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Abstract. This paper demonstrates the application of the inverse
problem for calculating diffusion coefficient distribution into a
porous cylindrical sample in a one-dimensional case. The work
mainly aims to adapt a well-known diffusion equation with boundary
conditions to obtain humidity profiles experimentally in porous
samples. Empirical equations for diffusion coefficients according to
humidity distribution are also reviewed. The main focus of this paper
is concentrated on the proper interpretation of water vapour
diffusion in coordinate and time dependencies. For this reason, the
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INTRODUCTION

Investigation of concrete ceramics is essential for
understanding humidity migration into the po-
rous media according to the classical behaviour
of sorption isotherms or retention and drainage
curves. It is well known [1] that the behaviour of
the sorption curve according to experimental da-
ta [2] is reminded of the well-known Type IV
sorption isotherms described by [4]. Also, work
[1] demonstrated how the structural parameters
of a porous body can be obtained according to
drainage or retention curves. The primary pur-
pose of this work refers to the calculation of dif-
fusion properties of the water vapour component
of the gas mixture in the porous sample of con-
crete-like composite ceramic under the condition
that experimental data [2, 3] for distribution of
water saturation corresponding to the pore satu-
ration by liquid at isothermal condition is known
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averaged quantities are introduced.

Keywords: porous media; inverse problem; water vapour diffusion;
computation methods.

from experimental or computer simulation data.
This method, which refers to inverse mathemati-
cal problems, is first defined by the works [5, 6,
7] and classified as an ill-posed problem. Their
solution does not satisfy the general require-
ments of existence, uniqueness and stability un-
der small input data changes [8]. The inverse
method has been used successfully to determine
the thermal conductivity in heat conduction
problems [9, 10]. Since the governing equations
for heat conduction and moisture diffusion are
the same, it is only natural to use the same pro-
cedure to investigate the diffusion coefficients in
the cellular concrete ceramic's moisture resorp-
tion or desorption process. In all cases, the gov-
erning equations must be correctly formulated,
and boundary and initial conditions must be used
to fully describe the diffusion processes at the
fixed external conditions into the environment.
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Investigation object. Let's consider the porous
cylindrical sample (Figure 1) of the height h,
which is prepared on the base of cellular con-
crete. The sample was immersed in water until
equilibrium hydration was reached under nor-
mal conditions.

Comyecine Flow
-ﬁ

P

| Thermiosts

Figure 1 - Schematic representation of convective
drying of the porous cylindrical sample

The lower plate surface of the cylindrical sample
is tight and placed on the horizontal thermostat
plate with a fixed temperature equal to the same
value as the temperature of the ambient envi-
ronment. The corner of the sample is wrapped in
foil to prevent mass and heat transfer through
the cylindrical surface. The upper surface is ap-
plied to the conditions of convective drying with
a fixed value of the velocity of surface flows
formed by hot air.

RESULTS AND DISCUSSION
Diffusion equation introduction

According to work [5, 6], the differential equation
which describes the desorption or resorption
phenomena into a porous sample of the water
vapour component of the gas mixture in terms of
a one-component linear diffusion problem at iso-
thermal conditions may be represented in the
form.

aC,(z,t) B
at

=2 (D(C; 1)) (0 < z < Bt > 0), (1)

where C,(z,t) is the linear concentration of wa-
ter vapour along zaxis under (Figure 1) condi-
tions of earth gravity, D (C,; ¢, T) is the varying in
the coordinate z and time tdiffusion coefficient of

Section “Engineering, Manufacturing and Construction”

water vapour in the porous sample, ¢ and t are
the averaged porosity and touristy of the perme-
able body, h is the height of the porous sample.

Let the initial conditions be
C,(z,t) =C2 (0"z"h,t =0)

and boundary conditions look like

D(Cyi b, )66 (2, t)
=a[CE™ — C,(z,t)](z = h,t = 0),

where «is the mass transfer coefficient, also
named surface emission [7], CQ and C¢™"are val-
ue of initial and external concentration of water
vapor into ambient environment.

We assume that mass transfer under isothermal
conditions may occur only in the radial direction
perpendicularly to the sample's upper or lower
horizontal surfaces (Figure 1).

We are considering the porous body as a compo-
nent media consisting of the porous skeleton as a
solid phase, non-adsorbed free water and a two-
component gas mixture of water vapour and dry
air into the porous space of the rigid skeleton. At
this assumption, we can review [11, 12] the con-
centration of water vapour in porous media as a
function of liquid pore saturation by relation

= ¢(1 —nw)py, (2)

where p¢ =p,M,/RT and p, = @p,s(T) are
density and partial pressure of water vapour into
the gas phase here p,¢(T) is saturated water va-
pour pressure as a function only of thermody-
namic temperature and ¢is relative humidity of
dry air in a porous sample.

