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ABSTRACT 

The present work addresses design aspects of soil re-
mediation processes and suggests a rational well-spacing 
scheme to optimize the operational efficiency of systems 
and processes, considered in terms of pollute extracted per 
kW of mechanical power dissipated in pumps. The optimi-
zation scheme is proposed on the provisions of a universal 
map for steady-state two-phase flow in porous media, 
demarcating the process operational efficiency over the 
domain of the process operational parameters, i.e. the pol-
lute/water flow-rate ratio and the capillary number. Process 
efficiency is considered over a formation volume contain-
ing a single well. Pertinent DeProF2 model scaling law 
predictions for the reduced mechanical power dissipation are 
integrated across the formation control volume. Then, 
global values of energy utilization are estimated in terms of 
the process design parameters, i.e. the capillary number at 
the vicinity of the well-bore (Ca0), the duty oil/water flow-
rate ratio (r), and the radius of influence ( c ). Results 

indicate that, given the maximum permissible value of Ca0, 
the overall efficiency of the process is increased with 
decreasing c . 
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1. INTRODUCTION 

Pollutants, mainly in the form of complex chemical 
mixtures – such as total petroleum hydrocarbons (TPH), 
polychloro biphenyls (PCBs), polycyclic aromatic hydro-
carbons (PAHs), heavy metals, and pesticides - enter the 
environment directly as a result of accidents, spills during 
transportation, leakage from waste disposal or storage 
sites, or from industrial facilities, and pose potential dan-
gers to both the human health and the environment. Many 

                                                           
* Corresponding author 
2  DeProF is the acronym for Decomposition in Prototype Flows, see 
section 1.1 

remediation technologies have been developed to treat 
soil, leachate, wastewater, and groundwater contaminated 
by various pollutants, including in-situ and ex-situ meth-
ods. An extended review of biological, physical & chemi-
cal site-restoration technologies when soil and groundwa-
ter are contaminated by petroleum and related products, 
furnishing the respective processes, their applicability, 
advantages, limitations and concerns, the site-specific pa-
rameters as well as the related costs, can be found in [1].  

According to the type of contaminated site, there are 
two major groups of applicable technologies: (A) Soil 
remediation technologies: these comprise soil washing, 
soil vapour extraction (SVE), land-farming, soil flushing, 
solidification/stabilization (waste fixation), biopiles, phy-
toremediation, bioslurry systems, bioventing, encapsula-
tion, aeration, and (B) Groundwater treatment technol-
ogies: these comprise air sparging, groundwater pump-
and-treat technology, passive/ reactive treatment walls, 
bioslurping, ultraviolet-oxidation treatment, biosparg-
ing, groundwater circulation wells, in-well air stripping, 
in-situ air and vapour stripping and vacuum vapour ex-
traction, natural attenuation. 

Many of these technologies implement injection/ ex-
traction wells [1]. In soil flushing, contaminated soils are 
flushed in-situ by passing an extraction fluid through soil 
using an injection or infiltration process. Contaminated 
groundwater and extraction fluids are captured and pumped 
to the surface using standard groundwater extraction wells. 
In groundwater pump-and-treat, extraction wells are 
introduced at various locations in a contaminated aquifer, 
and the contaminants are removed with the pumped wa-
ter. Groundwater circulation wells comprise a developing 
technology, used for removing contaminants from ground-
water and saturated soils, implementing a process that 
continuously removes VOCs from the groundwater with-
out bringing it to the surface. This circulation pattern is 
created in an aquifer by drawing water into- and pumping 
it through- a well, and then reintroducing it without reach-
ing the surface.  

The successful and cost-efficient treatment of a con-
taminated site depends on selection, design, and adjust-
ment of the appropriate remediation technology, consider-
ing the properties of the contaminants, the soil and the 
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potential performance of the associated process which, in 
turn, depend on the proper system design as well as on the 
selection of conditions providing maximum operational 
efficiency (optimum operating conditions).  

