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ABSTRACT: Solute transport in porous media with zones of high and low permeability can have anomalous character
due to solute transfer between two zones. In the paper solute transport with adsorption phenomena in a heterogeneous
cylindrical two-zone medium is considered. The medium consists of central cylindrical zone with high permeability
surrounded by another cylindrical zone with relatively low permeability. The second cylindrical zone with very low
permeability can be treated as impermeable zone where liquid is immobile (immobile domain or zone) while in the
central cylindrical zone liquid is mobile (mobile domain or zone). In both zones adsorption of solute occurs. Solute
mass transport in mobile zone governed by advection, diffusion and adsorption phenomena, while in immobile zone by
diffusion and adsorption phenomena only. Between zones solute exchange occurs that is modelled by two approaches,
diffusion and kinetic. Results obtained by two approaches are compared. A problem to fit results by two approaches is
posed. Such a value of the mass transfer rate coefficient in the kinetic equation is determined for which two approaches
give close results. Different kinds of adsorption, such as linear, non-linear, equilibrium, non-equilibrium are analyzed.
Solute transport characteristics in both zones are determined for different analyzed cases.
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I.LINTRODUCTION

Solute transport studies have become important tools in soil physics, particularly for predicting the movement of
pesticides, nitrates, heavy metals and other substances through porous media, environmental protection, oil and gas
recovery and other branches of techniques. These studies can provide valuable information about both the behavior of
chemical in the porous medium (diffusion, dispersion, anion exclusion, adsorption, or exchange processes) and about
the medium itself (pore size distribution, aggregation etc.) [1]. Attempts to study solute transport processes
qualitatively have been based generally on the classical convective-dispersive equation (CDE), all solutions of which
predict nearly symmetrical concentration distribution [2,3]. However, many experimental studies have shown strongly
nonsigmoid and asymmetrical distribution. In particular, the appearance of highly asymmetric or nonsigmoid
concentration profiles can observed in the "tailing" of them. Many investigators have studied this phenomenon and now
we can identify several conditions where the tailing has been observed. Some of them are: 1) unsaturated flow, 2)
aggregated media, 3) the decreasing of pore-water velocity, 4) the presence of mobile and immobile liquid zones. It is
evident that solution of CDE may not always give an accurate description of the physical processes that occur in
aggregated (or unsaturated) porous media. One of the attempts to account mobile and immobile liquid zones (MLZ and
IMLZ) in porous media was proposed by in [4] that is known as two-region nonequilibrium model (TRNM). In [1] an
analytical solution is presented for the movement of chemicals through a sorbing porous medium with lateral or intra-
aggregate diffusion.. The liquid phase in the porous medium is divided into mobile and immobile regions. Diffusion
transfer between the two liquid regions is assumed to be proportional to the concentration difference between the
mobile and immobile liquids. Sorption processes in both dynamic and stagnant regions of the medium are assumed to
be instantaneous and the adsorption isotherm is assumed to be linear. The analytical model derived describes the
extensive tailing observed during flow through an unsaturated, aggregated sorbing medium and explains the often
observed early breakthrough of chemical in the effluent.
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The TRNM model was analyzed by many researchers. In [5,6] presented an analytical solution for the movement of
solute through the porous medium, which is leached at a constant rate. The solution takes into account transfer into an
immobile water fraction. In [7] authors presented analytical solutions for two convection-dispersion type transport
models useful for studying simultaneous pesticide sorption and degradation. One solution is for the familiar two-site
sorption model in which adsorption-desorption proceeds kinetically on one fraction of the sorption sites, and at
equilibrium on the remaining sites. Another solution holds for two-region (or mobile-immobile liquid phase) transport
appropriate for aggregated or fractured media. The transport models account for degradation in both the solution and
sorbed phases. One of the two independent degradation coefficients may be eliminated when the solution and sorbed
phase degradation rate coefficients are assumed to be identical, as for instance, for radioactive solute. Experimental
verifications of the TRNM model were carried out in [8,9,10,11]. Some problems of mass transport in two zones
media are solved in [12, 13].

A modified two-region approach that accounts for chemical and physical nonequilibrium of solute behavior in soils
was developed in [14].

