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The paper considers the problem of definition of characteristic length parameter and Knudsen number in
the calculation of the effective coefficient of thermal conductivity of highly porous fibrous materials. As
the characteristic length it is proposed to use the parameter of average distance between fibers instead of
the commonly used parameter of the average pore size. We introduced the technique for determining the
average distance between fibers in the fibrous highly porous structures with different spatial orientation,
volume content, diameter and length of fibers. The technique is based on the direct measurements of the
distances between the fibers in representative volume elements (RVE) of fibrous structures. The require-
ments for the minimum size of the RVE are established. It is shown the convergence of the algorithm
whenever we increase the number of measurements in various similar RVE of the same structure. We
held the calculations of the average distance between the fibers in the three-dimensional isotropic struc-
tures with different volume content and diameter of the fibers. It is shown that the average distance
between the fibers is always greater than the average pore size that determined on the basis of geometric
methods or based on the known approximate analytical evaluations. It is proposed the modification of a
simple analytical formula for the prediction of the average distance between the fibers in the highly por-
ous structures. It is shown that the use of the parameter of average distance between fibers instead of the
average pore size leads to the 2–3 times increase of the estimated gas effective thermal conductivity in
the pores of the fibrous structure under low pressure.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fibrous high porous structures and materials are widely used in
different applications, such as thermal insulation [1], filters [2], gas
diffusion layers in fuel cells [3], sound-absorbing materials [4,5],
electromagnetic shielding [6], papers [7], textiles [8], biological
systems [9,10]. One of the most important characteristic that
determines the transport properties of these materials is the aver-
age pore size or the average distance between fibers. This charac-
teristic is decisive in the analytical assessment of permeability
[11] and thermal conductivity of highly porous fibrous materials
[1,12]. Pore size is also important for the simulation of biological
processes, for example, in tissue engineering [13] or in the model-
ing of cell migration through the fibrous structures [14].
The three-dimensional models and two-dimensional images of
fibrous structures can be obtained using X-ray microtomography
[15] or different microscopy techniques [16,17 and references
therein]. In the simulations, the models of fibrous structures could
be generated using random algorithms with given structure
parameters: volume content of porosity, lengths, diameters and
orientations of the fibers and the characteristics of its tortuosity.
The possibility to generate these models is implemented, for exam-
ple, in systems Digimat (MSC) and GeoDict (Math2Market). The
algorithms of generation are described in [18–21].

There are several basic methods for determining the mean pore
size and the distribution of pore size in stochastic fibrous struc-
tures. The most common used methodology is the geometrical
method for the pore size distribution determination [17,22,23].
This technique is based on the maximum packing algorithm of lar-
gest spheres in the pore space between fibers. Average size and
size distribution of these spheres, respectively, are representative
average size and distribution of pore size in the material. The
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modification of this approach is the porosimetry pore size distribu-
tion determination technique wherein the calculation takes into
account only the spheres that form the connected space, and other
spheres corresponding to isolated pores are excluded from consid-
eration [22,24]. Another widely used method for determining the
average pore size in fibrous medias is capillary penetration simula-
tion [20,23,25]. This methodology is based on the fluid flow simu-
lations in micro-size RVE of fiber structures. According to the
results of the simulation it is determined the kinetics of liquid pen-
etration through the fibrous medium. Then, by comparing the
obtained results and the known analytical expressions for the
kinetics of liquid front in the parallel cylindrical channels, effective
pore radius in a stochastic fiber structure is determined [20,23]. In
[23] on the basis of numerical simulation a comparison of different
geometric and capillary penetration methods for determination of
pore radius in fibrous structures was made. It was shown that pre-
dictions are strongly depend on the modeling techniques. There-
fore, the choice of technique of average pore size prediction in
the fiber structure must depend on the considered physical
processes.

