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INSIGHT INTO THE PROBLEMS OF MASS TRANSPORT MODELLING . 5 

The model given by Brooks and Corey [ 1 O] was one of the earliest. Nowadays the most 
popularly used is a parametric model, in which van Genuchten introduced a class of functions 
that is continuously differentiable and applicable to a broader range of soil types [3 7]. 
The nonlinear unsaturated hydraulic properties, q(h) and K(q) are described by normalised 
water content function: 

for h_,.:,; O 

for h, > O 
(5) 

Kool and Parker [22] modified the parametric model of van Genuchten to account for 
hysteresis and air entrapment. However, in the studies on significance of hysteresis in predicting 
solute transport in the near-surface region [24] a minor effect of hysteresis on pollutant 
transport in the considered systems was noticed. In the case of macroscopic structures, such 
as fractures or macropores, other models are discussed, e.g. two domain approaches 
considering macro pore flow [ 19] or capillary flow [29]. 

The formulations of mass balance equations for the species in porous media can be 
classified depending on ongoing phenomena, assumed simpli fi cations or considered case. 
The main tendencies in modell ing solute transport in porous media are usually due to 
saturation (full or partial saturation), sorption processes ongoing in the system, wide range 
of pore water velocities distributions, geometrical system ( one- or dimensional 
multidimensional models), etc. 

Obviously, the saturation problem is consequently incorporated into the mass balance 
equations of the species assuming full saturation or partial saturation (constant or time­ 
dependent); the examples of monographs were given above. 

A quite simple formulation for describing pollutant transport of a non-reactive chemical 
species is presented in [23], assuming there are no sorption processes on the soil particles in 
one-dimensional case in the unsaturated zone: 

a(e-c) =~{Deac -qc} 
at ax ax (6) 

Assuming sorption processes with the lack of mass transfer resistances at the liquid­ 
solid phase interface (so-called ,,dynamic local equil ibrium assumption"), the sorbed 
concentration is algebraically related to the solution concentration, e.g. if the sorption 
process is described by linear isotherm, then: 

S = K
5 

·C (7) 

One-dimensional solute transport equation, assuming linear sorption isotherm, for the 
soil system as a whole (for transient fluid flow) is given by [38]: 

a(0Rc) = ~(eD ac - qc)- 0k"c 
ot ax ax (8) 

k =k + PsksKs 
d I e (9) 
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INSIGHT INTO THE PROBLEMS OF MASS TRANSPORT MODELLING .. . 7 

The prediction of migration of organic compounds ( e.g. herbicide) in soil assuming the 
nonlinear sorption isotherms (Freundlich type) for both sorption sites for the steady-state 
flow is presented in work [15]. The results of the Two-Site Model validations show that for 
most solutes, although much simpler, the model neglecting the mass transfer resistances due 
to sorption, is quite satisfactory for prediction of concentration profi les [7]. 

In [9] three types of sorption kinetics are used to describe the transport of pesticides in 
non-structured arable soils, tested under field conditions. Gaston and Locke proposed a 
model for one-dimensional solute transport, with steady-state flow, for non-reactive system, 
in which sorption occurs at more than one site type, characterised by different sorption 
kinetics [ 15]: 

! " +(&)f #$%&= ' (! 2")*+(! ")
, - 0 J=l 81 . / 0 . 0 (17) 

A host of models was introduced to describe solute transport in soils that exhibit 
exceedingly wide distributions in pore water velocities. 

The example of such approach is Two-Region Model (Mobile/Immobile Zone Model) 
[ 12, 39] in which the overall process rate is thought to be limited by the rate at which solutes 
are transported by diffusion to the exchange sites. This conceptuali sation leads to models 
that partition soil water into mobile (fl owing) and stagnant (immobile or non-flowing) regions. 
This approach in effect assumes that the pore-water distribution is bimodal: convective­ 
dispersive transport is confined to a fraction of the liquid - fi ll ed pores only, while the 
remained pores have stagnant water ( e.g. dead-end pore water, intra-aggregate water, thin 
liquid fi lms around particles). In models of this type, solute exchange between the two liquid 
phase is usually considered to be a fir st order rate process. This model was proposed especiall y 
for aggregated or fractured media. 