Approaches to the modelling of solute transport in aggregated porous media may be divided into three types [15]:

1) Bicontinuum approach with interchange between mobile and immobile liquid zones of specified geometry
governed by Fick’s diffusion law ( PDMs, for spherical aggregates - SD models );

2) Bicontinuum approach with interchange described by an first-order kinetic expression (FOMs);

3) Equivalent monocontinuum approach or local equilibrium approach (LE models).

First two types are most widely used to analyze solute transport problems in non-homogeneous media. In the first
type models the interfacial exchange rate is assumed to be high, and the overall rate of exchange is assumed to be
governed by diffusion at the periphery of the immobile domain, as controlled by the time history of concentration
gradients and fluxes within the immobile region. In the second type models, advective transport of solute is confined to
the mobile region, and solute exchange between the two regions is considered to be driven by a first-order process that
is based on the difference in average concentration in each region. The ability to predict the long-term contaminant
behavior in aggregated media depends on the accuracy of the representation of solute transport and the exchange
between the two domains [16]. As it mentioned above to model solute transport in such aggregated media TRNM are
used. In [16] the validity of such models was explored by experimentally observing the influence of pore water velocity

on the apparent rates of transfer within a geometrically well defined, two-region system. Tritiated water tracer (*H,0)

experiments were conducted in a 7-cm soil column with a central cylindrical zone of highly permeable material
surrounded by an annulus of relatively impermeable finer-grained sediment. In general, TRNM are now commonly
used to simulate three-dimensional laboratory and field-scale transport regimes that cannot be described adequately
with a single domain model.

In [16,17,18,19,20] laboratory and field experiments where mass transfer rates were modeled with either FOMs or
PDMs where analyzed. The authors established the effect of experimental conditions on the interpreted FOM constants
and also revealed some dependence of fitted PDM rate coefficients on system conditions. The dependence of PDM
parameters was less statistically significant than that of the FOM parameters. It was indicated that one of reasons of that
may be the presence of alternative mass transfer mechanisms (i.e., advection-based processes rather than diffusion
alone).

In this paper we consider a solute transport problem in a semi-infinite non-homogeneous two zone medium
consisting of two co-axial cylinders, one in the center with high permeability (macropore) and another one with low
permeability (micropore). In macropore liquid is mobile and in micropore — immobile. Solute transfer between two
zones is modeled with using two approaches — diffusion (PDM) and kinetic (FOM). To converge results of two
approaches appropriate value of the mass transfer rate coefficient is determined. Different kinds of adsorption in both
zones are considered. For analyzed cases solute transport characteristics are determined.

Il. GOVERNING EQUATIONS

Consider an area that consists of two parts: 1) macroporous cylindrical area (macropore), which has a radius a (ie
area Ql{Os X<o0,0<r< a}), with large pores, characterized by relatively high porosity and the average velocity of

the fluid in it, 2) the surrounding cylindrical microporous area (micropore), which occupies region
Q, {0 <X<ow,asr< b} and has a low or zero porosity, accordingly, the low flow rate (Figure 1) [18].
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Fig.1 Cylindrical medium with a cylindrical macropore.

The following relations are used [19]

aZ

Vi :b_zl Vo =1-V¢, Oy =Vi0; . O =VNb0,. pr=VipPi s Pm=VaPar P=PutPm. F :pm/p'
0-6 +6

im
where V,, V, - volume fractions of macropores and micropores per unit volume of the medium Q, u€Q,, 0,, 6, -
local porosity coefficients of macroporous and microporous media, 6, , 6

., - relative porosity coefficients of
macroporous and microporous media, p;, p, - local densities of macroporous and microporous media, p,,, P -
relative bulk densities of two media.

In one-dimensional form the mass transfer in Q, is described by the equation
ac os o, os, o%c oc

em atm +pm?m+9im altm +pim7Im:9mDm ax_zm_emvmgm
where c,, - the average concentration in Q,, S, - the concentration of the adsorbed mass in the macropores, D, - the

: 1)

diffusion coefficient in the macropores, v,, - the average fluid velocity in Q,, ¢;,, S,, - the average solute
concentration and the concentration of the adsorbed mass in Q,, which are determined from the following relations

im

b

Cin =ﬁjrca(t,x,r)dr, @)
2 s

Sim :ersa(t,x,r,)dr, (3)

c, - local solute concentration in ©,, s, - local concentration of the adsorbed mass in Q,, t -time, x - distance.
The distribution of solute in the region Q, is described by the diffusion equation taking into account the adsorption of
mass

9%+p asa:6’D 1a(r‘?ra)a<r<b, )

a ot a o a aFa
where D, is the effective diffusion coefficientin Q,.

