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POSSIBILITY OF DETERMINING COLMATAGE PARAMETERS AND FUNCTIONS BASING
ON THE THEORY OF COLMATAGE AND EXPERIMENT

O MOZLIWOSCI WYZNACZENIA PARAMETROW I FUNKCJI KOLMATACYJNYCH
W OPARCIU O TEORIE KOLMATACJI I EKSPERYMENT

In this paper we assume that the flow of suspension is accompanied by the exchange of
solid particles from a liquid medium into a solid one. We take it as true that both the porous
medium and the suspension are characterised by the homogeneity of colmatage properties.
We also assume that the flow proceeds along the generating lines parallel to the x axis.

The phenomenon under discussion will be described with a suitable system of partial
differential equations which consists of the balance-transport equation (1), that of the process
kinetics (2) and the equation of motion (6) with boundary conditions (3). Solution of this
system results in determining the distribution function of colmatage mass arrested P (x, t), that
of porosity ¢(x,t), that of pressure h(x,t) and the function of unitary flow discharge q(t).

Basing on the theory, on computation procedures suitably chosen and on an
experiment determining the distribution of pressure h(x,) and the discharge of flow g (t) we
find out all colmatage parameters. Their knowledge using theoretical description helps to
determine every funtion above mentioned and, additionally, a function describing the
changeability of medium permeability k(x,) when the exchange of mass from a liquid
medium into a solid one proceeds during the flows, i.e. when the flows take place with
colmatage in the whole space and time of the phenomenon duration. This is obtained using
formula (16) for flows without colmatage, or (17) if the flow with colmatage occurs at
constant difference of pressures at points x =0 and x = L.

Key words: the flow with mass and momentum exchange, colmatage, filtration.

Niniejsza publikacja dotyczy pewnych aplikacyjnych zagadnien zwiazanych z prze-
plywem zawiesiny przez o$rodki porowate. Zakltadamy przy tym, ze zawiesina i os$rodek
porowaty sa jednorodne, a takze, ze przeptywajaca przez taki o$rodek porowaty zawiesina
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osadza si¢ w tym osrodku. W efekcie tego osadzania dochodzi do ubytku przestrzeni
porowej osrodka, a co za tym idzie do zmniejszenia jego porowatosci, a w konsekwencji do
przepuszczalno$ci oraz uzmiennienia rozktadu cisnienia i wydatku przeptywu.

Jak juz wielokrotnie pisalismy, taki przebieg zjawiska, z takimi jego konsekwencjami,
nazywamy kolmatacja.

Zauwazmy, ze przeplywy z kolmatacja moga by¢ realizowan¢ dwojako: przy statym
wydatku przepltywu (i z samoregulujacym si¢ rozktadem ciénienia) lub przy stalej roznicy
ciSnien (i zmieniejacym si¢ wydatku). Ze wzgledu na powyzszy fakt dzielimy teorig
kolmatacji na te dwie podstawowe grupy, tzn. na opis z przeplywem wymuszonym
charakteryzujacym si¢ tym, ze q(f) = const i taki, gdzie g = q/(t).

Poniewaz zjawisku kolmatacji w obu przypadkach towarzyszy ubytek przestrzeni
porowej ze wszystkimi podanymi wyzej konsekwencjami, to dla eksperymentatora badaja-
cego takie przeptywy istotna rzecza jest okreSlenie rozktadu zatrzymanej masy P(x,t),
rozkladu porowatosci ¢(x,t), jak rowniez rozkladu ci$nienia h(x,t), zmiennosci przepusz-
czalnosci osrodka k(x,t), a zatem i zmienno$ci wydatku przeptywu ¢ (t) — w kazdej chwili
trwajacego procesu. Eksperymentator jest w stanie dokonac tego (tak jak wielokrotnie robit
to nasz zespot badawczy) poprzez zebranie informacji o rozktadach ci$nienia, poczynajac od
chwili zerowej trwajacego procesu. Nastepnie poprzez rozebranie kolumny kolmatacyjnej
na poszczegélne segmenty 1 wyplukanie osadzonego w przestrzeni porowej kolmatanta, ma
mozliwo$¢ wyznaczenia zatrzymanej w przestrzeni porowej masy tego kolmatanta i wylicze-
nia jego objgtosci.