The core physical process in the aforementioned 
technologies is immiscible two-phase flow in porous 
media whereby one fluid (“water”) is wetting the solid in 
presence of the other, non-wetting fluid (pollutant or “oil”). 
Possible flow modes are: simultaneous, concurrent, forced 
flow of wetting and non-wetting fluids at preselected flow-
rates, imbibition, i.e., displacement of a non-wetting by a 
wetting fluid and drainage, i.e., displacement of a wetting 
by a non-wetting phase or air. These types of flow have 
two key characteristics: the disconnection of the non-
wetting phase (pollutant /oil or air) into small fluidic 
entities -called ganglia and droplets (or bubbles)- and the 
formation of the respective wetting/non-wetting interfac-
es. Ganglia are fluidic entities (non-wetting blobs) that 
occupy the void volume of a few (1-10) pores. Droplets 
(or bubbles) are smaller fluidic entities, and any pore may 
contain many of these. It has been experimentally ob-
served [2, 3] that during the simultaneous flow of two 
immiscible phases, the disconnected phase (non-wetting) 
contributes significantly (and in certain cases of practical 
interest, even exclusively) to the total flow. Furthermore, 
the flow-rate vs pressure gradient relation is found to be 
strongly non-linear, and to be strongly affected by the 
physical parameters that pertain to the fluid-fluid interfac-
es. 

The scope of the present work is to furnish a rational 
methodology for designing more efficient soil/ groundwa-
ter remediation processes, specifically for those remedia-
tion schemes where injected /extracted fluids are adminis-
tered through systems of rectilinear wells. The methodol-
ogy implements the provisions of the DeProF theory for 
two-phase flow in porous media. 

 
1.1 The DeProF theory for steady-state two-phase flow in 
porous media 

The mechanistic model DeProF for immiscible steady-
state two-phase flow in pore networks, developed by 
Valavanides & Payatakes [4], predicts the relative perme-
abilities of the two-phases using the concept of decompo-
sition in prototype flows. Combining effective medium 
theory with appropriate expressions for pore-to-macro scale 
consistency for oil and water mass transport, the model 
takes into account the pore-scale mechanisms and the 
network-wide cooperative effects as well as the sources of 
non-linearity (caused by the motion of interfaces) and 
other complex effects.  

Using the DeProF model, one can obtain the solution 
to the problem of steady-state two-phase flow in porous 
media in terms of the following set of independent varia-

bles,  pm
0
R

0
A ,,,;r,Ca x  i.e., the capillary number, Ca, 

which is a measure of the ratio of viscous stresses over 

capillary pressure, defined as ow
w

w γ~/U
~

μ~Ca   ( wμ
~ is the 

viscosity of water, wU
~

 is the superficial velocity of wa-
ter, and ow

~  is the interfacial tension), the oil/water flow-

rate ratio, wo q~/q~r  , the oil/water viscosity ratio, 

wo
~/~  , the advancing and receding contact angles 

0
A  and 0

R  , and a parameter vector, xpm, composed of 

all the dimensionless geometrical and topological parame-
ters of the porous medium affecting the flow (e.g. porosi-
ty, genus, coordination number, normalized chamber and 
throat size distributions, chamber-to-throat size correla-
tion factors, etc), including the absolute permeability of 

the porous medium, k
~

. (Note: a tilde ~ indicates a di-
mensional variable.) 

Extended simulations of steady-state two-phase flow 
in a three-dimensional (3D) pore network of the chamber-
and-throat type, using the DeProF model, showed that, in 
general, the reduced mechanical power dissipation may be 
analytically expressed as a scaling law,  
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are functions of r, and Α0, Α1, Α2, Α3, Β0 and Β1 are ap-
propriate scaling coefficients that take values according to 
the system parameters; rlim(Ca) is the maximum value of 
the flow-rate ratio for which steady-state two-phase flow 
can be maintained. Typical values of the scaling coeffi-
cients as well as W(Ca, r) diagrams pertaining to Eqs. (1) 
and (2) are provided in [4]. 

 
1.2 Optimum operating conditions (OOC) for steady-state 
two-phase flow in porous media 

The efficiency of the process, expressed as “the non-
wetting phase transport per kW of mechanical power 
supplied to the system”, may be assessed by the values of 
the energy utilization coefficient, fEU, a macroscopic quanti-
ty defined by Valavanides & Payatakes [4] as follows: 

fEU = r/W (3) 

Simulations implementing the DeProF model suggest 
that conditions of optimum operation (read: maximum 
efficiency) exist for processes of steady-state two-phase 
flow in pore networks. The term ‘optimum operating 
conditions’ (OOC) interprets those values of Ca and r (the 
operating parameters), for which the process efficiency 
takes one (or many) locally maximum values. As is de-
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picted by the hump-shaped surface of Fig. 6 in [4], for 
every fixed value in Ca, there exists a unique value in r, 
r*(Ca), for which fEU attains a locally maximum value. 
These provisions are described by a universal map for 
steady-state two-phase flow in porous media, demarcating 
the process operational efficiency [5].  