Equations (1), (4) correspond to the PDM approach. In the FOM approach instead of (4) the following frist-order
Kinetic equation is considered together with (1)

ac; 0s;
‘9im a;:m + Pim altm =(Z(Cm _Cim)' (5)
where o« is mass transfer rate coefficient.

Consider the following problem. Let through inlet surface of €,, i.e. x=0, 0<r<a since t>0 a non-
homogeneous liquid with concentration of solute ¢, inflows with average pore velocity v, . To solve equations (1) and

(4) we are to give several initial and boundary conditions.
Transport equations (1) and (4) will be solved for initial conditions of zero
¢,(0,x)=0, (6)
¢m(0,x)=0. @)
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In the inlet surface of Q, i.e. x=0, boundary conditions can be given either a first-type of the from
Cu(t,x)=¢,, ¢, =const, ®)
or a third-type (flux type) of the form

e, (©)

On the other boundary of Q, we give a second-type condition of the from

M =0. (10)
OX
On the common boundary of micro and macroporous media we require a concentrations continuity condition, i.e.
c,(t,x,a)=c,(t,x). (11)

In Q,, the longitudinal distribution of solute is not taken into account and the outer boundary (r=b) is
impermeable for solute, i.e.
oc, (t, x,b) 0
or
Several cases depending on the type of adsorption are considered.

(12)

I11. NUMERICAL SOLUTIONS AND RESULTS
Here we analyze several cases corresponding to different kinds of adsorption.

A.. Linear equilibrium adsorption

In this case, we consider linear and reversible equilibrium adsorption in both regions Q, and Q, with the
following isotherms:

s, =k C., S, =K.C., Sy, =KiCpr» (13)
where, k,, Kk, are the adsorption coefficients in macro and microporous media Q, and Q,, respectively. It can be
shown that k, =k, [19].

Substituting (13) into (1) and (4) gives

m¥m

2
0,R, 24 R, gD, C o gy, Lo, (14)
ot ot 154 OX
Rima&: Da lg r@& (15)
ot ror or

where, R, R,,- retardation coefficients:

Rm :1+f2—d(' k= I(m +kim! ﬂ( :pmkm +pimkim ' Rim :1+(1_ fm)gﬁ

m

Ra=1+p;—ka, R=1+%, O,R, +0,Rn =R, Ry =R,,

im’ Nim
a

and f, = p.K, /(oK) is the mass fraction of the adsorbed mass .

To solve (14), (15) the initial and boundary conditions (6) - (8), (10) - (12) are used.
Equations (14) and (15) are numerically solved by the finite difference method [22].
The following values of the initial parameters are used in the calculations:

D, =25-10"m%s, D, =10° ms, v,, =10*m/s, ¢, =0,001, &, =10, 8, =06 , p, =2000 kg/m®, p, =2500
kgm®, a=0,05m, b=0,25m.

Results of some numerical calculations, the field of local solute concentration c,, profiles of solute
concentrations changes ¢, and c;, are shown in Fig.2,3.
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Fig. 2. Profiles of concentrations ¢, (a), C;, (b) and surface Fig. 3. The concentration profiles ¢, (a), C;;, (b) and the
¢, (c) at different times and v,, =10~ m/s, D, =2,5-10"" surface ¢, (c) at different times and v,, =107* mis,
m?/s, D,, =10° m%s, k =5-10"* m¥kg. D, =25-10"m%s, D, =107 m%s, k =7,5-10* m%kg.

In Fig.3 the value of k is large than in Fig.2. Comparing Fig. 2a with Fig. 3a, it can be
observed that the propagation of ¢, in Fig.3 is slow than in Fig.2 in x direction. Increasing of the
adsorption coefficient k leads to a slow dynamics of c,, (Fig. 3b).

