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}, INTRODUCTION

This report has been written in partialjfulfilment of the study in
land and water management at the Agricultural University in Wageningen
and complies very well with the research carried out by the Institute
for Land and Water Management Research in Wageningen and the Drainage
Research Institute in Cairo, Fgypt. A study has been conducted to the
transport and accumulation of salts in the soils with emphasis on the
Na, Ca and Mg ions. Besides salinization aspects sodification of soils
often poses a threath to agricultural practices in arid and semi arid
regions with agriculture depending partly or completely on irrigation.
The effect of increasing salinization is an increase of osmotic pressure
in the plant root zone and reduced plant growth. Besides physiological
effects also poisonous effects of high concentrations of salts play a
role. The effect of sodification (dominance of Na' on the adsorption
complex) enhances the swelling of clay minerals reducing the effective
permeability of the soil. Under these circumstances plant growth is
reduced by limited water availability as well as by oxygen shortage.

The hazarduous effects of both salinization and sodification are
in the field frequently noticed only after a long period. It is there-
fore important to develop methods to predict these long term effects
before irrigation projects are constructed or land reclamation pro-
grammes are initiated. Timely taken measures may then prevent a serious
decrease in the farmers'income, in project economics, or even prevent
the project implementation.

In Egypt agriculture completely depends on irrigation and both
processes of salinization and sodification became an important subject
of study, because the reuse of drainage water in the Nile Delta in
Egypt has been adopted an official policy of the Ministry of Irrigation
to supply a great part of the newly to be reclaimed agriculture land

with irrigation water.




Knowledge of water quantity and —-quality influencing processes are
ggggg;ﬁ%ﬁiﬁ%éeghgmgg§g§§ment of a long term justified reuse strategy.
Af ﬁhéfyreéé@;;“?ﬁé majority of the water from this potential source
stiifbflg&s £oté£eléea.

This study presents a simple model for water quality forecasting.
Two processes are taken into consideration: transport and dispersion
caused by the convective flow and the adsorption of Sodium, Calcium
and Magnesium. The transport phenomena have been approached by the _
"mixing=-cell' concept, which is a numerical solution of the general
Fokker-Planck equation, presented earlier by GOUDRIAAN (1973) and
VAN OMMEN (1985), The adsorption equilibria have been assumed at the
end of each time interval. The ternairy adsorption system has been
approached by two adsorption isotherms, a 'Gapon' and a 'Kerr' equa-
tion and a mass balance. '

Two column experiments which enabled to verify the model have been
performed at the ICW Laboratory.

The first experiment has been done with a fine sand soil, having a
low cation exchange capacity to gain experience with the new and rapid
technique with High Performance Liquid Chromatography columns. The
second experiment has been carried out with three different feed solu-
tions by Dr. Sammia El Guindy and Mr., J, Harmsen, Long term estimations
were made about the effects of the reuse of drainage water,

The conclusions in this report are tentative because the data used
in the calculations are based on several assumptions and preliminary
data. The two dimensional transport of solutes has been approached with
a model presented by ROEST and RIJTEMA (1983). Attention has been paid
to other transport and adsorption models for comparison, but no calcu-
lations were performed because of their complexity.

A computer programme in FORTRAN for the simulation of a three
cations column experiment is presented and techniques for finding
optimum parameters from experimental results originating from systems
analysis are explained.

A programme for the HP 41 CV calculator for a two cation system is
also presented but the required simulation time of an experiment pro-
hibits extensive use of this programme and the storage capacity of
this calculator is insufficient for all variable required, ;

I want to acknowledge Dr. P.E. Rijtema and Ir, C.W.J. Roest for E
creating the possibility enabling this study and Ir. F. Blomer,

Ir, H. van Ommen and Ir. C.W.J. Roest for their help and cooperation,
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2. TRANSPORT MODEL

The transport process of a solute through a soil system follows the
theory of exchange chromatography. The exchange process interacts with
the transport of ions and the interaction of both processes can be

presented by a conservation equation (REINIGER and BOLT, 1972):

3(qi+eci)

5 = — div Ji + prod(i) (1)

where q; is the amount adsorbed of ion i in meq per cm3 of the system.
The quantity of the same ion in the liquid phase is given by ey with

£ as the effective posity in cm3 per cm3 of the system. The salt con-
centration ci is expressed in tEg samffunits as the solid phase and.
salt flux Ji is given in meq cm “.seec . The production term prod{i)
represents a source or a sink of the ion from e.g. dissolving or pre-
cipitating solid salts. However, these processes will not be considered
in this report. The transport of the ions considered takes place in the
liquid phase. The flux J consists of at least two terms, a convective

flux (J)Con and a diffusion/dispersion flux (J)di can be distinguished:

) = v c, (2a)

(Ji con i

(J.)

d; - D, grad g (2b)

Di is the effective diffusion coefficient of the ion considered and
may be estimated from the self-diffusion coefficients of all ions in-
volved applying a correction for the liquid filled porosity and tortu-
osity of the pores. The convective flux of the solution is expressed
by v in cm3 sec_l.cmuz. The ion flux due to mechanical dispersion must
be taken into account for heterogeneous porous systems. The dispersion
coefficient Ddisp is usually taken to be proportional to the velocity
for low flow rates,

The total effect of diffusion and dispersion is defined as the

apparent diffusion and the effect of this phenomenon is given by:

D' =D (3)

diff * Ddisp

The substitution of eq. 2a into eq. ! neglecting the production




term and reduction of the system to one dimension yields the following

equation:
2
9(q,¥ec,) dc., 3¢,
i 10 1 ' i
R (4a)

with x as the distance relative to the entrance of the system in em.
The diffexentiation of the left hand side term to time leads to the

following expression:

‘ Bci Bci Bzci
(Qi(c)+€) ST Vae D' — (4b)
9x

where qi(c) is the differential capacity of the exchanger. The equation can
can be solved analytically for an ion with linear adsorption behaviour,

when a constant value for qi(c) is found (Section 3.2),

2.1, Transport of non retarded ions

At low macroscopic stream velocities molecular diffusion is the
main cause of the apparent diffusion, at high veloecities dispersion
dominates. The Peclet's number gives an indication for the contribution

of each process and is defined as:

Dd.
Pe = Q18P (5)

Diifs

Mechanical dispersion is the main process for Pe >> | and the total
effect is mainly due to diffusion for Pe<<1.

In this chapter two mathematical methods for solving the differen—
tial equation will be considered and attention will be paid to para-

meter estimation.

2.1.1, Analytical solution

When the adsorption of an ion is absent, the term g'{(c) = 0 and
D* is defined as B'/e and v¥ = v'/e,
The following boundary conditions applied to equation 4b can be

defined for an one-dimensional flow:




initial salt content: x > 0 » t =20 , € =20

o
boundary condition : x =0 y £ >0 » € =g
infini t HED S t.. . c =c
infinite depth ’ finite ° o
infini i : . + c =
infinite time xflnlte s L » cf

where <, is the initial concentration of the soil solution and C is
the concentration of the feed solution,

For a block feed and a constant initial column concentration the
solution is found by means of the Laplace transformation method as has

been done by WALTER {(1945):

The second erfc term represents the reflection caused by the en—
trance boundary and for greater values of x + v¥t, this term tends to

Zerol

(x-v*t) 7
2V/D*t

_ 1
cel{x,t) = c, + f(cf co) erfec

The slope at a certain point on this curve is obtained by the

differential of equation 7:

dex,t) (cfmco){x % (x—v*t)2
ot \e "V ) =P T pFe @)
4YTD*¢
. D* . . .
The ratio o = % s defined as the dispersion length or charac~

teristic length. This parameter can be found in symmetrical cuxves by

the determination of the tangent of the break through curve at %{co+cf).

(fig. 1).

The occurrence of a blind pore syétem or_a Qtagnant ﬁhaseiiﬂnthe
column affects the symmetry of the curve. The curve shows a symmetric
course for an ideally behaving column. The top of the tangent cuxve is
given by the slope of the break through curve at the time of occurrence
of its centre of gravity. When the column has been refreshed once by

the feed solution the concentration of the effluent equals %{cf+c0).
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Fig. 1. Caleculation of the dispersion length from the slope at the

flexure point

For t = %§ and x = L, where L gives the length of the column, the dis-
persion length is given by:

2
(c.—c )L
o = o "o’ T (9

bt ceg By

2.1.2. Numerical solution

GOUDRIAAN (1973) solved the general convection dispersion equation
by assuming the apparent dispersion equal to zero. Theoretically, a
s0il column can be divided in n layers, each with thickness Ax, Within
each layer, the salt concentration is supposed to be uniform and the
mixing of the solution is complete.

The change of the salt concentrabion in Lhe i~th layer can be given

by!

éﬁéil'x - & Exc(lﬂl) (10)
where u is the pore water velocity, c{i~1) is the concentration of the
entering solution and c(i) represents the concentration within the
layer and of the out flowing solution.

The inflow of salt is dependent on the salt content of the previous
layer, the outflow is proportional to its own content. When a solute
with concentration zero enters the first layer, the compartment will

loose sali proportional to its concentration, The differential equation




for this situation is given by:

de(1) _ _ e(l) '
a Y Thx (11a)

with solution:
: ut
c(l) = c;’0 exp( E;) (11b)

with ey o 28 the initial salt concentration in the first layer. The
»©

salt flux into the second layer equals u.c(1) and the differential

applied to this situation is:

ut
de(2) () °1,o.eXP(" Egl
dt =T U AR tu Ax ' (12)

The general solution of equation 10 can be derived by using the

mentioned reservoir concept and can be expressed by:

ut) ut n-i | 1
C(n) = EXp(— H) ‘Z ci,o(i)(—A;) W (1,33.)
i=o
When the initial concentration in the second and succeeding layers
is taken zero and the concentration in the first layer (i=o) is taken
to be the concentration of the feed solution the expression for c(n)

becomes:

n .
c(n) = co(%%) ﬁ? exp(— %ﬁ) (13b)

This equation applies to a Poisson probability distribution if the
concentration of the feed solution is set at unity.
The expectation value equals %& and the standard deviation of the

one-dimensional spatial distribution is given by:

1

2
= {ut
9 (ﬁx) (14)
If the number of layers is large enough, the Poisson distribution

can be substituted by a normal {(Gaugs) type of distribution having the




same standard deviation and represented by:

]

> ) e""(’(“ - ‘f\%)z’ (2‘3‘2)) (15)

200w
5

cln) = Co(

The separation of the column into theoretical layers introduces a
numerical dispersion which is similar to the flattening of a sharp
front due to diffusion/dispersion in the continuous column. According
to the theory of diffusion, a quantity of salt cOAx entering a porous

medium at time t=0 will be distributed at time t=t as:

2 2
) exp SA%%EL— (16)

An expression for the diffusivity D is obtained from the comparison
of the numerical and continuous conceatration distribution formulations.

Equation (16) is similar to (15) if the multiplier equals:

Uz(Ax)z
AT ()
When time t is set at the average time of outflow t and the layer
thickness is taken as unity the standard deviation in space GS equals

the product of the stream velocity and the standard deviation in time:

OS = uot (18)

The combination of eq. (17) and (18) yields an expression for the

dispersion length:

. D
T i (19)

2.1.,3. The mixing cell concept

Supposing that within a time interval At a solute volume Ault
enters a compartment with moisture volume AAx, the quantity of moisture

remaining in this compartment has the volume AAx - AuAt (see fig. 2).

