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Abstract-The study on water absorption in porous media is briefly reviewed. The mean mass diffusivity 
for moisture migration in the sense of a constant property is related to the actual mass diffusivity, and its 
dependence on the initial moisture content is presented. A method is proposed to determine the parameters 
in the exponential expression of the mass diffusivity according to the mean mass diffusivity measured. The 
corresponding error transmission is discussed, and experimental results from wet sand are compared with 

the predicted curves. 

1. INTRODUCTION 

MORE ATTENTION has been paid to the study on heat 
and mass transfer in wet porous media in recent years. 
In order to establish, verify and apply these theories 
it is necessary to determine the heat and moisture 
transport properties in wet porous media and to ascer- 
tain their dependence upon the temperature and 
moisture content of the media. The mass diffusivity 
in porous media, for example, depends strongly upon 
their moisture content and may vary typically through 
three orders of magnitude from nearly saturated to 
nearly dry conditions. Consequently, the constant 
property assumption, which is usually accepted in a 
heat transfer study, is inadequate in solving moisture 
transport problems in general. The capillary hyster- 
esis, the heterogeneity in the structure and porosity 
and the possible swelling or shrinking of the medium 
matrix on wetting or drying further aggravate diffi- 
culties in the property measurements. As a result, 
there are few data available in the literature. 

The majority of the measurements of heat and 
moisture transport properties in wet porous media 
have been designed so far on the basis of the constant 
property assumption [l, 21 due to the difficulty in 
solving the non-linear differential equation governing 
these transport phenomena. Thus it is inevitable to 
find out the relationship between the actual property 
and that determined on the assumed constant prop- 
erty in specific testing conditions. The analysis of iso- 
thermal moisture migration in porous media has been 
most intensively developed in soil science with a moist- 
ure content dependent diffusivity concerned [3, 41. 
Some of the techniques developed in soil science are 
drawn on in our research. This paper tries to relate 
the mean mass diffusivity determined on the constant 
property assumption with the actual one from the 
study of a fundamental process of isothermal absorp- 
tion in porous media. 

2. SOLUTION OF THE NON-LINEAR DIFFUSION 

EQUATION 

Supposing the gravitational effect is negligible, the 
isothermal moisture migration in a homogeneous 
porous medium is described by the non-linear 
diffusion equation [ 1, 21 

dW 
jy = v - (D,Vw) (1) 

where D, denotes the mass diffusivity of the medium, 
which will be a function of the moisture content, w, 

only. 
The isothermal absorption process studied here is 

the moisture movement in a one-dimensional semi- 
infinite medium with uniform initial moisture content 
wi and a boundary being kept at a constant moisture 
content w, since a certain instant. Thus the process 
can be formulated as 

aw _=a D_$ 
a7 ax ( > 

with initial and boundary conditions 

x > 0 and 7 = 0, w = wi (3) 

x=0 and 7>0, w = w,. (4) 

Such a problem has been analysed in detail in refs. 

I3,41. 
By the application of Boltzman’s transformation, 

i.e. introducing 

9 = XT-‘/z (5) 

equation (2) can be simplified to the following ordi- 
nary differential equation : 

d 
drl 

with the conditions 
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NOMENCLATURE 

c coefficient in the exponential W normalized moisture content 

expression of diffusivity, equation (12) X coordinate [ml. 

C c(w0 - w,) 
4 mass diffusivity [m’ ss’] 
D 

Greek symbols 
m-0 coefficient in the exponential expression 

of diffusivity [m’ ss’] rl X7”2 

6, mean mass diffusivity [m’s_ ‘1 Pd bulk density of the dry medium [kg m-‘1 

F function defined in equation (24) 
time [s] 

h length of the sections [m] 
normalized initial moisture content. 

I cumulative absorption [kg m-‘1 
M confluent geometric function Subscripts 

R DmiDX i initial 

W moisture content [kg (moisture)/kg (dry o on the boundary 

medium)] * reference case. 

x (cm) 

FIG. 1. Moisture content profiles measured in a sand specimen on isothermal absorption. 

9 = 0, w = w, 

V’CQ, w = w- I. 