Dzigki tym czynno$ciom mamy informacj¢ o rozkladzie ci$nienia h(x,t;) oraz wyltapanej
masy w przestrzeni porowej o$rodka P(x,t;). Powtarzajac t¢ czynnos¢ dla roznych czasow
trwania zjawiska kolmatacji, otrzymuje si¢ ostatecznie rozktad zatrzymanej masy kolmatan-
ta P(x,1). Poniewaz zwiazek migdzy masa zatrzymana w osrodku P(x,t) a porowato$cia
tego osrodka jest znany, tatwo okreslic tym samym i rozktad porowatosci w przestrzeni
i czasie opisywanego zjawiska: ¢(x, t).

Opisany tok postgpowania jest wyjatkowo czasochtonny i pracochlonny. Wymaga
wielokrotnego powtarzania eksperymentu z precyzyjnym zachowaniem tych samych
warunkow. Zauwazmy, ze jest to trudne lub szczegélnie w warunkach naturalnych
niemozliwe do zrealizowania. Ze wzgledu na ten fakt i wymogi jakie stoja przed
cksperymentatorem opisujacym przeptyw z kolmatacja pokazemy jak z jednego eks-
perymentu przebiegajacego w okreslonej przestrzeni i czasie — w ktorym dokonujemy
prostego pomiaru h(x,t) i q(f) — mozna kolejno okresli¢ wyzej wymienione wielkosci
fizyczne, a wigc: &(x,t), P(x,1) i k(x,7). Znajomos$¢ tych wielkosci jest istotna w wielu
dziedzinach gospodarki narodowe;.

Dokonujemy tego w oparciu o eksperymenty i wielokrotnie zweryfikowana, zmodyfi-
kowana 1 dopracowana teori¢ kolmatacji.

Polega to na tym, ze w oparciu o istniejaca teori¢ kolmatacji i eksperyment oraz
opracowane procedury obliczeniowe dopasowujemy krzywa teoretyczna do posiadanych
przebiegow eksperymentalnych. W efekcie tego dopasowania uzyskujemy informacje
o wszystkich wielko$ciach charakteryzujacych proces kolmatacji. W oparciu o te wielkosci
i teori¢ mozemy juz tym razem wyznaczy¢ to, co nas interesuje w danym przypadku, a wiec:
rozktad cisnienia h(x,t) w calym obszarze i czasie trwania zjawiska, rozklad porowatosci
e(x,t), rozklad przepuszczalno$ci k(x,t) i zmienno§¢ wydatku przeptywu gq(t). Dobre
dopasowanic krzywej teoretycznej do cksperymentalnej pozwala wigc uniknaé¢ pracochton-
nych eksperymentow, wiernie zastgpujac je opisem teoretycznym.

Teoretyczny opis omawiancgo zjawiska dobrany zostal w oparciu o uklad réwnan
rozniczkowych czastkowych (1), (2) i (6) z warunkami brzezno-poczatkowymi (3).

Uzyskane z rozwiazania funkcje P (x,1) i ¢(x, t) dane sa odpowiednio wzorami (4) i (5)
a ich przebiegi ilustruja rysunki 3, 4, 7 i 8.
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Funkcje rozktadu ci$nienia uzyskane z rOwnania ruchu z kolmatacja (7) opisuja kolejno
te rozktady dla przeptywu realizowanego ze stalym wydatkiem (9) i stalej réznicy ciSnien
(10). Funkcja (8) opisuje rozktad ci$nienia przy przeptywie czystych cieczy nie niosacych ze
soba zawiesiny, a wiec wtedy, gdy n =0 lub gdy przeptywajaca zawiesina nie podlega
wymianie z os$rodka ciektego do stalego, tzn. gdy przeptyw jest realizowany bez kolmatacji
lub w poczatkowej chwili procesu z kolmatacja. Ten zwiazek dla jednorodnych o$rodkéw
porowatych lub inaczej mowiac ta charakterystyka dana jest w postaci ,prostej o ujemnym
nachyleniu”. Nalezy tu doda¢, Ze ta prosta ilustrujaca rozklad cisnienia dla przeptywu bez
kolmatacji jest rownoczesnie charakterystyka okreslajaca rozklad ci$nienia dla przeptywu
z kolmatacja, ale w chwili ¢t =0. Kontynuacja zjawiska kolmatacji doprowadza do
odstepstwa od tej prostej polegajacego na wzroscie ciSnienia w kazdym punkcie 0 < x < L
dla przeptywu realizowanego ze staltym wydatkiem, i do spadku ci$nienia w kazdym
punkcie 0 < x < L w przypadku przeplywu realizowanego ze stala réznica cisnien. Na rys.
2 irys. 6 wyraznie wida¢, na czym polega to odstepstwo, a opis graficzny tego ,,odstepstwa”
od ,,prostej o ujemnym nachyleniu” podaje funkcja (9) i (10).