We assume that the pore saturation by liquid
nw = Nw (e, T) is depends only on relative hu-
midity and thermodynamic temperature. So, in
general, we may represent the water vapour
concentration in the form of a relation.

G, = Cv(nw) = Cv((/)' T). (3)

Below is the equal transformation of relation (2)
according to assumed (3) assumption, which let's
define
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C, = ¢l1 — 1 (o, T 222D . @)

Also, it follows from Daltone's [12] law what
pe = pS + p&, here pg is the gas phase density as
a two-component non, non-interacted ideal mix-
ture of water vapour and dry air. As was men-
tioned

pe = == LoPus(TIM,, + {Ps = opys(TIMg}], (5)

here M,, and M, are the constant molar mass of
water vapor and dry air in gas mixture.

It follows from above.

pyv = 9pys(TOM, /RT (6)
and
pa = (P — ¢pys(T)M,) /RT, (7)

here p, and p, are the partial densities of com-
ponents of gas mixture.

Local averaging method

Accordingly to the method of local spatial averag-
ing [13], let's define the total physical volume of
averaging as

AVSPL = AVS+AVW+AVG, (8)

where AVsp, is the elementary volume of averag-
ing known as R.E.V (Representative Elementary
Volume), AV, here o = {S,L, G} is the index of
solid (S) as a hard skeleton, liquid (L) as water
and (G) as gas phases.

From relation (8), we can define local volumetric
porosity as

AVs AV +AVg

=1-5 = . ©

AVspl AVsplL

Also, relative to (9), we can introduce the volume
pores saturation by liquid and gas via relations.

vy Avy
T AVw+AVe  $AVspL

Nw

andn, = ——¢_ = 4% (10)

AVy+AVG  ¢AVspL
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in such way that equality ny,, +1n; = 1 is satis-
fied.

It is not hard to estimate that due to relation (9)-
(10), we can represent the local quantity for the
volumetric concentration of water in pores as:

ACy, =W — WAV — iy, (11)

AVspL AVspy,

here py, is constant density of water into the in-
compressible state. From the last relation, the
local concentration of the gas phase takes a simi-
lar form.

am Am,,+4Am
ACG =AC, +ACy = ——=—"—"=
v AVspL AVspL
pPcAVg _
AVspL bpcNe-

Because p; = pS+pS and ny +n; = lthe
equality (11) gives us the concentration of gas
mixture component by the following relations

Am,, AV

AC, = —AV’;‘” = —’jwspf =¢(1—nw)pl  (12)
and

AC, =" — PalVe _ 41—, )pS,  (13)

AVspL AVspL

where p$ =p, M,/RT and p§ =p, M,/RT is
the partial density of water vapour and dry air in
the gas mixture.

If isobaric conditions is satisfied, we can assume
AV, = AV, = AV, so the volume concentration
of water vapour can introduced as

AC, = ¢(1 —nw)py

= ¢(1 - ) =Dy, (14)

here p, = ¢p,(T)is a well-known relation,
where p, (T) is the water vapour saturation
pressure, and ¢ is the local quantity of relative
humidity.

Comparing (12) with (3), we conclude that local
value concentration has been defined previously
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properly or correctly. So, given the difference Gz _ (z=0,t > 0); (16)
from equal equations (4, 13), we receive rela- 0z

tons. D(Cyi$ D) = a(CS = ).z = ht 3 0

%=¢—””(?“V{[ —n(@)] - p52}5E -
$[1— (@) 2{pys(1) - T %}%Z—Q (15)

here z is the coordinate into the above-
mentioned differential form.

Negligible the last part differences in the equa-
tion above under isothermal condition we obtain

= p{l1-n@] - e (16)

RT 93X
where the non-isothermal condition is consid-
ered, it is possible to represent equation (15) in
the more general form

9Cy(z0) a¢(z D | kr(®T) IT(z,0)
—— =Dy (&, T) . (14)
where
vs(T)My an(e)
D,(,T) = g 22 [1 - ()] - 9 52}
and
MV

kr(z,6) = p[1 = (@) 22 {pys (T) -

9pvs(T)
s

is the mentioned in (14) moisture diffusivity and
thermo diffusion coefficient, respectively, in the
case of the water vapour density slowly varying
with temperature or, in other words, far from the
temperature of phase transition.