Note that for the planar structures it is known the analytical
expressions to determine the average pore diameter through the
diameter and volume content of fibers [18,26,27]. The study of
the distribution of pore sizes in planar and multi-planar fibrous
structures was carried out in [18,27,28 and references therein]. It
has been shown that for such structures for in-plane pore diame-
ters it is realized the gamma distribution, and for out-of-plane
pores size it is realized the exponential distribution. Later, it was
also found [29], that in such analytical models the pore size distri-
bution could be underestimated, compared with the experimental
data obtained on the basis of capillary flow porometry. For the
three-dimensional fiber networks on the base of a statistical ana-
lytical approach it was established [30] that in structures with long
fibers, irrespective of their isotropic or anisotropic orientation, it is
realized the Rayleigh distribution of the pore diameters with the
only one independent parameter (‘‘nearest-obstacle distance”),
which is linearly proportional to the average pore size.

In the simulations of highly porous fibrous thermal insulation it
is often used the approximate analytical expression for the average
pores size, that obtained from the model of ordered cylindrical
fibers [1,12,31–33]:

d ¼ n
d
f

ð1Þ

where d is average diameter of fibers, f is volume content of fibers,
n ¼ p=6 for three-dimensional structures and n ¼ p=4 for planar
structures.

Expression (1) is used to determine the effective thermal con-
ductivity of the gas in the pores during the calculation of the effec-
Fig. 1. Comparison of the pore size d, found using geometrical method based on the max
(a), and the parameter of average distance between the fibers d� , determined on the basis
distance between fibers: d < d� ¼ 1

N

PN
i¼1di (N is number of measurements). For clarity, it

structure.
tive thermal conductivity of the fibrous medium [1,12,31–34] as
follows:

k ¼ ks þ kg þ kr

kg ¼ kg0
1þ 2 b

Pr Kn
ð2Þ

where k is effective thermal conductivity of fibrous material; ks, kr
are solid and radiant parts of thermal conduction in fibrous mate-
rial, the calculation of which is described, for example, in [1,32];
kg is the effective gas thermal conductivity; kg0 is gas thermal con-
ductivity at atmospheric pressure, b ¼ ½2c=ðcþ 1Þ�½ð2� aÞ=a� [31];
c ¼ cp=cv ; a ¼ 4mgms=ðmg þmsÞ2; cp; cv are specific heats of gas at
constant pressure and volume; mg ;ms are molecular weight of gas
and solid phases; Knudsen number is defined as the ratio of molec-
ular mean free path k and some characteristic length of considered
structure Lc: Kn ¼ k=Lc .

The molecular mean free path is determined by the formula
[31,35]:

k ¼ kBTffiffiffi
2

p
pd2

mP
ð3Þ

where kB is the Boltzmann constant, T is the temperature, dm is the
gas collision diameter, P is the pressure.

As a characteristic length Lc in the study of heat transfer in
fibrous medias, it is usually taken an average pore size, found by
the formula (1), that is: Kn = k/d [1,12,31–33]. However, it is possi-
ble that in such calculations as characteristic length it is more
appropriate to use the parameter of average distance between
fibers d⁄, which is obviously greater than the distance between
the ordered mutually perpendicular cylinders or than geometri-
cally defined average pore size (Fig. 1). That is, to determine the
Knudsen number it is proposed to compare the molecular mean
free path of the gas and the average distance between the fibers,
assuming that the fibrous structure is unordered, and that mole-
cules can move from any given point in any direction and not
within a certain spherical pore of average size (Fig. 1). Determina-
tion of the average distance between the fibers of the three-
dimensional stochastic structure requires a more complex geomet-
rical approach, which is discussed in this article. We also note here
that it is known that the values of average pore size found by for-
mula (1) are 1.5–2 times lower compared to the values established
experimentally [12,36 and references therein]. Also note that in the
simulations of heat transfer in fibrous media apart from the
expression (1) for the approximate determining of average pore
size, are also applied other estimates based, for example, on a com-
parison of pore volume in RVE with equal-size spherical volume,
diameter of which is taken as the average pore size [37–39]. This
imum packing algorithm of largest spheres in the pore space of the fibrous structure
of direct measurements (b). The average pore size is always smaller than the average
is shown a planar fiber structure, a similar relation holds in the three-dimensional
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method based on the assumption of equivalent spherical geometry
of pores, is also used for porous media image processing [40].