The solution of this problem has the form 

(7) 

(8) 

x(w,z) = ‘I(w)7”2. (9) 

Equation (9) predicts that the penetrating moisture 
content profile advances with a rate proportional to 
the square root of time. Such an advance is seen in 

Fig. 1, where the moisture profiles were determined 
in our experiments on sand. When replotted against 
XT-‘/~, these profiles fall approximately on a single 
w-q master curve as shown in Fig. 2. 

It can also be derived from equation (9) that the 
cumulative absorption, i.e. the total amount of water 
taken into the medium by absorption, is 

1 wo 
I(7) = pd7”2 vdW 

w 0.1 . 

A 

Ol 

T)‘XT 
-l/2(cm sl/2) 

FIG. 2. w-q master curve of the sand specimen. 

J”b 
exact solution of the non-linear diffusion equation 

which varies simply with r’j2 as well. cannot be expressed in a concise explicit formulation. 

Except for a few special mathematical cases, the In equation (9) q(w) may be calculated from diffu- 
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sivity data D,(w) by numerical procedures, especially 
that due to Philip [5]. However, several approximate 
solutions of the absorption problem, i.e. equation (6), 
have been proposed [6, 71, and Brutsaert’s solution 
[7] appears to be the most accurate one available in 
the literature. It takes the form 

q= 1 

[i‘ 

I -l/2 I 

20 

W”*D,(W)dW 1 s W-“‘D,( W) d W 
w 

(11) 

where W = (w - wJ/(w,- wi) is the normalized moist- 
ure content. 

As mass diffusivity of prous media, such as soil 
and building materials, is strongly dependent on their 
moisture content, an exponential expression was first 
proposed by Gardner and Mayhugh [8] and later con- 
firmed by many others to describe approximately the 
moisture content dependence of the mass diffusivity. 
The expression is 

D, = D,,,, exp ]c(w - wJ1 (12) 

where D,,. is the mass diffusivity at a reference moist- 
ure content w, and c is an empirical constant for a 
specific medium. 

3. MEAN MASS DIFFUSIVITY IN THE SENSE OF 

CONSTANT PROPERTY 

In the linearized model, the mass diffusivity of the 
media is assumed constant, i.e. 

D,(w) = const. = 6,. (13) 

Then the exact solution of equation (2) subject to 
conditions (3) and (4) will be 

z = erfc (x/2J(&z)). 
0 I 

(14) 

As a result, the cumulative water absorption of the 
medium can be derived from equation (10) as 

I(r) = 2P,(W, - WJ (D,Z/7r)“2 (15) 

or 

The cumulative absorption I may be measured 
gravimetrically or with a burette described below, 
and then 6, is determined from equation (16). This 
method makes it easier to obtain results with reason- 
able accuracy. However, such a mean mass diffusivity 
does not make any general sense in moisture transport 
calculations except the isothermal absorption process 
discussed here. Thus our purpose is to look for the 
relation between this mean mass diffusivity and the 
actual one. 

FIG. 3. Apparatus for determining moisture distribution in 
absorption. 

4. METHOD FOR DETERMINING D,(w) 

A method was first proposed by Bruce and Klute 
[9] to determine the mass diffusivity as a function of 
moisture content. Integrating equation (6) the mass 
diffusivity can be expressed as 

(17) 

Thus, on measuring experimentally the moisture con- 
tent profile in a specimen for isothermal absorption 
at an instant z or the history of the moisture content 
variation at a given cross-section, a curve w = w(q) 
like that shown in Fig. 2 can be obtained, and accord- 
ingly the mass diffusivity is determined by equation 
(17). While employing this method, Bruce and Klute 
obtained the moisture content profile by the tra- 
ditional gravimetric procedure of cutting and weigh- 
ing. Later on, the non-destructive nuclear magnetic 
resonance (NMR) imaging technique was reported 
for detecting both the distribution and history of 
moisture content in specimens [lo]. This application 
of NMR imaging was a prominent advance in the 
study of moisture migration in porous media, never- 
theless the high cost of equipment has hampered its 
application in this field. 