General equations formulation

In general, under isothermal conditions, we may
collect necessary relations [5, 6] for resolving a
one-dimensional inverse problem in terms of wa-
ter vapour concentration as a component of a gas
mixture in such way:

I. Diffusion equation

aC,(z, t)
ot

(0<z<h) (15)

0 (D(Cv,gb )GC (2, t))

[I. Boundary conditions
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[11. Initial conditions

C, =C° (0<z<ht=0), (17)

May be considered as far as possible to possibili-
ties: 1. C.?" > C, is the desorption case; 2.
C.% < C, is the sorption case, whereC, " is the
concentration of water vapour in the ambient
environment, C is the corresponding to initial
concentration at the zero time moment.

Empirical equations for diffusion coefficients

Let's focus on the known expressions in the liter-
ature [14, 15] for diffusion coefficients, which
may be applied to the abovementioned relations
(15). According to the ground of molecular-
kinetic theory [14], the effective coefficient of
molecular diffusion for water vapour or dry air in
porous non-saturated media depends not only on
the structural parameters of the material but al-
so, according to [15] equation on temperature
and dynamical viscosity components of the gas
mixture. The works [16,17] review a half empiri-
cal relation for such diffusion coefficient in a two-
component mixture's standard temperature and
total pressure interval. It can also be applied to
describing the drying process under convective
conditions.

For illustration of transport properties of water
vapour or dry air in the porous sample, the clas-
sical Burger [19] diffusion coefficient is used by
the following expressions

0(z,t)g

B
k—0(z,t)o(k—1) Da. (18)

DP=

where Dj is diffusion coefficient of a-component

into the porous skeleton and Df is mutual diffu-
sion coefficient for a-component of the mixture
(@ = v is water vapour) into a f-component of
the mix (f = a is dry air) accordingly,d, is the
volume fraction of diffusion components, and k is
the constant structure parameter, so the diffu-
sion coefficient looks like
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D(zt) ==Dp ==

T

fsDy, (19)
where

fs = (@)X =np)/[x = (@)1 — 1)1 —x)]

is a correction to diffusion joined with wetting of
pores, DY is the diffusion coefficient of water va-
pour in dry air, 7 is the tortuosity factor and kis
an unknown parameter which characterizes the
properties of the porous material.

According to the [20] model, it is possible also
define the effective diffusion coefficient D, for a-
component in the pore of investigated material
as

910/3 ,3
Dp = (‘;TD“' (20)
here Df is the coefficient of mutual diffusion for
a-component (water vapour) into ff-component
(dry air) and 6, is the volume fraction of a-
component for diffusion, from it is follows

Dp = <<P)4/3(1 - 77L)10/3D3' (21)

here D is the mutual diffusion coefficient of wa-
ter vapor into the dry air.

Relative velocity of gas mixture component usj
and uj according to the definition of molecular
Fick's [18] diffusion flow, changing during po-
rous material wetting is also essential. So, for
components of a gas mixture on the cross surface
of porous material by meaning [20] (20) diffu-
sion coefficient, it is possible to select the effec-
tive constituent of diffusion D¢ and D¢ for water
vapour (v) and dry air (a) components accord-
ingly. In such case

D(zt) = 2Dp = D, = Dy, (22)
D_v — %ng D_a — (¢)(1—UL) D}()l, (23)
where LT MLEADE 1=, /2D
v _ 1/3 D¢ = 1/3
(@) (@)

is constituted of diffusion coefficient by water
vapour (v) and dry air (a) into the dewy porous
material.
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The empirical approaches corresponding to
mathematical relations (19) and (23) unfortu-
nately can not describe the entire distribution of
diffusivity in the coordinate z and time ¢t in the
case of when the dynamic changes of humidity
@ = @(z,t), temperature T = T(z, t) or pressure
P; = P;(z,t) Profile in porous media is known
from experimental data or obtained from numer-
ical simulations. So, resolving the inverse prob-
lem to get the diffusion coefficient distribution in
the porous sample is one of the main essential
methods to determine the diffusivity properties
of the investigated porous material. We will con-
sider the necessary steps to mathematically re-
solve the inverse diffusion problem in the follow-
ing sections of this paper.

Numerical approaches for finite difference method

The main idea introduced by the works [5-7] in
the inverse method is searching for diffusion co-
efficients in equations (15-17). It consists of the
numerical resolution of the differential equation
(15) using the finite difference method.

For this purpose, let half specimen heath of h to
be discretized with mesh with Azin the space and
At in the time direction with grid points for co-
ordinate Az; = jAz(where j=0,1,...,n) and
time t; = i * At(where i = 0,1,2,...). The proce-
dures described below will assume that
C,(z, t)are known at grid points {zj, ti}.

