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Ver t ical mi grati on of water in several poro us materials has b een directl y
observed and recorded w ith the recently install ed neutron and gamma radio -
graphy facility at the M A RI A reactor of Institute of Atomic Energy , Ïw ier k .
T he density pro Ùles of w ater in samples w ere obtained from the optical den-

sity of digiti sed images. A simple model (representing the porous material as
the collectio n of capill ary tub es of various radii ) has b een intro duced to de-
scrib e the liqui d transp ort in porous materials in terms of capill ary motion.
T he equation for viscous mo vement of w ater in porous material in presence of

the gra vitatio n is prop osed. A good agreement of the calculated density pro-
Ùles for vertical w ater migration w ith the data collected for siliceou s bricks
suggests that the thinnest capill ary tub es determine the upp er edge of the

w ater density proÙle.

PAC S numb ers: 81.05.Rm, 28.20. {v, 47. 55.Mh

1. I n t rod uct io n

T here are several m etho ds of determ inati on of the m oisture content inside
porous m ateri als. D estructi ve metho ds | gra vi metri c and carbi de apparatus |
are m ost comm only used [1]. They are ti m e-consum ing and poor in the spati al
resoluti on of the moisture distri buti on; besides the sam pl ing invol ves laborious
slicing or stri ke bori ng, whi ch interf ere wi th the l iqui d Ûow process. Al so the
non-destructi ve m etho ds based on the electri cal resistance or dielectri c constant
m easurements give onl y a rough assessment of the moisture content and no inf or-
m ati on on m oisture distri buti on. Other non-destructi ve m etho ds are: the nucl ear
m agneti c resonance (N M R ) [2] whi ch is based on the intera cti on of electrom ag-
neti c radiati on wi th the l iquid ' s hydro gen, and the radiography m etho ds whi ch
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are based on attenua ti on of radiati on passing thro ugh the porous m ateri als, us-
ing neutro ns [3], gam ma and X- rays [4]. Deta iled ref erences to can be found in
m onographs and revi ews of the Ùeld | see e.g. [5].

The neutro n radi ography is a wel l-known non-destructi ve m etho d capable
for vi sual isati on and analysis of m oisture distri buti on in m ateri als parti al ly tra ns-
parent for neutro ns, l ike sandstone or bui lding m ateri als [6, 7]. Its ẽ ecti veness
stem s f rom the very strong scatteri ng of neutro ns by hydro gen ato m s and al lows
for a di rect measurement of the hydro genous l iqui d density proÙle in a porous
m edium . Thi s m etho d shoul d be perhaps favoured to the other m etho ds, because
i t is fast, quanti ta ti ve, of high sensiti vi ty and good spati al resoluti on. Using i t, the
ti m e dependent tra nsport and di stri buti on of water in bri cks have been studi ed
here in real ti me.

2. Ex p er im ent

The water distri buti on study in bri cks wa s perform ed wi th the recentl y
compl eted neutro n and gamm a radi ography (NR G) stati on at the nucl ear re-
acto r MAR IA of the Insti tute of Ato m ic Energy (IAE) at Ïwi erk [8]. The ex-
perim ents were perform ed at the characteri sti c ra te L =d = 1 5 0 , where d i s the
neutro n-col lim ato r-aperture diam eter and L i s the aperture- sampl e di stance.
Sl ightl y conical diverg ent neutro n beam (1 0 7 n/ cm 2 s at the sam ple positi on)
wa s di rected to the sampl e and after absorpti on and scatteri ng on the com po-
nents of the sam ple the tra nsmi tted neutro ns reached the Ûuorescent screen, whi ch
converts the neutro n radi ati on to vi sibl e light (Fi g. 1). The l ight is di rected by a

Fig. 1. Scheme of the N eutron and Gamma Radiograph y station at the nuclear reactor

MA RI A at Ïw ierk.
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hi gh-qual i t y m irro r to the lensesof the CCD cam era of high sensiti vi ty . The Ham a-
m atsu OR CA- ER monochro me digi ta l cam era was used and two -pro cessor work
stati on served as the picture acqui siti on and cam era contro l system .