Although Bruce and Klute’s method has the merit 
of determining a whole function of D,(w) in a single 
test, it suffers from the difficulty in determining with 
precision the derivative dv/dw, which requires a 
smooth experimental curve. The observed wetting 
profile is, however, inevitably distorted to a certain 
tortuosity mainly owing to the heterogeneity of the 
media themselves. Consequently, to yield any sig- 
nificant result from equation (17) it is necessary to 
smooth over the tortuosity of the observed w-q curve, 
which often brings in uncertainty and arbitrariness. 
The error of this method was estimated qualitatively 
by Bruce and Klute to be 20&500% [9]. 

Following this method, we measured the mass 
diffusivity of sand at room temperature. The tra- 
ditional gravimetric sampling was used to obtain the 
moisture content profiles as shown in Fig. 1. Our 
apparatus is shown in Fig. 3. A testing column (1) 
consisted of sections of glass tubing, 11 mm long and 
35 mm i.d. Both sides of the section were polished 
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FIG. 4. The mass diffusivity of sand. 

carefully so that they could be fitted tightly together. 
The clamping tube (2) was used to fix the glass tubing 
and to serve as an inlet for testing materials. A Mar- 
riotte-type burette (3) supplied water at a constant 
head and measured the amount of water supplied. 
The specimen was segregated with the piping by brass 
meshes and a sheet of filter paper at the wetting end, 
where an exhaust valve (4) was installed for air 
exhaustion. The column (1) was connected first with 
a funnel (5) through a tee-valve (6) to replace air in 
the piping. Then, the exhaust valve (4) was closed 
and the tee-valve turned to the burette (3) while a 
stopwatch was started for counting the time duration. 
When the absorption had proceeded for the desired 
time, the water supply was cut off, the specimen was 
separated quickly and the moisture content in each 
section was determined by the gravimetric procedure. 

Two moisture content profiles so obtained with 
different initial moisture contents were used to evalu- 
ate the mass diffusivity of the specimen. The data are 
plotted in Fig. 4, and the solid line in the figure is the 
regressive exponential function from these data, which 
yields 

D, = 1.94 x lo-‘exp(33.3w)[m2sm’] 

It is clear that 

I = Z&Jl(W - Wi) (18) 

where h is the length of each section. From equation 
(16) we have 

The same experimental data were also used to evaluate 
the mean mass diffusivitv. and the results are listed 

3!L (2C- 1) 

D nr.0 
-r (26) 

Equation (23) indicates that b,/D,,o is a function 
of C = c(w, - wi) only. Having known the mass diffu- 
sivity parameters D,,,, c and the absorption con- 

in Table 1. The dashed line in Fig. 4 was obtained 
according to these data listed in Table 1 by the 
relationship between B,+, and D, as discussed below. 

5. RELATIONSHIP BETWEEN d, AND D, 

For an arbitrary diffusivity D,,, = D,(w) the 
relationship between fi,,, and D, cannot be formulated 
in a concise expression, and 6, has to be calculated 
from the cumulative absorption computed by a 
numerical method. We discuss below the absorption 
in porous media with the assumed exponential 
expression of the mass diffusivity, equation (12). 
Meanwhile Brutsaert’s approximate solution, equa- 
tion (1 l), is also adopted in the following discussion. 

Rewriting equations (16) and (12) with the nor- 
malized moisture content, W = (w - wi)/(w, - MQ, we 
have 

_ r rl 12 

and 

where 

6, = D,,. exp [C( W- l)] (21) 

c = c(w, - Wi). 

Integrating equation (6) and using equation (11) 
yields 

s’vdW= -2(Qn~)~=o 

[S 
I 

I 
I/* 

=2 W"'D,,,(W)dW (22) 
0 

Substituting equation (21) into equation (22) and inte- 
grating, we obtain 

where 

6, = ;D__o (23) 

F(C) = M( -0.5,0.5, C) exp (-C)/(2C- 1) (24) 

M(a, b, z) is referred to the confluent geometric func- 
tion [ 111, and here it turns out to be a simple series 

M(-0.5,0.5,O = -g(Lnc"Iw. (25) 

Functions M( -0.5,0.5, C) and F(C) are plotted in 
Fig. 5. It shows that IF(C)] < 0.02 as C 2 4.8, there- 
fore equation (23) may be reduced for larger C values 
to 
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No. wo Wi h(w - 4 [cm1 dsl b, [m’ s-‘1 

1 0.200 0.002 2.625 370 3.73 x 10-5 
2 0.200 0.097 1.139 145 6.62 x lo-’ 

I I I I I 
2 4 6 8 IO 

C 

FIG. 5. Functions M(-0.5,0.5,C) and F(C). 

