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Abstract—The most frequently used approach to the description of liquid transfer in porous media is based

on its analogy with the diffusion process. It introduces effective diffusivity D(u) depending on actual

moisture content ». On the basis of experimental data obtained by means of neutron radiography, it is

shown that this function D(u) cannot be regarded as a material characteristic because of its strong

dependence on initial and/or boundary conditions. Alternative possibilities of the moisture transport
description are discussed.

1. INTRODUCTION

THE PERMANENT interest in liquid transfer description,
especially in connection with simultaneous heat trans-
fer is explained by de Vries [1] by the following two
facts:

—the importance of the subject for a (still expand-
ing) multitude of applications;

—the lack of a comprehensive and satisfactory
theory of the subject, despite much important work
that has been carried out.

The contemporary status of the theory was char-
acterized by de Vries with the words: *. .. usefulness
of the theory ... was proven, but ... doubts remain
about its predictive value. These doubts are a conse-
quence of

—the limitations of the theory;
—uncertainty about the quality of the experimental
procedures and data.”

In some other works analysing systematically the
subject [2, 3], the discrepancies between the theory and
experiments are referred to.

The subject of this study is limited to a part of
the complete problem : it analyses the diffusion type
description of isothermal transport of liquid in porous
media. New insight is hoped to be obtained by analysis
based on high-quality experimental data provided by

neutron radiography (NR). It represents a complete
discussion of the results, part of which was presented
in ref. [4].

The study has the following structure: the NR
method, which is not too familiar in its application
on the study of transport processes, is presented in
Section 2. In Section 3, the problem considered is
specified. The inversion problem for diffusion type
equations is discussed in Section 4, its applications in
Section 5. In Section 6, an alternative possibility for
the description of isothermal liquid transport in
porous media is introduced.

One comment to the references introduced in this
work must be made : the literature concerned with the
transport phenomena in porous media is extremely
extensive. Let us mention in this connection the fact
that systematic studies of the subject usually contain
hundreds of references, e.g. 500 in ref. [3], 600 in ref.
[5]. It is not possible, therefore, for us to introduce a
complete bibliography in this study. That is why the
references introduced here are only examples—we
introduce them knowing that many other works could
be introduced in their place.

2. NEUTRON RADIOGRAPHY

2.1. General characteristic
Neutron radiography (NR) is a visual non-destruc-
tive method of testing, having some features in com-
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NOMENCLATURE
A, B, C coefficients for the general moisture j.  concentration flux
distribution Ji  partial moisture flux
Cas Cps dag, Upmax  parameters of the four- Iy length of the connected moisture area A
parametrical AB model N number of target nuclei per unit volume

C’ integration constant

d  thickness of a sample

D diffusion coefficient

b diffusivity expressed as a function of the
x-coordinate

D, solution of the homogeneous inversion
problem equation

D, special solution of the inversion problem

equation

transport coefficient for concentration flux

transport coefficient corresponding to the

moisture potential description

model function

kernel of integral operator

neutron flux

initial neutron flux

moisture flux

Ja  moisture flux caused by capillary
mechanism

Jjs  moisture flux caused by diffusive
mechanism

o

~em bbb

W
S

p  pressure

R transmission of neutron flux

source term

t time

T  actual value of time

u  moisture content

u, moisture content corresponding to
capillary mechanism

us  moisture content corresponding to
diffusive mechanism

x  spatial coordinate

X  actual value of x-coordinate.

Greek symbols
4  chemical potential
¢  spatial variable
¢  microscopic cross-section
Zy,0 macroscopic cross-section of water
Zym  macroscopic cross-section of dry material
¥  moisture potential.

mon with more familiar X-ray testing. Since the first
reactor neutron radiographs in 1956 [6], it has been
used for many applications. Its area of application,
basic principles and contemporary technical equip-
ment as well as extended references are presented in
refs. [7, 8].

In contrast to X-rays, neutrons can:

—be attenuated by light materials like water and
hydrocarbons;

—penetrate through heavy materials like steel and
lead ;

—test highly radioactive objects.

On the other hand, the application of reactor
neutron radiography is limited by the exclusivity of
the necessary equipment. A typical field of its appli-
cations is, e.g. the quality assurance for nuclear
reactor fuel.