Now consider the FOM (1), (5). In the case of the linear isotherm (13), from (5) the following equation is obtained
oc.
6. R —"=alc,—¢C..). 16
m-®m at a( m |m) ( )

Note, in the FOM approach (1), (5) (or (16)) boundary conditions (11), (12) are unnecessary.
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Equations (14), (16) are solved with initial and boundary conditions (6), (7), (8), (10). Comparison of results on the
basis of two approaches, PDM and FOM, is shown in Fig.4.

em/eo 106 “Cim, m13/ m?
14 a 50 -

0.8

0.6

0 0:1 olz 0:3 0:4 ():5 X, ;n 0 0,1 0.2 0.3 0.4 0.5 X, m
Fig. 4. The profiles of relative concentration ¢, /¢, (a)and c,, (b) at different times and v,, =10 m/s, « =3-10° s,
D, =10"° m¥s, k =5-10™, from PDM (solid lines) and FOM (dashed lines), t =450 (1), 900 (2), 1800 (3), 2700 (4) s.

It can be seen from Fig. 4 that both approaches give close results at a =3-10° s™*. This result shows us principal
possibilities to obtain close results on the basic of two approaches by appropriate choosing the value of « .

B. Linear non-equilibrium adsorption
In this case, the kinetic equations of adsorption have the form

0s
— =k Cc —S_, 17
ﬂat m=m m ( )
0S;
—m =k c_-S, 18
ﬂ at m>=m m ( )
05
2 —-k.c,—S,, 19
ﬁat a-a a ( )

where £ is the characteristic transition time from non-equilibrium to equilibrium adsorption.
Initial conditions for the concentrations of adsorbed solute are taken in the form

S, (0,x)=0, (20)
S,,(0,x) =0, (21)
S,(0,x,r)=0. (22)

In diffusion approach equations (1), (4) with (20) - (22), (6) - (8), (10) - (12) are numerically solved. The calculation
scheme is as following. First, the values (S, )\, (S, ™, (S, )" are determined. Then, (c, )" is determined from

the discretized equation (4). Finally, c,, is determined from the discretized equation (1). In FOM equation (1), (5), (17),
(18) are solved with corresponding initial and boundary conditions.

Figure 5 shows the results of both approaches. In this case we obtain also good agreement of two approaches. Non-
equilibrium adsorption (17) - (19) leads to the delaying of total adsorption rate in comparison with equilibrium
adsorption. As a result, we can observe some advanced distribution of c/c, for non-equilibrium adsorption at same
other parameters (Compare Fig.4a and 5a). In contrary, in the distribution of c,, some lagging can be observed for

non-equilibrium adsorption (Compare Fig.4b and 5b). In this case also a good agreement of two approaches were
obtained.
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Fig. 5. The profiles of relative concentration c/c, (a) and c,, (b) and different times and v, =10 mss,

D, =2.5-10" m%s, D, =10° m?%s, k=5-10"*, #=1000 s. for PDM (solid lines) and FOM (dashed lines), t =450 (1),
900 (2), 1800 (3), 2700 (4) s.

C. Nonlinear equilibrium adsorption
Now the problem is solved for the equilibrium non-linear adsorption

Sm = kmcg ' sim = kimCirrln 1 Sa = kacg ’ 0< n<1. (23)
In this case, only the retardation coefficients are changed
:1+ fmpkmnC;;l

Ry 7] , (24)
n-1
Rim =1+ (1_ fm)epkimncim , (25)
n-1
R =14 faKalCa (26)
2 o

a

The problem is also analyzed on the basis of the kinetic equation (16), in which the retardation coefficient R, is
determined from the relation (25).

The main goal for us now is to study the influence of n at the same values of all other parameters.
Some representative results are shown in Fig.6. We can observe some intensification of adsorption rate for n<1

(Compare Fig.2a and Fig.6a). We are to remember that all results are obtained for identical model parameters, other
than n. Itis evident that for different parameters we are to expect different results.

Comparison of results on the basis of two approaches are shown in Fig.7. As in previous cases we have good agree ment
of results. Some discrepancies we observe in c,, distribution (Fig.7b).
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Fig. 6. Concentration profilesc,, /¢, (a), C;, (b) and surface c, (c) at different times and v, =10"mss, D, =2.5-10"

méfs, D, =10 m%fs, k =5-10"" 35, N=0.95.
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Fig. 7. The profiles of relative concentrationsc,, /¢, (a)and c;, (b) at different timesand v, = 107 mis,

D, =25:107 m%s, D, =10° m%s, k=5-10"* m¥kg N=0.95 for PDM (solid lines) and FOM (dashed lines), t =450
(1), 900 (2), 1800 (3), 2700 (4) s.

