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a b s t r a c t

The remediation of aquifers contaminated by viscous dense non-aqueous phase liquids (DNAPLs) is a challenging
problem. Coal tars are the most abundant persistent DNAPLs due to their high viscosity and complexity. Pump- 
ing processes leave considerable volume fractions of DNAPLs in the soil and demand high operational costs to
reach cleaning objectives. Thermally enhanced recovery focuses on decreasing DNAPL viscosity to reduce resid- 
ual saturation. The oil industry has previously applied this technique with great success for enhanced oil recovery
applications. However, in soil remediation, high porous media permeabilities and product densities may invali- 
date those techniques. Additionally, the impacts of temperature on coal tar’s physical properties have not been
thoroughly discussed in available literature. Here, we investigated how coal tar’s physical properties, the capillary
pressure-saturation curve and the relative permeability of two-phase flow in porous media depend on the temper- 
ature and flow rate experimentally. Drainage and imbibition experiments under quasi-static (steady-state) and
dynamic (unsteady-state) conditions have been carried out at 293.15 K and 323.15 K in a 1D small cell filled with
1 mm homogeneous glass beads. Two different pairs of immiscible fluids have been investigated, coal tar-water
and canola oil-ethanol. Results demonstrated similar trends for temperature effect and values of fluid properties
for both liquid pairs, which backs up the use of canola oil-ethanol to model coal tar-water flow. It was found that
there is no temperature effect on drainage-imbibition curves or residual saturation under quasi-static conditions.
In dynamic conditions, the DNAPL residual saturation decreased by 16 % when the temperature changed from
293.15 K to 323.15 K. This drop was mainly linked to decreasing viscous fingering, as well as the appearance of
wetting phase films around the glass beads. Both phenomena have been observed only in dynamic experiments.
A high enough pumping flow rate is needed to generate dynamic effects in the porous medium. Ethanol and oil’s
relative permeabilities also increase with temperature under dynamic measurement conditions. Our findings in- 
dicate that flow rate is an important parameter to consider in thermal enhanced recovery processes. These effects
are not taken into account in the classically used generalized Darcy’s law for modeling two-phase flow in porous
media with temperature variation.

1. Introduction

Dense non aqueous phase liquids (DNAPLs) are liquids denser than
water and slightly soluble in water. Due to their high density, DNAPLs
can deeply sink into the subsurface until reaching a less permeable layer
and form a non aqueous reservoir. Subsurface zones contaminated by
DNAPLs are generally hard to delimit due to soil heterogeneity, soil
dispersion, and the substantial depth of the contamination combined
with gravity driven finger flow. Thus remediating these pollutants in
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the aquifer is a complicated matter. DNAPL source zones are even more
problematic because they may keep on dissolving toxic compounds into
the groundwater. Ultimately, future health and environmental problems
can arise, such as drinking water contamination or soil quality degrada  

tion.
Commonly reported DNAPL contaminants include chlorinated sol  

vents namely, trichloroethylene (TCE) and tetrachloroethylene (PCE)
that were previously widely used as solvents for organic materi  

als ( Schwille and Pankow, 1988 ). Coal tars are also a notable DNAPL
found in the subsurface and are also more viscous than water.
( Brown et al., 2006 ) have measured coal tar’s dynamic viscosity on mul  
tiple sites and have found that the coal tar/water viscosity ratio can vary
between 10 and 10 6 ( Brown et al., 2006 ). This range is linked to the



Nomenclature

Symbol Definition
Bo Bond number ( )
Ca Capillary number ( )
g Gravitational acceleration (m.s − 2 )
K Intrinsic permeability (m 

2 
)

k r Relative permeability ( )
h c Capillary height (m)
L Characteristic length (m)
M Viscosity ratio ( )
n Van Genuchten parameter ( )
p Pressure (Pa)
p c Capillary pressure (Pa)
R 0 Drop mean radius (m)
S Saturation ( )
S ir Irreducible saturation ( )
S r Residual saturation ( )
T Temperature (K)
u Darcy velocity (m.s − 1 )
V c Characteristic velocity (m.s − 1 )
� Van Genuchten parameter (m − 1 )
� Shape factor ( )
 Interfacial tension (N.m − 1 )
� Dynamic viscosity (Pa.s)
� Density (kg.m − 3 )
� Dynamic capillarity coefficient (Pa.s)