Rysunki te ilustrujg rownoczesnie stopien dopasowania przebiegdw teoretycznych (linie
ciagle) do danych eksperymentalnych (krzyzyki). Stopien tego dopasowania $wiadczy o tym,
ze teoretyczne opisy zjawiska kolmatacji zostaly poprawnie sformutowane w swych
zatozeniach. Daje to mozliwo$¢ okreslenia z jednego eksperymentu — stosujac wymienione
procedury — wszystkich interesujacych nas wielkosci kolmatacyjnych. Poza wymienionymi
wyzej funkcjami P(x,1), (x,t) i h(x,t), takze — bardzo istotna z aplikacyjnego punktu
widzenia — funkcj¢ okreslajaca zmienno$¢ w przestrzeni i czasie pod wptywem przebiegaja-
cego zjawiska kolmatacji przepuszczalnosci osrodka porowatego, jak rowniez zmienno$é
wydatku przeptywu.

Okreslenie funkcji przepuszczalno$ci uzyskujemy w oparciu o zwiazek (16) dla
przeptywow bez kolmatacji albo (17) dla przeptywow z kolmatacja realizowanych ze statym
wydatkiem lub (18) dla przeplywow z kolmatacja realizowanych przy zatozeniu stalej
roznicy ci$nied w punkcie x =0 1 x = L.

Badania teoretyczne dotyczace zjawiska kolmatacji zostaly zapoczatkowane w naszym
osrodku badawczym w latach 60. przez Profesora Jerzego Litwiniszyna pracami
(Litwiniszyn 1 inni, 1961 —1969), ktorych juz niestety nie bedzie kontynuowal. Niezaleznie od
tego, co bySmy napisali na temat tych prac, nigdy nie jesteSmy w stanie przeceni¢ ich wagi
i warto$ci. Byly one pionierskie w skali swiatowej i otworzyly nowy rozdzial w badaniach
przeptywu zawiesin przez o$rodki porowate. Prowadzac dalej te badania, czujemy sie Jego
uczniami i jestesmy $wiadomi kontynuacji Jego dokonan jako prekursora i nauczyciela.

Slowa kluczowe: przeplywy z wymiana masy i zmiana pedu, kolmatacja, filtracja.

1. Introduction

This paper refers to applicable questions connected with the flow of suspension
through porous media. For the sake of simplicity we assume that suspension and
porous medium are homogeneous. In case of suspension, it means that it consists of
particles of identical structure and identical physico-chemical properties. As regards
porous medium, it is characterized by unchangeable porosity, specific surface and its
properties.

We take it as true, of course, that suspension flowing through such porous
medium settles in this medium. Because of this sedimentation, porous space of the
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medium decreases, leading in consequence to the decrement of its porosity and
permeability and to the change of the distribution of pressure and flow discharge.

As we have already written for a lot of times, and repeat it again, such proceeding
of the phenomenon with its consequences is called colmatage.

Let us notice that flows with colmatage can proceed in two ways, i.e. at constant
discharge of flow (and with self-regulating distribution of pressure), or at constant
difference of pressures (and with varying discharge). Because of this we divide the
theory of colmatage into two basic groups, i.e. into the description with forced flow
characterized by the fact that g(r) = const, and into that one where g = ¢/(¢).