The purpose of this work is the formulation of algorithm for
direct calculation of average distance between fibers in the
three-dimensional models of highly porous fibrous materials. We
study the convergence of the algorithm for different values of the
structural parameters. We make a comparison of the found values
of the average distance between the fibers and the average pore
diameter, which is determined by the previously known methods.
We also presented the results of demonstrative calculations of the
gas effective thermal conductivity in the highly porous fibrous
material using the found values of the average distance between
fibers.
2. Methodology

In the following simulations the realistic three-dimensional RVE
of fibrous materials were generated using the system Digimat-FE
(MSC). The beam-type inclusions are used as the model of the
fibers. To construct the RVE of fibrous material in Digimat-FE sys-
tem it is necessary to set the volume content of the fibers, their
diameter, length and orientation. It must be selected the size and
shape of a representative fragment. In subsequent calculations
we’ll use only the fragments of cubic form and consider only
straight fibers. Note that the system can generate RVE, containing
fibers of different materials with different diameters and with a
predetermined length distribution. The test calculations consider
only materials with a fixed diameter and length of fibers, suggest-
ing that these characteristics are average for the given material
structure. The orientation of the fibers will be specified using ten-
sor [21]. As a result of Digimat-FE systemwork it is created the RVE
which satisfies the introduced requirements imposed to the struc-
ture parameters (volume content, fiber orientation, etc.). Location
and direction of each fiber are determined by the coordinates of
its center and by three angles. For each fiber it is known its length
and diameter. An example of generated RVE is shown in Fig. 2.

To analyze the geometry of established RVE, we import
obtained data to the Wolfram Mathematica system. As a result,
we have saved dataset, which contains the numbers of n generated
fibers, coordinates of their centers ri 0 ¼ ðxi0; yi0; zi0Þ; ði ¼ 1;nÞ, val-
ues of direction angles hi and ui, lengths li and diameters of fibers
di. Next we provide the processing of RVE geometry to estimate the
average distance d� between the fibers. For that it is introduced a
Fig. 2. Examples of RVE of fibrous structures generated in Digimat-FE system with the us
volume content, (a) isotropic structure, RVE size of 50 mm, (b) an anisotropic structure w
Fibers are modeled as straight lines that are axes of real fibers-cylinders.
standard parametrization of the line segments set ‘i 2 L that sim-
ulate fibers, as follows:

L ¼ f‘i : ri ¼ ri0 þ tpi; t 2 Ti ¼ tmin
i ; tmax

i

� �
; i ¼ 1;ng ð4Þ

Here ri ¼ riðtÞ is the radius-vector of points belonging to the line
segment ‘i; pi ¼ ðai; bi; ciÞ is a vector determining its orientation
with components ai ¼ sin hi cosui; bi ¼ sin hi sinui, ci ¼ cos hi; t is
a parameter that varies between Ti ¼ tmin

i ; tmax
i

� �
so that the ends

of the fiber-segment do not extend beyond the RVE.
Note that after the importing of the data from Digimat-FE sys-

tem, we do not know the values tmin
i and tmax

i , and the coordinates
of centers of fibers-segments ri0 can lie outside of representative
fragment if it is smaller than the length of the fiber or if the fibers
lie close to its borders. Therefore, for further calculations the range
of variation of the parameter t for each segment ‘i is determined
with consideration of restrictions on the length of the fiber and
the size of RVE:

tmin
i ¼ minri2D:ðtÞ;
tmax
i ¼ maxri2D:ðtÞ;
jri � ri0j ¼ j t j 6 li=2;
ri ¼ ri0 þ tpi; i ¼ 1;n:

8>>><
>>>:

ð5Þ

Here D ¼ fðx; y; zÞ : x 2 ½0;D�; y 2 ½0;D�; z 2 ½0;D�g is a cubic area
which is occupied by a RVE.