Subscripts
Symbol Definition
CT Coal tar
dis Displaced phase
E Ethanol
inv Invading phase
O Canola oil
w Wetting phase (ethanol or water)
W Water
nw Non wetting phase (canola oil or coal tar)

chemical heterogeneity in coal tar. Diagnosis and risk assessment are
hard because the exact composition of coal tar is generally not identi  
fiable. Hence, a site polluted by coal tar is difficult to clean up and the
choice for an applicable recovery method has to be made on a case by  

case basis.
In our study, the focus is on coal tar source zones with high pollutant

concentrations. Pumping in the subsurface through production wells is
a primary step used in remediation operations. However, the pumping
rate is very low for DNAPLs and the remediation could take tens to
hundreds of years, which is economically unsatisfying ( USEPA, 1996 ;
Russell and Rabideau, 2000 ; Kavanaugh and Kresic, 2008 ; Navy, 2008 ;
Newell et al., 2011 ). The most efficient current methods for remedi  
ating DNAPL source zones are thermal treatments ( Ding et al., 2019 ).
Generally, temperature is increased to vaporize ( McDade et al., 2005 ;
Baker et al., 2006 ; Baston et al., 2010 ) or even burn ( Rein, 2009 ;
Switzer et al., 2009 ; Hasan et al., 2015 ; Scholes et al., 2015 ) the pol  
lutant. The vapors generated are then collected and treated with car  

bon activated filters. However, generating high temperature fields can
be dangerous for the nutritional and biological functions of the soil.
( Pape et al., 2015 ) have shown that even if a contaminant can be com  

pletely treated at 773.15 K, the soil is unusable for future construction
or industrial operations ( O’Carroll et al., 2005 ; Pape et al., 2015 ). As a
result, NAPL residual saturation is lower in the soil after a thermally en  

hanced process. Afterwards, the high soil temperature can increase the
degradation rate of chemical treatments (oxidation, surfactant flooding)
and biological methods (bio or phytoremediation) ( Melin et al., 1998 ).

Hot water flooding is another technique that has shown success in
treating viscous NAPLs light or dense contamination. The idea is
to reduce the dynamic viscosity of the NAPL by increasing its temper  

ature. During pumping, the hot water will progressively replace the
NAPL and leave residual NAPL saturation in the soil. Previous authors
have shown that injecting hot water increases total NAPL recovery vol  
umes by pumping processes ( Fulton and Reuter, 1991 ; Davis, 1997 ;
O’Carroll and Sleep, 2007 ). Pumping a DNAPL phase from the subsur  

face can be represented by an imbibition process in porous media. The
DNAPL phase is progressively pushed away from the soil and the water
slowly fills the pores left vacant. Thus, it is important to analyze and
better understand fluid displacements before drawing any conclusions.

To characterize the behavior of the physical system composed of
DNAPL, water, and a solid matrix is still an ongoing challenge in fluid
mechanics. Currently, modelling is based on the theory of immiscible
multiphase flow in porous media. In our case, DNAPL and water are rep  

resented as two separate phases, and the soil is an immobile solid matrix
in which both liquids may flow. For this type of engineering application,
the simultaneous flow of DNAPL and water in a porous medium is com  

monly described using the generalization of Darcy’s law to multiphase
flow for each phase ( Muskat and Meres, 1936 ).

u i = − 
K k r,i 

(

S i 
)

�i
∇ 
(

p i − �i g 
)

(1)

where u i is the Darcy velocity (m.s 
− 1 ), g the gravitational acceleration,

K the permeability tensor (m 2 ), p i the pressure (Pa), �i and �i respec  

tively the dynamic viscosity (Pa.s) and density (kg.m − 3 ). The subscript
i designates the water or DNAPL phase. The main difference between
Darcy’s law and its extension to multiphase flow is the addition of rel  
ative permeability terms k r,i . It signifies that each phase flows indepen  

dently through a virtual porous medium of permeability Kk r,i ( S i ). The
DNAPL occupies a part of the total pore space, depending on its satura  

tion, which reduces the volume of water that can flow through and vice
versa. This equation generally holds true when there is no momentum
transfer at the interface of both fluid phases ( Whitaker, 1986 ).