Since the phenomenon of colmatage in both cases is accompanied by the
decrement of porous space with all the above mentioned consequences, it is essential
for the experimenter, studying such flows, to determine the distribution of mass
arrested, the distribution of porosity, as well as the distribution of pressure, the
changeability of the medium permeability and the variation of flow discharge in
every moment of the process duration. The experimenter is able to achieve this, as
our team (Trzaska, 1965, 1972; Trzaska & Broda, 1991, 1999 and al.) has done many
times gathering information on the distributions of pressures starting at the zero
moment of the process duration. Then, separating the colmatage column into
segments and washing out the colmatant deposited in the porous medium, the
experimenter is able to determine the mass of this colmatant arrested in the porous
medium and to calculate its volume.

In result of these actions we get information on the distribution of pressure
h(x,t}) and the mass arrested in the medium porous space P(x,t,). Repeating this
action for various times of the colmatage phenomenon duration, we finally get the
distribution of the colmatant mass arrested P (x, ). Since the connection between the
mass arrested in the medium P (x, ) and the porosity of this medium are known, it is
easy to determine the distribution of porosity &(x.t) as well.

The procedure described is unusually time — and labour — consuming. It needs
to be repeated many times and to have precisely the same conditions. Sometimes it is
often difficult or impossible, especially under natural conditions. Because of this fact
and the demands the experimenter or the designer describing the flow with
colmatage has to face, we will show how from one experiment running in an
established space and time in which a simple measurement h(x,7) and q(7) is
performed, it is possible to determine in turn the above mentioned physical
quantities, i.e. ¢(x,1), P(x,) and k(x,7). Knowledge of the quantities is quite
significant in various fields of national economy.

We achieve this basing on the experiment and on the theory of colmatage verified
many times, modified and completed.

Using the existing theory of colmatage and the experiment as well as the
calculation procedures prepared, we match theoretical curve to the experimental
ones. In result of this matching we obtain information concerning every quantity
characterizing the process of colmatage. Thus we can determine what we are
interested in a given case, e.g. the distribution of pressure h(x,f) in the whole
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area and at the time of phenomenon duration, the distribution of porosity s(x, t), the
distribution of permeability k(x,t) and the variation of flow discharge ¢(t). Good
matching of the theoretical curve to the experimental one allows one to avoid
labour-consuming experiments, replacing them with a theoretical description.
Theoretical investigations of this phenomenon, i.e. the phenomenon of col-
matage, were started in our centre in the sixties by Professor Jerzy Lit-
winiszyn with his works (Litwiniszyn et al., 1961 -1969) which, alas, will not be
continued. Irrespective of what could be written on those works, we are not able to
overestimate their significance and value. They were pioneer on a world scale and
opened a new way in examining the flow of suspension through porous media.
Continuing this work we are indebted to him — a precursor and teacher — and wish
to follow his example by contributing to this problem with our investigations.

2. Theory used for the calculations of the problem under discussion

In the introduction to this paper we set ourselves a task which we accomplish by
means of the existing theory. In consists of a system of partial differential equations
describing the process of colmatage under discussion. This system is carefully chosen
in the form suitable for the phenomenon described and for the experiments carried
out. Because in our investigations the length of porous medium equals 90 [cm], and
the time of the flow of the colmatant front wave in relation to the time of the
phenomenon duration can be neglected, then the balance-transport equation,
considering unknown functions P(x,t) and N (x,t), has the form:

ON(x,t) OP(x,t
a(9) a(j:l)Jr gr)

where, as in every our paper (Litwiniszyn, 1961, 1965, 1966; Trzaska, 1965, 1972),
N(x,1) and P(x,?), determine in turn the volume concentration of particles floating
and arrested with reference to the unit of the liquid or solid medium volume.

The expression ¢ (t) is named either the filtration velocity (on account of its size)
or the unitary flow discharge, i.e. the discharge referring to the unit of the area
embracing jointly both the pores and the skeleton of the porous medium (Fig. 1).

The phenomenon of colmatage during a relatively long process is best described
by what is called the third kinetics (Trzaska, 1972).

0P (x,1)
ot

=10, (1

= —0y3q(0)[P(x,0)—& ] [P (x,1)—B] N(x,1). (2)

Owing to this, we based our considerations on this kinetics. However, we want to
say that the procedure we used to get interesting us information on the basic
quantities connected with the flows with colmatage can be also based on the
solutions considering the already known first or second kinetics. This can take place
when the phenomena of colmatage proceed in accordance with the mechanisms of
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these kinetics, although we wish to stress that the third kinetics (2) is a significant
generalisation of the two others.