——— e
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Fig. 2. Schematization of a moving solute through a column

The entering solution mixes completely with the remaining moisture.
The concentration will be composed of the two previous concentrations

of the compartments i-1 and i and is given by a simple mass balance:

L 'y :
AMx c(x,t+At) = Ault cx,t) + A(Ax-ult) c(x-Ax,t) {20a)

Dividing by AAx and rearranging gives the same equation as the
convective dispersion equation, written in finite difference notation
and the apvarent diffusion set at zero (VAN OMMEN, [985):

c(x,t+ht) = e(x,t) + %%E(C(K—Ax,t) ~ e(x,t)) (20b)

The mixing ratio %%5 represents a measure for displacement of a
cell moisture volume by the volume of a previous compartment. The first
and second order terms of equation 4b can bederived numerically by the

method of Taylor expansion. The terms are given by:

backward with respect to place:

de  _ elx) = c{x—hx) + Axazc _ (Ax)283c . (212)
3% Ax 7 K a
219x 319x
foreward with respect to place:
dc _ c(xthx) - c(x) et | (w%ie (21b)
9x Ax 1o 2 th. 3 e
210x 319x%
central:
dc o clx+dx) - e(x-Hx) _ (AX)ZBBC _ (Ax)435c _ (21c)
dx 2hx : ) taLD T ¢
319x 518x




backward with respect to time:

3¢ _ c(t) - c(t-At) Laed’e | e (21d)
5t At 219t 3lat

foreward with respect to time:

de _ c(t+ht) - olt) — AtdZe - (At)ZBBC - (21e)
3t At 2ty 319t

central:
dc _ e(t+At) - c(t-At) _ % o0 @15)
ot 28t 31at> 515t°

the second order term is given by:

9 2.4

dc _ elx+hx) - 2e(x) + c(x-Ax) _ 2(Ax)"3 ¢ - (21g)
x> (bx)? 610

Substitution of equations (21a) and 2le) into (20b), neglecting the
2 2
third avd higher order derivates and terms and assuming §_% & u2 a—%

yields a similar relation to eq. (4b): ot ot

(22)

de ude ubx uzAt 82c
a ~ + -
ot 9x

2 2 sz

The numerical dispersion is given by the error introduced by the

finite difference approach. The dispersion length is expressed as:
o, = 2% . st . (23)

If the layer thickness and dispersion length parameters are known,
the time interval required in a computional model can be calculated.
The size of the artificial dispersion can be controlled by the choice
of the proportion between the layer thickness, the time interval and
the velocity,

This concept is only valid if the condition o < %? is met.




2.1.4, Finite difference approach including diffusion

Other discretizations of equation 4b are possible. When a diffusion
term is taken into account, the discrete form of 4b can be found from

an extension of (20b) with the expression for the second order term

(21g):

c{x,t+At) - e(x,t) _ _  c(x,t) - c(x-Ax,t) .
At - A%
+ D c(x+hx,t) - 2e(x,t) + c(x-Ax,t) (24)
2
(Ax)

Multiplying by At and rearranging results in the following formula:

cl{x,t+AL) = hic(x+Ax,t) + Azc(x,t) + h3c(x"ﬂx,t) (25)
with:
A =D LE (258)
(Ax)
At DAL
o= 1 - 2859 (25b)
2 Ax (Ax)z
A, = Sbt . DAt (25¢)

For the first compartment c(x-Ax,t} equals the concentration of the
feed solution C0 and for the last compartment another computation

schedule can be used:

c(x=n,t+At) = (A1+A2) c{x=n,t) + A3c(x=n~l,t)

where n is the number of imaginary compartments with equal size in the

column.

2 ‘ 2
The term a—% is assumed to be equal to uzlé—% (VAN OMMEN, 1985)
ot ax

and the third and higher order derivatesare neglected.
Congideration of the introduced difference errors yields the

following relation:

2 2
de _ _  dc Cubx _uAx 37x
R i (D Y 5 axz) (26)




2
with D + —“gx .- ZAX

cient. The mathematical coefficient is similar to the expression found

as a formulation for the apparent diffusion coeffi-

in the mixing cell approach (Chapter 2,1.3),.
For computational stability reasons the following condition have to
be met (VAN DEN AKKER et al, 1984):

0;1—%}%-5—2%‘:2;2 (27a)
(Ax)
or:
%}%E . DAt2 < (27b)
(Ax)

2.2, More column systems

Frequently a good structured soil exhibits a bi or multi modal pore
size distribution, due to the difference of spatial structure of the
particles. A part of the solute can have permanently a lower flow velo-
city and therefore the micro velocity distribution will deviate from
the Gauss distribution. The breakthrough curve will show an asymmetric
behaviour and reach slowly the final concentration. Systems with blind
pores will behave in a similar way, the mixing of the solutions between
the mobile phase and stagnant phase is due to diffusion only.

It is possible to divide the system in two or more imaginary paral-
lel columns in order to simulate this phenomenon (fig. 3). Each soil
column distinguished has its own geometrical configuration with its
own properties. The assumption of non-transversal interaction seems
plausible for micro-columns with high velocities. At the inlet of the
system, the total flux is divided into parts proportinal to the contri-
bution of each sub-system.The effluents of the imaginary systems are

mixed at the outlet.

12
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Fig. 3. Schematic representation of the more column system

2.3, Parametetr estimation

The passage of a non-retarded tracer is similar to the systems
response activated by a certain input in the theory of hydrolegy. The
breakthrough of a solute can be described in terms of a linear time
invariant process. The concentration of the feed soiution is normally
kept constant in a colum experiment, If a non-reactive solute is
supplied continuously the course of the concentration at the outlet of

the gsystem can be defined as:

clt) = (cf~c0) h(t) dt + <, (28)

o

where h(t) is the instaneous uynit salino response which characterises
the systems operation. This curve can be derived by the first order
derivative of an experimentally obtained breakthrough. VAN DE NES
(1973) defines the moments of the impuls response relative to the

origin as:

13




t1 h(t) dt

(29)

»BlO -

h{t) dt

—

where Mi is an expression for the ith moment .,
The 'average breakthrough time' at the outlet of the column is given by
the first moment. In a symmetric system, the centre of gravity of the

impuls response curve has been reached at time t when:

e(t) = %{cf+co) (28a)

The statistical variance in time is given by:

o, =M, - M (30)
If the method of statistical moments is applied to the concentra=~

tion course described by the Poisson distribution, expressions are

obtained for the average breakthrough time and variance:

t
]

t m+nc%g (31a)

Q
il

2
2 <n+1)(%§) (31b)

If the first layer is considered to be the reservoir of the feed
solution, counting of the layers may start with 1 instead of zero, the
number of layers (n), the layer thickness (Ax) and the effective poro-

sity (Ee) are given by!:

—2
n o= 55 (32a)
Cjt
o
Ax = L —- (32b)
)
t
T
e, = t I, (32¢)




with Lt as the total length of the column.and v as the flux.

The same method can be applied to the parameter determination of
the parallel column system. The main salino response curve may be -
devided in k symmetrical sub-curves. The relative contribution ¢j of

each column to the system is given by the area of each curve:

8

¢ hj (t) dt (33)

_ k
with )} ¢, = 1
j=1

The effective posity and the velocity in each column are found

from:
L
a, =-t (34a)
J t.
J
v¢.€.
e o= 4 J (341)
e] Lt

where the suffix } stands for the number of the columm.

The salino response curve can be adjusted by plotting a symmetric
curve as large as possible beneath the experimental curve. If diffusion
is expected to play an important role, its effect can be estimated by
the subtraction of the adjusted apparent diffusion from the total apparent
diffusion. The not covered part of the area (the tail) can be considered to be

due to diffusion.

2.4, Two dimensional approach
2.4.1. Possibilities for a two dimensional approach

The differential equation describing the two dimensional convective/
dispersive transport is given by (CHENG et al, 1984):

de 3c de Bcz 32
¥ = D(—— + c) (35)

3 U et Uy By
* Ox y ay sz ay2

15




The velocity in x and y direction at a certain point is expressed

by u and u_. If the dispersion is not isotropic the second order term

32 52
may be given by Dx ——% + Dy ——% .
ox Jy

A discrete form for the equation is:

C(XSY:t+At) - C(K)Y;t) +u C(Xry,t) - c(x-Ax,y,t) +
At X Ax

C(X9Y5t) = C(X:y_AY3t) =D C(X+Axay,t) - 2C(X,y,t) + c(x—Ax,y,t) +
y Ay (Ax) >

+ u

+ c(x,y+Ay,t) - ZC(X,yét) + C(XaY"AYst{] (36)
(Ay)

Expressions for the discrete terms are obtained by the method of

Taylor expansion:

2 2.3
clx,y,t+At) - c(x,y,t) _9%c At 3¢, (At)” 3¢
At "t 2t 3o L3t G7R)
ot ot
o 2 2 .3
e(x,y,t) - c(x—Ax,y,t) ~B8e M3de (Mx) dc (37b)
Ax 9x 21 . 2 3! 3 e
9% ax
2 2 .3
c(x,y,t) - clx,y~Ay,t) - dc Ay 3¢ N Ay)” 37c _ (37¢)
Ay oy ~ 20 2 3! 37 e
y 3y
c(xthx,y,t) - 2e(x,y,t) + clx-Bx,y,t) _ §E§ + 9 (Ax)z gﬁﬁ . 374)
2 2 4.i LB )
(Ax) 0% Ix
2 2 4
elx,y+dy,t) = 2e(x,y,t) + clx,y~Ay,t) _ 3¢ L,y 3%, (37e)
5 : vos
(by)? oy ooyt
32
The second order derivative to time ~u§ can expressed in derivatives
to place: ot
2 2 2
at vy 9x oy~ /

Neglection of the third and higher order terms when transport

dominates over diffusion/dispersion:




3¢ _ 3{%cy _ o fac
25w aile) vy o) 8
t
ey ey Be oy B, 3f , % _, Bc
T T % ﬁg( “x Bx uy By) uy 3;( “x 9%  Vy By) (38¢)
2 2 2
u2 g—% 2u u %Eg—-+ u2 E_% (38d)
% oax Xy oxoy y ay

Substitution of (37a), (37e) and (38d4) into (36) yields:

2 2
de dc dc (3 c , 9 c)
—Ftu — +u = =D+t —1 +
ot X 90X y oy sz 3y2
2 2 2-
1 2 3¢ 97 ¢ _ 2 dc
+ E—(uxéx—uxAt) 5;5-- ZuXuyAt 5%y + (uyﬁy uyAt) 5;5 + o (39)

The last term of the right hand side expresses the numerical disper-
sion which is introduced by the finite differences., The effect of the
numerical dispersion is a function of the veloecity field and the coef-
ficients in (39) are not constant. The use of the differences schedule
given in (36) introduces an additional dispersion and the size of the
dispersion can not be controlled. _

CHENG et gl (1984) gave a method that excludes the numerical disper-
sion and which is based on the interpolation of the surrounding grid

points with second order Lagrange polynomials (fig. 4).