The presence of the two fluid phases results in an interface that is sub  

jected to interfacial tension at the pore scale. This interface also causes a
pressure discontinuity at the macroscale, with respect to capillary pres  

sure p c . This is subsequently defined as the difference between the pres  

sure of the non wetting fluid p nw and the pressure of the wetting fluid
p w .

p nw − p w = p c 
(

S w 
)

(2)

Immiscible DNAPLs flowing in the aquifer can be assimilated to a
two phase flow in porous media. The dimensionless numbers controlling
the actual flow pattern are respectively Bond number (Bo), capillary
number (Ca), and viscosity ratio (M). In the case of the imbibition of
a wetting phase inside a porous medium saturated with a non wetting
phase, these numbers can be written as:

B o = 
( �nw − �w ) g L 2


(3)

Ca = 
V c �inv


(4)

M = 
�inv

�dis
(5)

L is a characteristic length. In unconsolidated media like glass beads, L
is often chosen equal to the mean particle diameter.  is the interfacial
tension between both liquid phases. V c is a characteristic velocity rep  

resenting the order of magnitude of the flow rate inside the pores. The
subscripts inv and dis respectively represent the invading and displaced
phase. In this work, the DNAPL and water are the invading phases dur  

ing drainage and imbibition, respectively. Alternatively, the viscosity
ratio may be replaced by the mobility ratio (the ratio between rela  

tive permeability and viscosity). The latter includes relative permeabil  
ities in its calculation and can be more suitable for real porous media

















Table 2
Bond, capillary numbers and viscosity ratio associated with the two-phase flow of oil/ethanol and coal tar/water between 293.15 K
and 323.15 K.

Liquids Coal tar – water Canola oil-ethanol

T(K) Bo Ca M Bo Ca M

283.15 4.19 ×10 − 1 5.24 ×10 − 5 1.48 ×10 − 2 4.36 ×10 − 1 5.46 ×10 − 5 1.32 ×10 − 2 

293.15 4.16 ×10 − 1 5.20 ×10 − 5 1.96 ×10 − 2 4.66 ×10 − 1 5.82 ×10 − 5 1.64 ×10 − 2 

303.15 4.13 ×10 − 1 5.16 ×10 − 5 2.55 ×10 − 2 4.99 ×10 − 1 6.23 ×10 − 5 2.01 ×10 − 2 

313.15 4.09 ×10 − 1 5.11 ×10 − 5 3.26 ×10 − 2 5.35 ×10 − 1 6.69 ×10 − 5 2.43 ×10 − 2 

323.15 4.05 ×10 − 1 5.07 ×10 − 5 4.11 ×10 − 2 5.77 ×10 − 1 7.21 ×10 − 5 2.91 ×10 − 2 

Density, dynamic viscosity, interfacial tension, and contact angle re  

sults were used to calculate the relevant dimensionless numbers related
to imbibition experiments ( Table 2 ). Bond number, Bo, and viscosity ra  

tio, M, could be calculated directly with the measured parameters. The
intrinsic velocity calculated with Darcy law was used to calculate Ca
numbers. The pressure difference used in this expression is the same as
the one used in our experiments. The resulting definition for Ca is thus
equivalent to the one proposed in ( Chatzis and Morrow, 1984 ). Since
drainage is mostly a stable process due to a favorable viscosity ratio,
dimensionless numbers will be calculated in the case of imbibition, to
verify the validity of Darcy’s law.