In such formulation of the problem, convective-dispersive transport is confined to a 
mobile liquid region (subscript 112 3) while the presence of solute in an immobile region 
(subscript 11#2 3) depends on liquid diffusion from the mobile to immobile liquid. The solid 
phase is also partitioned, in this case into a fraction 42 that corresponds to the mobile fluid, 
and another fraction (5*42 ) that corresponds to the immobile liquid. Sorption in the inter­ 
and intra-aggregate regions of the soil is usuall y described with the use of linear sorption 
isotherms. Solute exchange between the mobile and immobile liquid regions is approximated 
by the expression: 

(18) 

The transient-fl ow, one-dimensional, Two-Region transport Model with degradation 
consists of the following equations, for each ofregions respectively [38]: 

! (6111"171) 4 . %1118 #$ (s ' 9"2 ) : e ; < = ;---+ >?7@% 2 2**A"2 * >?* B1 -2 "2*7->?@% .f :'il/Ism 
, - . C . / . /

! (6D111ED2 ) (1 4F8 9%D111 : e ; (1 < F8 ;GC + - >? :H*H%at= >? * #2 limcim - - 7I>? JI:% %#2%#2

(19) 

(20) 
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Although mobile-immobile models are successful in describing solute transport in soil 
columns [ 15], they suffer from the fact that the model is operating on many fi tted parameters 
that change as a function of experimental conditions [32]. 

Skopp et al. introduced a Dual Porosity Model for solute transport in soils whereby 
both regions are mobile and solute exchange occurs between the regions [34). More recently 
a Dual Porosity Model was presented which accounts for both advective and diffusive 
exchanges of the solute under non-steady-state flow conditions [ 16). This conceptualisation 
refers to the situation that soil often exhibits a variety of small -scale heterogeneity such as 
cracks, macropores and voids that permeate and separate the matrix or inter-aggregate pore 
regions. The consequences are wide variations in fluid velocity generated by heterogeneous 
void space within an averaging volume. The Dual Porosity Model approach consists of the 
introduction of a liquid pressure and mean velocity for each of the pore size groupings. 
Continuum equations of fluid and solute mass conservation are written separately for each 
pore size class; inter-region advective and diffusive exchange terms provide for the 
interaction between groupings. 

One-dimensional, incompressible flow with negligible density effects due to concentration 
gradients, solute transport in each region is described in the form of equations [32]: 

8(0 p1cp1) + o(JoPPh1) _ j_(D 0 8cp1 _ v e c )- r 
Ol Ol - OX Pl Pl OX Pl Pl Pl ex 

(21) 

(22) 

The subscripts ,,l" represent the macropore or inter-aggregate pore region, while 
subscripts ,,2" represent the soil matrix or intra-aggregate pore region. The net solute exchange 
rate ~x comprises both advective and dispersive transfers. 

The expanded Dual Porosity concept [ 17) uses three pore regions to describe water and 
solute transport under variably saturated conditions. 111is model partitions the soil into two 
mobile regions that represent the soil matrix and macropores. Exchange of solutes between pore 
groups is governed by advective and diffusive exchange coeffi cients between the three regions. 

Since the mobili ty of pollutants in soil depends on complex physical, chemical and 
biological processes, a black-box approach basing on a multi-compartmental model is 
frequently employed, especiall y for describing radionuclide migration in soils. 

In this approach the soil is spli t into a series of N horizontal layers (compartments) 
which are connected by downward transport rates of the radionuclide [13, 21]. Additionally, 
to modell ing one-dimensional transport ofradionuclide in porous medium, constant water 
content and linear sorption isotherm on the grains of the layer are assumed. 

Kirchner suggested that the previously used serial Compartmental Model implicitly 
assumed convection-dominated flow and replaced it by a model with backflow for diffusion­ 
controlled transport [20). A compartmental representation of the above is given in form 
(subscript ,,i" refers to the considered i'h layer): 

(23) 

dc;{t) _ [ _ 1 ( ) _ ~ - - A+ k;,;+I + k;,;-1 f; I + k;-1,;C;-1 (t) + k;+1,;C;+1 (t) i= 2, .... ,N (24) 
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MODEL OF THE MJGRATION AND IMMOBILISATION 
OF POLLUTANTS IN GRANULAR LA YER 

Due to complex phenomena undergoing within the grain layer ( e.g. soil), the solution of such 
a problem requires taking into account a number of simpli fications. The following assumptions are 
made: the granular layer is described by a porous medium model (the velocity and pressure 
distributions are expressed by Darcy's law), particular bed is made of particles of an average 
diameter d fate of a single pollutant is considered, concentration of the chemical compound, which p. 
penetrate the layer, is low enough to assume that mass transfer does not disturb the hydrodynamics 
of the water flow, pollutants can be reversibly sorbed onto the grains which make up the layer. 