HMF-—=- == 8 7, 0
Y
5 0] 4
J ——————— T =&
LR
P £.
j—'!’——'—-‘““‘_éh 2 1
1
| ! |
i 1 i
1 1 ¥
i-1 j i+1
e X

Fig. 4. Interpolation of the surrounding grid points




The finite difference approach for (35) in this method is given by:

c(x,y,t+At) - e(x-LAx,y-nlAy,t) _ D[%(x+ﬂx,y,t) - 2e(x,y,t) + clx-Ax,y,t +

At (Ax)z
c(X,ythy,t) = 2c(x,y,t) + C(x,y-Ay,t{] (40)
2
(Ay)
: e oy Dt - -y At
with £ Ve e and 1 = vy Ay

The concentration in point P c(x-EAx,y-nAy,t) is composed of the

concentrations in the surrounding grid points:
c(x~Ehx,y-nly,t) = a c(x,y,t) + a c(x+bx,y-Ay,t) + a,c(x,y-dy,t) +

+ a3e(x~Ax,y"Ay,t) + aac(x+ﬂx,y,t)==asc(x—Ax,y,t) +

+ a6c(x+Ax,y+Ay,t) + a7c(x,y+Ay,t) + agc(x-Ax,y+Ay,t) (41)
witha = (=€) (-0 ag = -2 E0-E) ()
ay =~ ERE Ym0 ) ag = £ EGHE ) n(m)
a, = - %- 1—g ) n(l-n ) a, = -% (1-52) n(l+n )
a, = ~E(-E) n(i-n ) a, = - L &=L ) nlitn )
3 4 8 4
a, = '§ E(1+&) (l‘ﬂ )

The cancelling of the numerical dispersion can be shown by the

development of c(x,y,t+At) and c(x-EAx,y-nAy,t) in Taylor series:

2 2 2
c{x,y,t+At) = c(x,y,t) + At EE-+ éﬁ—[gi §—3-+ 2u u gc + ui E—%] + e

at 2 52 Xy 9xdy 3y
(42a)
and
de oc 2 sz Bzc
c(x~EAx,y-nAy,t) = e(x,y,t) - &EAx T " nAy Iy M
ax
2 2
3¢
EnfxAy ggg— + 9%— ——5 e (42b)
y 3y




The substitution of the left hand side of (40) by the terms given
in (42a) and (42b) yields:

2 2
8¢ dc dc (8 c P c)
SC iy Ly = eplSm e ) L (43)
ot X OX y dy sz 3y2 .

The numerical dispersion introduced from temporal discretization
in (42a) equals exactly the dispersion caused by the discretization of

the spare derivate in (42b).
2.4.2, Pseudo two dimensional approach

i , o . ubt .
The mixing-cell concept contains the mixing ratio “Am which can he

replaced by %Fﬁ

c(x, t+At) = c(x,t) + %t-cc(x—-zxx,t) - elx,t)) 44)

where the residence time of the sclution in a compartment T is defined

as.
T = — (45)

The system can be extended to two or three dimensions by the intro-
duction of T (VAN OMMEN, 1985).

The inflpw and outflow in a cell, situated between two streamlines
in a two dimensional section is constant and the area Ai of the compart-

ments are equal (Fig. 5).

T

Fig. 5. Pseudo two dimensional approach with equal compartment areas
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Fig. 6. Schematic representation of horizontal and vertical streamtubes

ROEST and RIJTEMA (1983) gave another formulation for a two dimen-—
sional approach. A schematization of the velocity field in a saturated

aquifer is introduced by parallel columns (Fig. 6).

The assumption is made that no discharge from the unsaturated zone
enters the drain directly and the feed of the aquifer is considered as
a diffuse source. The effect of transversal dispersion is neglected and
no other interactions between the streamtubes occurs.

Each streamtube is composed of a vertical and a horizontal part.
The volume of a horizontal part equals to the volume of a vertical part
and therefore, the compartments will generally have different sizes in
order to satisfy the condition of equal volumes,

The length of a contributing section to a drain is L/2, where L is
the drain distance. The effective depth is assumed to be L/4, when a
physical drainage barrier does not exist,

ROEST and RIJTEMA (1983) gave the following relation for the

resulting concentration of the drainage water in the TRADE model:

N
e =5 1 ¢y ;0 (46)
i=1
Applied to the mixing cell concept, the concentration of the perco-
lation water at a certain time can be obtained by the calculation of
the average concentration of the longest streamtube,
Incorporation of phenomena such as seepage and percolation to a

deeper agquifer is possible in this system,
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3. EXCHANGE MODEL

3.1. Adsorption equilibrium

3.1.1, Three cation system

The complete content of cations in a soil compartment can be dis-—
tinguished in a solid and a solute phase. The solid phase contains the
precipitated fraction of the cation species and the fraction adsorbed
to clayminerals and organic matter. The solute phase contains the free
ions in solution and the ions which are incorporated in 1ligands The
precipitated phase is not considered in this report.

Traditionally, the unity of the adsorption capacity of the solid
phase is expressed in meq per 100 gr dry soil and the concentration of

salt in the solute phase in eq 1iterul solution. One eq 1iter—I of a
0

ion in solution corresponds with Ez-meq per 100 gr adsorbed at the
d

solid phase, where Gv is the volumetric water content in % and Py is

the dry bulk density in gr cm_3.

Different formulations are used to describe the exchange equili-
brium of cations. The Kerr equation is used to describe the exchange
between homovalent cations and the Gapon equation describes the exchange
between mono and divalent cations.

Kerr equation:

Y oo A 2+
Ca Ca
= (473.)
Y K 2
Mg Mg2+

Gapon equation:

Yo A,
Y., 2+ VA /2
Ca 2+
Ca
where: Y = adsorbed quantity of Na' (meq per 100 gr)
Na
L adsorbed quantity of CaZ+ {(meq per 100 gr)
Ca
Y 94 = adsorbed quantity of Mg2+ (meq per 100 gr)
Mg
o . o =1
ANa+ = Na activity (eq liter )
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+ . . . -1
032 activity (eq liter }

A 9y =
Ca 2+ -1
A 2% = Mg™ activity (eq liter )
Mg . 1 _*
KC = Gapon exchange coefficient (liter? eq )

Kerr exchange coefficient

-

In the exchange equations the activities of the mentioned cations
are used. The figures of the concentrations of the cations are needed
to define the mass balance of each cation. Therefore activity coeffi-

cients are introduced according to:

A = £ [K] (48)
withs fk = activity coefficients of a cation
[K] = concentration of a cation K (eq liter_])

The coefficients are calculated by means of the Debye~Huckel equa-—

tion:
AZi/f
log f, =~ ————— (49)
I+ a B/T

where I represents the ionic strength of the solution:

B 2 (-
1= §~Ek Zk[K] (eq liter ) (50)
Zk = yalency of cation K a + = 5 %
. i -1 oNa
A = 0.51 liter? mole a ,, =6 Py
1 _ 1 Ca
B = 0.33 liter? 8! mole? a ,, -8R
Mg

(after BOLT, 1978; Soil Chemistry, A. Basic Elements; p. 17, 18)

The aetivity coefficients can be introduced in the exchange equa-

tions by adjusting the exchange constants:

O Ry (51a)
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Ké - Na KG (52b)
E oy
+
Ca

Any change in the mass balance of a cation by transport processes
causes a shift in the exchange equilibrium. Such a change in the soil
solution concentration can be described by the introduction of an

alteration term in the exchange formulations:

g
v 2+
Y ,, *— ACa
ca®"_ Pq _ . Ica®*) - aca® (52a)
8 2+ 2+
2+ M - A
Mg~ d
8
LA EX twva” + +
Na 8d - [Na ] - ANa (52b)
G
Y gt aca®* V(ica?*] - aca®ty/2
Ca pd
with: ANa+ = change in sodium concentrations (eq literu!)
ACa2+ = change in calcium concentrations (eq 1iter~])
AMg2+ = change in magnesium concentrations (eq 1iter—l)

The total quantity of adsorbed cations remains constant and the

mass balance can be expressed by:

mat + aca®t + mig?t = 0 (53)

The condition of electroneutrality yields:

YIKETY = TIK"T) (54)

1]

+ . . . -
where! [Kz ] concentration of cation K having valency z (eq liter l)

[K*7]

It

. . . ., !
concentration of anion KX having valency z (eq liter ')

An expression for the change in sodium concentration can be

obtained by the combination of (52a) and (53):

. up +uyhca” u(aca®)’
ANa = - (55)

2+
U, + uBACa
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with:

2+ 2+
u, =y [Mg™ ] - KX ¥ fca” ] (56a)
i Ca2+ 4 Mg2+
6, ‘ 0
v 2+
u, =y + ——[Mg 1+ kv + — KX[Ca”" ] (56b)
) Caz+ d K Mg2+ pd KK
8V
= Y oqk 56
uy pd(l KK) (56¢)
- PV ser a2t
u, =y + B gx[ca” ] (56d)
4 Ca2+ P4 K[(

The following expression for ACa2+ is found by substituting (55)
into (52b):

g, (4ca”)® + g (aca’™)® + g (aca”™)® + g, (aca™") 4 g (aca™)? 4
gGACaZ+ * gy = 0 (57)
with!
_ 2
g = ujug (57a)
= uz(u -u,)} + Zu,u.u (57b)
8y T U3t “Hotsts
= uz(u -u.+tu, } + u,u,(2u,~u,) + 2u u u,. = u,u,u, + uzu (57¢)
B3 T ¥yl U™y 2%38 U g 143%s T Uatlg T Ul
2 - -
8, = u3(u]+u Y+ uu (2u6 8) + u2u3(2u7 “9) + u3u4(2ui] ug) +
+ uzu + 2u, .0 - u,u,u (57d)
26 17275 248
222 2 )
85 = byugtusuy tugu, gk wu, Fougug(2usmug) +ougu, (2up 0 6) 4
+ 2ulu2u6 T Uyl T U Uy U g (57e)
g, = u2u + uzu + u (2u U, U, U mU U Y 4 u, (2u,u, . ~u,u ) (57£)
6 176 4712 479 3710 4 3713 2710
2 2
By T UMy T Uyt T Y, (57g)
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and:

Bv 2
= o Y gx
5 z(pd KG) 6
8 Gv 2
u, = 4K* Y + (——) (56f)
6 6 pd caZt  \Pg
0 \2
2 24
u, = 2(K¥ v D, ( ) [Ca” | (56g)
7 G Caz-l pd
BV 2 +
= x __ Y
ug A(KG 5 ) [Na ] (56h)
d
GV 9
u, = -8 K* Y [Na] +2——Y (561)
9 G Py ca® Pa mat
u = 4 (K* Y ) [Na ] - 2 "8"— Y {C&2+] (56j)
10 G ea?t Pq Nat
o 2
_— 2(K*-—~{Na ]) (56k)
d
2 9% 2
u,, = A(K*[Na ]) + Y (561)
12 pd Ca 2+ Na+
+..2 2 2+
uyq = 2(Ké Y 2+{Na DT -v +{Ca ] | (56m)
Ca Na

The equation obtained is a sixth degree function and principally may
have six mathematical solutions. Only one solution suffices to the boundary
conditions which can be defined by the consideration of the mass balance
of each cation. Each numerator and denominator in the equations (52a)

and (52b) must be greater than or equal to zero:

p
-y, 6§-§:AN3+ < [ma’ ] (58a)
Na
Pa 2+ 2+
Y 5, g < AcaT < [ca”] (58b}
Ca v
Pq 2+ 2+
S gy g < hug” < g™ (58¢c)
Mg v
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The original exchange equations can be formulated in terms of left

hand side and right hand side expressions:

YC vs
lhsl = 2o (59a)
Y o
Mg
2+
rhsl = K¥ l?i% (59b)
{Mg™ ]
'Y +
lhs2 = —2 (59¢)
Y 24
Ca
+
rhey = k% — a1 (59d)

G :
Vica®1/2

These formulations can be used to obtain expressions for the minimum
. 2+ ; ‘o
and maximum value of ACa~ ., The following conditions can be formulated
(Table 1).