We found the bond number to be slightly below 1 due to the small
difference in density between the two phases. The flow between coal
tar/water and oil/ethanol in 1 mm glass beads can, therefore, be de  

scribed by Darcy’s law. Oil/ethanol Bond number increases with tem  

perature while that of coal tar/water decreases. This can be explained
by the fact that the density difference ( �nw − �w ) increases with tem  

perature in the case of oil/ethanol but decreases for coal tar/water. The
capillary number has been found to be low enough (10 − 5 ) to justify that
capillary forces prevail rather than viscous forces at the pore scale. In
addition, no emergence of viscous fingers has been noted during the
small pressure step experiments. Thus we can conclude that measure  

ments of capillary pressure saturation in our case has been done with
respect to hypothesis behind generalized Darcy’s law, namely the fact
that the interface between both liquid phases is rigid and no fingering
occurs.

It has been found that viscosity ratio, during imbibition, decreases
by a factor 3 for coal tar/water and a factor of 2 for oil/ethanol. Here,
the influence of temperature on the viscosity ratio was not as high as
expected. Those variations were not sufficient to change the order of
magnitude of the dimensionless values and to change the residual satu  

rations. Increasing the temperature has two consequences for the imbi  
bition process: increasing the viscosity ratio and decreasing the capillary
number. Also, it appears that the effect of temperature on residual non  

wetting phase saturation S r,nw was almost negligible in both cases. How  

ever, previous viscous LNAPL and DNAPL displacement experiments
have shown that the injection of hot water increases the recovery rate
of the contaminant and reduces the residual saturation ( Jabbour et al.,
1996 ; O’Carroll and Sleep, 2007 ). The experiments are done here by in  

creasing the capillary pressure with small pressure steps. Several weeks
are needed to complete a drainage and imbibition cycle experiment. The
capillary numbers in our quasi static experiments are still low (Ca <<
1), which corresponds to a capillary fingering regime. In this case, the
displacement structure is controlled by the fluctuations in the capillary
threshold pressures at the displacement front. Thus, the viscosity ratio
does not have a visible effect on the results. However, for high invasion
rates, the dependence on M may become relevant because of the viscous
dominated displacement.

In addition, the dimensionless numbers between coal tar/water and
oil/ethanol are quite close. Considering that oil and coal tar are both
non wetting fluids, the same residual saturations and capillary curves
between both fluid pairs should be expected. The use of oil/ethanol as
a model fluid pair is thereby justified.

4.2. Dynamic effect on two phase flow properties

As previously noted, two pore volumes (PV) were needed to reach
ethanol irreducible saturation. The injection of oil from the bottom
(drainage) into the porous column saturated with ethanol was found to
be a stable process at all flow rates. During this step, only ethanol was
produced from the cell outlet and as soon as oil reached the cell outlet,
only oil was. The displacement front was stable due to gravity effects
and because oil’s dynamic viscosity is higher than ethanol’s (M > 1).

We saw a completely different trend for the injection of 10 PV of
ethanol from the top of the cell (imbibition). The following observations
were observed for the smallest flow rate (6 mL/min): the injection of
10 PV of ethanol lasted 38 minutes. Only oil was recovered during the
first 6 minutes (0 to 1.6 PV). After that, ethanol bubbles started to flow
out separately from the system until 10 minutes (1.6 to 2.6 PV). Then,
ethanol and oil were both recovered as separate phases at the same time.
In the tubing, oil was flowing near the walls while ethanol was recovered
near the center (2.6 to 4 PV). Finally, after pumping for 15 minutes (4
to 10 PV), only ethanol was produced for the rest of the injection and
the oil saturation did not change.

These saturation changes during oil injection (a) and pumping (b)
are shown in Fig. 9 , for different flow rates and temperature values.

The error bars show the difference between the saturation values
calculated from the imaging technique and mass balance. For all satura  

tion points, the maximum saturation difference between both methods
is 0.05 ( ± 1 mL), which validates the proposed imaging technique to
determine liquid saturation inside the cell. As shown in Fig. 9 a, the irre  

ducible saturation S ir,w has been found not to depend on the flow rate.
Its value varied between 0.03 (at 6 mL/min) and 0.07 (at 24 mL/min).
Also, when the pump was stopped between the injection and pump  

ing steps, there was a small time window where a saturation change
occurred. This effect was even more noticeable for a low flow rate. Dur  