In contrast to its technical difficulties, the theo-
retical basis of NR is simple : the intensity of a neutron
flux is reduced as it passes through material according
to the general law

dr

common to all radiation going through matter. For a

sample of thickness d, it follows from equation (1)
that

@ _
I—o=e }:d'

@

In this relation, the macroscopic cross-section I
instead of the microscopic one ¢ is introduced by the
relation

I = No. 3)

For material with the moisture content u, the
Z = X(u) dependence is well described by the linear
function

Z(u) = Eupu+ZM . (4)

It follows from relations (2)-(4), that we can deter-
mine the water content » from the value R (trans-
mission). R is defined by the ratio of the two neutron
fluxes—the incident flux upon the sample and the
transmitted flux through the sample

== ©)

The specificity of the neutron interaction is given
by the fact that, in contrast to the a-, - or y-particles,
the neutrons interact with the matter exclusively
through nuclear forces and are therefore insensitive,
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e.g. to the distribution of electrons, which is connected
with the chemical properties of matter.

For every experimental set-up, different technical
problems must be solved. Without taking into account
the problem of the neutron source (besides the reactor,
the isotopic neutron source or accelerator with a suit-
able target can be used), they can be classified into the
following groups.

(a) Collimation and purity of incident beam. For
NR, the incident neutron beam must have certain
geometrical properties—approximately parallel neu-
tron trajectories and homogeneous flux through a
cross-section of the beam in the place of the inves-
tigated sample. The content of the charged particles
and/or y in the beam must be maximally reduced.

(b) Detection of the transmitted neutrons. In con-
trast to the a-, -, or y-radiation, the neutrons cannot
be registered directly—a two-step registration is
necessary. In the first step, the reaction producing
charged particles or y takes place, the second step is
the registration of them.

(¢) Radioactive protection and manipulation with
the sample.

2.2. Application of NR for the study of water transport
in porous media

Every application of NR represents a specific solu-
tion of problems introduced in (a), (b) and (c¢) in
Section 2.1. For the study of water transport in porous
media, the NR method was adapted in the Nuclear
Research Institute in ReZ near Prague [9]. The
materials used in the building industry were of special
interest. The experimental set-up is shown in Figs. 1
and 2.
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Let us introduce some data, which may be of
interest.

One of the horizontal channels of the experimental
reactor VVRS operating mostly at 5 MW was used
as the neutron source. The basic characteristics of a
neutron beam are the following: the neutron flux is
1.1x10'"" n m~2 s~!, the collimation ratio is 360.
Neutron energies lie in the thermal range (0.03 eV).

The first step in neutron detection is the conversion
of them into electrons in the reaction, schematically
written as

¥1Gd+n - *Gd* - **Gd +e..

As can be seen, this process itself is a two-step one,
too. In the first step, the excited isotope of Gd is
formed, in the second one, the deexcitation via elec-
tron conversion or y-emission follows. (We limit our-
selves to a simplified picture of the nuclear process.)

Different possibilities for the detection of electrons
can be applied (see Fig. 2), but only the application
of double emulsion film (Agfa) and its photo-
densitographical analysis (computer controlled
microdensitometer Joyce~Loebl) can give the results
of the desired quality.

The NR results are presented in Figs. 3 and 4. In
Fig. 3, the wetting of a ceramic slab is shown by means
of the neutron radiographs at three successive stages
of the process—the dark colour corresponds to the
saturated area of the sample. In Fig. 4, the computer-
graphical picture of the wetting front (i.e. the area
marked by arrows in Fig. 3(c)) is introduced for three
different materials. In this figure, as well as at other
places, the water content u is given in relative volume
units (r.u.) giving the relative part of the whole volume
occupied by water.

Three types of materials with different inhomo-

FiG. 1. Experimental set-up: a, core; b, water moderator; ¢, biological shield ; d, convergent collimator;
e, hole 8 mm, Bi filter; f+ g, movable shutter; h, boron-plastic shield; i, initial neutron flux; j, sample;
k., neutron flux; 1, Gd foil with film ; m, movable support ; n, control unit.
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FiG. 2. Methods of visualization/digitalization of experimental results: A, photo-chemical treatment; B,
application of TV system. a, neutron flux; b, film; ¢, conversion process; d, Gd foil; e, neutronogram; f,
microdensitometer ; g, generator, multimeter, counter ; h, computer, graphical printer; i, fluorescent foil ;
j, high-sensitivity TV camera; k, camera controller; |, videorecorder ; m, A/D convertor, image memory.