If these statements are combined with the conditions mentioned in

-58a, 58b, 58c -~ the minimum and maximum value of ACa2+ can be derived
(Table 2).
Table |. Conditions for the minimum and maximum value of ACa2+
1lhsi > rhsl 1hsl < rhsl
1hs2 > rhs2 ANa® < Aca’’ < AMg2+ aca® > awa'; Aca®t > Mg2+

lhs2 < rhs2 ACa2+ < AMg2+; ACa2+ ;ANa+ AMg2+ f_ACaz+ ézANa+
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. , 2+, . ..
Table 2, Minimum and maximum values for ACa with min = minimum value

2+ .
for ACa™ (eq/1); max = maximum value for ACa2+ (eq/1)

lhsl > rhsﬂ lhsi < rhsl
. _Pq
lhs2 > rhs2 min = §M~max(~Y 9ps 7Y 2+) min = 0.0
v Ca Mg
. + -
max = min([Na ], [Caz*]) max = [C32+]
lhs2 < rhs2 mi L £
182 < rhsZ2 min = - = vy min = —— max{-y -y
8 2+ ?
v Ca 8v ( Na+ Ca2+)
max = 0,0 max = min({CaZ+], [Mg2+})

Equation (57) can be solved by using the Newton Raphson iteration
procedure. If F(X) it formulated as a function of X, similarly to the

6th degree function given in (57) the iteration schedule is given by:

Xn+! - X" F(Xn) (60)
r' ™M
with! Xn+1 = value of ACaz+ after n+l iterations
x" = value of ACaZ+ after n iterations
F(Xn) = value of the 6th degree function
F‘(Xn) = value of the first derivate of the 6th degree function

. + . .
A satisfactory value of ACa2 has been obtained if the convergence

criterion has been met according to:

XI’H‘] _ Xn < § (61)

§ = convergence value

The start value for the iteration must be selected carefully for
efficiency reasons. The result of the iteration procedure has to be
checked against the conditions formulated in (58a), (58b) and (58¢) and
Table 2, If the result does not meet the conditions another start value
has to be chosen and the procedure must be repeated.

In the programme SCMEX, the start value 1s set at the average of

. . . 2+ . . .
the minimum and maximum value for ACa” , When the iteration results in
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an erroneous solution of the 6th degree function, another start value

is estimated according to:

X' = ((j+10).Min + (10-]).Max)/20 (62)
and!
i= e me{Gry2) i =0, 1, eaa., 20 (63)

with INT as a truncation function of a real number.

3.1.2, Absence of sodium of magnesium

The algebraic solution of the modified exchange equations can be
simplified if the system contains no magnesium or sodium. When sodium
is absent, the absolute change in calcium concentration equals the
absolute change in magnesium.

Equation 52a can be formulated in alteration terms of calcium:

0

v 24

Y + — ACa

Caz+ Pq - [CaZ+] -~ ACa2+ (64)
0 - 37

¥ v ACa2+ [Mg™ ] + ACa

g2t Pq

where: AMg2+ = "ACaz+

and when it is written in coefficient form, the expression yields a

second degree function of AC32+:

2 4 u, Aca®t 4+ uw =0 (65)

2+
uB(ACa ) |

with up, U, and u, as the coefficients given in (56a), (56b) and (56¢).
In case of absence of magnesium the adsorbed quantity of sodium is
only replaced by calcium and vice versa.

For this case equation (52b) can be rewritten:

v 2+
Yha* 04 o Na’] + aca’’
T ()
Y + —X-ACa2+ \/([Ca2+]"ACa2+)/2
Ca2+ Pa

where:ANa+ = ~ACa2+
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This formulation can be written in coefficient form as a fourth

degree function:

2+ 4 2+.3 2+ .2
uS(ACa )+ (u6 %u8)(ACa YU+ (u7 u9+u}])(ACa Y o+
b (uymu, ) ACaZt 4w, =0 (67)
120l 542 Y13 T
with Ug T U4 as the coefficients given by (56e)-(56m).

3.2. Linear solution

A linear solution of the combined dispersion adsorption effect is
given by REINIGER and BOLT (1972) by adjusting the velocity and dis-

persion coefficient (eq 4a):

p¥ = D'/(rD+!) € (68a)
and
y* = v/(rD+l) £ (68b)

with 2N being the slope of the exchange isotherm at the concentration
considered. In an exchange process, the concentration of a cation can
alter and the slope of the chord of the exchange isotherm in the range
under consideration may be taken for small values of Ac as:

r, = Ag/ehc (69)

otherwise r, may be defined as r, = a'(e)/e.
Relations for ¢q'(c) can be obtained from the Kerr and Gapon equa-
tions, f.e. (47a) and (47b), for systems with two relevant cations.
For the favourable exchange situation (Scdium in a Na-Ca system and
Calcium in a Ca-Mg system) the differential capacity of the exchange

can be given by:

q'(e) = (70a)

derived from the Kerr equation and:
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KG(CO-%C) Q

5 (70b)
Yo —c[Yc_=cteK ]
0 o] G

q'(e) =

from the Gapon equation with:

Q = cation exchange capacity (meq/100 gr)

¢, = total concentration of cations or anions (eq 1iter“])
. . . -1

¢ = concentration of the favourable adsorbed cation (eqg.liter )

A suitable solution can be obtained at once if only one value of
q'(c) has to be considered.

When (70a) or (70b) is used, a solution for (6) is reached iter-
atively. The relation given in (69) can be used for estimation of a

start value for the procedure.

4. COLUMN EXPERIMENTS

The model formulation and the parameter estimation methods des-
cribed have been tested with data of two quick column experiments per-—
formed in the ICW Laboratory.

The first experiment (A) has been done with a calcareous sandy loanm
$01l from the polder near Lelystad and a feed solution containing NaCl
and CaClz. The second experiment (B), reported by EL GUINDY and HARMSEN,
(1985), has been performed with a mixture of Egyptian clay soil from the

Nile Delta and sand. A three cation solute has been used for leaching.

4,1, Materials and methods

A High Performance Liquid Chromatography (HPLC) column of 25 cm
length and 4.6 mm internal diameter has been used. The column has been
filled completely with air dry soil. A schematization of the instruments
used is presented in Fig. 7.

The flow rate was fixed at 0.1 ml.minmi and has been pumped through
the column by means of a Varian L.C. 500 pump. Assuming an effective
porosity of 0,4 the water volume V0 of the so0il column is replaced in
about 17 minutes and the column is refreshed more than 80 times during
one day. Generally, the sample volume obtained are small and depend on

the frequency of sample collection. Advanced analysis instrumentation
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lé%?ﬁ.’}'gg HPLC Columin
with defined —“"{HPLC PUNDHVal\‘G}-B‘xH? F;OEI'I —B-{Detectori-ﬁ-[Fracllon Collectorl
Composition ateria

[Chamical Ana!ysls—l

Results
] of Interaction
of Leaching Solution
L with_Soil

Fig. 7, Schematic illustration of the equipment for column experiments

must be available for the chemical analyses of the samples. For the
experiment with the sandy loam soil, the samples have been collected by
means of a fraction collector (ISCO 1200} at a frequency of 1 sample

per 10 minutes. The Sodium and Calcium concentration has been determined
with an Atomic Absorption Spectophotometer. A part of each sample has
been diluted with a Cesium solution in orxder to suppress the ionization
of Sodium and a part has been diluted with a Lanthanium solution to
prevent disturbance caused by Calcium phosphate.

After reaching equilibrium,a small quantity of nitrate has been
added to the feed solution and its concentration course was determined
by means of an UV detector (Varichrom, Varian) measuring at a wave
length of 210 nm, Nitrate proved to be non-reactive in quick column
experiments and the advantage above other tracer ions such as chloride
is the continuous determination utility.

The cation composition of the complex of the sandy loam soil has
been measured with the BASCOMB method., Firstly, the cations of the
complex are replaced by Barium and after separation of the phases, the
residue is shaken with a Magnesium sulphate solution. Barium precipitates
as BaSO, and the difference in Mg2+ concentration gives a value for
the magnitude of the adsoption complex. The several ion species are
determined in the first filtrate by means of an Inductively Coupled
Plasma Instrument, L.L. 200 (IGP). The sandy loam used has a small
exchange capacity and the adsorbed quantity of the considered cations

was 2,07 meq per 100 gr dry soil only.
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The concentration of the cations in the soil moisture of a saturated
sample has been determined and a solute with the same concentration
has been used to leach the column several times. The advantage of this
method is that the initial concentration is exactly known,

Table 3 presents the figures of the concentrations and adsorbed
quantities of Sodium and Calcium., No other relevant cations were present.
The cation composition and CEC of the Egyptian clay-soil has been
determined by Dr. ®1 Guindy at the DRI laboratory in Cairo and are

presented in Table 4.

The particle size distribution of the soil is given in Table 5.

The clay soil has been mixed with pure sand in a ratio of 1:2 in
order to prevent clogging and to reduce the exchange capacity of the
soil. An extension part has been connected during the packing of the
column {Fig. 8).l

Table 3. Chemical data of the column experiment with sandy loam

Na+ Ca2+
e . -1
Initital soil moisture 7.7 9.0 meq, liter
. -1
Feed solution 10F.5 4,7 meq.liter
Complex composition 0.13 1.94  meq per 100 gr

Table 4, Complex composition of the Egyptian clay soil

+
Na+ K+ Ca2+ Mg2 CEC meq per 100 gr

6.5 0.7 37.8 9.4 56

Table 5. Particle size distribution of the

goil sample from the Nile Delta in

Egypt
Sand Silt Clay
> 50 ym 2-50  um < 2 Hm
77 45,5 % 47,5 7
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Extension part Column length:25cm

Soil Filter

Fig. 8., The connection of the column with the extension part during

the preparation of the column bed

The HPLC pump used, is able to deliver a constant flow of leaching
solution even at high pressure, which may occur in case of swelling.
The column was filled with dry soil up to halfway the extension part
and a Feed solution with a concentration of 65 meq 1iterﬁ] 03012 was
pumped through the soil. Due to the pressure, the wet soil reached a
stable packing after some time. The extension part has been removed
after 20 hours and the column closed. This method prevents an incomplete
filled column due to shrinking or a too tightly packed column due to
swelling.