According to the listed assumptions, the general mass balance equations describing 
migration of the substance in a porous three-dimensional space were set up [ 41 ]. Anisotropy 
of the system and Cartesian orthotropy in a pseudohomogeneous porous layer is also 
assumed. TI1e differential mass balance for solute in liquid has the following formulation [ 1, 2]: 

! "#$%+Uv'(0·c)= v'(D0v'c)- (i-c)·0·a' &' &()* +, -
. / E 

The differential mass balance for solute on the grains of the layer is given by the equation: 

(25) 

. #01 1 - )! 23 - )! 2*
"" sor --- sol 
Ot E E 

(26) 

For the constant soil saturation (water content 8 = #! 45/%and diffusion coeffi cients 
"6 (( = #. 45/&%1the equations (25) and (26) will take the form, respectively: 

" ac 78 " ac 78 9. # 78 9. #:
! ; &&& ! < )= !> 2 ! ??

! @# ! @# ! A# (1-c)·0·a' 
= 0 · 6 ) + 0 · 6 B1C) + S · 6 00) )D))) C 35. ' ) * E@1

;
C 0 

<< . <A CC cy2 ~ 2345 6

(27) 

. #1 1 " 7 ! 23 / 7 ! 2*
wr --- sol a1 8 9 8

(28) 

The symbols * +F and * 0&111 in the differential mass balances of a component mean mass 
sources of a contaminant in the liquid and solid phase, respectively. These terms represent 
the rate of disappearance of the pollutant due to chemical reaction or, on the contrary, 
appearance for example due to dissolution of the precipitated, hardly soluble salts, present 
in the deposit. The reaction in liquid phase * E@, refers to volume unit of liquid, while the 
reaction on the grains of the layer, * 01- ; 0 refers to the surface unit of wetted solid phase. 

The solute flux, 31.' 2describes a mass transfer rate (referred to a unit of wetted surface) 
from the solution to the solid phase due to adsorption (or desorption), and can be expressed 
in many forms, depending on the considered sorption isotherm in the system. 

The proposed set of equations (25) , (26) ( or (27) , (28) for constant water content) is 
the basic formulation and it can be modified, depending on the case considered, without 
introducing any meaningful changes in the fundamental model structure. For example, 
different initial and boundary conditions such as: surface precipitation of pollutant, 
inhomogeneous initial contamination of the layer etc., can be assumed, as well as, the proper 
sorption or reaction kinetics ought to be considered. 
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While conducting investigation work, there occurred a lot of problems which can be 
described by adaptations of this formulation: the leaking storage tanks, waste disposals or 
radioactive disposals propagation (point sources), atmospheric deposition of radioactive 
contaminants (surface sources), agriculture treatment with pesticides, herbicides or 
contaminated fertilisers etc. 

The issue is treated as a general problem of mass transfer in such a system, however, 
also considering the practical technology of decontamination. The method consists in 
introducing the sorptive agglomerates into the polluted medium, where they effi ciently 
adsorb the contaminants. After the proper time of incubation the sorbents can be removed 
from the layer enabling the permanent removal of pollutants. The basic model of pollutant 
migration presented above was adapted due to the considered sorptive technology of 
heavy metals removal. Therefore, additionally, the negative macroscopic mass sources, 
here in the form of sorptive bodies or sorptive agglomerates, immersed in the porous 
layer, were taken into account. The situation can refer to sorptive agglomerates 
appropriately inserted to the medium (due to decontamination) or natural agglomerates 
occurring in real systems. 

The following assumptions were set up: agglomerates of an average ct .. size containing 
a sorptive material are distributed regularly in the bed (preliminary assumption), the chemical 
compounds are ,,irreversibly" adsorbed on the agglomerates, up to a certain level of their 
saturation, full saturation of the bed is maintained. Such conditions follow the applied 
sorptive decontamination technology operating specifi cation and are commonly assumed 
in the soil science researches. 

In order to generali se the problem analysis the obtained model equations were 
transposed to a dimensionless form. The properly defined dimensionless parameters possess 
the physical sense corresponding to complex phenomena and actuall y constitute the process 
similarity criteria. This allows to discuss the effects of the variations within the wide range of 
the basic dimensionless parameters [3, 42]. Introducing the appropriately defined parameters 
and dimensionless variables yields to the following general model equations: 

I. For a contaminant in the liquid phase: 

ac ac ac ac 
--+Pe -+Pe -+Pe,-= 
aFo 'ax " ar · az 

a ( ac ) a ( ac ) a ( ac) 6( 1 - i:) . o =-DD,-+- DO,,- +- DOz- ---B1·(C-C.)-R 
ax ax ar · ar az az · i: ' '"' 