FIG. 3. Examples of neutronograms: (a)—(c) different stages of a wetting process.
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FiG. 4. Detail of the wetting front : (a) ceramic (b = 25 mm); (b) limesand brick (b = 36 mm); (c) areated
concrete (b = 22 mm) (u relative moisture content (r.u.)).
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geneity ranges are presented :

(a) high-quality, vacuum pressed ceramic;
(b) limesand brick, laboratory quality;
(c) areated concrete, laboratory quality.

Typical dimensions of samples were 4 x2x 15 cm.

3. DEFINITION OF THE PROBLEM

The transport of liquid in porous materials is com-
monly described by the diffusion type equation [10-
16]

d,u = div (D(u) grad u). ()

This equation describes the evolution of the moist-
ure field u(x, #) by means of the moisture-dependent
function D(u), which is supposed to be a material
characteristic.

Equation (6) arises as a combination of the con-
tinuity equation '

du+divi=0 )
and the empirical equation
j= —D(u)-grad u. ®)

For a one-dimensional (or quasi one-dimensional)
situation, equation (6) reduces to

8 = 3, (D(u)d,u). ©)

Equation (7) is a universal physical law, but equation
(8) is only a commonly used supposition. Let us dis-
cuss it.

The most general form of the dependence of the

mass flux j(x, £) on u(x, t) can be expressed as
jx, 0 = fg(x’, x, U, Dux’,rydx' dr.  (10)

The integration range for x" is the whole space E3,
t € (— o0, t). Equation (10) expresses the fact that the
flux at x and time ¢ depends on the distribution of
liquid in the whole space at all the preceding times.
The properties of the actual medium are contained in
the kernel g(x’, x, ¢, ¢) of the integral operator.

The necessity of the invariance of the description
under the spacial and temporal translations leads to
a reduction of the kernel

g, x,t, ) = g(x—x",t—1). (11)
1t represents the reduction of a number of variables
in g from 8 to 4. The other reduction—to the class of
‘no memory’ materials—leads to

ixn= Jg(x—x')u(X', ) dx". 12)

If some mathematical suppositions are fulfilled, the
Taylor expansion of u(x’,r’) around the point (x, )
can be made and j(x, #) can be written as an infinite
sum of derivatives of u(x’,#). Symbolically

J(x, 1) = Au(x, t)+ B(grad u(x, 1))

+ C(grad (grad u(x, )+ ---. (13)

The coefficients 4, B,... (which are constants of a
different tensor range) are the result of the integration
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in equation (12), e.g.

B= ‘[g(f)é d¢. (14
The properties of the medium are therefore now con-
tained in those coefficients.

For a macroscopically homogeneous medium, the
A = 0 means that no fluxes are present for the homo-
geneous distribution of liquid. The most simple appli-
cable approximation of the general relation (10) is,
therefore, for a homogeneous (quasi) one-dimen-
sional liquid transport relation

Jj(x, 8y = Bd.u(x,1) (15)

where B is a characteristic constant of the material.
The demonstrated way from equation (10) to equation
(15) represents a systematic reduction of the complex
(but practically not applicable) description to its most
simple approximation. At this stage, approximation
(15) must be regarded as a hypothesis and it must be
verified in the experiments. But already the simplest
one shows that relation (15) is oversimplified. There-
fore, a systematic approach needs the reduction of
a number of simplifying assumptions. It means the
consideration of higher members, e.g. of expression
(13). But the description using higher derivatives of
experimental values is principally an uncertain one.

It follows that for the progress in the description, a
nonsystematical, ad hoc hypothesis concerning j(x, t)
is necessary. Equation (8) seems to be a very natural
one, because it conserves formally the simple form of
relation (15). Two other arguments can be used for
hypothesis (8), too.

(1) For the saturated flows in porous media under
the influence of pressure gradient, classical Darcy’s
law holds [17]

(16)

where D is a constant for a given medium. For not
too high flow rates, this relation has been amply veri-
fied both experimentally and theoretically. Relation
(8) seems to be a natural generalization of Darcy’s
law for unsaturated flows.