D. Nonlinear non-equilibrium adsorption

Here the following nonlinear kinetic equations of adsorption are used

ﬂ% —k,C" -, @)
oS,

m _k ¢! —s 28

IB at m=mm m ( )
0s

a_kc-s, . 29

ﬂ 6t a~a a ( )

The calculation scheme is similar to the second case, only for determining the value (s,,)

following relations are used

(s =L (s, ekl

[+t

(Sim):(+1: A (Sim):("' a kim(cnr’

L+

(5.0t =L (s, ), + =k, e}

mJi

1 ﬂ_'_z_m

im

L+t

L+t

Copyright to IJARSET

i,j+ﬂ+T alfi,j*

Www.ijarset.com

k+1 k+1
|+ ’ (Sa)'Jr

(30)

(1)

(32)

6941


http://www.ijarset.com/

ISSN: 2350-0328
International Journal of AdvancedResearch in Science,
Engineering and Technology
Vol. 5, Issue 9, September 2018
Some results are shown in Fig.8. In this case, when a nonlinear non-equilibrium Kinetic equation is used, in the

dynamics of adsorption in non-steady stage of the process some delays occur. It leads to the progressive distribution of
concentrations ¢, and c;, (Compare Fig.6 a,b and Fig.8 a,b).

Fig.9 shows a comparison of the results of two approaches. For the mass transfer coefficient o =3.335.10°s™,
both approaches give close results.
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Fig. 8. Concentration profiles C (a), C;, (b)andsurface C, (c)and different timesat v, =10"* m/s,

D, =2.5-107 m?s, D, =107 m?s, k =5-10" p3q, #=1000s, n=0.95.
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Fig. 9. The profiles of relative concentrations ¢, /¢, (a) and C;, (b) at different times and v, =10"* m/s, D, = 25107

m?/s, D,, =10 m%s, k=5-10"* m¥kg N=0.95, #=1000s for PDM (solid lines) and FOM (dashed lines), t =450 (1),
900 (2), 1800 (3), 2700 (4) s.
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IV. CONCLUSIONS

In this paper we analyzed a solute transport problem in a cylindrical non-homogeneous medium. The medium
consists of two co-axial cylinders, the intrinsic one has comparatively high permeability and another one — surrounding
cylinder comparatively low permeability. So, intrinsic cylindrical zone referred as micropore, while surrounding
cylindrical zone — as micropore. In the macropore solute transport we model by convective — dispersion equation,
where in micropore — by diffusion equation. To model the solute transport process we use also an alternative way - first
order Kinetic approach. Different kinds of solute adsorption (linear equilibrium, linear non-equilibrium, non-linear
equilibrium, non-linear non-equilibrium) are taken into account in both zones. A solute transport problem is posed and
numerically solved for both approaches — PDM and FOM. Results on the basic of two approaches are comparatively
analyzed. It was shown that by appropriate choosing of the mass transfer rate coefficient « in the first order mass
transfer kinetic equation results of two approaches can be converged. We note that in more strong analyses parameter
a must be choosed by solving corresponding inverse problems. Results show that at all other same conditions non-
equilibrium adsorption leads to the delay of solute adsorption rate. In addition, at the same all other model parameters
non-linear adsorption with n <1 intensifies adsorption rate. Decreasing of adsorption rate leads to the more intensive
solute transport distribution in both zones. In contrary, increasing of adsorption rate leads to the more slow solute
distribution in both zones - micropore and macropore. It can be concluded that in non-homogeneous media due to
solute transfer from one zone to the another one common solute transport can be considerably changed. So, intrinsic
solute transfer in non-homogeneous media can have principal role in solute transport.

REFERENCES

[1] Van Genuchten M., Wierenga P. J. Mass transfer studies in sorbing porous media.Analytical Solution // Soil Sci. Soc. Am. J. 1976. No. 40. Pp.
473 - 479.

[2] BearJ., Dynamics of fluids in porous media, 1972, NY: Elsevier.

[3] Cussler E.L., Diffusion mass transfer in fluid systems, 1997, Cambridge University Press.

[4] Coats K.H., Smith B.D., Dead-end volume and dispersion in porous media, Society of Petroleum Engineering Journal, 1964, 4(1), 73-84.

[5.] De Smedt F., Wierenga P.J., A general solution for solute flow in soils with mobile and immobile water, Water Resours. Res., 1979, 15(5), 1137-
1141.