According to the finite difference method, the
numerical solution of the diffusion equation (15)
in the matrix form looks like

Ad = b, (24)
where 4 is the three-diagonal square matrix

Q0,0 Q0,1

aljo al’l a2,1 .
A=l . . - . : - | (25)

-An—1n-2 An—1,n-1 An-1,n

an,n—l an,n i
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_do_ _bO_

alsod = and b =

d, ] b, ]

are the vectors of unknown diffusion coefficient
values and time derivatives from water vapour
concentrations.

a. At the upper surface greed point with z = z,
and t = twe have

B 2C,(zot) — ,
P00 = l3cv(z1 £) +C,(2, E)l/ 425,
ao1 = [—Cy(20F) + Cy(2.,0)]/4 2%, (26)
Cy(zo,F + 4t) —
Do l Cy(20F — At) /24t

b. At the internal grid point with
z=2z;(0 <j <n)andt = twe have
%j-1 = [C(%-1,8) = G (540, 1) ] /4 2%,
_ l CV(ZJ+1’ f) -
aj,j =4 - -
2C,(zj,t) + Cy(zj-1, 1)
Co(Zj41,F)

Q41 = [ - l/Az
) ZZ[CV(Z-,E+At) l/

4 C,(z,t — At)

l /Az%, (27)

c. At the lower grid point with z =2z, and t =
twe have

_ Cv(zn—b E) _] 2

a;j = [ C,(z,, ) /AZ ) (28)
_[Cy(zy, t + AL) —

b =1 ¢, Gz £ — at) |/24¢

As was mentioned in works [6, 7], the small
changes in vector b may result in significant
changes in the numerical solutions by finite-
difference equations (25-27) depending on the
degree of the ill-conditioning property of the
three-diagonal matrix (24). Therefore, accurate
data generation can not be overemphasized
when applying the inverse technique.
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The input data for the computation of the inverse
diffusion problem

The works [3] obtained the primary experi-
mental data for the classical building material,
cellular concrete ceramic. The experimental or
numerical results have been determined in the
porous cylindrical (Figurel) sample of height
h = 0.01[m] with averaged porosity ¢ = 0.70
and tortuosity factor T = 4 under averaged (Fig-
ure 2, right image) constant temperature T =
301.5(K). The external environment outside the
sample was supported by continuous room tem-
perature T,,,, = 320.15[K] and normal ambient
P; = 101325[Pa] atmospheric pressure. For
numerical simulation in the work [3] on the up-
per surface, it was suggested to put the constant
mass a = 0.015[m/c] and heat (8=
15[W /(m?K)]) transfer coefficients by the men-
tioned numbers under ideal (¢ = 0|z = o) dry-
ing conditions.

Let's review (Figures 2 and 3) the computer sim-
ulation results of heat and mass transfer due to
work [3] under convective drying conditions of
the horizontal cylindrical porous sample pre-
pared on the base of cellular concrete ceramic.

SATURATION TEMPERATURE [K]

322
09 \\ \ 320
Bl \\ \\,
07 \ 316
\ [\ \ a4
06
VAW
05 \ \
310
ol N
S 308
~=—0 min
03 ~o~30 min 306
——60 min
02 ‘ | ——90 min 304
|~ 120 min
0.1 —+—150 min 302
—=—180 min
o 300
0 0.002 0004 0008 0008 001 o 0002 0004 0006 0008 001

HEIGHT [m] HEIGHT [m]

Figure 2 - Depiction of computer simulation results

for cellular concrete, ceramic cylindrical sample in

terms of pore saturation by liquid (left image) and

temperature (right image) as a function of sample
height

As depicted (Figure 2, left image), the classic ex-
ample of pore saturation by a liquid relative to
the sample height was received, not critical
change temperature (Figure 2, right image) pro-
file under drying conditions. The gas pressure
profile was also reproduced during computer
simulation [3] (Figure 3).

It follows from such results of computer simula-
tion of the drying process that the thermodynam-
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ic state of the gas mixture can be reviewed under
near isothermal and isobaric conditions, so de-
pendencies.

T =T(zt) and P; = P;(z,t), in general, can be
neglected.

Of course, work [3] has resolved a more general
problem [11, 12] when the diffusion equation
describes moisture and temperature transport.
The limitation of using such equations [12],
which are similar from a mathematical point of
view, is the correct definition of heat sources and
evaporation rate.