Next, we could determine the average distance between the
fibers. The exact value of d� in the considered RVE can be found
as follows:

d� ¼ 1
2p2L

Z
L

Z p

0

Z 2p

0
dminðt; ‘i;u; hÞdudh

� �
dt ð6Þ

where the external integration is carried out along all the segments
of L, and besides, along each segment ‘i 2 L the parameter t varies
within the limits defined by the expression (2); internal integration
is carried out in all possible directions ðu; hÞ of the fixed point of the
segment ‘i, except for the direction of the segment itself u ¼ ui and
h ¼ hi; dminðt; ‘i;u; hÞ is the distance from the point with coordinate
t, which lies on a segment ‘i, to the other closest segment-fiber,
located in the direction ðu; hÞ; L ¼ Pn

i¼1li is the total length of
fibers-segments included in the RVE.

Thus, in the expression (6) it is determined the distance from
each point of each fiber to the other closest fiber in all directions
with respect to the considered point, and then the average value
e of straight beams inclusions of 1 mm in diameter and 100 mm long and with 10% of
ith an average angle of 80� of the fibers to the vertical direction, RVE size is 80 mm.
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of all the distances is found. The exact definition of d⁄ using the
expression (6) is associated with significant computational difficul-
ties, since the length of the path of integration in the external con-
tour integral can be several orders greater than the size of a RVE.
Any analytical or approximate estimations of this value, with the
exception of (1), as far as we know, doesn’t exist.

In this paper we propose to use a faster statistical algorithm. For
this we consider a set of pointsP in the pores in the center of a rep-
resentative fragment (Fig 3a):

P ¼ fPi ¼ ðPxi; Pyi; PziÞ : Pi 2 D0; Pi R L; i ¼ 1;Npg
Here D0 is a central region of a representative fragment with edge
size 0:1D, Np is a number of selected points.

Next, choose a set of vectors Q ¼ fqig, in a direction of which we
will evaluate the distance from the fixed selected point Pi to the
nearest fiber. We define these directions as follows:

Q ¼ fqi ¼ ðqxi; qyi; qziÞ : qxi ¼ sin h cosu; qyi ¼ sin h sinu; qzi

¼ cos h; h 2 ½0;p�; u 2 ½0;p�; i ¼ 1;Nqg
Here Nq is a number of selected directions defined by two angles h
and u. The limits of variation of these angles are chosen taking into
account the fact that in further calculations simultaneously with the
selected directions qi the directions �qi also will be considered.

The coordinates of the points P and the components of the vec-
tors Q are selected using a random number generator within a pre-
determined range of acceptable values. Then through every point
of P it is built a set of auxiliary measuring lines LP , which direc-
tions are determined by the vectors from Q (Fig. 3b):

LP ¼ f‘ij : rij ¼ Pi þ sqj; s 2 Sij; i ¼ 1;Np; j ¼ 1;Nq:g ð7Þ

Here Sij ¼ SðPi;qjÞ ¼ smin
ij ; smax

ij

h i
is the range of acceptable values of

the parameter s, which depends on the point under consideration
Pi and direction qj, and varies so that the boundary points of seg-
ment ‘ij belong to the faces of the cubic area D, occupied by a rep-
resentative fragment. Thus, the values smin

ij and smax
ij are found by

solving the problem:

smin
ij ¼ minrij2D:ðsÞ;
smax
ij ¼ maxrij2D:ðsÞ;
rij ¼ Pi þ sqj; i ¼ 1;Np; j ¼ 1;Nq:

8><
>:

Construction of the segments ‘ij is sub-procedure that is neces-
sary to measure the distance from the point Pi to the nearest to it
fiber along the direction qj. To do this, firstly, let’s determine the
Fig. 3. Method for determination of the average distance between fibers in a highly por
space of RVE, (b) the directions in which the distance between fibers will be measured an
are constructed at each selected point of P, (c) found distances between the fibers in se
line). The presence of such uncovered directions shows the need of the RVE size increasi
referred to the web version of this article.)
minimum distances from each fixedmeasuring line ‘ij 2 LP to each
fiber ‘k 2 L in the RVE. To do this let’s solve the following
problems:

ðdijkÞmin ¼ mint2Tk ;s2Sijðdijkðt; sÞÞ;
dijkðt; sÞ ¼ ððxk0 þ t ak � Pxi � sqxjÞ2 þ ðyk0 þ t bk � Pyi � sqyjÞ2

þðzk0 þ t ck � Pzi � sqzjÞ2Þ
0:5
; i ¼ 1;Np; j ¼ 1;Nq; k ¼ 1;n:

8>><
>>:

For each fixed segment ‘ij let’s determine which fibers ‘k are clo-
ser to it than to the value of its own radius dk=2 (intersect with it),
that is, we select the following subsets Lij � L:

Lij ¼ f‘k 2 L : ðdijkÞmin 6 dk=2g;
wherein we determine the points Pijk, in which there is an intersec-
tion of measuring line ‘ij and the line-fiber ‘k. At these points, the
distances between this lines reach the minimum and it does not
exceed the diameter of the fibers. Location of points Pijk is defined
by a value of parameter s ¼ s�ijk in parameterization formulas (7)
for the segments ‘ij.

Further, in each subset Lij we need to select the two fibers,
which are located closest to the point Pi it the directions qj and
�qj. In fact, we find here the two fibers that are ‘‘visible” from a
given point Pi in the predetermined directions qj and �qj. Let’s
denote the found closest fibers as ‘þijk and ‘�ijk. Parameters defining
the location of the contact points of segment-meter ‘ij with seg-
ments ‘þijk and ‘�ijk, let’s denote as s ¼ sþijk and s ¼ s�ijk, respectively.
Then we can write:

‘þijk 2 Lij : sþijk ¼ mink¼1;n s�ijk
� �

> 0;

‘�ijk 2 Lij : s�ijk ¼ maxk¼1;n s�ijk
� �

< 0:

The desired distance between closest fibers at a given point Pi in
the direction �qj is given by the sum:

dðPi;qjÞ ¼ sþijk þ js�ijkj
Thus we find the distance between the fibers at all the selected

points Pi in all directions qj (Fig. 3c).
Through the analysis of sets of found values, we obtain the sta-

tistical distribution of the distances between the fibers. The aver-
age distance between the fibers in this RVE is given by:

dRVE ¼ 1
NPNq

XNP

i¼1

XNq

j¼1

dðPi;qjÞ ð8Þ
ous fibrous structures. (a) Set of points P selected in the central region of the pore
d the corresponding built auxiliary measuring lines ‘ij . Such directions and segments
lected directions (blue lines) and directions that were not covered with fibers (red
ng. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 5. The number of uncovered directions during the measurements in the RVE of
different size with fibers contain of 15% (solid line) and 10% (dashed line). The fiber
diameter is 1 mm, length - 100 mm, orientation - isotropic.
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It is obvious that, for sufficiently large Np and Nq, the value
determined by the expression (8) should coincide with the exact
value (6) which can be calculated for a particular RVE.

In the proposed algorithm we can immediately specify the
requirement to the RVE size of the fiber structure. The RVE should
be large enough so that all the points Pijk could be found inside it,
i.e. the fibers included in the RVE should lie over all directions rel-
ative to the selected points Pi (Fig. 3c). It follows that if the material
is highly porous and volume content of fibers is low, then for the
calculations we need to considered larger RVE’s. A detailed study
of this problem is given below. Also it should be taken into account
that for a reliable predictions of the structure characteristics, it’s
necessary to consider several similar RVE’s generated using ran-
dom algorithms, and to find an average value:

d� ¼ 1
NRVE

XNRVE

k¼1

ðdRVEÞk ð9Þ

Here NRVE is the number of considered RVE’s, and ðdRVEÞk is found
average distance between the fibers in the k-th fragment. The total
number of measurements on different representative fragments is
N ¼ NRVENpNq.

The proposed algorithm of the mean distance between fibers
determination is shown in Fig. 4.