[6.] De Smedt F., Wierenga P.J., Mass transfer in porous media with immobile water, Journal of Hydrology, 1979, 41(1/2), 59-67.

[7] Van Genuchten M.Th., Wagenet R.J., Two-site/two-region models for pesticide transport and degradation: Theoretical development and
analytical solutions // Soil Sci. Soc. Am. J., 1979, 53(5), 1303-1310.

[8] Gaudet J.P., Jégat H., Vachaud G., Wierenga P.J., Solute transfer, with exchange between mobile and stagnant water, through unsaturated sand,
Soil Sci. Soc. Amer. J., 1977, 41(4), 665-671.

[9] Bond W.J., Wierenga P.J., Immobile water during solute transport in unsaturated sand columns, Water Resours. Res., 1990, 26(10), 2475-2481.

[10.] Gamerdinger A.P., Wagenet R.J., van Genuchten M.Th., Application of two-site/two-region models for studying simultaneous nonequilibrium
transport and degradation of pesticides, Soil Sci. Soc. Am. J., 1990, 54(4), 957-963.

[11.] Field M.S. & Pinsky P.F., A two region nonequilibrium model for solute transport in solution conduits in Kkarstic aquifers, Journal of
Contaminant Hydrology, 1990, 44(3-4), 329-351.

[12.] Khuzhayorov B., Makhmudov Zh. M., Colmatation-suffosion filtration in a porous medium with mobile and immobile fluids // Journal of
Engineering Physics and Thermophysics. 2007. Vol. 80, Nel. 48-56.

[13.] Khuzhayorov B. Kh., Makhmudov Zh. M., Zikiryaev Sh. Kh., Substance transfer in a porous medium saturated with mobile and immobile
liquids // Journal of Engineering Physics and Thermophysics. 2010. Vol. 83, Ne2. 263-270.

[14.] Selim H.M., Ma L., Transport of reactive solutes in soils: A modified two-region approach, Soil Sci. Soc. Am. J., 1995, 59(1), 75-82.

[15.] Parker J.C., Valocchi AJ., Contrains on the validity of equilibrium and first-order kinetic transport models in structured soils, Water Resours.
Res., 1986, 22(3), 399-407.

[16.] Haws N. W., M. R. Paraskewich Jr., M. Hilpert, W. P. Ball, Effect of fluid velocity on model-estimated rates of radial solute diffusion in a
cylindrical macropore column, Water Resour. Res., Amer. J. 2007. 43, W10409

[17] M. M.Rahman, R. Liedl, P. Grathwohl, Sorption kinetics during macropore transport of organic contaminants in soils: Laboratory experiments
and analytical modeling, Water Resour. Res., 40, Amer. J. 2004. W01503

[18.] D.F.Young, Ball W.P., Estimating diffusion coefficients in low-permeability porous media using a macropore column, Environ. Sci.Technol.,
1998, Vol. 32, 2578— 2584.

[19.] Van Genuchten M.Th., Tang D.H., Guennelon R., Some exact solutions for solute transport through soils containing large cylindrical
macropores // Water Recourses Research. 1984. Vol. 20, Ne 3. Pp. 335-346.

[20.] Cihan A, and J. S. Tyner, 2-D radial analytical solutions for solute transport in a dual-porosity medium, Water Resour. Res., Amer. J. 2011. 47,
WO04507

[21.] Haggerty R., C. F. Harvey C., Freiherr von Schwerin, and L. C. Meigs, What controls the apparent timescale of solute mass transfer in aquifers
and soils? A comparison of experimental results, Water Resour.Res., Amer. J. 2004. 40, W01510

[22.] Alexcander A. Samarskii, The theory of difference schemes, Marcel Dekker Inc, New York. 2001. 788 p.

Copyright to IJARSET Www.ijarset.com 6943


http://www.ijarset.com/
http://link.springer.com/search?facet-author=%22B.+Khuzhaerov%22
http://link.springer.com/search?facet-author=%22Zh.+M.+Makhmudov%22
http://link.springer.com/article/10.1007/s10891-007-0007-y
http://link.springer.com/search?facet-author=%22B.+Kh.+Khuzhayorov%22
http://link.springer.com/search?facet-author=%22Zh.+M.+Makhmudov%22
http://link.springer.com/article/10.1007/s10891-010-0341-3
http://link.springer.com/article/10.1007/s10891-010-0341-3