PRESSURE [Pa]

105000
"
104000 \

- EEEEY

102000 /’ N
|
101000 o —=-0min
— / ~o-30 min
——60 min
20000 4 ~+—90 min
/'. —a— 120 min
o —+— 150 min
—e— 180 min
29000

0 0.002 0004 0.006 0.008 0.01
HEIGHT [m]

Figure 3 — Depiction of computer simulation results
for cellular concrete and ceramic cylindrical samples
regarding gas pressure as a function of sample
height

Because it is outside of this paper, we may as-
sume that the same dependence of pressure for
gas mixture exists due to the evaporation of wa-
ter into the pores of the sample. Still, the changes
in pressure, as shown in Figure 3, are not essen-
tial for the mentioned porous material under
convective drying conditions. The thermal effects
due to evaporation, which are reviewed in work
[3] not only as a source of heat but also as by hy-
dration or dehydration enthalpy change is also
neglected in this paper according to an assump-
tion that main transport (Figure 2) on the body
surface is moisture diffusion.

The main distribution (Figure 2, left image) ob-
tained during the described work [3] computer
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simulation can be transmitted to the form of rela-
tion (Figure 4, it is the second curve from the left
side of the selected material) between pore satu-
ration by liquid 7, and effective radius 7 of pores
(n, = n.,(7) as depicted below.

RELATIVE HUMIDITY [%]
0.00% 0.01% 40.98% - 91.46% 99.11% ©99.91% 99.99% 99.999% 99.999  100.00

100% r
[T TR
il d il 11|

90%

SATURN !%N (i3]
i

|
i

80%

I | | Il
il | HIL | T
il If il I
70% +—— ¢ - ‘;1 ;‘H! [';l ‘:‘;W\
| i | | | Il
60% ! I >; ! | il H"
50% .‘f | L L ] I L {l I LU
1T kil Iz R T
L ! | = ~ Ll | -
7% Bl Tl ——cogla SM
0% (i —=—beton zwykly |
“‘ T | —+— beton komérkowy . [[1[[}
20% H L ! —e—hist. cegla SMI |
] | | I » T
10% +— I I il R m"‘: il
i i :
0% —Ll [T T TIT 0

1E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E06  1E-05 1.E-04 1.E-03 1.E-02
. EFFECTIVE PORE RADIUS [m]

Figure 4 - Depiction of computer simulation results
for cellular concrete, ceramic cylindrical sample in
terms of gas pressure as a function of sample height

here # = 1/R; + 1/R, is defined by radii R;and
R,to the averaged meniscus between the water
and gas phase in radial and tangential directions
[4] correspondingly) from which we can obtain
by [4] relation ¢ = exp[—(M,p,RT)/(20/7)]
more general dependence 1, = n,(¢) as it's de-
picted below.

1.0
ne

0.8  mem  ©xperimental or computer simulation
— UMeric al approximation

0.2 04 0.6 0.8 1.0

Figure 5 — The central dependence of pore liquid
saturation by water from the relative humidity of dry
air and air-gas mixture

Using the first good approximation by the rela-
tion

ag(1—x) +by/(1 —x)+co/(1 —x)*+
do/(1— x)* (29)

where  ao = -0.015, a,=0.015, by =
0.000001and d, = 0.0000001 is the constant
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numerical parameter we can reproduce (Fig-
ure 2, left image) corresponding to the coordi- H
nate (Figures 6 and 7) relation for the distribu- o
tion of pore saturation by liquid.

0.6}

0.4}
0.8f

0.2}

(i)
0.6} . . . ‘ _ _ _
1 2 3 a 5 6 7

0.4}

O[min|
0.2} == 30[min]

s 90| min]

— ] 50| min ] S
— 1 80| min )] h[m]

0.002 0.004 0.006 0.008 0.010

Figure 6 — Dependence of pore liquid saturation by
water from a height of porous sample

0.8f
0.6f

0.4}

Olcm| we— (.4|cm]

0.2} 0.1[cm] 0.5/cm| 0.8(cm] P
0.2)cm)] 0.6[cm] 0.9/cm]

0.3(cm] 0.7(cm)] s 1.0[cm]  1[C]
50 100 150

Figure 7 — Dependence of pore liquid saturation by
water from time of drying at various horizontal
surfaces of the porous sample according to
coordinate greed points

It is important to remark that the initial value of
pore saturation by liquid is not essential for the
numerical solution of inverse problems. So, the
same mistake in the approximation relation (29)
is possible (Figure 1) within reason.

From obtained via experimental or numerical
data [3] approximation (29), it is easy to estimate
averaged over time and coordinate graphs ac-
cording to the procedure of discretization in the
time At = 30(min) and space 4z = 0.01(m) in-
tervals.
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Figure 8 - Dependence of averaged by time pore
saturation by liquid on the time-space greed

0.8} iy

ne

0.6}
0.4}
0.2}
(i)

2 4 6 8 10

Figure 9 - Dependence of averaged by coordinate
pore saturation by liquid on the coordinate space
coor greed

Numerical analysis of experimental data

From the experimental or numerical simulation
data [3] (Figure 3), we also can obtain what, av-
eraged by the height of the sample, the total
pressure of the gas mixture (Figure 10) really can
not change significantly.