(2) The linearized theory of the irreversible thermo-
dynamics (Onsager) gives for the concentration flux
jo(x) of one component in a solution the relation

j=—Dgradp

(7

For liquid transport in a porous medium, the
existence of the moisture potential ¥, the quantity
analogous to the chemical potential y, is supposed.
The y-potential depends on the local moisture content
u(x,t)

jo(x) = — D, grad p(x).

¥ = y(u(x,0). (18)
The equation for the liquid flux analogous to equation
(17) can therefore be expressed in the form

ji= D,,g% grad u. 19

1111

Introduciig the definition
dy

D(u) = Du a

(20
we get relation (8) from relation (19).

The analogous ‘thermodynamical’ argumentation
applied on the simultaneous mass and heat transfer
leads to the widely used Luikov system [10, 18] of
transport equations. In this approach, the mentioned
hypothesis is transformed to the hypothesis con-
cerning the existence of the potential y.

Summarizing, we can say that equation (6) con-
tains a hypothesis which can be expressed in the
explicit way as follows. Every porous medium is char-
acterized by a specific material function D = D(u),
which controls the evolution of the moisture field
u(x, f) according in the medium to the diffusion type
equation (6).

As was mentioned in the Introduction, this hypo-
thesis has already been tested many times, but the
conclusions are not unique (only one exception is
found in ref. [19]). This uncertainty of the results can
be explained by the fact that no really satisfactory
non-destructive method for the determination of the
moisture content » was used. Therefore, the appli-
cation of NR can bring a new quality into the testing
of the mentioned hypothesis. This point will be
explained in the next section.

4. THE INVERSION PROBLEM FOR THE
DIFFUSION-TYPE EQUATION

Supposing equation (6) to be the equation govern-
ing the motion of liquid in a porous medium and D(u)
the material characteristic of this medium. For
applications, we need an algorithm for determining
D(u) from experimental data. We shall discuss this
question for one special experimental situation.

Let us have thg moisture distribution u(x, T) describ-
ing the situation in a one-dimensional semi-infinite
sample at time T (Fig. 5(a)). The conditions of the
process are

u(x,0) =0 forxe(0, o)

u(0,8) = U, for te (0, o0).

2y

The point X limits the interval of non-zero values of
the function u(x, T). It must be X < oo because of the
finite speed of the displacement of the moisture. If
the function u(x,T) represents one-to-one cor-
respondence of the interval (0,X) on the interval
(0, 4y,,,), then the function D(u(x, £)) can be expressed
as a function D(x) of the variabie x, for a fixed T

D(x) = D(u(x, T)).

Equation (6) can then be expressed in the form

(22)

o DO+ BBy = Oy, (23

The functions in square brackets are the functions of
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x. They can be gained from the experiment, in prin-
ciple. Equation (23) is an ordinary differential equa-
tion for D(x). We can get the general solution of it in
the standard way: the solution Dy(x) of the cor-
responding homogeneous equation is

c

o=

[ax u] T ’

One special solution of equation (23) is, e.g.

(24)

(25)
The general solution of equation (23) is

C+ J[é,u]r dx

D=—r—rr———, 26

oy @6

Equation (26) represents a one-dimensional con-
tinuum of solutions of equation (23) in the mathe-
matical sense. A physical condition must be applied
to choose the solution of the physical problem from
them. The condition X < oo makes only the D(u) with

lilg Du) =0 27
admissible.
In Fig. 5(a), the situation for
,l,i“} du(x, T)=0 (28)

is represented. This case is interesting due to the fact
that all the solutions apart from the physical one
diverge for u — 0. This fact can lead to an important
numerical instability in computer programs searching
for D(u) near u = 0.

Equation (26) together with condition (27) is the
exact solution of the inverse problem for equation (6),
but it may not be of practical importance, when no
experimental method can give the functions [6,u]rand
{0u)r. Especially, the function [0 is very difficult to
measure (approximate), because of the necessity of the
application of a non-destructive method for it. Usual
non-destructive methods for measuring the moisture
content [20,21] have two main disadvantages:

—accuracy not exceeding 5% ;
—too big spatial range of averaging necessary.