ing this time, we noticed saturation redistribution inside the cell likely
due to end effects. There are indeed local saturation gradients inside
the cell at pore scale that are more important in dynamic conditions.
However, we do not take it into account because we mostly focused
our study on macroscopic characteristics and measure the mean satura  

tion over the whole cell. Conversely, oil pumping heavily depends on
both flow rate and temperature ( Fig. 9 b). First, higher oil residual sat  
urations were obtained for higher flow rates. During the experiments,
more ethanol fingers swept a lower area at a high flow rate. This phe  

nomenon had already been observed and confirmed by ( Doorwar and
Mohanty, 2015 ). Consequently, oil saturation decreased at a slower rate
even though the pumping rate was higher. Another important point is
that residual saturation was obtained with lower pore volumes for low
flow rates. Almost 8 PV were needed to reach S r,o = 0.29 at 24 mL/min
while only 5 PV were needed with S r,o = 0.06 at 6 mL/min. The com  

parison between both profiles at 12 mL/min (one obtained at 293.15 K
and the other 323.15 K) shows that temperature had two effects. The oil
recovery rate was increased at high temperature. During our fluid char  

acterization, we noted that only the viscosity ratio decreased with tem  

perature. Thus, fewer fingers are formed during the injection of ethanol
inside oil at 323.15 K, and a higher volume of oil is recovered from the









Johansson, C. , Bataillard, P. , Biache, C. , Lorgeoux, C. , Colombano, S. , Joubert, A. , Pigot, T. ,
Faure, P. , 2019. FerrateVI oxidation of polycyclic aromatic compounds (PAHs and po- 
lar PACs) on DNAPL-spiked sand: degradation efficiency and oxygenated by-product
formation compared to conventional oxidants. Environmental Science and Pollution
Research .

Johnson, E.F., Bossler, D.P., Bossler, V.O., 1959. Calculation of relative permeability from
displacement experiments.

Kavanaugh, M. , Kresic, N. , 2008. In: Dimkic, H.J.B., Kavanaugh, M. (Eds.). IWA Publish- 
ing, pp. 520–600 M. .

Koci, X. , Quintard, M. , Robin, M. , Gadelle, C. , 1989. Effet de la température sur les pro- 
priétés de déplacement polyphasique en milieux poreux. Revue de l’Institut français
du pétrole 44, 763–783 .

Kong, L. , 2004. Characterization of Mineral Oil, Coal Tar and Soil Properties and Investi- 
gation of Mechanisms that Affect Coal Tar Entrapment In and Removal From Porous
Media. School of Civil and Environmental Engineering. Georgia Institute of Technol- 
ogy, Atlanta, p. 309 Ph.D. dissertation .

Lenormand, R. , Touboul, E. , Zarcone, C. , 1988. Numerical models and exper- 
iments on immiscible displacements in porous media. J. Fluid Mech.189
165–187 .

McDade, J.M. , McGuire, T.M. , Newell, C.J. , 2005. Analysis of DNAPL source-depletion
costs at 36 field sites. Remediation 15, 9–18 .

McLaren, S., WorboysM., SpeakeO., P., M., 2009. Ex-situ thermally enhanced coal tar
recovery - a low carbon option.

Melin, E. , Jarvinen, K. , Puhakka, J. , 1998. Effects of temperature on chlorophenol
biodegradation kinetics in fluidized-bed reactors with different biomass carriers. Wa- 
ter Res.32 81–90 .

Moura, M. , Flekkøy, E.G. , Måløy, K.J. , Schäfer, G. , Toussaint, R. , 2019. Connectivity en- 
hancement due to film flow in porous media. Phys. Rev. Fluids 4, 094102 .

Muskat, M. , Meres, M.W. , 1936. The flow of heterogeneous fluids through porous media.
Physics 7, 346–363 .

Navy , 2008. Plume management zone to manage chlorinated solvents. Naval Weapons
Industrial Reserve Plant, Dallas, Texas, USA, p. 32 Department of the Navy Environ- 
mental Restoration Program 2008 progress report .