Three breakthrough experiments with different feed solution have
been performed. The concentration and compositions of the feed solu-

tions are presented in Table 6,

Table 6. The composition of the leaching solutions

Solution pH Electric NaCl NaHCO3 MgSO4 CaCl2
conductivity
25°C_,
(mS.cm ) {mM) (mM) () (mM)
I 7.8 6.4 45 5 2.5 5
11 7.8 5.8 30 5 5 7.5
m 7s 6 o 0 o ms

33




Before the experiments with solution I and II started, the column

was leached with the CaCl, solution in order to replace the cations

adsorbed at the complex b; Calcium, Samples have been collected in a
gimilar way as in the former experiment, but at a frequency of 1 sample
per 20 minutes, The total Inorganic Carbon content has been determined

in all samples with the carbon analyser 915 of Beckman. The sample
solution was diluted 10 times and Na+, Ca2+ and Mg2+ has been measured
with the ICP. Sulphate has been determined by means of the turbidemetric method

described in the Standard Methods, using 5% of the recommended quantities.

4.2. Results and discussion

4.2.1. Experiment A

4,2,1.1, Nitrate breakthrough in experiment A. The parameters
needed to simulate the experiment have been calculated from the first
and second statistical moments and the expression for the dispersion
length eq. (9). (Table 7)

A large number of theoretical layers are necessary for simulation.
The effect of mechanical dispersion is small due to the homogeneity of
the soil. The results of the pore space and average breakthrough time
calculations from the nitrate curve are equal to the experimental
figures which are based on air-dry soil. The curve has been simulated
with two sets of parameters to get an impression of the influence of the
dispersion length and the number of layers. The simulated and measured
curves are presented in the Fig. 9a and 9b,

The computations mentioned have been performed with a mixing ratio
of 6.2, 0.5 and 0.8 and 100 theoretical layers. The other curves are
calculated with a fixed mixing ratio {= E%i) of 0.5 and 50, I00 and
200 layers. The effect of the mixing ratio and the number of layers is

small when an extensive amount of layers is used.

Table 7. Parameters obtained from the nitrate

breakthrough curve

t 20,54 min 0p  ed. (9 1,00 mm

05 3,84 min2 o, eq. (19) 1,14 ®mm

n 109 u 12,17  mm.min
hx 2,29  mm £ 49,4 Z
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Fig. 9b. Simulated breakthrough curves with different sets of para-
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#,2,1.2, Behaviour of cations in experiment A.The effect of
adsorption of cations with fespect to retardation of the effluent,
generally is much more important than the dispersion Phenomena. As a
consequence the mixing ratio and number of theoretical layers para-
meters are of less importance for ion species involved in exchange

processes,

The Sodium~Calcium exchange was almost completed after about 10
times replacing the water volume of the column. The low CEC and the
high Sodium concentration are factorsthat speeded up the process. The

results are presented in Fig. 10a and b. The concentrations are taken relative

Q /f““‘"" o o ® & e 4, 8 0 ®
o s °
08} ®
¢ Sodium breckthrough curve
06~ °
L=
o
(4
1A === Gimuloted
¢ Measured
#;=062
.21+
5 Ol
00 I f _ | 1 I I 1 1 )
150 b
a
140]-
Calcium breckthrough curve
120
100}
80 |-
t=1
L
b
60 o
L0L H ° .
3
a
[
Wk e,
@ e S & o o o
(R PN | i 1 i l 1 1 b1
06 05 10 15 20 25 30 35 A, £5 50
VIV,

24

.

: . +
Fig. 10. Measured and simulated concentration course., a: Na ; b: Ca
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to the feed solution in these figures and plotted against the number

of pore volumes of the column.

Fig. 11 shows the simulated adsorption of cations at the complex.
The ESP teaches a value above 557, but the high Sodium content did not

cause permeability problems, most probably due to a high stability of

the soil.

The expéfiéental derived Sodium and Calcium concentrations reached
the final values slower than the computed results. An extra quantity
of Calcium might come into solution by dissolution of precipitated
CaCO3. The soil is calcareous in its original composition and it
should be noted that the feed solution was very agressive with respect
to the carbonate and bi-carbonate ions (see Table 3), Table 8 presents

the balances of the two cations.

The peak of the computed Calcium breakthrough curve fits well with
the curve experimentally derived. The Gapon exchange constant has been
adjusted with one general correction factor due to activity effects
and set at Ké = 0.62., The correction factor has been calculated as an
average for the whole experiment according to eq. (49), presented

Fig. 12.

[ Simulated adsorplion
e wmeme GaAMO Na
= Gamma Ca
© K5=062
9
2
305_ o
c /’—-_—
$
8 F -
i 7
oz //
—
i i 1 i I i i ! | i
0o 19 20 30 40 50
ViV,
Fig., !}, Simulated adsorption during the column experiment
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Table 8. Balances of Sodium and Calcium in meq (100 gr)“l

N&+ Ca2+ Na--"-t»Ca2+
Initial situation:
adsorbed to the complex 0.13 1.94 2.07
in solution 28 0.31 0.59
total 0.41 2.25 2.66
Final situation:
adsorbed to the complex 1.17 0.90 2.07
in solution 3.73 0.17 3.90
total 4,90 1.07 5.97
Liberated cations experimental 2,07
calculated 1.18
Adsorbed cations experimental 2.94
calculated 4,49
he
12 o fN|:|
_m___,,,/ foa2*
101
[ —
7 S NG o
ng Ho
gas_ —
g
04t o f()‘:l'Z
021
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Fig. 12. Activity coefficients calculated with the Debye-Huckel

equation
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4,2.2, Experiment B

4.2,2.1, Nitrate breakthrough in experiment B. The nitrate curve
has been determined in a similar way as in the former experiment. The
curve shows an assymetry which may be explained by a non-uniform pore
size distribution. The parameters have been calculated by the method

given in Section 2.3 and are presented in Table 9.

Table 9, Parameters obtained from the nitrate

breakthrough
t 16,90 min o eq. ( 9) 7.30 mm
05 32,94 min® o, eq. (19) 14.42 mm
n 8 u 14.79 mm.min_]
Ax 31,25 mm Ee 40.9 A

These parameters have been tested by the simulation of the curve
using the mixing cell algorithm (fig. 13).

The tangent curve has been divided into two and three subcurves
representing columns of a more column system. The parameters of the
column systems can be derived from the data presented in Tables 10a

and 10b.

Cno3/Cono3
o]
(=]

Niteate breokhrough curve

Measured
02 — — — Simulated
.52 1 | | | k 1 1 { 1 £ 1 ]
[114] 05 10 15 20 25 30

Fig, 13, Measured and simulated relative concentration course
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Table 10a. Statistical data of the

two column system

Column 1 Column 2
t 14.00 23.71 min
03 6.16 28.32 min2
9. 69.9 30. 1 %

Table 10b. Statistical data of the three

column system

Column 1 Column 2 Column 3

t 13.50 18.00 24,94 min
oi 5.26 2.08 29.70 min’
¢j 60,9 15.5 23.6 %

The simulation of the curve with 2 and 3 parallel columns and the
alternative difference schgdule given in eq. (25) yields better results,
The diffusion coefficient is estimated by the subtraction of the adjust-
ed apparent diffusion, given by the area beneath the tangent curve
of column i, and the total apparent diffusion, given by the area of

2 ., -
the total tangent curve, as D = 145 mm” ,min .,

The Peclet number has alsgIEZen calculated on the basis of the main
separated tangent curve with the same assumption that the tail was due
to diffusion as Pe = (.5.

In reality, the tail is caused by the combined effect of diffusion
and non-uniform distributed mechanical dispersion,

The tangent curve of the 3 column system and the simulated break-

through curves are given in Fig. l4a, b and c.
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Fig. 14d. First derivate curve and separated three column curves

4.2,2,2, Behaviour of anions in experiment B. The concentralions
of the effluent are calculated relative to the feed solution. The
cffluent concentrations in the return experiment with CaCl2 as feed
solution have been calculated relative to the initial concentration
because the feed influent solution does not contain Na+ and Mg2+. The
Sulphate and Total Inorganic Carbon concentrations have heen measured
because of the possibility of precipitation with Calecium and Magnesium,
The results of the normalized curves are presented in Fig., 15a, bandc.

The nitrate breakthrough curve has also been plotted in order to
compare the behaviour of the anions mentioned compared to a non-reactive
anion,

It can be concjuded that Sulphate has almost no interaction with
the soil because the measured points fits the nitrate curve quite well,
The differences can not be explained by precipitation becausge the solu-

bility of €aS0, was not exceeded. A possible explanation may be found

in the measuriﬁg technigue.

The Total Inorganic Carbon concentration shows a different behaviour.
The breakthrough occurs at about 2 pore volumes passed and it did
not reach equilibrium during the experiment.

For the first part of the curve, the deviation from the nitrate
curve may be caused by precipitation of Calecium carbonate. The Calcium
carbonate solubility product is exceeded due to the high Calcium concen~

tration. The produet is calculated taking into account activities and

ion pairs (ABDEL KHALIK and BLOMER, 1984) and a solubility product of
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ikaite CaCOB.HZO: pK = 7.9. Later on, the solubility product is exceeded
due to an increase of the pH (pH = 8.3).

The weight of the Inorganic Carbon quantity is small with regard to
the total weight of the soil. From the mass balance it can be calculated
that the weight of precipitated carbonate equals 45 mg per 100 gr dry
soil for solution TI., The leaching influent of solution IIT (CaClz)
contains no carbonate, while the concentration reaches slowly to zero

in the effluent.

4,2.2.3. Behaviour of cations in experiment B. The concentration
courses of the cations of the three experiments and the results computed
by the programme SCMEX are presented in Fig. 16. The simulated adsorp-
tion is given in Fig, 17.

The exchange coefficients were set at KE = 0.6 and K§ = 1,1, calcu~-
lated on the basis of the average activity coefficients, calculated
with the Debye-~Hiuckel equation (eq. 37).

The mass balance of the exchanged ions is given in Table [1.
The exchange between Sodium and Calcium and reversed is a relatively
fast process., Within 10 times of replacement of the pore water content,
the Sodium concentration treaches the final value. The simulation with
the model yieldsnearly the same results as the experimental figures.

The replacement of Calcium by Magnesium and reversed was much slower.
The Mg2+/Ca2+ ratio of solution I was lower than the ratio of solution
II and therefore a slower exchange between these cationscould be expec-
ted in the experiment with Solution I. The computed curve does not fit
completely with the experimental figures. The model calculates with a
constant selectivity coefficient. It can be expected, however, that
not all exchange places do have the same features. Preferential adsorp-
tion should be taken into account to produce better results. Some places
are more selective for Calcium than others. The places with a higher
selectivity for Calcium results in a delayed breakthrough of Magnesium.

An other reason may be the transport system showing an asymmetry
which has been discussed in Section 4.2.2.1. It seemslogical that a
small deviation in the breakthrough of a non-reactive component will
result in a greater deviation of the breakthrough of retarded cations.
The figures presented in Table 11 show a difference in the mass balance
of Sodium and Magnesium that does not equal the quantity of Calcium.

Each figure has been composed of the summation of about 60 small
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Fig, 17, Simulated relative complex composition. a: feed solution I;

46

Simulated adsorption
1:Sodium

2: Calcium
3:Magnesium

L t
b
2
C
°
[N
0.2
i 1 3
S
G2 3
1
I | L k| i 1 1 ! }
00 160 320 480 640 800
vy,

b: feed solution II; c: (CaClz)feed solution IIT




Fig. 11. Quantity of exchanged cations during the three column experi-

ments performed

Exchanged ion Solution I Solution II Solution IIT

meq (100 gr)—i

Na' +12.2 + 7.1 -13.0
ca* +14.9 +21.9 -17.0
Mgt ~28.9 ~30.7 +30.3

figures, Another explanation may be found in the precipitation or dis-

solvation of Magnesium and Calcium salts.