It seems that only NR with the sensitivity of 10~3
g H,0 cm~? and high resolution of the image (0.3
mim) is the method, in connection with relations (26)
and (27), which can be used for determination of D(u).
Together with the destructive methods of moisture
measurement [22}, the different integral methods for
the inverse problem are used. Usually, those methods
are based on Matano’s idea [23] (associated sometimes
with the names of Bruce and Klute [24]). The integral
form for D(u) does not contain the constant C’
explicitly, that is why the numerical instability men-

1113

tioned above can be disregarded and the unphysical
solution (see Fig. 5) interpreted as a physical one [25].
The most important inconvenience of the destruc-
tive methods of moisture measurement is the fact that
they limit essentially the number of situations which
can be investigated. The impossibility of making more
than one measurement during the process, leads to
the necessity to start the wetting only with conditions
(21). That is why the destructive methods do not give
the possibility to measure the D(u) for different initial
and/or boundary conditions and to test the depen-
dence of D(u) on these conditipns. Of course, the
D(u) being a characteristic material function must be
independent of initial and/or boundary conditions.
On the other hand, relation (26) can be used rather
generally, as can be seen. The only limitation is the
monotony of the distributions u(x, ¢). This fact makes
it possible for us to determine the function D(u) for
different processes and to test in this way the hypo-
thesis supposing D(u) to be a material characteristic.

5. EXPERIMENTAL RESULTS

Experiments with different porous materials were
performed. From the point of view of homogeneity
of the used structures, the materials introduced in
Sections 2.2(a)—ceramics-—and (c)-—areated con-
crete—can be regarded as limits. We do not introduce
the results for materials having the range of inhomo-
geneity of that of areated concrete. There are two
reasons for it.

—The inhomogeneities of measured distributions
u(x, £) need special mathematical management (aver-
aging) making it impossible to distinguish, what is
really an experimental result and what arises from the
averaging.

~—The range of pore diameters makes it necessary
to take gravitational forces into account by describing
the transport phenomena ; equation (6) alone is evi-
dently insufficient.

Different types of experiments were performed. We
shall discuss three of them.

~—Type L. Type I is the simple wetting of an initially
dry material from one non-insulated side which is
in contact with water—the typical u(x, f)-curves are
presented in Fig. 6(a). The corresponding D(u)
obtained by the application of equation (26) is shown
on Fig. 6(b).

—Type II. After some time developing the moisture
distribution like in type I, the sample is insulated
completely. The redistribution of the liquid in the
insulated sample is investigated. The typical u(x, £)-
and D(u)-curves are presented in Figs. 7(a) and (b),
respectively.

To compare the results obtained from types I and
IT experiments, respectively, we introduce both D(u)-
curves once more in one picture (Fig. 8).

—Type I11. Type III experiment is drying of initially
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completely saturated material. A typical result is pre-
sented in Figs. 9(a) and (b). We see that D(u) for
drying differs dramatically for different times of the
same process.

6. DISCUSSION

Summarizing the results of the preceding section,
we see that it is not possible to consider the effective
diffusivity D(u) to be a characteristic constant of the
material—it depends strongly on conditions in which
the process develops.

For the description of liquid transport in porous
media, two possible ways can be followed :

—the application of equation (6), but with different
functions D(u) for different boundary conditions;

—construction of an alternative model ; this model
should have the characteristics (preferably constants)
independent of external conditions and of the type of
process.

The latter possibility will be discussed shortly. The
physical cause of the fact that the different effective
diffusivities correspond to different boundary con-
ditions can be explained by the different transport
mechanisms composing the summary transport
phenomenon. They react in a different way on the
changing of boundary conditions. By constructing a
conceptual model, it is therefore necessary to describe
the resulting flux j(x) as a sum of partial fluxes j,(x)
corresponding to the specific mechanisms and having
a specific reaction on different boundary conditions.

This way the description can be expressed in the

form of system integro-differential equations with the
desired generality. We shall limit ourselves to one
special example of this approach.

In this model, two transport mechanisms are con-
sidered—the capillary transport (mechanism A) and
the diffusive transport (mechanism B). The main
feature of the model is to separate not only fluxes A
and B, but also the corresponding liquid contents u,
and ug. This fact must be compensated by introducing
a source term into the equations. This term makes the
interaction of the two transport mechanisms possible.
In the (quasi) one-dimensional situation, the flux A is
determined by the fact that inflow A into the sample
is given by

Ja(0,0) = ealla(e))™ (29

where /,(¢) is the range of the connected moistured
area A in contact with the boundary. Flux B is deter-
mined by the equation

Jo(x, 1) = ~cg O,up(x,1). (30)
The continuity equations hold separately for A and B
E2))
(32

The source term s, is supposed to have the simple
form

al“A (xy t) == axjA (X, t) - SAB(xo t)

Oug(x, 1) = 0, jg(x, D) +5as(x,2).

