capillary, let's 
consider the solution of the diffusion equation with 
absorption equal to [10]:

2d nD K 012dx

ρ
− = (12)

where K1 is the mass of steam condensed per unit of 
time on a unit of length of the tube.

Having integrated twice the above equation, we 
shall obtain:

K 21 x C x Cn 1 22D
ρ = ⋅ + + (13)

To determine values C1 and C2, let's use initial 
conditions:
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O
(0)Π Πρ = ρ

where
OΠρ  is vapor density at the entrance of the 

capillary.

d
0

dx
x L

ρΠ =

=

from the condition of impermeability.
Consequently

K1C , C Ln2 1o
D

= ρ = − ⋅

Substituting these values into equation (2.12), we 
shall obtain:

O

K K21 1x x L
2D 2DΠ Πρ = ⋅ − ⋅ ⋅ + ρ (14)

Hence
d K K1 1x L

D Ddx

ρΠ = ⋅ − ⋅

Then with x = 0 we have:

d K1 L
Ddx

x 0

ρΠ = − ⋅

=

Let us find the average gradient of vapor on
interval (0; L), using the following formula:

d dL1
dx

dx dxL 0avr

 
ρ ρ Π Π= ⋅ ⋅∫ 

 
 

(15)

from which we have:

02d K x K1 1 1 L x
dx D 2 DL

Lavr

K L K K L1 1 1 1L L
2DD 2 DL

   ρ Π  = ⋅ ⋅ − ⋅ ⋅        

 
 = ⋅ ⋅ − ⋅ ⋅ = − 
 

(16)

Consequently, the average value of vapor
concentration gradient on interval (0; L) is twice less 
than the gradient in point x = 0.
Vapor concentration gradient at capillary entrance:

d 2
(0) (0)

dx L
′ Π Π

Π
ρ ρ

ρ = = (17)

Having substituted expression (2.17) into (2.10),
we shall obtain:

2D p
t2

L v2V r L 1 eovl

 ρ − ⋅ 
⋅ρ = π ⋅ − 

 
   

(18)

As a result of heat transfer between leather having 
initial temperature Tn and the heated vapor, its
condensation occurs, which causes increase in weight
of leather due to increasing moisture.

In order to find the relationship between the leather 
temperature and the amount of the moisture condensed 
in it due to heat exchange, without regarding capillary 
sorption processes, let us make a differential equation
of the process.

Suppose that during period ∆τ in leather with 
weight Mk condensation of vapor mass ∆m occurred
and  the  following  quantity  of heat ∆q was transferred 
to leather:

q m Cp(T)∆ = ∆ ⋅ (19)

where Cp s specific heat capacity of vaporization.
As  a  result  of  heat  exchange   during   period

∆τ, temperature  of  leather ∆T  and condensed
moisture will rise:

kq (M C m C ) Tvk∆ = ⋅ + ⋅ ∆ (20)

where Ck is specific heat capacity of leather; Cv is 
specific heat of water

Having equated right parts of equations (19) and 
(20), we shall obtain differential equation:

m C (T) (M C m Cv) Tp k k∆ ⋅ = ⋅ + ⋅ ∆ (21)

Replacing  increments  of  mass  and  temperature 
with differentials and separating the variables, let us 
solve the resulting equation for m:
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dT
Cv

C (T)1 pm C e M C1 k k
Cv

 
 ∫ 
 = ⋅ ⋅ − ⋅ 
 
 
  

Assuming that specific heat capacity of
vaporization in temperature ranges from 20 to 80°C
varies linearly [7], we shall get:

dt dT 1
l n a vt

Cn(T) a vT v
= = ⋅ +∫ ∫

+
(22)

Then:
dT CCvC vv lna vTC (T)

v vne e (a vT)

∫
+

= = + (23)

Consequently

Cv1 vm(T) (a vT) M Ck kCv

 
= + − ⋅ 

 
(24)

Let   us   consider   a   special   case   when   Cn (T) 
= a = const.
Then we will get: 

Cvl n M C m C T Cv 1k k a
⋅ + ⋅ = + (25)

or
CvT1 am C e Mk C1 kCv

 
 = ⋅ − ⋅
  

(26)

Let us find constant C1 from initial condition

m(T ) 0n = (27)
Then

C Tv naC e Mk C1 k⋅ = ⋅ (28)

Hence
M Ck kC1 C Tv ne

a

⋅
= (29)

Finally, we will obtain:

( )Cv T TnM Ck k am(T) e 1
Cv

 
 −⋅  

= − 
 
 
 

(30)

Taking  an  average  specific  heat  of  vaporization 
at 50 °C equal to 2382 kJ/kg [9], specific heat capacity
of water equals to 4.19 kJ / (kg K) and inserting their 
values into equation (30), we shall obtain:

4,19
(T T )nM Ck k 2382m(T) e 1

4,19

 
 ⋅ −⋅  = ⋅ − 
  
 

(31)

Dividing both sides of equation (31) by Mk, i.e., 
considering leather moisture as moisture weight m to
weight of leather before moisturization Mk ratio, we 
will obtain:

C 0,00176(T T )k nm e 1 100%k
4,19

⋅ − =Μ ⋅ ⋅ − ⋅  
(32)

Equations (18) and (32) make it possible to
calculate moisture increase in leather in case of
vacuum-sorption moisturization as sum of weight gains
obtained as a result of capillary-sorption phenomena 
and heat exchange, given that the average
microcapillaries volume in chrome-tanned leathers is 
16.5% [7]. Results of calculation of the theoretical
moisture gain are shown in Table 1.