A recta ngul ar pri sm specim en (1 6 0 È 4 2 È 2 0 m m) of sil iceous bri ck was
ini ti al ly coated from al l sides, except lower end face, wi th the three layers of paint.
Then i t wa s placed verti cal ly wi th i ts lower end supp orted by four pins in the
conta iner. The wa ter was allowed into conta iner and the recordi ng started af ter
the water reached the Ùxed level of 5 m m from the lower end of the sam ple. The
di stance between the neutro n converter screen and the bri ck side was 40 m m. The
im ages were recorded every 10 min. On the recorded images the upper light region
of the im age represents the dry part of the bri ck and can be easily disti ngui shed
from the darker lower region representi ng the wet part. The m ovement of the
upp er edge of dark grey region marks the water ascent in the sam ple (Fi g. 2).

Fig. 2. N eutron radiography patterns of water in silicate brick at three subsequent

times of the water rise from the bottom. T he brick is not structurall y homogeneous |

see lighter spots in the patterns.

The opti cal density proÙles were ta ken along the Ùxed verti cal line going
acro ss the centre of the bri ck' s im age. The water density proÙles were obta ined
from tho se pro Ùles by subtra cti ng the background opti cal density determ ined for
the dry bri ck.

3. Mo del

Theo reti cal analysis of the l iqui d distri buti ons and movements in porous
m ateri al is based m ainly on the appl icati on of D arcy equati on to unsatura ted
Ûow theo ry devel oped in soi l physi cs [10], recentl y appl ied also to bui ldi ng m a-
teri als [11]. The l iqui d tra nsport inside the m ateri al can be then described by a
general ised nonl inear di ˜usi on equati on wi th the di ˜usi on param eter D depend-
ing on the l iquid content. Thi s equati on can be wri tten in several form s to serve
di ˜erent exp erimenta l condi ti ons. Soluti ons of thi s di ˜usi on equati on were m ainly
num erical and lots of di ˜erent m etho ds were developed to solve i t, depending on
the ini ti al and the boundary condi ti ons [10].
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One of ten intro duces the m odel of porous materi al consisti ng of capi l lary
tub es. In i ts simpl est form i t can represent the one-di mensional horizonta l Ûow in
a capi l lary tub es neglecting gra vi ty , or the verti cal capi l lary ri se against gra vi ty
(the inÙltra ti on equati on). As the f orces acti ng on l iquid in the capi l lary tub es are
appro xi m atel y kno wn, i t is possibl e to describe many aspects of such tra nsport
usi ng Newto nian m echanics. The forces are: the gravi ty force pul l ing the l iqui d
down, the Young{ Lapl ace{ Reyl eigh capi l lary force whi ch can dri ve i t along the
tub e, and the Poiseuil le dam ping force due to the intera cti on of the l iquid wi th
the tub e wal ls (vi scosity). However, due to the dam ping the accelerati on term in
the Newto n equati on is usual ly assumed negl igible [5].

In thi s paper we aim at a semi-quanti ta tiv edescripti on of l iquid m ovement in
a porous m edium , understo od to be a col lection of cyl indri cal capi l lary tub esof var-
ious radi i, in term s of the radi us distri buti on functi on £ ( r ) , such tha t

R
£ (r ) d r = 1 .

T o be able to do such calcul ati on analyti cal ly, we depart from the above mentio ned
cl assic theo ries and develop a simpl er intui ti ve appro ach. W e assume tha t the l iq-
ui d in a capi l lary tub e is pul led up by the capi l lary force F u , proporti onal to the
ci rcum ference of the tub e's cro ss-section, i.e. F u = ˜ r (where r i s the radius of
the tub e and ˜ i s a constant), and pul led down by the gravi tati on wi th the force
F d = À g c¤ r 2 h , where h i s the height of wa ter in the tub e, c i s the liqui d density
and g = 9 : 8 1 m=s2. At equi l ibri um the sum of these forces F i s zero and one
obta ins the m axi mum height h 0 = ˜ = ( ¤ cg r ) of the l iquid in the tub e.