5. APPLICATION TO THE WATER QUALITY OF THE NILE DELTA

5.1. Data and assumptions

The mixing cell model has been applied to the water quality of some
locations in the Nile Delta,

Effects are forecasted under several assumptions, derived from data
that became available from recently performed research.

The cropping pattern is based on the growth of a summer and a winter
crop, Two crops per year are grown! rice, maize, cotton and vegetables
during the summer, wheat and fodder in wintertime,

The Nile Delta has been divided in four atreas according to the
density of rice cultivation., This distinction is based on water balance
studies presented by RIJTEMA (1981) and in the Workshop on the Reuse of
drainage water (1984).

For this study, three locations have been selected and are assumed
to be representative for the 33, 50, 67 percent rice cultivation areas.
Fig. 18 presents the water balance model used in the computations. The
application water losses from the irrigation system feed the collector
drain directly. Seepage is considered as an independent contributing
subsystem, which does not influence the water quality within the aquifer.

A part of the irrigated water percolates from the rootzone into
the aguifer. The two dimensional approach given by ROEST and RIJTEMA

(1983) has been used to calculate the concentration of the water
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Fig. 18. Simple water flow model

contributed to the collector drain by the aquifer. The concentration

of the drainage water can be calculated according to:

D ,e¢ (E)+D .c _+D .
c. (t) = aq' ~aq ap’ “ap seep’ seep 1
dr D +D +D
aq ap seep

with: cdr(t) = concentration of the drainage water (meq liter_i)
caq(t) = concentration of the econtributing aquifer {meq 1iter_1)
Cap = concentration of the irrigation water (meq 1iterﬂ1)
cseep = concentration of the seepage water (meq liter_l)
Daq = quantity of water, contributed by the aquifer (mm day"1 )
Dap = application losses (mm day—! )
Dseep = quantity of water, contributed by seepage {mm day—] )

The volumetric water content of the satured aquifer has been set
at 507, on the basis of a pF-curve of a heavy clay soil. Table 12 pre-
sents the data used in the calculations for the aquifer subsystem. The
drain distance and water balance data are obtained from the 'WORKSHOP'
(1984). The number of cells and the dispersion length are unknown para-
meters. The number of cells has been set at 10 and the dispersion
length a 1/4 of the length of the vertical compartments.

The cation exchange capacity of the soils has been assessed at
50 meq (100 gr)_l. The drainage water quality data of the locations

selected are used in the water and salt balance calculations. The
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Table 12, Physical data used in calculations

Location Nizam Saft Main

Qassabi
density of rise cultivation 33 50 67 percent
drain distance 40 30 20 m
depth of aquifer 10 7.5 5 m
gross irrigation 6.60 7.25 8.33 mm.day_l
nett ittigation 5.29 5.82 6.66 mm.day“‘
evapotranspiration 3.85 3.95 4.30 rum.day_I
drainage 2.75 3,30 4.63 mm.day |
seepage 0.23 0.40 0.78 mm.day_]
average stream velocity 1050 1365 1725 mm.year—
volume of a compartment 3.64 2.05 0.91 mB.m_]
length of compartment 1.0 0.75 0.5 m
dispersion length 0.25 0.19 0.13 m
dry bulk density 1.33 1.33 1.33 gr.cm

present situation within the aquifer is supposed to be in equilibrium

with the concentrated irrigation water obtained from the present inlet

to the area (Table 13), The irrigation water quality figures have to

be multiplied by the nett irrigation/percolation ratio because of the

water consumption in the rootzone,

The drainage water to be reused in the locations mentioned, is

delivered by the output of

tion.

the area upstreams with less rice cultiva-

Table 13. Stations of which the water quality data are used in the

calculations

Location Present inlet Drainage water to be
reused

Nizam Bahr Mous before mixing Bahar Bagar Wadi P.S.

Saft Mit Yazied Canal Nizam

Main Qassabi  Bahr Sajhier ar Gamalia Saft
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The chemical data used in the computation are presented in Table 14.
Seepage concentrations and figures have been slightly adapted from those
mentioned in the 'WORKSHOP' (1984) in order to meet the water and salt

balance. The seepage concentrations have been calculated from the salt

balance.

Table 14. Chemical data used in the calculations

+ + +
Na++K 032 +Mg2

Location: Nizam

1

adsorbed to the complex 0.83  49.17 meq (100 gr)
initial soil moisture concentration 2.72 13,00 meq.liter_1
seepage concentration 96.2 52,0 méq.liter_]
reuse water concentration 4,73 6.47 l‘t‘teq.litelr:_1
concentrated reuse water 17.36 23.74 meq.liter_1
Location: Saft

adsorbed to the complex 0.78 49.22  meq (100 g,r)_l
initial soil moisture concentration 2.53 12.85 meq.l.‘i.te"r—I
secepage concentration 96.8 18.4 rm—*‘_q.l:ite't:“1
reuse water concentyation 6.97 6.86 meq.liter-I
concentrated reuse water 21.68 21,33 rﬂeq.literh1
Location: Main Qassabi

adsorbed to the complex 2.51 47.49  meq (100 gr)—]
initial soil moisture concentration 7.88 ti.15 meq.literwl
seepage concentration 154.3 86,8 rneq.lil:er“I
reuse water concentration 17.42 12,04 nvaq.l]'.ter-.1
concentrated reuse water 49,12 33.95 I’rie.c;.liter_l
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5.2, Results and discussion

Most likely the drainage water will be pumped into the ekisting
irrigation canals and the use of 100 percent drainage water at a
certain location without mixing with the original irrigation water is
an extreme assumption. .

The figures given express the forecasting of this extreme case.

The results of the simulations are given in the Fig. 17a, b and c.

Table 15 presents the final concentration of the drainage water and
the percolation water contributed by the aquifer.

Table 16 gives the Sodium adsorption ratios values applied to the

situation of 100%Z reuse., The SAR is defined as:

ﬁo i =3
SAR & ———— (mmole®.liter  *) (72)

. + 2+ . . . ‘
with CO and C0 as the concentration of monc— and divalent cations !
. . -1
in meq.liter .
Table 17 presents the initial and final exchangeable sodium percen-

tage figures of the soil., The ESP is given by:

L
ESP = 100 —i- (73)
_ CEC

The permeability of the soil decreases when the amount of adsorbed
sodium relative to the cation exchange capacity increases, BOLT (1978)
states 15 as a critical value. This value is rather arbitrary, because
the physical reaction of the soil to the quantity of adsorbed sodium
depends on the salt content, humus content, types and amounts of clay
minerals, ete.

An important conclusion is the decreasing time of completion of the
breakthrough with a2 decreasing drain distance.

The quality levels of the 1/3 rice area will be stabilised after
80-90 years, for the 1/2 rice area it will take to 60 years and 20-30
vears for the 2/3 rice area.

A change in the irrigation water quality will have long term

effects,.
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Tabel 15. Final water quality figures in meq.liter_l

Drainage water Contributing aquifer

Na +K ca’tag®t Na +K" ca’tamg®t
Nizam 17.0 18.5 17.4 23.7
Saft 21,6 15.4 21.7 21,3
Main Qassabi 48.2 35.0 49.1 34.0

1 ~1
Table 16, SAR wvalues in mmole?.,liter ?

at 100%Z reuse

Drainage quality

Initial Irrigation  Seepage

soil water initial final
moisture
Nizam 0.75 1.86 13.3 2.7 4.0
Saft 0.70 2.66 22,5 5.0 5.5
Main Qassabi 2.36 5,02 16.6 6.2 8.1

Table 17. ESP values in the aquifer profile

Initial Final
Nizam 1.6 7.4
Saft 1.6 9.5
Main Qassabi 5.0 15.9

The SAR value of the drainage water at Nizam will decrease in the
first ten years, due to the increasing relative content of Caz+ + Mg2+
and afterwards, the SAR increases slightly to the final value.

The period of decrease for Saft is 6 years and at Main Qassabi the
SAR value increases slightly to the final value,

The input quality data of the three locations, obtained from cne
station in each area, are taken to be constant. However, these data
are based on the figures of | year and no estimation could be made

about the development of the quality in the future, A constant SAR
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value at the present does not guarantee the prevention of problems in
the future when drainage water is reused. Precipitation of Calcium and
Magnesium salts can not be proved due to the present lack of relevant

2++Mg2+) ratio is visible

data, but a trend of increase in the Na+/(Ca
in the original and final drainage water quality data.

The situation at Saft is an exceptional one because of the high
SAR value of the seepage water. From a comparison of the Na+/(Ca2++Mg2+)
ratios of the seepage and drainage water of Nizam and Main Qassabi, it
may be concluded that some Calcium and Magnesium do vanish from the
solvent system. When the drainage water of the 1/3 and 1/2 rice areas
will be used down streamsin the first 5-10 years after the start of the
drainage water reuse, the temporary lower SAR value will lead to a
delay of the breakthrough of Sodium in those areas.

The reuse of the resulting drainage water of the whole breakthrough
period causes also a delay of the breakthrough, but the final ESP and

SAR values and absoclute concentrations will be higher.
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ANNEX 1

FLOWCHART OF THE TRANSPORT MODEL SODIC

( Start )

Reading of input data

Calculation of parameters

Initialisation

Time<t-end yes Mixing of the column

i=1.ncells t

Equilibration in 1 layer |=

CONC=CONC,qun.

Time<output time

Writing of resulis

Writing of final results

End
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ANNEX 2

LISTING OF THE 'SODIC' PROGRAMME FOR A HP 41-CV POCKET CALCULATOR

LIS i

"HCELLS- PROKPT ST0 84
*JELZ?= FROHPT SI0 78
“DISPL" PRONPT 510 77
=Y~ PROHPT S70 79
“TEWD= PRORFT STO 28
“Caf* PRONPT 570 71
“Hag= PROWPT ST0 72
~CalH* PROWPT ST0 73
*NalH" PROMPT &TD 74
“fAdCall= PROHPT 570 73
“RdHall~ PRBHPT 57O 76
“ALFA" PROKFT STO 81
“KG= PROHPT 570 35
“ITHAX" PROMPT S0 86
1 5T8 94 11 ST 9%

21 STD % 3t S0 %

LB al
RCL 73 570 IND 94
RCE 74 STO IND 9%
RCL 73 STO IND 96
RCL 76 STO IND 97
5T+ 94 5T+ 95 ST+ 96
ST+ 97 RCL 89 RCL %4
¥{=Y? GI0 B} RCL 78
ROL 77 2 + CHS +
REL 79 7 5T 44
RCL BB RCL 41 ~ 5 +
INT STD 84 REL 4
RCL 78 7 RCL 7% #
ST6 87 -BETR- PROWPY
ST0 83 RCL 78 ST 77
RCL 72 51078 |
STH 82 51 STO 43
¥EQ =TIHE"

¢ BL @2
1 RCL B3 - ROL 7L %
RCL 77 RCL 83 s +
ST077 1 RCL 83 -
ROL 72 « RLL 78
REL 83 + + 57078
YEQ@ "HIX= 1 570 94 {1
ST0 95 2f STA 96 31
51097 @ ST0 7%
510 7a

+L8L A3
XEQ ~Eg~ RCL IND 94
ST+ 75 RCL IND 95
ST+ 76 1 ST+ 94
ST+ 95 ST+ % 5T+ 97
RCL 88 RCL 94 A(=Y?
GT0 83 RCL 82 ENTERt
RCL IND 47 RCL 43 -
pAEL MRS R [0
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+BL A
RCL 75 RCL 0@ ~
S5T0 77 RCL 76 RCL o8
/ BTG 78 1 ST+ &2
RCL 84 RCL 82 X{=Y?
Gio 82 1 570 94 1l
5T0 93 21 ST0 96 3i
570 %
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+LBL "IR"
RCL 79 STO 94 18 +
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SYMBOLS OF

NCELLS :
DELZ
DISPL
\Y
TEND
Ca0

e

..