104000} Ps

103000

102000 F

101000

y Lo

0.002 0.004 0.006 0.008 0.010

Figure 10 - Changes averaged by the height of
sample total pressure during the drying process
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So, under usage, the average value of total pres-
sure P; = 101672[kPa] we have, according to
(12)-(13), the following graphical dependencies
(Figures 11 and 12) for the concentration of wa-
ter vapour and dry air in the porous sample,
which follows from the essential known depend-
ence (Figure 5) of pore saturation by liquid from
relative humidity.

As depicted in Figures 11 and 12 below, there is a
natural behaviour of dependencies according to
which the concentrations of water vapour in-
crease and dry air decreases with a magnification
of relative humidity. Let's denote that in the vi-
cinity close to the saturation value of relative
humidity, the concentration of water vapour is
decreasing strongly, which may be due to pro-
cesses of condensation of water vapour.

0.025} ¢, ["i]
c

0.020 /\\

0.015}

0.010f

0.005} numerical approximation

e €X PErIMental or computer simulation

0.2 0.4 0.6 0.8 1.0

Figure 11 - Concentration of water vapour as a
function of relative humidity

| o]

0.75}F

0.70f

0.65} numerical approximation

s €Xperimentalor computer simulation

0.2 0.4 0.6 0.8 1.0

Figure 12 — Concentration of dry air as a function
of relative humidity

Based on the general dependence (Figure 5) with
the usage of experimental data and approxima-
tion by relation (29), we can illustrate the theo-
retical approaches for diffusion coefficients into
the [19] ((18)-(19)) or [20] ((21)-(22)) repre-
sentation in the denotation of water vapour and
dry air (23) respectively. The results can be ob-
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tained through simple calculations, as depicted in
Figures 13 and 14.

6.x107°
5.x10°} D
4.x10°}
3.x10°}
2.x10°} . . _

experimental or computer simulation
1.x108} numerical approximation

P
0.2 0.4 0.6 0.8 1.0

Figure 13 - Theoretical approach for [19] diffusion
coefficient at k = 0.28 delivered by experimental
date and numerical approximation.
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3.x 10-6 u Burger
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2.x10° } g .

> D,
1.x107° } D,

0.2 0.4 0.6 0.8 1.0

Figure 14 - Theoretical approach for [20] diffusion
coefficient by effective constituents of dry air (a =
a) and water vapour (@ = v) for gas mixture
components

To compare different theoretical diffusion ap-
proaches, we collect the phenomenological
graphical relations based on the [19, 20] diffu-
sion models in one graph (Figure 15), as shown
below.

6.x10°

Q|
]

5.x10°

4.x107°}

a=a (dry air)
a=v (water vapor)

3.x10°}
2.x10°F

1.x10°}

0.2 04 0.6 0.8 1.0
Figure 15 - Comparison between different theoretical

phenomenological models for a description of the
diffusion coefficient into porous media
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Let's stop on the central relations for averaged
over the time (Figure 16) and space (Figure 17)
diffusion coefficient defined by [19], which, due
to the graphical representation of average over
time (Figure 8) and coordinate (Figure 9) pore
saturation by liquid looking as

52x107%}
5.x1075}
4.8x107%}

46x10°E

50 100 150

Figure 16 — Averaged over time, the theoretical
diffusion coefficient as a function of time

1.8x107°F
1.7x10°°F
1.6x10°F
1.5x107°F
1.4x107%F

1.3x10°5F

0.002 0.004 0.006 0.008 0.010

Figure 17 - Averaged over coordinate the theoretical
diffusion coefficient as a function of coordinate.

The picture below does not claim to be complete
because an empirical relation was used for the
diffusion coefficient (19), which does not point to
the natural process of humidity migration into
porous samples. It was obtained from experi-
mental or numerically simulated data [3], in
which the assumption of isothermal conditions
generally have a form depicted in Figures 6 and 7
for coordinate and time distributions, respective-
ly. This relation can not reflect the distribution of
the absolute diffusivity value in a porous body
because it was aligned to known empirical mod-
els for diffusion coefficients, as shown in Figure
15 in the previous graphs.

At the end of this section, let's demonstrate (Fig-
ure 18) the average over-height of the sample
change of relative humidity from drying.
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t

0 50 100 150

Figure 18 - Change of averaged over the height of
sample humidity in tine

As a result of extrapolation of essential relation
n, = 1. (#)[3] (Figure 2, left image) for relative
changes of pore saturation by liquid from aver-
aged liquid meniscus radios.