3. Results and discussion

3.1. Minimum RVE size and convergence of the algorithm

First and foremost, we must determine the minimum adequate
size of representative fragment D and the minimum number of
measurements of the distance between the fibers N, which ensure
the accuracy and reliability of the calculations. To determine the
average distance between the fibers, it is necessary that a represen-
tative fragment was large enough to contain a lot of fibers, creating
a dense covering of the central region of fragment in which we
carry out the measurements. This is necessary to be able to mea-
sure the distance between the fibers at all selected test points
and directions. If at least in one direction the measuring line does
not overlap with any of the fibers in the RVE, this means that in this
structure the distance between the fibers can exceed the size of the
RVE and it’s necessary to increase it. Otherwise we will get under-
estimated values for the desired averaged values.

Fig. 5 shows how many uncovered directions occur in RVE’s of
different size with a volume content of fibers of 10% and 15%. Dur-
ing the calculations at the center of the fragments we chose three
test points NP = 3, and the number of measurement directions was
Nq = 40, that is, in fact, the measurement of the distances between
the fibers was conducted 120 times in each RVE. By increasing the
1. Generation of several similar 
RVE for a given structure of 

fibrous material

2. Selection of
in the central 

pore space o

4. Determination of distances 
between pairs of fibers, located 
closest to the selected points in 

all selected directions

5. Determinatio
average dis

between the f
each construct

from formu

Fig. 4. The algorithm for determining the average distance
RVE size, the number of uncovered directions decreases (Fig. 5), as
the larger RVE contains more fibers, and it becomes less transpar-
ent (see Fig. 2a and b). When the size of RVE is more than 60 mm
such uncovered directions in these structures hardly occur (few
number of uncovered directions have no significant impact on
the value d). The central region of the fragment is completely cov-
ered by fibers. Therefore, we can assume that for the considered
structures this size of RVE is the minimum. Fig. 6 shows the found
values of minimum sizes of RVE for the structures with different
volume content and different diameter of fibers. When the diame-
ter of the fibers is increasing it is necessary to increase the size of
RVE, while increasing their volume content, RVE size can be taken
smaller (Fig. 6). For all the structures considered above, the condi-
tion that RVE of the minimum allowed size must contain approxi-
mately 300–500 fibers is satisfied. These fibers do not fall entirely
within a RVE, and can be dissected into smaller pieces to accom-
modate in it. The number of these small parts in the fragment
may be 1200–1400. Thus in Digimat system it is modeled stochas-
tic structure, which includes not only the entire fibers, but fiber
ends lying in the neighboring regions out of a space of considered
RVE. It should be noted that there is no need to consider RVE larger
in a relation of the minimum found values (Fig. 6). Increasing of
RVE doesn’t lead, firstly, to the appearance of the uncovered direc-
tions, and secondly, does not change the calculated values of the
 the points 
region of 
f RVE

3. Selection of directions of 
measurements and construction 
of the measuring lines starting 

at selected points

n of the 
tance 
ibers in 
ed RVE 
la (8)

6. Determination of the average 
distance between the fibers of the 
structure under consideration, by 
averaging the results for all RVE 

by the formula (9)

between fibers in a highly porous fibrous structures.



Fig. 6. The minimum required size of the RVE for fibrous structures with different
diameters and volume content of fibers (solid line – 10%, dashed line – 12.5%, dotted
line – 15%). Fiber length is 100 mm, orientation - isotropic.

Fig. 7. Convergence of the algorithm for determining the average distance between
the fibers d� during increasing the number N of measurements in structures with
different fibers diameters and volume contents. Fiber length is 100 mm. When the
number of measurements is increasing, the required value of d� goes to the
asymptote. The calculations considered from 1 to 10 of RVE’s of the same type for
each type of structure NRVE ¼ 1:::10. At each RVE we considered three points, and at
each point the measurements were conducted in ten directions (Np ¼ 3; Nq ¼ 10),
therefore the total number of measurements is N ¼ NRVENpNq ¼ 30:::300 .

1 For interpretation of color in Fig. 9, the reader is referred to the web version of
this article.
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average distance between fibers. It is quite evident result from the
fact that RVE generation algorithms work identically on fragments
of various sizes.