San(x, £) = F(up(x, 1))

for non-zero values of u,(x, 7).
Numerical experiments show that already this
simple two-mechanism (AB) model with suitable

(33)
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function F, can qualitatively well reproduce the results
of all three types of experiments (I, II, IIT) mentioned
in Section 5 by means of a set of 4-6 constants, which
can be regarded as material characteristics. An ex-
ample is presented in Fig. 10. For the introduced
simulations, the term s,5 (33) has the form

San(x, ) = dap* (Upmex — Us(x, 1)) (34)

and every connected moisture area A loses its moisture
simultaneously. In this example, four independent
constants are used. Model AB (and the analogical
ones) is developed with the intention to characterize
actual porous material by a simple set of constants,
which determine fully the comportment of it—at least
for some classes of applications.
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DESCRIPTION DU TRANSPORT DE LIQUIDE DANS UN MILIEU POREUX—UNE
ETUDE BASEE SUR DES DONNEES DE RADIOGRAPHIE NEUTRONIQUE

Résumé—L’approche la plus utilisée dans la description du transfert de liquide dans les milieux poreux

est basée sur son analogie avec le mécanisme de diffusion. Elle introduit une diffusivité effective D(u) qui

dépend du contenu en humidité w. A partir de données expérimentales obtenues par radiographie

neutronique, on montre que cette fonction D(u) ne peut étre regardée comme une caractéristique matérielle

d cause de sa forte dépendance vis-d-vis des conditions initiales et aux limites. On discute différentes
possibilités de description du transport d’humidité.

BESCHREIBUNG DES FLUSSIGKEITSTRANSPORTS IN EINEM POROSEN MEDIUM
AUFGRUND EINER UNTERSUCHUNG MITTELS NEUTRONEN-RADIOGRAFIE

Zusammenfassung—Die gebriuchlichste Betrachtungsweise bei der Beschreibung des Fliissigkeitstrans-

ports in porésen Medien beruht auf der Analogie mit dem DiffusionsprozeB. Dabei wird die effektive

Diffusivitit D(u) in Abhingigkeit vom aktuellen Feuchtigkeitsgehalt u eingefiihrt. Auf der Grund-

lage von Versuchsergebnissen, die mit Hilfe der Neutronen-Radiografie gewonnen worden sind, zeigt sich,

daB diese Funktion D(u) nicht als Materialeigenschaft betrachtet werden darf, Dafiir ist sie zu stark von

Anfangs- und/oder Randbedingungen abhingig. AbschlieBend werden alternative Mdéglichkeiten zur
Beschreibung des Feuchtetransports diskutiert.

OITMCAHME NMEPEHOCA XHAKOCTH B MMOPHCTBIX CPENAX—HUCCAEQOBAHHUE HA
OCHOBE JAHHBIX HEATPOHHON PARMOTPA®HH

Amsoraups—HaunGonee wacTo nmpameHseMuill NOAXOA K .ONMCAHMIO MEPCHOCR XMAKOCTH B MOPHCTHIX

cpenax Gasmpyercs Ha ero anasoruu ¢ uddylnonusiMu npoueccamu. IIps arom spoanTcs 3dpdexTHB-

Huil x03pdument auddy3nn Du), 3apHCRIIME OT HCTHHHOTO Biarocoaepxanns u. Ha ocrose sxcniepn-

MCHTANBHRIX JAHHBIX, MOJNYYCHHBIX MeETOOOM HeHATpoHHo#i pammorpadum, noxa3aHo, YTO AaHHAd

dyaxuns DNu) He MOXET CYHTATLCK MAaTEPHANLHON XapakTCPHCTHKOR B CHITy ¢¢ CHIALHOR 3aBHCHMOCTH

OT HAYANbHWX M/WIH IPaHHYHBIX yciosaiA. O6CyXIa10TCA ANbTEPHATHBHBE BO3MOXKHOCTH OMHCAHHA
Biaronepesoca.