(28) 

In the case of a chemical reaction the mass source term will include the Damkholer number: 

o 
Rliq = Da-C (29) 

2. For a contaminant sorbed on the grains of the layer: 

ac., =~Bi-(C-C) 
aFo K s 

(30) 

Two different models were considered [ 4, 40] depending on the mass transfer resistances 
occurring in the continuous and in the solid phase, referring to the real systems encountered 
in the decontamination technology. 
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Model I describes a system, where the effect of diffusion and adsorption within a 
sorptive agglomerate on mass transfer is negligible. This type of system may occur 
when the zeolithes are of a small size. In the case of dominant mass transfer resistance in 
the continuous phase of a convective type, it is possible to neglect the internal mass 
transfer resistances within agglomerate. The effective mass flux, determining the rate of 
mass transfer of pollutant from the liquid to agglomerate, can be expressed with the use 
of effective overall mass transfer coeffi cient ( describing both mass transfer from the 
liquid to agglomerate as well as diffusion of substance within the pores of agglomerate 
and sorption on agglomerate): 

3. The flux at the agglomerate's sublayer ,,envelope" surface, Model I: 

J(rJ=Bi"•c(rJ-(dpJ=Do"(0c) (31) 
da oN rs 

Model II is a more general formulation as it considers the successive stages of mass 
transfer in the system. This model should be considered when a significant or decisive 
effect of mass transfer within the agglomerate ( due to internal diffusion in agglomerate 
pores) to the whole mass transport resistances appears. This situation could be accompanied 
by a relatively weak influence of convection on the mass transfer effectiveness, as cases 
of small linear velocities of water flow across the layer ( e.g. as a result of the atmospheric 
precipitation) or no convection at all. Decisive influence of mass transfer resistances 
within agglomerate to the whole mass transfer resistances could also appear for 
agglomerates of a relatively big size. 

4a. The mass transfer within zeoli thes is described by a diffusion of adsorbate molecules 
to the porous structure of an adsorbent [ 11]. Balance for a contaminant diffusing within and 
adsorbed on the agglomerate pores, Model II : 

oCag . [ da J
2 

= Doa,(02C0g + 2 _ oCag J- Bi _ [c _ Csag J 
oFo d ~ 0R2 R oR ag ag K 

p ~ 

4b. Condition at the agglomerate's surface, Model II : 

-( ) (ac) [d"] (ac"gJ 1 r., = Do,, - . - = Do" -- 
oN ra dP oR ra 

(32) 

(33) 

For the subsequent case (type of soil, type of contaminant, type of sorbent etc.) it 
is necessary to determine the transport, equilibrium and kinetic parameters, here entering 
the dimensionless numbers. The parameters, such as e.g.: D;;, Ka!!.' K, have a precisely 
rigorous physical meaning and should be determined in independent procedures. The 
coeff icients k ., k and k , which enter the dimensionless Biot numbers appearing in the 

l'J .I ag 

model would be rather difficult to direct determination and should be treated as process 
model parameters. 

VERJFICATION OF THE MODEL 

Verification of both operational models was provided, following the assumption of the 
regular distribution of agglomerates in the layer. Therefore, modell ing was limited to a 
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computational space cell (limited by the planes of symmetry), being representative for the 
whole layer and following the assumptions listed previously. 

For the numerical solution of the problem a program FIDAP v.8.00 offered by Fluent 
Inc., which contains a numerical implementation of the finite element method, has been 
applied. A relative error lower than I 0-5 for each variable has been assumed as a convergence 
criteria for a solution. 

Verifi cation of Model I was provided basing on the experiments for the removal ofl ead 
from middle quartz sand and was conducted with the use of zeoli thes formed in agglomerates 
of 5 mm diameter. In the considered experiments the medium was characterised by the 
following parameters: K = 1,75 [dm3/kg], Kag = 2400 [dm3/kg], D,anu= 3,58- 10-10 [m2/s], 
D 

1 
= 8,3· 10-11 [m2/s], £ = 0,234 [-]. The calculations were provided for different mass 

agiem 

percentage of agglomerates in the system, according to experimental pot tests. The 
estimated values of process parameters represented by the proper Biot numbers took the 
values: Bi= 3, I· 10-2 (refers to the rate of contaminant sorption on the grains of the layer) 
and B( = 1,3 -104 (refers to the rate of mass transfer from the liquid to agglomerate, expressed 
by effective mass transfer coeffi cient). The values of process parameters coeffi cients were 
obtained: k, = I, 1-10-7 [mis] and k

0
r = 2,2· l 0-11 [mis], respectively. 