After the minimum size of RVE was found for the considered
structure, it’s necessary to check the convergence of the algorithm
d� calculation when the number of measurements is increasing. It
is also necessary to determine how many repeated measurements
we need to conduct to reliably calculate the value d�. In fact, we
have to consider a lot of RVE of the same type and carry within
them a lot of measurements, such that the further increasing of
the measurements number doesn’t change the determined aver-
aged value d�. Fig. 7 shows the convergence of the presented algo-
rithm. Here it is shown that by increasing the number of
measurements, the desired value of the average distance between
fibers goes to some asymptotic value. Calculations are made for
isotropic structure formed by fibers of 100 mm of length with dif-
ferent diameters and volume content. For each type of structure
from 1 to 10 of RVE have been reviewed, and at each fragment
there were chosen three points in which the measurements were
carried out in 10 directions. I.e. NRVE ¼ 1:::10, Np ¼ 3, Nq ¼ 10,
N ¼ NRVENpNq ¼ 30:::300. Note that the calculations were quite
intensive, since it were carried out on the fragments with the size
more than 60 mm, containing 1200–1500 parts of fibers.

Fig. 8 shows the typical distribution of the distances between
fibers for the structure, containing 12.5% of the fibers 100 mm long
and 1 mm in diameter. This distribution is shown graphically as a
found set of measuring lines, showing the distance between the
fibers, and also as a probability histogram. The total amount of
measurements in this fragment was N = 300. It is shown that the
real shape of the pore space in the fibrous stochastic structure
may have a very complex configuration.
3.2. Comparison of the average distance between fibers and the
average pore size in fibrous structures

Fig. 9 shows a comparison of the average distance between
fibers and the average pore size. The calculation was performed
for an isotropic structure containing fibers of a length of 100 mm
with different diameter and different volume content. The average
pore size is determined on the base of a standard geometric algo-
rithm [17,22,23] implemented in the GeoDict software and on
the basis of the approximate formula (1), with the use of value
n ¼ p=6. Calculation of the average distance between the fibers
was held on the basis of the presented algorithm. The found values
d�, in fact, are asymptotic values to which the results of averaging
for a large number of measurements are going (Fig. 7). It is evident
that the obtained values of the average distance d� are approxi-
mately 3.5 times larger than the average pore size d. Therefore,
in Fig. 9 it is suggested an approximation (red lines)1 of the
obtained results for d� by formula (1), but with another value of
the coefficient of proportionality: d� ¼ nd=f , where n ¼ 3p=5. This
approximation is quite a good description of the obtained statistical
results for d�. Exactly this approximation is proposed to use for the
calculation of Knudsen number in the formula (2) for gas thermal
conductivity in the fibrous materials with an isotropic fiber
orientation.
3.3. Determination of the effective gas thermal conductivity using
parameter of mean distance between fibers

Fig. 10 shows the impact of the characteristic length parame-
ter on the effective thermal conductivity of air under various
pressure. The calculations used the expression (2) and (3). The
parameters for the air were taken from [41]. From these depen-
dences it is seen that the specification of characteristic length
value, for example, in 4 times, may alter the effective thermal
conductivity of the gas in 2–3 times under low pressure condi-
tions. Fig. 11 shows the dependence of the effective thermal con-
ductivity of the gas on pressure and temperature. Here, as the



(a) (b) (c)

Fig. 8. Results of the mean distance between fibers estimation in the RVE which contains 12.5% of fibers with length 100 mm and diameter 1 mm (a). RVE size is 65 mm. Fibers
are modeled as straight lines (axes of real fibers-cylinders). Distribution of distances between fibers presented in the graphical form as the set of measuring lines between
nearest fibers in different directions (b) and in the form of probability histogram (c). Total number of measurements is N = 300 (NRVE ¼ 10; Np ¼ 3, Nq ¼ 10).