No w, as the water m ovement is stro ngly damped, due to vi scosity , we assume
here the \ Archi medean law " to be appro xi m atel y val id: veloci ty is proporti onal to
force. It gives the equati on

dh (t ) =dt = ÛF = Ûr ( ˜ À ¤ cg r h ) ; (1)

where Û i s a pro porti onali ty constant. On assuming h (0 ) = 0 at ti m e t = 0 , one
obta ins the soluti on

h ( t; r ) = p [ 1 À exp( À k r ) ] = r ; (2)

where p = ˜ = ( ¤ cg ) , k = ˜ Û t . Usi ng i t we can easily determ ine the vel ocity of the
l iqui d in i ts tub e

v ( r ; t ) = dh= d t = v 0 exp ( À At ) ; (3)

where v 0 = ˜ Û2 =( ¤ cg ) does not depend on r , whi le A = ˜ Ûr . Cl early, due to
the l inear r -dependence of A , the verti cal tra nsport of l iqui d in narro w capi l lary
tub es is faster tha n in the bro ad ones. These form ulae o˜er a good descripti on
of the l iqui d behavi our in capi l lary tub es at the ti m e t > 1 =A . Let us note the
characteri sti c ti me dependence of the water front m ovement: f rom the linear ri se at
smal l t (or k ) to a levell ing o˜ at the height p= r 1 . The wel l -known proporti onal i ty
(see e.g. [9]) of the water front height to t 1 = 2 at smal l ti m es is not shown here.

Let the z -axi s of the coordi nate system be di rected verti cal ly. Usi ng the
wel l -known step functi on ˚ ( z ) we can represent the l iqui d content in a tub e by the
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num ber 1 in the l iquid range, 0 above, as ˚ [ h (r ; t ) À z ] . W i th the radi us distri buti on
functi on £ ( r ) of the tub es the m assof the l iqui d in the tub es attri buted to the dz

range is ¤ cr 2 £ (r ) ˚ ( h ( r ; t ) À z ) dz d r . On integrati ng wi th respect to r we obta in for
the liqui d m ass density along the z -axi s the fol lowing expression:

m ( z ; t ) = ¤ c

Z

h ( r ; t ) > z

£ ( r )r 2 dr : (4)

T o arri ve at more conveni ent range of integ rati on we have to inv ert the func-
ti on h ( r ; t ) so tha t r is given in term s of t and z . Thi s cannot be done analyti cal ly
wi th the functi on derived above. Ho wever, as we are at thi s m oment interested
m ainly in a semi quanti ta ti veextra cti on of £ ( r ) from experim ental data , let us use
now, instead of the h ( r ; t ) , a more conveni ent functi on of a sim i lar concave shape,
h ( r ; t ) ! pk =(1 + k r ), havi ng the same l imi ts at r = 0 and r ! 1 . Thi s functi on
can be easily inverted, and we have a conveni ent f orm ulatio n of the mass proÙle
along the z -axi s at ti me t (or k

m ( z ; k ) = ¤ c

Z p=z À 1 = k

0

£ ( r ) r 2 d r : (5)

Physi cal ly one should expect the tub e radi i to be not to o smal l and not to o large.
As a very instructi ve exam ple let us ta ke the trunca ted £ ( r ), pro porti onal to r s À 2

for r 1 < r < r 2 , zero otherwi se, s being a consta nt to be estim ated. W e obta in
(neglecting constant factors)

m ( z ; k ) =

8
>><

>>:

[ r s+1
2

À r s +1
1

] = ( s + 1 ) ; p= z À 1 =k > r 2

[ ( p= z À 1 =k ) s +1
À r s+1

1
] = (s + 1 ) ; r 1 < p= z À 1 =k < r 2

0 ; p= z À 1 =k < r 1 :

(6)

Typi cal plots of thi s functi on are shown in Fi g. 3 for s = À 5 =4 .