The data obtained from the experimental tests were determined in the pseudo-equilibrium 
conditions, after 5 months of incubation. Results of the experimental investigations as well 
as numerical calculations are shown in Table I. 

Table I. Medium values of the amount of immobilised heavy metal on the zcolith, 
verifi cation of Model I 

Series 
% (mass) ofzeoli thes Experimental data of Calculated mean value of 

in the system % Pb immobilised on zeoli th % Pb immobili sed on zeolith 

P2 20% 68.0 99.9 * 

P3 5% 27.2 23.1 

P4 2% 8.8 8.9 

Remark: * A bigger divergence for the high concentration of zeolithes is probably 
caused by randomness of the distribution of the agglomerates in porous medium. Therefore, 
the problem of the influence of distribution of negative mass sources (agglomerates) on the 
mass transport appeared, is shortly discussed below. 

Experimental verification of Model Il was provided basing on the experiments for the 
removal of lead from river all uvial soil with the use of sorptive agglomerates (zeolith 
4A, 5 mm diameter). In the considered experiments the medium was characterised by the 
following parameters: Kalluv;,.i = 27 [dm3/kg], K,g = 2640 [ dm3/kg], D,and = 4,49-10-10 [m2/s ], 
D,glom = 8,3· l 0-11 [m2/s], £ = 0,342 [-]. The calculations were performed for different mass 
percentage of agglomerates in the system and for different time of incubation. The 
evaluated values of process parameters represented by the proper Biot numbers took the 
values: Bi= 1,56-102 (refers to the rate of contaminant sorption on the grains of the layer) 
and Biag = 6,5-107 (refers to the rate of adsorption of pollutant on agglomerate). The values 
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Desorption of a component from the grains of the layer is a positive mass source uniformly 
distributed in the porous medium, while the sorptive agglomerates (negative mass sources) 
are distributed randomly regularly or irregularly (which occurs in the real systems) in the 
layer. The preliminary discussion analysis of the influence of irregular distribution of the 
point mass sources was presented in [ 1, 2]. In order to highlight the dominant problem of 
the effect of irregularity of negative sources distribution on the mass transport as the main 
goal, the mass point character of mass sources was analysed. Even a simplified analysis of 
the above presented problem indicates a significant influence of irregularities of mass 
sources (negative or positive) distribution on mass transfer, which gives a general idea 
about the considered issue. The estimation of the influence of distribution of negative ( or 
positive) mass sources on mass transfer in the system would enable to provide more 
general model of the substance migration in the granular layer for different problems (e.g. 
point sources of radioactive deposits). 

SUMMARY AND CONCLUSIONS 

There are several approaches to modell ing pollutant migration in granular media ( e.g. 
soil) formulated to follow the certain purposes ( e.g. the detailed sorption kinetics description). 
However, in practical problems, where we often deal with the only roughly recognised 
media, the application of the expanded formulations of mass transfer is often complicated. 
These models often suffer from the fact that they operate on many fi tted parameters that 
change as a function of experimental conditions. 

Therefore in several cases it seems to be beneficial to use the quite simple models 
of substance migration, although taking into account the subsequent processes of mass 
transfer. Therefore general model of pollutant migration in granular layer with 
additionally negative mass sources in the form of sorptive agglomerates was formulated. 
The effects ofsorption of the contaminant on the grains of the layer, chemical reaction 
in the liquid and on the solid phase as well as the possible partial saturation of the layer 
by the liquid were considered. The general model was adapted to describe the examined 
decontamination technology and two operational models were differentiated due to 
the dominant mass transfer resistances in the system. The formulated equations were 
transposed into dimensionless form, which enabled to discuss the effects of their 
variations within the wide range of the basic dimensionless parameters that constitute 
the process similarity criteria. The experimental verifications of Model I and Model II 
were provided which validated the functional effectiveness of the suggested model and 
its numerical implementation under different conditions. The problem of influence of 
irregular distribution of negative mass sources (sorptive agglomerates) on mass transport 
in the granular layer was noticed. 

Keeping in mind the assumed simplifications it is possible to estimate the 
pollutant's migration in granular medium for the practical purposes of decontamination 
technology. Main advantage and profi t of the proposed model results from the 
possibility of approximate estimation of the mass transfer processes, using the constant 
values of Biot numbers, being process parameters characteristic for the considered 
media and model. Therefore it is possible to evaluate the concentration profi les of 
contaminant for diff erent conditions and time. It gives the chance of practical 
application of proposed method. 
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