Newell, C.J. , Farhat, S.K. , Adamson, D.T. , Looney, B.B. , 2011. Contaminant plume classi- 
fication system based on mass discharge. Ground Water 49, 914–919 .

O’Carroll, D.M. , Phelan, T.J. , Abriola, L.M. , 2005. Exploring dynamic effects in capillary
pressure in multistep outflow experiments. Water Resour. Res.41 .

O’Carroll, D.M. , Sleep, B.E. , 2007. In: Hot water flushing for immiscible displacement of
a viscous NAPL, 91, pp. 247–266 .

Pape, A. , Switzer, C. , McCosh, N. , Knapp, C.W. , 2015. Impacts of thermal and smouldering
remediation on plant growth and soil ecology. Geoderma 243-244, 1–9 .

Qin, Y. , Wu, Y. , Liu, P. , Zhao, F. , Yuan, Z. , 2018. Experimental studies on effects of tem- 
perature on oil and water relative permeability in heavy-oil reservoirs. Sci. Rep.8
12530 .

Rein, G. , 2009. Smouldering Combustion Phenomena in Science and Technology .
Reinecke, N. , Mewes, D. , 1997. Investigation of the two-phase flow in trickle-bed reactors

using capacitance tomography. Chem. Eng. Sci.52 2111–2127 .
Russell, K.T. , Rabideau, A.J. , 2000. Decision analysis for pump-and-treat design. Ground

Water Monitor. Remed.20 159–168 .
Sanaiotti, G. , Silva, C.A.S.da , Parreira, A.G. , Tótola, M.R. , Meirelles, A.J.A. , Batista, E.A.C. ,

2010. Densities, viscosities, interfacial tensions, and liquid − liquid equilibrium data 
for systems composed of soybean oil + commercial linoleic acid + ethanol + water at 
298.2 K. J. Chem. Eng. Data 55, 5237–5245 .

Scholes, G.C. , Gerhard, J.I. , Grant, G.P. , Major, D.W. , Vidumsky, J.E. , Switzer, C. ,
Torero, J.L. , 2015. Smoldering remediation of coal-tar-contaminated soil: pilot field
tests of STAR. Environ. Sci. Tech.49 14334–14342 .

Schwille, F. , Pankow, J.F. , 1988. Dense chlorinated solvents in porous and fractured media
- Model experiments. Lewis Publishers, Chelsea, MI, United States .

Sleep, B.E. , Ma, Y. , 1997. Thermal variation of organic fluid properties and impact on
thermal remediation feasibility. J. Soil Contam.6 281–306 .

Smith, J.E. , Zhang, Z.F. , 2001. Determining effective interfacial tension and predicting
finger spacing for DNAPL penetration into water-saturated porous media. J. Contam.
Hydrol.48 167–183 .

Switzer, C. , Pironi, P. , Gerhard, J.I. , Rein, G. , Torero, J.L. , 2009. In: Self-Sustaining Smol- 
dering Combustion: A Novel Remediation Process for Non-Aqueous-Phase Liquids in
Porous Media, 43, pp. 5871–5877 .

USEPA, 1996. Pump and treat ground water remediation a guide for decision makers and
practitioners. EPA/625/R-95/005.

Vargaftik, L.D.N.B. , Volkov, B.N. , Voljak , 1983. International tables of the surface tension
of water. J. Phys. Chem. Ref. Data 817–820 .

Wang, J. , Dong, M. , Asghari, K. , 2006. Effect of oil viscosity on heavy oil-water rel- 
ative permeability curves. SPE/DOESymposium Improved Oil Recovery. Society of
Petroleum Engineers .

Welge, H.J. , 1952. A simplified method for computing oil recovery by gas or water drive.
J. Petrol. Tech.4 91–98 .

Whitaker, S. , 1986. Flow in porous media II: The governing equations for immiscible,
two-phase flow. Transport in Porous Media 1, 105–125 .

Wu, M. , Cheng, Z. , Wu, J. , Wu, J. , 2017. Estimation of representative elementary volume
for DNAPL saturation and DNAPL-water interfacial areas in 2D heterogeneous porous
media. J. Hydrol.549 12–26 .




