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a b s t r a c t

Darcian steady 2-D flow to a point sink (vertical well) placed eccentrically with respect to two circles

demarcating zones of contrasting permeability is studied by the methods of complex analysis and

numerically by MODFLOW package. In the analytical approach, two conjugated Laplace equations for a

characteristic flow function are solved by the method of images, i.e. the original sink is mirrored about

two circles that generates an infinite system of fictitious sinks and source. The internal circle of the

annulus models formation damage (gravel pack) near the well and the ring-shaped zone represents a

pristine porous medium. On the external circle the head (pressure) is fixed and on the internal circle

streamlines are refracted. The latter is equivalent to continuity of pressure and normal component of

specific discharge that is satisfied by the choice of the intensity and loci of fictitious sinks. Flow net and

dependence of the well discharge on eccentricity are obtained for different annulus radii and

permeability ratios. A non-trivial minimum of the discharge is discovered for the case of the ring

domain permeability higher than that of the internal circle. In the numerical solution, a finite difference

code is implemented and compared with the analytical results for the two-conductivity zone.

Numerical solution is also obtained for an aquifer with a three-conductivity zonation. The case of

permeability exponentially varying with one Cartesian coordinate within a circular feeding contour is

studied analytically by series expansions of a characteristic function obeying a modified Helmholtz

equation with a point singularity located eccentrically inside the feeding contour. The coefficients of the

modified Bessel function series are obtained by the Sommerfeld addition theorem. A trivial minimum of

the flow rate into a small-radius well signifies the trade-off between permeability variation and short-

cutting between the well and feeding contour.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Oil, gas and groundwater wells, as well as agricultural drains
laid in topsoils, are often constructed, completed and exploited by
techniques involving a considerable change of porosity and
permeability of the adjacent rock or soil. For example, gravel
packing, microbial and chemical fouling of the pack with time,
penetration of drilling liquids, perforation shooting, cyclostation-
ary wellbore pressure agitation and other stimulation techniques
cause severe alterations of the matrix with ensuing adverse or
positive effects on the quantity and quality of fluids abstracted
through the boreholes (e.g., Civan, 2000).

Recently conducted laboratory experiments (Turekhanov et al.,
2007; De Zwart et al., 2008) and field studies (De Zwart, 2007; van
Beek et al., 2009) proved that for a long-term well operation in
aquifers with common rocks, the pumping-induced hydraulic
gradients oriented towards the bore hole are so high that a thin
ð � 10 cmÞ internal cake of fine particles is formed over years
(decades). The constituting fine particles are dislodged from the
bulk formation and driven by the Darcian flow to the gravel filter
where they deposit in a transition zone between the filter and
aquifer, owing to the so-called ‘‘bridging’’ and other micro-
mechanical mechanisms (see De Zwart, 2007, Figs. 2.7, 2.8, 2.10,
21.12, 2.13, 5.44). We recall that a drilling mud makes its own
low-permeable cake in the rock adjacent to the borehole,
although even without this construction-stage induced cake well
clogging is allegedly common (De Zwart, 2007).

The engineeringly induced heterogeneity of the matrix in the
vicinity of the borehole is usually assumed to be radial with
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