Average  value  of  vapor  density ρn  was  calculated 
by  the  Mendeleev's-Clapeyron  law  applicable  for
rarefied gases:

m
p V RT

µ
⋅ = (33)

Whence vapor density is equal to:

n
m pµ
V RT

ρ = = (34)

where is molar mass of water vapor equal to 18 kg/K 
mol; R is universal gas constant equal to J / (K mol). µ 
8,31⋅103

Diffusion coefficient in gas medium according the 
elementary kinetic theory of gases was determined by 
formula [9]:

1
D ?

3
= ⋅λ (35)

where u  is average velocity of molecules thermal
motion, λ  is average free path of molecules.

To determine average free path of molecules,
formula [9] was used:
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Table 1: Values of leathers relative humidity depending on parameters of time of vacuum sorption humidification

Time of humidification (sec)
---------------------------------------------------------------------------------------------------

Main parameters of vacuum sorption humidification 120 240 360 480

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

Average temperature, °C 55 57 58 59
Average vapor density, kg/m3 16·10-2 19·10-2 26·10-2 36·10-2

Average heat motion speed of molecules, m/s 6.23·102 6.24·102 6.24·102 6.26·102

Average free path of 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 water calculated by formula (2), m3 3.51·10-14 5.25·10-14 5.84·10-14 6.09·10-14

Calculated weight of microcapillaries moisture 
as a result of sorption phenomena, % 9.5 13.5 15.3 16.0
Weight of moisture due to heat transfer calculated 
by formula (3), % 2.5 2.6 2.7 2.8
Total calculated mass of moisture, % 12.0 16.1 18.0 18.8
Calculated relative humidity of leather, % 18.0+12.0=30 18.0+16.1=34.1 18.0+18.0=36.0 18.0+18.8=36.8
Experimentally obtained relative humidity of leather, % 33.0 36.9 37.8 30.6

kT

2
2 d p

λ =

π ⋅ ⋅

(36)

where k = 1.38⋅10-23 J/K is the Boltzmann constant, T is 
temperature in Kelvin; d is diameter of molecule; p is 
gas pressure.

Average velocity of water molecules thermal
motion was determined by formula [9]:

kT8RT
? 1,60

m
= ≈

π ⋅µ
(37)

where m is mass of a water molecule, which is equal to 
29,9⋅10-27 kg.

Average temperatures and pressures were
determined in course of experiments in leather
moisturization in vacuum (Table 1).

In course of experimental studies we used chrome-
tanned leather for footwear upper 0.95 to 1.6 mm thick 
that was cut by asymmetric fringe method and were 
brought to normal air-dry state with initial equilibrium
moisture content f0 = 18 % by keeping in desiccator 
filled with sulfuric acid with density of 1.27 g/cm3.
Relative humidity of the samples after vacuum-sorption
moisturization was determined by formula (38):

              f = [100(g2 – g1)+g2 f  0]/g1 (38)

where   f0  is  initial  equilibrium  moisture  content; 
g1, g2 are masses of the sample before and after
moisturization;

Kinetics of vacuum sorption moisturization was 
studied at a laboratory stand representing a 0.09 m3 
chamber with a hermetic lid that is able to move inside 
the chamber in order to change the chamber volume. 
The chamber is connected through a control valve and 
water filter to a vacuum pump (type 2NVR-5DM, flow 
rate 5 l/s, inlet pressure ranges from atmospheric to 
0.02 MPa, motor power 0.55 kW). To equalize pressure 
with atmospheric, the chamber is equipped with a
bleeding valve. To maintain working medium
temperature  inside  the  chamber,  it  is  equipped  with 
a 1 kW tubular electric heater (TEH). The voltage
applied  to  the  heater  was  adjusted  using  stand's 
power supply circuit. The water was supplied to the 
chamber for studying moisturization processes by
heated water evaporation from open surface of a water 
tank placed in the chamber.

For measuring pressure inside the working
chamber we used electronic pressure sensor with analog 
output of 26PCAFA6D type made by Honeywell
company (USA). Temperature of working medium
inside the chamber was measured by temperature
sensor DS1820 made by DALLAS company (USA).
An in-house developed software was used for
controlling the plant for hygrothermal leathers
processing.

Theoretically and experimentally the ability to use 
the mathematical models obtained for predicting
relative humidity of chrome-tanned leathers in vacuum 
sorption humidification was shown. The correlation 
coefficient R of experimental data and the data obtained 
using proposed models was 0.892.

The work has been performed within the
framework  of  grant No. 7.3760.2011 "Development of
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effective vibration protection and ensuring technical 
condition of machines for hygrothermal treatment of 
textile and leather products during their lifecycle";
according to the State Assignment of the Ministry of 
Education and Science of the Russian Federation.
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