Detecting and setting such conditions in a real pro-
cess could eventually increase its efficiency. Now, when 
one-dimensional flow conditions are considered, the en-
gineer may decide to operate the process at a certain value 
of the capillary number, Ca, dictated either by the power 
capacity of the available equipment or the maximum al-
lowable stress of the underground formation (porous medi-
um); then, he may tune the process to optimum operating 
conditions in terms of the flow-rate ratio, r*(Ca). Neverthe-
less, there are applications whereby isolated wells are 
used and one-dimensional flow conditions can only be 
attained far away from the well bore. The flow in the 
vicinity of the well bore is axisymmetric. Therefore, the 
Darcy velocity, hence the capillary number, change as 
/1 , to the radial distance,  , away from the well bore. In 

such cases, OOC can only be attained at a certain distance 
from the well bore. The engineer must then decide on the 
particular operating conditions for which the overall effi-
ciency of the process is maximized. 

 
 
2. PROBLEM DESCRIPTION AND ANALYSIS 

Consider a horizontal, contaminated underground 
formation, say an aquifer. Consider the case whereby the 
formation is homogeneous and isotropic, and is confined 
between two horizontal impermeable planes. A typical 
soil flushing process is accomplished by passing an ex-
traction fluid through the soil using an injection or infil-
tration process in order to mobilize the “oily” pollutants 
(say, TPH, PCBs, PAHs) that are trapped in the smaller 
pores of the formation, drive it to extraction wells, and 
then, to the surface. Injection and production wells may 
be arranged in various patterns depending on the mor-
phology, extent and structure of the contaminated for-
mation.  

In the present work, we consider the simple case of 
one or many parallel isolated extraction wells (acting as 
rectilinear sinks), surrounded by injection wells distribut-
ed over the contaminated reservoir field. The wellbore 
radius of any extraction well is 0

~ . 

Consider also a normal cylinder, of radius c
~ , coaxial 

to the extraction well, such that the macroscopic flow 

velocities iU
~

, or flow-rate of each phase, iq~ , i=o,w with-

in this cylinder may be considered – within acceptable 
error – to be radial (Fig. 1). Mass balance for each phase 
imposes that 

  0rr    and     0CaCa ,  1  (4) 

where, 0
~~   is the reduced radius ( 0

~  is the well 

radius),  

Ca0 = Ca(1) is the Ca value at the well-bore walls, (5) 

and r0  is the oil-water flow-rate imposed by the process 
setup.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1 - The representative cylindrical volume where the analy-

sis is carried out. The direction of macroscopic flow of oil, oU
~

, and 

water, wU
~

, is radial; oil and water are extracted with flow-rates 

oq~  and wq~  through the rectilinear well (perpendicular to figure) 

acting as a sink. 
 
Given the physicochemical characteristics of the sys-

tem (pollutant, water and porous medium characteristics), 
an expression for the process efficiency in terms of the 
radius of influence, c

~ , can be derived. The efficiency of 

the process depends: (a) on the values of the design and 
operating parameters that can be tuned over a wide range 
and may be considered as “soft”, and (b) on the values of 
the oil-water-p.m. system parameters, i.e. the physico-
chemical properties of the two phases and the p.m. char-
acteristics, that can be tuned only over a narrow range and 
may be considered as “rigid”. For example, the engineer 
has to decide on the extent of the recovery (formation) 
volume per well, dictated by c , a process set-up parame-

ter. Similarly, the values of the imposed operating param-
eters, Ca0 and r0, can be adjusted so that the process is 
appropriately tuned. Note that the value of the admissible 
(or attainable) Ca0 is limited by the strength of the for-
mation material near the wellbore or the power capacity 
of the equipment (pumps etc).  

 
The process operating cost is directly related to the re-

duced (over the unit p.m. volume) rate of irreversible trans-
formation of mechanical energy into heat (the reduced 

mechanical power dissipation),  z~,,~W
~

c  , needed to main-

tain two-phase flow over the recovery volume (the right 
circular cylinder, coaxial to the production well, extending 
from the wellbore radius, 1 , to the influence radius c . 

The mechanical power dissipation is then given by 
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The reduced, with respect to the reduced rate for one-
phase flow ( 1 ) power losses, are estimated as 
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The idea is to set the values of the process design pa-
rameters, i.e. the values of Ca0 and r0 on the bore wall, 
and the radius, c , of the extraction volume (right cylin-

der), such that the process operates at its overall maxi-
mum efficiency. 