.

NaO

.

CaIN :

NaIl

AdNaIN :

ALTFA

'z

KG
TTMAX
BETA

'

.

NTIMES ;
T ;
CONCLAYER:
REMARKS ¢
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INPUT DATA

number of layers

layer thickness

dispersion length

stream velocity

end of execution time

Calcium concentration of

feed solution {eq/1)

Sodium concentration of

feaed solution (eq/l)

initial calcium concentration

of the soil moisture (eq/1)

quantity of adsorbed calcium
(meq/100 gr)

quantity of adsorbed sodium

(meq/ 100 gr)

s0il moisture content (%)

divided by dry bulk density (gr/cm3)
Gapon exchange coefficient (eq/l)a%
maximum number of iterations

Reuse ratio

Ca0' = Ca0 + BETA (Ca(NCELLS) - Ca0)
Na0' = Na0 + BETA (Na(NCELLS) - NaO)
number of output times

time of output

layer of which the output concentration is given each time
SIZE : 100
MAXIMUM NUMBER OF LAYERS: 10




ANNEX 3

program scmex

CHARNUAFAARAR AN SH A A RGBS XN A RR R A A AR R AR R R R AR R RURR A PR R TR RS E DRSO

£ C
c Program scmex simulates the sodiumicalcium and magnesium €
c breakthrough of a column experiment. £
< The transport process is described by €the ‘mixing—cell’ c
c concept and the exthahge process is formulated by a modified c
c Gapon and HKerr equation. c
[ More information about the theovetical background is given [
[S in NOYA 1378 I.C.H.. Wageningen. €
< The names of the input and outputfiles are read Iin indexfiles c
c [
< SYyMBOLS INDEKX c
€ e s T EETmm—— £
¢ scmexi. ndx : indexfile for input datafiles C
€ scmex2, ndx  : indexfile for output resultfiles c
€ c
€ tend ; end of execution time 4
[4 ncells : number aof layers 3
c tetav : volume molsture content (%4} [
c rha : dry bulk densiby tgr/cm3) ¢
c delz : lager thickness {mm) c
[ displ : dispersion length {mm) c
c v ;o wvelocity (mm/min} C
4 diff : diffusion coefficient (mm2/mind ¢
t kg : Gapon exchange coefficient (eq/1¥-0.3 ¢
c kem : Kerr exchange coefficient { - 4
c cnain : initial sodfum soil! moisture concentration (eq/1} c
4 ccain : imitial calcium soll moisture concentration {eq/l} c
c cmgin : Ipitial magnesium soil moisture concentration (eq/l} c
[ cnal . sodium concentration of the feed solution (eq/l) [
[ ccald : calcivm concenfration of the feed solution {eq/l) [
t cmg0 . magnesium concentration of the feed solution {eq/l} c
c adnain : initial sodium adsorption {meq/100gric
c adeain : initial calcium adsorption {meq/3100gric
c admgin : initial magnesium adserption (meg/100gr)c
c cec : cation exchange capacity (meq/100gric
4 nsteps : number of calculation steps 4
[ delt : gire of time interwval . (min) €
< alfa : liquid /7 solid phase ratio ' {em3/gr) c
[ num : measure For interval results writing C
< number : cumulated measure for interval résults writing €
¢ C
3 auvthor : Piet Groenendijk ¢
[ date : november 1984 ' C
€ c
CHRRRH N HAR AR AL ARG A AR AR F AR SR AR AN RH BN R I A B U AR AR R A AR AR R AR AR AR R SRR B R RC

€
ch## declarations
C
integer#4 tend,ncells
real#d numbev:,num, kg, kem
real#d adna(iQo),adca(100), admg (100}, cna (100}, cca¢100), cmg (100}
real#4 cnamix(10Q);ccamix (100} cmgmix(100)
charactaer#40 namel: name

c

c##% opening of index file and final result file

t
open{unit=3, name='scmexi. ndx ‘» sfatus=‘old ‘}
open{unit=4, name=‘scmexd. ndx 'y status='olu’}
gpen{unit=20: name=’scmex, res’, status="new’)

c

c### reading of Iindex files

<

700 yvead(3:. 11, eryr=1000:; end=700}namel
read {4, 11, avr=B003namaed

c
c##¥%  oapening of datafiles
c
openf{unit=1i,name=namei:status=‘old "’}
open{uni$=2, name=namea, status=s'new’)
c

c#u#  reading of data

400 rtead(i,22,err=1000, end=800)cnain:ccainrcmgin: cnal: ecal, emgs
1 adnain:adcain; admgin,detz, displ: v tetav, vhornum diff, ky
2 kems;ncells, tend

cec = adnain + adcain + admgin
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c###  initialisation

do 100 i=i,ncells
cna{i) = ¢nain
ccali) = ccain
emg(i} = cmgin
adna{i) = adnain
adca{i} = adcain
admg{(i) = admgin

100 continue

c### caletulation of parameters

delt = (delz-2. Onrdispl)/v

nsteps = {fix(tend/delt)

alfa = tetav/rho

al = delt#di€f/(dalzuad)

ag = | - vadelt/del: - 2. #3l

ad = videlt/delz + al

cmin = (cnafn + ccaln + cmgin} /1000,
admin = (adnain + adcain + admgin) /1000,

c###  mixing of layers

number = num
de 200 i=i,nsteps
if {floaty{i). ge, number} then
time = float)(i)wdelt
write(2, 33)time
end if
tall mixing{(¢nar cea,cmg,ncells, cnal ccal, cmgO,
1 al:a2, a3 enamix, ceamix, cmgmix)
¢
c##%  exchange of tations in 1 layer
c
da 300 y=1,ncalls
if {cnamix(Jy} lt.cmin .and. adna(y}. 1% admin} then
if C cmgmix(g). 1t emin . and. admg{)}. 14, admin) then
gote 310
elsa
call camg(ccamix{(Jdromogmix{ j),adcalyl,admgl ). kem alfal
goto 310
end if .
else if {cmgmix(y). 1t emin . and, admg(y). 1t admin)then
1f {ccamix{y). lt. emin .and. adca(J), 1%, admin} then
goto 310
else
call socalcnamix( ). ccamix{(j),adna(y).adcalj}:kg:alfa)
gato 310
end If
else if {ccamix(y}. lt. cmin .and. adca(j). 1%, admin} then
if (cnamix(y}. 1t. cmin . and. adnafJ}. 1t admin) then
goto 310
else
kgcm = Xg#sqril{kcm}
call soca{cmamix{)):cmgmix{y),adnaljl,adcaljl), kgem alfal
gote 310
end 1f
else
call equil{cnamix( g, ccamix(ji,cmgmix{j},adnaljk,adcaly),
% admg{ g, kgr kcm,alfa)
end if
310 cna{}) = cnamix(y}
ccaly) = ceamix(y)
emgl{j? = emgmix(g)
18 (enaly) 146,.0.0 sor wea(y) 16,0, 0 ,uy
% emg{y). 16. 0.0 ,ar. adna(y). 1£.9.0 . or.
B adeca(g). 14. 0.0 ,ov. admg(y). 1t.C. 0} bthen
time = floaty(i)udelt
write{20,331time
write (20, 3331, yrenalgdsecal ) emgl ), adnaly).
b2 adca(j},admg(y)}
goto 80D
and if
300 continue
C
c### writing of c/c0 and v/v0 in resuit file
€
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if (floatj{i), ge. number) then
xx = tima#v/(floatjlncells)tdelz) .
¥xd= adnal{ncells)/cec
xe= adcai{ncells)/cec
«f= admg{ncetls)/cec ,
if (cna0, eq.0.0.0r, ccal. eq. 0. 0. or. cmal. eq, 0. O} then
xa= tnaf{ncells)
xh= cca{ncells)
xc= cmgi{ncells}
else
xa= cnal{ntells)/cnad
xb= ccal{ncells)/ccald
xc= emg{ncells)/cmg0
end if
write{2,44)%%, xa: xbs xc, xd. ke, xf
number = aumber + num
end if
200 continue

c## writing of ariginal data and #inal resulés in filse

write(20, 34)name!l
write{20, 59)cna0 ccal; cmglrcnain, ccain, cmgin,

1 adnain, adcain. admgin
write(20, &4)delz, displ:vitetav, rho,diff
write{20, 74)
da 400 i=i.,ncells

i1f (cnadi), le. 1.08-08) then
cna(il) = 0.0

end if

it (eca(i). le, 1.0e~08) then
ccaf{i) = 0.0

end if

i¢ (emgd(i). la, 1, 0e—08}) then
cmg(i}l = 0.0

end if

writel20, 77icnali).ccali), emg(i}, adnalid.adcal{i}, admgii)

400 continus

CHEH
gobto &00

800 closefunit=1}
close{unit=2)
goto 700

900 close{unit=3)
closel{unit=4)
stop ‘ end of program scmex '’

1000 write(2,: 88)
clogdelunit=3)
close{unit=4)
stop ‘ ervor during reading’

c###  format statements

{1 formatial

22 format(18(25x, f10. 4/),20x, 15/, 2%x, 15

33 formatl{’ time = ‘{10, 4}

44 fFormat{7{8. 4}

54 formati{// ' dabafile used: ‘a/) .