- Exact solution 

o Equation (23) 

l Equation (26) 

II I I 
0 5 IO 

C 

FIG. 6. The mean mass diffusivity calculated from the exact 
and approximate solutions. 

ditions w, and wi, one will be able to evaluate D,,, and 
the cumulative absorption easily. 

In order to examine the accuracy of equations (23) 
and (26), which have been derived from the approxi- 
mate solution, equation (1 l), the exact D,,, is also 
computed by Philip’s numerical solution [5] and is 
plotted in Fig. 6 together with the results obtained 
from equations (23) and (26). It is seen from the 
comparison that the accuracy of equation (23) will be 
up to within 0.3% as C > 2, while equation (26) is less 
accurate but still useful for engineering applications at 
larger C. 

To discuss the effect of the initial moisture content 
on the mean mass diffusivity, a certain initial moisture 
content w: is chosen as a reference, and a normalized 

initial moisture content 4 = (wi-ww*)/(w,- wr) is 
introduced to represent different cases, while the 
moisture content on the boundary, w,, is kept 
unchanged. Let R = b,/bz, where Dz is the mean 
mass diffusivity of the reference case, then we get from 
equation (23) 

R= (1-4)2 
+l-~]‘+;~;;$‘)’ (27) 

where C* = c(w,-w:) and then C = C*(l-4). It 
can also be reduced roughly to 

R= (l-4)2 
--(l-E). (28) 

Equation (27) indicates that R = d,,,/dz is a function 
of C* and 4, and independent of D,,o. 

According to the established relation R = R(C*,cj), 

it is possible to evaluate C* from R and 4 determined 
from two absorption experiments with different initial 
moisture contents. In the computation, as estimation 
of C* was first given by equation (28) then Philip’s 
numerical method [5] was used to search for the exact 
C*. Finally c and D,,. can be figured out from the 
obtained C* and equation (23), respectively. As a 
working example, the dashed line in Fig. 4 was 
obtained in this way. 

6. ERROR ANALYSIS 

In order to verify the feasibility of the method pro- 
posed and to design appropriate experimental par- 
ameters, error transmission should be considered. 
Equation (27) is preferred here to the numerical 
method for its advantages of being derivable and fine 
accuracy. 

The relative errors in C* resulting from those in R 

and 4 can be written respectively as 

(30) 

According to the basic rules of differential calculus, 
we have 

(z)+ = l/(i&)@ (31) 

(gJR = -(~)c*/(g!! (32) 
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FIG. 7. Transitive factor of error from R to C*. 
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FIG. 8. Transitive factor of error from 4 to C*. 

= 
[ 

a:+#& = 
db, c c -DmdC c=c. I II ma’ 

(33) 

aR 

0 

C* db, 

z$ e* = -;t, dc.=.’ (34) 

From equations (23) and (24) we obtain 

d(&lD,,J n 1 -C 
dC =2 7 

[ 

+ 
c*M’(-0.5,0.5,C)-(2+C)*M(-0.5,0.5,C) 

2C’exp (C) I. 
(35) 

The transitive factors of error, (R/C*)(aC*/aR), 
and (4/C*)(aC*/&$),, are plotted in Figs. 7 and 8, 
respectively. The figures show that a greater 4, or a 

I.0 r 

I I I I I I 
0 2 4 6 6 10 

C 

FIG. 9. Transitive factor of error from c to D,,,. 

higher wi, and a smaller C*, or smaller (w,- wi), will 
be favourable for reducing the error in evaluating C*. 