We want to remind you that the solution of the system of equations (1) and (2)
with the boundary conditions

B*

N(0,t5)=n, P(x,0)=0 and additional one P(0,) = ¢, .
Eo— ﬁemoﬂ*l{q(z)dt

. 3

determines the function we look for of the distribution of the colmatant mass P (x, )
retained in the porous medium. Its form is represented by formula (4) (Trzaska, 1972,
1983)

t

enaoli*(l)q(t)dt 1

: . (4)
< _ %) _efsgzo/ix +enaoﬂ*gq(l)dl —1

P(x,t) =g

where:
B =so—B; B <0,

Colmatant mass arrested in the porous medium causes the decrement of the
porous space of the medium. Thus, it leads to the lessening of the medium porosity. If
the initial porosity of the medium equalled ¢,, and the concentration of the mass
retained is P, then its current porosity at an arbitrary point of this medium and at
a moment ¢ of the colmatage process duration equals ¢(x,t) = g,— P (x,t). This
dependence can be observed in Fig. 1 if we notice that V,, =V, =V, ; e, =V,,/V,
e(x,t) = Vo/Ves P(x,t) = V,/V.; N(x,t) = Vy/V,

T 11 ; A
| s 2w V. the total volume of the medium,
1 . ‘\',, V%: the _vo_lL.Jme of the medium skeleton,
AR Vas the initial pores volume,
v = Via the current pores volume,
| [V V, the volume of solid particles deposited,
v, Vy the volume solid particles in the suspension
A

Fig. 1.

Since we have the distribution function P(x,t) we can also easily determine the
distribution function &(x,t). Its form is as follows (Trzaska, 1983):

*
ﬂ e~ ¢oaofx
p
e(x, 1) = g I : ‘ (5)
F e—soaoﬂx _endoﬁ*gqm‘“ +1

Since the colmatant mass leads to the decrement of the medium porous space, to the
lessening of its permeability, it also leads, at the same time, to the changes in the
primary distribution of pressure.
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The distribution of pressure h(x,t) and its variation in space and time resulting
from the process of colmatage is determined using the equation of motion (6)
(Trzaska, 1986, 1989)

dh(x,1) va?

=—2a————q(t
dx ag83(x,t)q()’

(6)

(where a is “the coefficient of departure”, v — the kinematic viscosity index, o« — the
specific surface, g — the acceleration of gravity), which after introducing function
¢(x,7) given by formula (5) takes the form (7).

é@ = —Qq(1)e?[DP+3b2A (1)’ +3b A1) W+ ()P, (7)
X

2 * o
where: Q = g?abv?’; b= E'B—; A(t) — 1 — p"ooB ({Q(I)dt; f(x) _ goaoﬁx-

Let us notice that oy, f, o, n are constant values for homogeneous media.
The above equation of motion with colmatage has three partiular solutions.
The first particular solution is given by formula (8)
he) = By e o (£, ®)
géo
where L denotes the total length of the porous medium.

Function (8) obtained describes the distribution of pressure at the flow of pure
liquids not carrying any suspension, i.e. when n = 0, or when flowing suspension
does not undergo the exchange from the liquid medium to the solid one, which
means that the flow proceeds without colmatage or with colmatage at the initial
moment of the process. This relation for homogeneous media, or speaking differently
this characteristic is given in the form of “straight line with negative inclination”. This
straight line illustrating the distribution of pressure for the flow without colmatage is
simultaneously a characteristic determining the distribution of pressure for the flow
with colmatage but at the moment ¢ = 0. Continuation of the phenomenon of
colmatage leads to the departure of this straight line depending on the increase of
pressure at every point 0 < x < L for the flow proceeding with constant discharge.
It also leads to the drop of pressure at every point 0 < x < L when the flow proceeds
with constant difference of pressure. Figs 2 and 6 clearly show what this departure
depends on.