A measure, fc, of the efficiency of the particular pro-
cess, may be defined by writing the ratio of the recov-
ered 
oil flow-rate, oq~ , over the total mechanical power dissi-

pation,  ccW
~

 , within the recovery volume of radius c , 

and then, reduce it by the respective efficiency ratio for 
equivalent one-phase flow conditions (in terms of total 
flow-rate), to produce the global energy utilization coeffi-
cient for a recovery cylinder of radius c , 
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The benefit of using Eq. (8) is that all system charac-
teristics (pertaining to water-pollutant-porous medium) 
are normalized-out, and the effects of the geometrical 
aspects of the process are revealed. 

Incorporating the scaling law of the DeProF predic-
tions for W from Eqs. (1) and (2), into Eq. (7) for the 
reduced specific mechanical power consumption over a 
recovery cylinder of radius c , yields 
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and the energy utilization factor, Eq. (8), may now be 
expressed as 
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3. APPLICATION AND RESULTS 

With the analytical expressions for Wc(Ca0, r0; c ) and 

fc(Ca0, r0; c ) available through Eqs. (9) and (10), it is 

possible to investigate the effect of the operational, Ca0, r0 

and design, c , parameters on the process efficiency. To 

this end, a typical system with oil/water viscosity ratio, 
45,1  (with scaling coefficient values given in [4]) was 

considered. Results are provided in Figure 2. 

Examination of the diagram of Figure 2 reveals that: 

(A) Under any fixed values of Ca0 and c  there cor-

responds a specific value of the oil/water flow-rate ratio, 
r*(Ca0), for which the process attains maximum efficien-
cy. This is more noticeable for low Ca0 values and for 
recovery cylinders of relatively small diameter. Note that 
there are cases (for relatively high values of Ca0 and c ) 

where such a maximum is not attainable: the cylindrical 
surface outlined perpendicular at the far right end of the 
fc=10-9 plane represents the (Ca0, log r0) domain where 
two-phase flow is physically not sustainable. 

(B) The global efficiency of the process, fc, decreases 
significantly with increasing radius, c , of the influence 

cylinder. This is a direct consequence of the fact that as 
Ca drops sharply with increasing well distance,  , the 

effect of interfaces become pronounced (hindering the 
migration of non-wetting blobs -ganglia and droplets), 
and the respective local efficiency of the process is drasti-
cally reduced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2 - Effect of the values of the operational parameters, i.e. 
capillary number at well, Ca0, and flow-rate ratio, r0, and for differ-
ent radii, 1c , 2c , 3c , of the recovery cylinder, on the global 

energy utilization coefficient, fc, (flow-rate of extracted pollutant per 
kW of mechanical power consumed).  

 
 
4. CONCLUSIONS 

Τhe problem of designing more efficient soil remedi-
ation processes implementing rectilinear sink (s) was 
considered under the provisions of the DeProF theory 
predictions. 
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The energy utilization coefficient, i.e. the flow-rate of 
recovered pollutant per unit mechanical power spent - 
originally determined for one-dimensional flow - was 
extended for radial flow conditions to account efficiency 
aspects of near-wellbore flow.  

When a solitary sink is present, the energy efficiency 
of the process - for fixed values of the system parameters 
(physicochemical characteristics of the two fluids and 
porous medium) - depends not only on the values of the 
operational parameters Ca and r, but also on the size of 
the influence /remediation volume over which process 
efficiency is evaluated. The effective energy utilization 
coefficient, fc, is drastically reduced with the influence 
radius, c , of the flushed p.m. volume. Therefore, when a 

distribution of wells is considered, fc increases with the 
number of wells per unit area, or, well density. The pre-
sented analysis shows that the efficiency of the process is 
more sensitive in the adjustment of the flow-rate ratio, r0, 
than in the adjustment of the reference capillary number 
near the well, Ca0. The proposed design methodology has 
a greater added value when processes implementing rela-
tively low values for Ca0 (<610-6) are considered. When 
the formation material is weak and cannot sustain high 
pressure gradients across the well-bore, the engineer, 
having an upper limit for th Ca0 value to cope with, may 
tune the flow-rate ratio, r0, to a value that would optimize 
the overall operational efficiency of the process.  

So long as only unit operational costs are examined, a 
“dense” well field should be sought for; nevertheless, the 
associated investment and managerial cost would increase 
with the number of wells (equipment, commission-
ing/decomissioning costs, management costs etc.). There-
fore, in order to perform a global technoeconomic evalua-
tion of any proposed field design, one should carry out a 
break-even analysis considering the fixed costs associated 
with the number of wells and the accompanying equip-
ment against the operational efficiency of each well.  
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