Fig. 3. Typical w ater proÙles follow ing from Eq. (7), calcula ted for three times repre-

sented by the parameter k (arbitrary units).
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There are always two special points in such plots. The ki nk at smal l z 1 =

k p= ( k r 2 + 1 ) i s rel ated to the upp er bound of the £ ( r ) at r 2 | the water front in
the thi ck tub es is com ing late. The wa ter f ront in fast tub es appears at the larger
z 2 = k p= ( k r 1 + 1 ) , being attri buted to the smal lest tub e radius r 1 . Some m odel
l iqui d pro Ùles for di ˜erent ti m es of verti cal Ûow are shown in Fi g. 3.

4. D iscu ssio n

Af ter subtra cti ng the dry bri ck level of neutro n signal we have arri ved at
the experim ental water densi ty proÙle in m ateri al along the verti cal dim ension of
the sam ple, see Fi g. 4. These data show a lot of scatter, due to the inhom oge-
neous structure of thi s materi al , so one can try to extra ct from them only rough
characteri sti cs of the correspondi ng radi i distri buti on functi on £ (r ) . Qual i ta ti vely,

Fig. 4. W ater density distributi on m ( z ; t ) in the brick shown in Fig. 2, vertical scan,

raw data after subtracting the dry brick intensities. O pen triangle s and black circles |

the data taken after 3 and 4.7 hours, resp ectively . Lines | the model Ùts, corresp ondin g

to the input data z 1 = 1 cm, z cm for open dots and cm, cm for

black circles. The output data, assuming (in arbitrary units), ,

, are , for the low er line, , for the upp er one,

in appropriate units.
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the proÙles resemble the wa ter pro Ùles in other porous m ateri als, determ ined by
m easuri ng the absorpti on of gam ma-rays, see e.g. [9].

As the input data we have ta ken the wel l-seenwater front at a large z , i .e. z2 ,
and the less clearl y seen ki nk at whi ch the pl ot starts to decline, z 1 . Besides, the
am pl i tude at z = 0 has been ta ken as m 0 = 0 : 3 0 , but thi s is onl y a m atter of scale.
Ha vi ng only tw o meaningful num bers, in order to appl y the above model , Eq. (7),
we ha ve to m ake some addi ti onal assumpti ons. Af ter some num erical attem pts, we
had to assume s = À 5 =4 , to repro duce shape of the exp erimenta l pl ot. Sim i larl y
we had to assume r 2 =r 1 = 1 0 0 , at least to the order of m agni tude. Fi na lly we have
arri ved at the m odel plots, whi ch repro duce fai rl y well the experim ental trends,
see Fi g. 4. Note tha t the rati o of calcul ated ti me parameters k f or these two plots
is not far from the rati o of the experim enta l ti m es of water Ûow in the bri ck. T o
summ arise, the power law of decline for the £ ( r ) = r s À 2 for r 1 < r < r 2 , zero
otherwi se, wi th s = À 5 =4 seems to m imic the real distri buti on functi on at least in
i ts m ain f eatures: there are plent y of narro w capi llary tub es and a few bro ad ones.
The range of radi i is l im ited, and pra cti cal ly there is a cut of in the £ ( r ) functi on
at small r . On assuming tha t the broadest tub es do not exceed r = 0 : 1 m m,
we can judge tha t the smal lest radius appearing in large abunda nce shoul d be
about 0.001 mm . Thi s is as much as one can gain at present wi th the prel im inary
exp erimenta l data and simpl iÙcati ons al lowed in the model Ùt pro cedure.

The present paper presents the resul ts of Ùrst stages of a regul ar study of
the liqui d tra nsport in porous materi als at the NG R stati on at the IAE, Ïwi erk.
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