Because of this we give below the second particular solution (9) of formula (7). It
refers to the flow with constant discharge.

h(x,t) = h, + Qqo[ BE*(x)— BE*(x)e’® + B*(x)e?®% + — B¥(x)e?], 9)
where:

B§*(x)
B¥*(x)

I

b*B§(x)+3b°B¥(x)+ 3bB%(x) + B%(x)
3b2B¥(x) + 6bBX(x) + 3 B(x)
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B3*(x) = 3b*B%(x) + 3 B¥(x)
Bi(x) = (L —)
2
B* = aofcol _ ,aofeox
1(x) aof (e e )
* az ( 2apfeoL 2a0p. )
X)=—|\¢e 050‘_8105()-\
) 200 e,
12 3apfeol 3apf
B* = aopeol __ apfeox
3(X) 3a0ﬂ£0 (e € )
0 = no,f*

The third particular solution (10) describes the case of the flow proceeding at the
constant difference of pressures at points x =0 and x = L.
hixo) = H [ BE*(x)— BY*(x) €°2Y + B%*(x) €*°2® — B%(x) 7°9"]
ba) = BE*(0)— B1*(0) €°2” + B5*(0) €222 — B%(0) €320

(10)

B h(0,1)—h,
~ Q[Bg*(0)— Bt*(0) *?" + B3¥(0) e>°%" — B§(0) 2]

q(t) (11)

To understand better the process of the phenomenon of colmatage, let us notice that
the case given by formula (8) can be obtained from equation of motion in the form
proposed by Darcy. The formulae describing the flow with colmatage (9), (10) can be
reduced to the formula describing the flow without colmatage, assuming that the
coefficients of colmatage such as n and o, take the zero value, or that the process
with colmatage is observed at the initial moment (t = 0). In accordance with the
above assumptions for the homogeneous medium such expressions as the coefficient
of filtration, the coefficient of permeability or the hydraulic gradient take the
constant value independent of position. With the passing of time, when the flow
proceeds with colmatage, the above mentioned quantities undergo changes in space
and time taking the form of the functions of these two variables.

3. Experimental, comparison investigations and their comparison with the theory

The authors of this paper carried out experiments with reference to the constant
difference of pressures and the constant discharge of flow. The investigations were
performed using a special apparatus made by the authors and described in the
former publications (Trzaska and Broda, 1991). Fig. 2 presents part of the obtained
results concerning an experiment proceeding with the constant discharge of flow. It
shows distributions of pressure at the moments ¢t = 0 and ¢ = 12000, 15600, 18000,
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120 —

+ experiment

12 4 — theory

— 104 g, = 0.059 [cr/s]
o, ’
) 96 — =0 [s]
£ t,=12000 [s]

38 :
5, t,= 15600 [s]
S t,= 18000 [s]
“ 8 t,=20400 [s]
z 72
= o, =0.0185 [em |

Fig. 2.

20400 (s). Distributions of pressure for the constant difference of pressures are shown
in Fig. 6.

Experimental data are presented in the figures by crosses, whereas full lines show
theoretical distributions described by the formulae quoted above. The values of the
coefficients were chosen from among the experimental data using gradient op-
timisation methods (Trzaska & Broda, 1991).

Thus, because we have the values of the colmatage parameters interesting us,
such as: a, f§, n, we can calculate now distribution of the mass retained P(x, t), those
of porosity ¢(x, 1), pressure h(x, t) and permeability k (x, t) at an arbitrary point x and
moment ¢t of the colmatage process duration.

Investigation results serving as an example obtained from the experiment
made with the constant discharge of flow, after suitable calculations, are shown in
Figs 2, 3, 4 and 5, whereas those obtained from the experiment carried out with the
constant difference of pressures are given in Figs 6, 7, 8 and 9.

In Figs 3 and 7 the distributions of the mass retained P (x,t) are presented. Figs
4 and 8 show the distribution of porosity ¢(x, ¢) obtained on the basis of the known
dependence.