Numerical solution of inverse diffusion problem

Just now is the time to understand the scientific
material demonstrated above to outline the main
results of this paper. For this purpose, we
demonstrate a numerical solution of matrix (24)
using the numerical data described below in the
following graphical relation.

0.0001} 3
D —_— Omlln
30min
0.00005k p‘,.f'"% s 60MiN
\ ! -
ppm—y A e —_—
2 \vi 4 v e\/\%{
-0.00005} M — i
Y s 120miin
150min
-0.0001} 180min

Figure 19 - Solution of the inverse problem for
diffusion coefficient as a function of height of sample
into the coordinate greed point at different points of
time

From the first point of view, it is something in-
comprehensible. A question immediately arises:
perhaps something is wrong with the selection of
the coordinate axis? However, look at the graphs
(Figures 20 and 21) below in a different view ac-
cording to the abscissa.
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0.0001

0.00005

-0.00005

Figure 20 - Solution of the inverse problem for diffu-
sion coefficient as a function of pore saturation by
liquid of sample at different points of time

0.0001¢

0.00005}F

-0.00005}

Figure 21 - Solution of the inverse problem for
diffusion coefficient as a function of relative humidity
of the sample at different points in time

It follows from the above groups (Figures 19, 20,
21) graphical dependencies that local averaged
[13] mesoscopic properties of porous media are
unsuitable for describing the diffusion properties
of a porous sample in macroscopic (15-17) diffu-
sion equations.

To adequately describe macroscopic diffusivity
properties of porous media, it must average over
time or coordinate the shoved below dependen-
cies. Based on known graphs (Figures 19, 20, 21),
we receive the complete solution of the inverse
diffusion model in the form.

The inverse problem (Figures 22 and 23) for
searching for diffusion coefficient in a humidified
porous sample can be considered fully resolved.
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Figure 22 - Averaged over the sample diffusion
coefficient height as a time function
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Figure 23 - Averaged over time of drying diffusion
coefficient as a function of the height of the sample

CONCLUSIONS

The main conclusion in this paper can be re-
ceived with an understanding of the proposed
logical chain. First, we must know or obtain in
another version the uniqueness of Lets empha-
size that this is not unique and is also an essential
macroscopic characteristic of a porous body.
Second, one-dimensional equations due to the
local averaging method can only be considered in
terms of relative humidity distribution in porous
bodies. The input data in resolving inverse diffu-
sion problems (25) can be obtained by concen-
tration profiles (12)-(13), as it is shown in Fig-
ures 11 and 12, respectively. Third, the obtained
by of the ill-conditioning property of the three-
diagonal matrix (25) distribution of the diffusion
coefficients through time and coordinate can not
sense into the macroscopic scale, so only aver-
aged quantities of diffusion coefficients can be
applied to macroscopic (15-17) diffusion equa-
tions. There is also an exciting effect in the limita-
tion of diffusion coefficient values (Figures 20
and 21) near small values of liquid saturation,
which corresponds to the existence of the lover
limit of humidity into pores due to the starting of
the adsorption process or existing residual satu-
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ration [1] in the form of adsorbed water. The
change of sign is not entirely justified in the aver-
aged quantities of diffusion coefficients but may
correspond to the opposite action of suction and
gravity effects. With limited access to complete
experimental data, the averaged results (Figures

REFERENCES

22 and 23) are not as plain as you would like.
However, this work solves the general problem
of equalizing a porous body's corresponding in-
put physical characteristics in the diffusion equa-
tions in the first approximation.

1. Holubets, T. (2016). Investigation of the structural properties of porous material according to the
sorption isotherms and drainage curves. Mathematical Modeling and Computing, 3(1), 23-32.

doi: 10.23939/mmc2016.01.023

2.Dal Pont, S., Durand, S., & Schrefler, B. A. (2007). A multiphase thermo-hydro-mechanical model for
concrete at high temperatures—Finite element implementation and validation under LOCA
load. Nuclear Engineering and Design, 237(22), 2137-2150. doi:

10.1016/j.nucengdes.2007.03.047

3. Gawin, D. (2000). Modelowanie sprzezonych zjawisk cieplno-wilgotnosciowych w materialach I
elementach budowlanych [Modelling of combined heat and moisture phenomena in building
materials and components]. Lodz: Politechnika Lodzka.

4. Gregg, S.]., & Sing, K. S. (1982). Adsorbtion, surface area and porosity. London-Toronto: Academic

Press.