8% format{(’ sodiuvm concentration feed-solution: . 2x, £#10.4,2x: 7 aq/l‘/
‘ caleivm concentration feed-solubion: 7 x, #10. 4,2x, ' eq/L*/
‘ magnesium concentration feed-solution:’, £2.4,2x, ' eq/1"/
‘ Initial sedium concentration: fodx, £10. 4,23 7 eqfl’/,

’ {pitial calcium concentration: ‘e dx, £10, 4, 2x, ' eq/L"/,

* dipnitial! magnesium concentration: 'r4ﬂ;f10.412Xr' eq/l“/,

‘ ipnitial sodium adsorbed: 2%, £10.4, 2%, ¥ mag/100gr 7/,

Y initial calclum adsorbed: 2% £10, 4,2, 1 meq/10Q0gT ¢/,

* initial magnesium adsorbed: ¢, 9x,f10.4,2x, ' meqg/100gr ")

‘ tayer thickness: 2% £10. 4, 2%, mm‘/,

‘ dispersionlength: 2% #10. 4. 2%, mm’/,

f flux/poraesity: Q% 10,4, 2%, oam/min '/

‘ volume moisture content: fa9%, 10.4,2x: ¢ L'
s
+
/f

Lregit A A (VR

&&  format(

dry bulk density: r 9k F10. 4,25 gr/em3* /.
ditfustion coefficient: ‘r9%s #10. 4, 2%, mm2/min’/)
final concentratisns and adsorbed quantities of”,
cations /7 * Na-cone. Ga-conc. Mg-conc. .

c Ads.na ‘. %7 Ads.Ca ‘, %, 7 Ads. Mg )

77 formabt(&6(Ff10.4))

88 format(’ file not found or format type mismatch’}
333 format(’ ER R OR in calcviation’/, " timestep .,

LURECI AN

74 formabl(
1
2
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& 19 'layer no.: ‘s i ‘ena @'y gi2. 4 ‘Lea
% gid. 4, ‘cmg : "vgl2. 4/, adna :'ig12. 4.
% ‘ adca : 912, 4, ¢ admg : ‘i gl2. 4)

and

subroutine camg{cca,cmg, adca. admg, kcm, alfa)

CHARAA U USRS R SRR SRR R SRR NN SRR N R S R SRR RS S

c C
c Subroutine C A M G calculates the exchange between Calcium and 4
c Magnesium when Sadium is absent, c
€ 3

CHRERES AN RS BRSNS E RS IR AU AN SRS IR S A A H RS R R UL SRR HE R SRR

real#d Xcm
gl = alfa - alfaskenm
g2 = alfas#cmgtadcatkemtadmgtkem#tal faeca
g3 = cmg#adca-kcmi#admgHcca
i1f (abs(gf}) .16, 1,0e~-10} then
y = —g3/g2
else
yl = (-g2+sqre(g2una-—q, wgliwgl3) /(2. #gl)
42 = (—g2-sqrit{gl=xa-~4, #gi#g3)) /(2. #g1)
i# {({adcatalfaxyl). }t. 0.0 .ov. (cca-yi). it 0.0

% Lor, (admg~alfasyi}, 1. 0.0 .or, (ecmg+yl}). 1%.0,0) than
y = y2
alse
g =yl
and if
end if
z = -y

€ca = gca — g
£Lmg = cmg — 2

' adca = adca + alfa¥#y
admg = admg + alfaitz

return
end

subroutine socal{cna,cca,adna,adca, kgs-alfal

CHARRHRFF AR LR M I ARSI H AR AR H SRR HHAR AR H SRR A A AR R AR SR AR AL R R B ABB A RN R AR R RAUC
1

c ¢
[ Bubvoutine § 0O € A determines the equilibrium between c
c Godium and Calcium when Magnesium is abhsent. \ 4
c €

CHAHRFYRASREIRUF R AT ARG R HAF RS R AU AU R R E SRR R R E AR RS F AR AR

real#qd kg: lhg: noemy

data epa/l, Qe~-03/, itmax/10/

gl = Q. #alfaralfarkag*kg

g2 = 2 #alfas{alfastigikg*cnatl. #adcattkgrkg+alfarslz. )
903 = koRkg®(2. #adca#adca+, #alfaalfatcnarcna+d, #alfa

i adca#cnalvalfas#(—~alfadcca—~2. #adna)
g4 = kgukg#(4. #adcakadca¥cna+4, #alfaradcakcnakena) +
1 atdna®#(2, #alfa*ccatadna)

g9 = 2, #adcakadcadkgikg¥cnatcna~cca*adnaitadna
lhs = adna/adca

rhs = kg#cna/s(sqri{ccars2. ))

if {(lhs.gt. rhe) then

ymax=aminl{adna/alfa,cca)
y = 0. G#ymax
else
ymin=amaxi{-cna, ~adcasalfa)
y = O, Srygmin
end 1if
da i=1,1tmax
te!g = g1*q*#4+92§q*§3+g3*q*q+g4§g+g5
noemy= 4, nglay##3+3, #g2#ysy+2. #g3%y+ga
if (abs(noemy) ,le. 1.0e-20) then

y = 0.0
goto 320
end 1f

dely = tely/noemy

if (abs(dely/y}). 1% eps .or. abs{dely} 1%t
i i, 0e—-08}) then

goto 320

and if

end dao
320 if (lhs. gt.rhs} then

y = amaxl(amini{ymax:.y).0Q, 0}
else

y = aminl(amaxl(yminey): 0.0}
end if
x = -y
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c
<
c
[

€RG B €ha - X
cca = cca - §

adna » adna + alfaxx
adca = adca + alfany
return

and

subroutine equil{cna,ccaremg, adna, adeca; admg, kg, kem, alfa)

c
Subroutine E Q U I L determines the exchange equilibrium between [
Sodium: Calcium and Magnesium within one timestep In one lager. C
4

CRUNFHHAUFHHHAH AR R R A AR AR T AR AR ERHTNATH AR T HA R F AR ARG R I AR S H RS R A AR HRRC

475
500

525

&00

real#d kg, kcm

data eps/t, Qe-03/, itmax/15/ N
vi=adcatcemg~kemtadmgHcca
ud=adcatalfattemgrkemtadmgralfakkemtcca

ud=alfa~alfaskem \
ud=adcatalfatkcmicca

vo=2. #kgrkgralfaralfa

u4=4, #kgtkg#alfakadcatralfartalfa

u7=2, #koitkgitadca¥adca—~alfatalfai#cca

uB=-4, #kg¥kg#alfaral fakcna

yF== (5, #kgerkghalfaradcascna—-2. #alfaxadnail

ul0=-(4, #kgtkgHadcatadcarcna+a. #alfaradnascca)

uil=2 #wkgitkg#al fakalfakcnakcna

yi2=4, #kgskygtalfakadcaicnascnatradnaradna

ui8=l, #kgrkygradcaradcakena#tcna—adnakadnasecca

gi=dsuldnud

g2=u3#ud# (UhH=uB i+, #u2#yl#ud

gA=UaHuB# (U7~uFH+ul E)Fu2Hu3H (2. #U6~uB ) +2, Hul HuItud-udRudruBry2nu2*ud
g4=ud#uls (Ui+uli2)+ul¥u3% (2, 2udb—uB)+uR2Eu3% (2, #u7-uF}+ud2ugs
i {~uF+2, #uilY+u2sturubdb—-u2HudHud+d, #ulstu2%uf

gS=ulruliaudtu24u@u7ruldsultul3rudnudsryl e b 4ulda (2, #u7-uF i tuaaens
1 (~ui0+2, #ul2)+2, #ultuRtub-urtuTHy10~uRnudiud-ul#ud#ud
gbh=ul#ui#ué+udsudnul2+ul # (2, #u2RuT7-uydHuF-u3nuior+
1 ugd (~u2#ui0+2. #uI#uld)

g7euisuixu7-ul#udsuiQrudsudsul3 .

call start(cna.adna:cca:adca:;cmg. admg. aléa, kg, kem 4o gmin, ymax )

do 400 %=0:20
J o= (=) #E#(k+1 )R (gine{{k+t /2. 1)
y = (floatg{+10r#ymintfloat (10~ fl#ymax) /20,
ystart =y
do 2300 i=1,1itmax
yteleglayand+qRuysadrglsyasd+gastyral+gSHyti2rgbiy+g?
ynoem=éb, #gliyund+D, #g2eyutd+d, #qlnydn3+3egiuysu2+l, #gSuytgbh
i#(abs{yncem). le. [, 0e-20} then
y = 0.0
goto 325
end if
dely=ytel/ynoem
{# (absf{y}. 16, 1, Qe~08, and. aba(dely), gt, 1. 0e~-08) than
gota 473
#lae 1¢ (abs(y). 1t, 1, 0e—-08. and. abs(daiy). 1e. 1. Qe-08) then
gato 925
else if (abs{dely/y}, L% eps.ar. abs{dely). 1t 1, Ce-08}) then
yoto 929
end if
y =y —~ dely
continue

x = — {(uldu2%y+udsysty )/ (ud+uldHy)
1=~ 5 -
if (x. ge. —adnasalfa .and. x. le, cna.and.

& y.ge.ymin .and., y, le. ymax , and

z.ge. —~admgrsalfa .and. z.le.cmg} then
gota 310
end if
continue
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510 continue

cna = tha
,cta = cca

cmg = £mg
adna = adn
adca = adc
admg = adm
return
and

a
4a

]

P

alfaxx
alfany
alfai#yz

subroutine mixingf{cnasccarcmgrncells, cnaldrccad, cmgl:

1

al:a2r a3, cnamix, ccamix, cmgmix}

CHE R R R IR N AR R RN RN AN R TR R R R RN R AR R R AR R R R R

Subrovutine M I X I N G determines the mirxing of the the soll-
molsture with the feed solution and makes uvse of the finite
The parameters are derived from the

nitrate breakthrough curve

c
<
<
c difference approach.
c
t
(s

LB = T T O 4

EHEAMEAREE R R EH RN R AU RN H AR RN R AL R H AR H AR RS AR R R HARRE R RUNRL

integer#4 ncells
real#4 cnal, ccal,ecmg.vatio

raal#d cna(i00), ccaliO0),cmg (100}, tnamix {100}, ccamix (100}

real#d4 cmamix (100}

cnamix(1}

=
cecamix(l) =

cagmix(1}

i#cnal{2)+a2#cna(i)+ald#cnald

al#cca(2)+adrcca{l)+aldsccal
als#cmg(2)+aZ¥ecmg (1)+ad3xcmg0

do i=Zincells~1

cnamix{

i}

= ai#cnali+i)+alsecnalil+al34cnali-1}

ccamix{i} = al#ccali+l)+al#ccali)+ald*ccali-1}
eqgmik{l) = atscmgli+l)+a2*cmg(i)+alxemg(i-1)

end do

cnamlx{necells)

{al+a2)senalncells)+al%¥cnalincells~1)

ccamix(ntells) = {ai+al2)¥ccalincells}+aldsccalincellis~1}

cmgmix{ncells)

return
end

subroutine start(cna, adna: cca, adca, cmg, admgs alfa: kg, kom,

i

{al+ali#cmgi{ncells)+ad#emgi{ncells—1)

Yo yming ymax)

LTI PP ER LTI T LEET LRSS DL DR LRI LA LS LR L R e

Bubroutine 5§ T A R T datermines the start value for the Newton—

which can be devived from the mass balances of the cations.

is based on the side-conditions

FE L I LT T P r s e R e R i s e e i e e R R i R L L

¢
[
4 Raphson fteration procedure and
[
€
C

real#d4 lhetl, 1hs2, kcm, kg

if tadeca. le. i, 08~20 ,ov, cca. le. i, 0e-20) then
ymin = 0. 0

ymax =
elee

lhsl =

rhsi =

ths2 =
The2 =

gmin
ymax
alse (£
ymin
ymax
else I¥
ymin
ymax
elae
ymin
ymax
end if
end If

raturn
and
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0.

[s)

adnasadca

kg#ena/(sqrt{ccasa. )

admg/adea

emg/{kcm#ccal

if (lhsl.gt, rhs! . and. 1hs2. le,rhs2}) then

o gmaxi{—admg/alfa,-adcasalfa) ,
= spinl{cna, cca)

{lhsl, gt. rhal ,and. 1lhs2 gt. rhs2) then
= 0,0 s
= gca

{lhsf, le.Thst ,and. lhs2. le.vhs2} then

=

—adcaslalta
Q.0

amaxi{—-adcasalfa,~adnasalfa}
aminl{cca:;cmg)

C
c
c
[
[
C