The relative error in D,,. resulting from that in c is 

= CF wgw) F, (36) 

m 

This transitive factor of error is shown in Fig. 9. It is 
clear that a smaller C is also favourable to obtain a 
more reliable D,,o. 

7. CONCLUDING REMARKS 

The dependence of the mean mass diffusivity for 

isothermal absorption in porous media upon the 
initial moisture content and its relationship with the 
actual mass diffusivity have been derived. Both Bruce 
and Mute’s method [9] and a proposed method were 
used to determine the mass diffusivity of wet sand as 
a function of moisture content. The proposed method 
considers only the overall effect of absorption, and 
so the measurement is supposed more reliable. The 
obtained mean mass diffusivity can be used to evaluate 
the cumulative water absorption and to determine 
further the exponential expression of the mass diffu- 
sivity. 

The error transmission in determining the expon- 

ential parameters, D,,,, and c, of the mass diffusivity is 

discussed in detail. However, it is still hard to estimate 
quantitatively the accuracy in the results because the 
errors of respective tests depend to a considerable 
extent upon homogeneity and reproducibility of the 
specimens. 

The results obtained by the two different methods 

agree with each other reasonably, thus verifying the 
feasibility of these methods. 
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ABSORPTION D’EAU ET MESURE DE LA DIFFUSIVITE DE MASSE DANS LES 
MILIEUX POREUX 

R&&-On resume les etudes d’absorption d’eau dans les milieux poreux. La diffisivite moyenne de 
masse pour la migration d’humiditi est une prop&C constante reliee a la diffusivitt de masse reelle et on 
presente sa dependance vis-a-vis du contenu initial d’humidite. On propose une methode pour determiner 
les paramitres dam l’expression exponentielle de la diffusivite de masse en fonction de la diffusivite moyenne 
mesuree de masse. On discute l’erreur de transmission correspondante et les resultats exptrimentaux avec 

du sable set sont compares avec les courbes calcultes. 

WASSERAUFNAHME UND MESSUNG DES DIFFUSIONSVERMGGENS IN PORdSEN 
MEDIEN 

Zusammenfassung-Es wird eine kurze Ubersicht tiber Untersuchungen iiber die Wasseraufnahme in 
porijsen Medien gegeben. Das mittlere Diffusionsvermiigen fur die Feuchtigkeitswanderung im Sinne einer 
konstanten Eigenschaft steht in Beziehung zum momentanen Diffusionsvermogen. Seine Abhlngigkeit 
vom anfanglichen Feuchtigkeitsgehalt wird dargestellt. Es wird eine Methode fur die Ermittlung der 
Parameter in dem exponentiellen Ausdruck fur das Diffusionsvermiigen vorgeschlagen. Die entsprechende 
Fehlerfortpflanzung wird diskutiert. Experimentelle Ergebnisse fur nassen Sand werden mit den berech- 

neten Kurven verglichen. 

I-IOFJIOIILEHHE BOAbI PI H3MEPEHME MACCOIIPOBO~HOCTA B I-IOPWCTbIX CPEWX 

AmsoTs~~aH IcpaTnnil 0630~ uccnenoeamr# no nor~omemrro BOJI~I B noprrcrb~x cpenax. Hprmo- 
J&TTCK CB~3bC~~e~Ma~OnpOBO~~H~~M~a~HB~~npH~ocTO~HH~CBO~~BaXCHCTHHHO~ 
MaCCOnpOBOJUWCTbIO, I'QWWTaBJIeHa 3aBHCHMOCTb OT HaPUbHOrO COJ,epxaHHI BJIWH. npeLl,TOlKeH 

MeTOAJVlR Ol'QE~eJIeHHli IIapaMeTpOB B3KCnOHeHWiaJlbHOM IlbIpiuveHHH~K MXCOlIPOBO~OCTH,COOT- 
semxnymuek4 si3MepHHoMy cpemiehfy 3HaYenmo hfacconpoeonmcui. 06cyxixaeTcn norpeureoclb 

MeTona; xccnepHhfeHTamHue pe3ynbTaTsr, nonyueeebre zuu~ ~o~poro necra, cpaeHmamTcn c pameT- 

HblMH KPHBhlMH. 