Comparing the experiment with the theory we can see that the latter is
sufficiently correct in its assumptions. Aware of this fact we can make next
steps forward. They concern the determination of function k(x,¢) denoting the
variation of permeability of the porous medium under discussion. It can be
done using equation (7).
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P(x,t)

e(x,t)

q, = 0.059 [em/s]
t,=0 [s] «,=0.0185[em"]
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X [cm]
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Knowing the distribution h(x,t) from the experiment, we can determine this
function as follows. On the basis of this experiment and calculation procedures
we determine the coefficients of colmatage. And so, basing on formula (4) we
calculate the distribution of the colmatant mass P(x,f) arrested in the porous
medium, and using formula (5) we get the distribution of porosity &(x,¢). Function
k(x,t) describing the variation of permeability of the porous medium for the
three cases of flow, i.e. without colmatage, with colmatage: for the flow with
constant discharge or with constant difference of pressures, is determined in the
following way.
dh(x,1)

/x
procedures basing on three particular solutions of equation (7), i.e. (8), (9) and (10).
Thus:
for the flow without colmatage this case is determined by formula (12)

dh(x)

% = — Qb%a’q,, (12)

At first we determine the hydraulic gradient J = — from the theoretical

for the flow with colmatage, but with the constant discharge of flow g, this case is
determined by formula (13)
dh(x, 1)
dx

= —Qqo® [b>+3b2A(t) e/ +3bA%t) 2™ + A3(t) 3], (13)

7%
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where:

A(t) = 1 —eroFraot
and for the flow with colmatage and the constant difference of pressures — formula
(14)

dh(x,t)
dx

" {ﬁ*380a0+3[3*2 mR (x) G(t)+6,8,[5*mR2(X)G1(I)+3mﬂ2R3(x)G2(t)} (14)
N O | B*3Legog +3B*(E—1)G (t)+3BB*(E> —1)G ,(6) + BHE> — 1) G,(t)

where:
E = efo%ofL R(x) = gforopx G(l) = 1—¢%Q0 Gl(t) = 0.5— %20 1 (.5¢%°00

1 1
G(t) = gﬁe"Q‘”—ke”Q‘”— ge”Q‘”, m= gyotof.

Following Darcy, we can notice that g = kJ. This happens when the flow
proceeds without colmatage, i.e. when a given medium does not change its physical
properties. Then, the coefficient k known as the coefficient of filtration takes constant
value characteristic for a given porous medium; naturally when ¢ and J are also
constant values. When the flow proceeds with colmatage, because the porous
medium undergoes physical changes, the above given description, as we have often
stressed, is valid for the moment ¢ = 0 of the running process. Under its influence the
decrement of the medium porous space occurs, its porosity decreases and the
changes in permeability take place. The primary feature of the porous medium
known as the coefficient filtration k undergoes variation and from that moment it
takes the shape of function of position and time k (x, t). Thus, the above given Darcy
equation, valid for the flow without colmatage takes the form

q(t) = k(x,0)J (x,1). (15)

If function k(x,z) is to be determined, we have to proceed as follows.

In the case of the flow without colmatage ¢(f) = const, because physical
properties of the porous medium do not change, and the hydraulic gradient is then
given by formula (12). In this definite case the coefficient of filtration is described by

formula (16).
Davoa?\ !
k:(““‘f‘) . (16)
géo

On the other hand, when the flow proceeds with colmatage but with constant
discharge, function k (x, ) is given by formula (17). It will be obtained on the basis of
(13) and (195).

k(1) ={Qu? [b3 + 362 A(1)e™ + 3bAX(1) ™ + A3()eM @ 1. (17)
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However, if the flow with colmatage proceeds with the constant difference of
pressures at points x =0 and x = L, then function k(x,t) takes the form shown
below

k(x,t) =

B Lego + 36*(E— 1)G()+ 386* (2 — 1) G,(1) + F(E* = 1)G(0)
) B0 + 352 mR (x)G (o) + 6BF*mR2()G, 1) + 3mPR (9 G, (0]

where ¢ (¢) is determined from formula (11). Using formulae (14) and (15) we obtain
formula (18).

On the basis of the above solutions, Figs 5 and 9 present the distributions of
permeability k(x,1).

At first sight, the determination of the quantities mentioned characterizing the
process of colmatage seems complicated and labour-consuming. However, cal-
culation procedures, irrespective of their complications because of the mathematical
techniques (gradient methods of optimisation or others) allow one to obtain quickly
the results interesting for the experimenter.

The authors presented their propositions how to determine these quantities on
the basis of a definite example referred to both the theory and the experiment. If the
necessity comes to perform calculations with reference to some other geometry of
flow differing from the one used in the experiment, e.g. to the radial flow, it is
possible to apply the procedure and calculations also to this geometry.

(18)
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