5.Liy, J. Y, Simpson, W. T., & Verrill, S. P. (2001). An Inverse Moisture Diffusion Algorithm For The
Determination Of Diffusion Coefficient. Drying Technology, 19(8), 1555-1568. doi: 10.1081/drt-

100107259

6. Liy, J. Y, Simpson, W. T,, Steve, P., & Verril, S. P. (2000). An inverse moisture diffusion algoritm for the
determination of diffusion coefficient. Proceedings of the 12t" International Drying Symposium.
Retrieved from https://www.fpl.fs.usda.gov/documnts/pdf2000/liu00a.pdf

7.Simpson , W. T. (1993). Determination and Use of Moisture Diffusion Coefficient to Characterize
Drying of Northern Red Oak. Wood Science and Technology, 27(6), 409-420.

8. Ozisik, M. N. (1993). Heat Conduction (2nd ed.). New York: John Wiley and Sons.

9. Chen, H.-T,, Lin, ].-Y., Wy, C.-H., & Huang, C.-H. (1996). Numerical Algorithm For Estimating
Temperature-Dependent Thermal Conductivity. Numerical Heat Transfer, Part B: Fundamentals,
29(4), 509-522. doi: 10.1080/10407799608914995

10. Yeung, W. K, & Lam, T. T. (1996). Second-order finite difference approximation for inverse
determination of thermal conductivity. International Journal of Heat and Mass Transfer, 39(17),
3685-3693. doi: 10.1016/0017-9310(96)00028-2

11. Datta, A. K. (2007). Porous media approaches to studying simultaneous heat and mass transfer in
food processes. I: Problem formulations. Journal of Food Engineering, 80(1), 80-95. doi:

10.1016/j.jfoodeng.2006.05.013

12. Datta, A. K. (2007). Porous media approaches to studying simultaneous heat and mass transfer in
food processes. II: Property data and representative results. Journal of Food Engineering, 80(1),

96-110.doi: 10.1016/j.jfoodeng.2006.05.012

13. Howes, F. A, & Whitaker, S. (1985). The spatial averaging theorem revisited. Chemical Engineering
Science, 40(8), 1387-1392. doi: 10.1016/0009-2509(85)80078-6

14. Kauzmann, W. (1966). Kinetic theory of gasses. New-York: Benjamin.

15. Sutherland, W. (1905). LXXV. A dynamical theory of diffusion for non-electrolytes and the molecular
mass of albumin. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of
Science, 9(54), 781-785. doi: 10.1080/14786440509463331

Section “Engineering, Manufacturing and Construction”

3045


https://doi.org/10.23939/mmc2016.01.023
https://doi.org/10.1016/j.nucengdes.2007.03.047
https://doi.org/10.1081/drt-100107259
https://doi.org/10.1081/drt-100107259
https://www.fpl.fs.usda.gov/documnts/pdf2000/liu00a.pdf
https://www.webofscience.com/wos/woscc/full-record/WOS:A1993MA04500002?SID=EUW1ED0E4FkSR8tmtDoydZ7yBaRlo
https://www.webofscience.com/wos/woscc/full-record/WOS:A1993MA04500002?SID=EUW1ED0E4FkSR8tmtDoydZ7yBaRlo
https://sharif.ir/~moosavi/Ozisik%20Heat%20Conduction%20%28ISBN%200471532568%29.pdf
https://doi.org/10.1080/10407799608914995
https://doi.org/10.1016/0017-9310(96)00028-2
https://doi.org/10.1016/j.jfoodeng.2006.05.013
https://doi.org/10.1016/j.jfoodeng.2006.05.012
https://doi.org/10.1016/0009-2509(85)80078-6
https://doi.org/10.1080/14786440509463331

Path of Science. 2024. Vol. 10. No 7 ISSN 2413-9009

16. Daian, ].-F. (1988). Condensation and isothermal water transfer in cement mortar Part I - Pore size
distribution, equilibrium water condensation and imbibition. Transport in Porous Media, 3(6),
563-589. doi: 10.1007/bf00959103

17. Daian, ].-F. (1989). Condensation and isothermal water transfer in cement mortar: Part II - transient
condensation of water vapor. Transport in Porous Media, 4(1). doi: 10.1007 /bf00134739

18. Fick, A. (1855). Ueber Diffusion. Annalen Der Physik, 170(1), 59-86. doi:
10.1002/andp.18551700105

19. Burger, H. C. (1919). Das leitvermogen verdunnter mischkristall-freier legierungen. Phyz. Z,, 20, 73-
75.

20. Millington, R. ., & Quirk, J. (2002). Transport in Porous Media. doi: 10.1023/a:1016234204412

Section “Engineering, Manufacturing and Construction” 3046


https://doi.org/10.1007/bf00959103
https://doi.org/10.1007/bf00134739
https://doi.org/10.1002/andp.18551700105
https://doi.org/10.1023/a:1016234204412