Fig. 9. Comparison of the found average distance between the fibers d� and the average pore size d for an isotropic structure, formed by fibers of 100 mm in length. The average
distance d� (red dots) is determined on the basis of the proposed algorithm. The average pore size is determined on the basis of known geometrical method. The solid lines
show the predictions of approximate analytical solution d ¼ nd=f . The average pore size is calculated by this formula for n ¼ p=6 (black lines). The average distance between
the fibers is possible to be accurately predicted when n ¼ 3p=5 (red lines).
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characteristic length we used the parameters of average size of
pores d (1) and the average distance between fibers d�. It is shown
that under low pressure the calculated effective thermal conduc-
tivity of the gas can be 2–3 times higher, if the Knudsen number
is calculated using the average distance between the fibers d�

found by the proposed algorithm. If we consider that gas-phase
thermal conductivity in fibrous materials may provide 80% (at
300 K) and about 10–50% (at 1000 K) of the total thermal conduc-
tivity [32,42–45], then the received clarifications in certain ranges
of temperature and pressure could be substantial. From the pre-
sented results, it follows that the contribution of the gas thermal
conductivity may be higher, compared with previous estimates.
Consequently, the values of parameters of radiative heat transfer
models, which generally require the most complex identification
methods [37,46,47], may be adjusted.
4. Conclusions

In this paper we proposed a new algorithm to determine the
characteristic size of the pore space in the fibrous materials based
on direct measurement of the statistically-average distance
between fibers.
We showed the convergence of the algorithm and specified the
requirements for the minimum size of RVE. It is shown that the
parameter of the average distance between fibers is always higher
compared to the average pore size value found on the basis of geo-
metric or approximate methods. It is proposed to use the value of
the average distance between the fibers to calculate Knudsen num-
ber in the estimations of the gas thermal conductivity of fibrous
structures. Wherein it is possible to use the simple solution
d� ¼ ð5p=3Þd=f for an approximate estimation of the average dis-
tance between the fibers in isotropic structures.

The proposed algorithm can be easily used in conjunction with
standard parallel computing algorithms. It can be accelerated, for
example by prior separation of all fibers into groups lying in the
specified quadrants with respect to the middle region of a repre-
sentative fragment. One can also speed up the algorithm by using
vertex-representation for geometry of fragments. In such
approach, we should not solve analytical problems to search the
minimum distance, but we could define it by stepping extension
of measuring lines from the selected point in the center of the frag-
ment to the contact with the nearest fiber.

In the further work, it is necessary to explore the influence of
the orientation, turtousity and different distribution of the size of
the fibers. The analytical models predict the independence of the



Fig. 11. Dependence of the effective thermal conductivity of air in the pores of the
fibrous media on pressure using as the characteristic length the average pore size
(Lc ¼ d ¼ 5:2 lm; solid line) or the average distance between fibers
(Lc ¼ d� ¼ 18:5 lm, dashed line). The material contains 10% of 1 mm diameter
fibers. Calculation are made according to the formulas (2) and (3), the temperature
is 300 K, and 1000 K, the parameters for the air are taken from [41]. Formula (1) was
used to evaluate the average pore size. The average distance between the fibers was
found on the basis of the proposed algorithm (see Fig. 9).

Fig. 10. Dependence of the effective thermal conductivity of air in the pores of the
fibrous media on the parameter of characteristic length Lc under different pressures.
The calculation is made by the analytical formulas (2) and (3), temperature is 300 K,
pressure is 100 kPa (solid line), 10 kPa (dashed line), 1 kPa (dotted line), parameters
for air are taken from [41].
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character of pore size distribution when orientation of the fibers is
changing [18,30] however it is predicted the change of average
pore size - in the three-dimensional structures, it must be smaller,
compared with flat and multi-layered structures (1). Therefore, on
the base of the proposed approach we could try to obtain more
accurate estimates of these values.

Presented results may be important for evaluation of the gas-
phase impact on the effective thermal conductivity of fibrous por-
ous materials. Updates could be obtained by processing experi-
mental data and by solving inverse problems for identification of
the parameters of various models of radiative-conductive heat
transfer in highly porous fibrous medias.
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