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Abstract 
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. Pumping 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 residual 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 invalidate 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 temperature 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 indicate 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.  
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Nomenclature 
 

Symbol Definition 

�� Bond number (-) 

�� Capillary number (-) 

� Gravitational acceleration (m.s-2) 

� Intrinsic permeability (m²) 

�� Relative permeability (-) 

	
 Capillary height (m) 

� Characteristic length (m) 

� Viscosity ratio (-) 

 Van Genuchten parameter (-) 

� Pressure (Pa) 

�
 Capillary pressure (Pa) 

�� Drop mean radius (m) 

� Saturation (-) 

��� Irreducible saturation (-) 

�� Residual saturation (-) 

� Temperature (K) 

� Darcy velocity (m.s-1) 

�
 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) 
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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 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 degradation.  

Commonly reported DNAPL contaminants include chlorinated solvents – namely, trichloroethylene 

(TCE) and tetrachloroethylene (PCE) – that were previously widely used as solvents for organic 

materials (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 multiple sites and have found that the coal tar/water viscosity ratio can vary between 10 

and 106 (Brown et al., 2006). This range is linked to the chemical heterogeneity in coal tar. Diagnosis 

and risk assessment are hard because the exact composition of coal tar is generally not identifiable. 

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 remediating 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 pollutant. The vapors generated are 

then collected and treated with carbon 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 completely 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 enhanced 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 

temperature. 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 volumes by pumping processes (Fulton, 1991; Davis, 1997; O’Carroll and Sleep, 2007). 

Pumping a DNAPL phase from the subsurface 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 
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immiscible multiphase flow in porous media. In our case, DNAPL and water are represented 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 

commonly described using the generalization of Darcy’s law to multiphase flow for each phase 

(Muskat and Meres, 1936). 

 
�� � � 

���,�!��"
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where ��  is the Darcy velocity (m.s-1), $ the gravitational acceleration, � the permeability tensor 

(m2), ��  the pressure (Pa), ��  and �� respectively the dynamic viscosity (Pa.s) and density (kg.m-3). The 

subscript & designates the water or DNAPL phase. The main difference between Darcy’s law and its 

extension to multiphase flow is the addition of relative permeability terms ��,�. It signifies that each 

phase flows independently through a virtual porous medium of permeability ���,�!��". The DNAPL 

occupies a part of the total pore space, depending on its saturation, 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 subjected to interfacial tension at 

the pore scale. This interface also causes a pressure discontinuity at the macroscale, with respect to 

capillary pressure �
. This is subsequently defined as the difference between the pressure of the 

non-wetting fluid �'( and the pressure of the wetting fluid �(.  

 �'( � �( � �
!�(" ! 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: 
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� 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. �
 is a characteristic 

velocity representing 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 during drainage and imbibition, respectively. Alternatively, the viscosity ratio 

may be replaced by the mobility ratio (the ratio between relative permeability and viscosity). The 

latter includes relative permeabilities in its calculation and can be more suitable for real porous 

media (Hagoort, 1974). It is possible to identify flow regimes depending on the order of magnitude of 
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each number. The different types of two-phase flow that occur in micro-models are classified as 

capillary fingering, viscous fingering, and stable displacement (Lenormand et al., 1988). According to 

the authors, the type of flow that promotes maximum coal tar recovery and minimizes residual 

DNAPL saturation is stable displacement, which occurs only for M << 1 and Ca > 10-4. In practice, coal 

tar is much more viscous than water, and M > 1 in the case of pumping coal tar. The main objective 

of thermally enhanced oil recovery is therefore to reduce this viscosity ratio in order to decrease the 

mobility ratio and to promote stable displacement in the porous medium. The effect of temperature 

on Bond and capillary number should also be estimated in order to link those to the benefits of 

thermal enhancement. 

McLaren et al. (2009) found that, for a soil consisting of London clays, an increase from 12°C to 30°C 

not only reduces the kinematic viscosity of a coal tar from 10-4 m2.s-1 to 10-5 m2.s-1, but also 

significantly reduces the residual saturation, despite a small variation in the capillary effect (McLaren 

et al., 2009). Davis, (1994), experimentally obtained a decrease in residual DNAPL saturation by 

heating from 10°C to 30°C without any temperature effect on interfacial tension (Davis, 1994). Sleep 

and Ma (1997) found only a 10% change in the interfacial tension of the PCE-water pair when heated 

from 20°C to 90°C (Sleep and Ma, 1997). Bachmann et al. (2002) suggest that the decrease in residual 

saturation is also related to a decrease in the contact angle. It can decrease by 0.03 °/°C for sand, and 

up to 0.26 °/°C for silts (Bachmann et al., 2002). More recently, Colombano et al. (2020) studied the 

thermally enhanced recovery of heavy chlorinated solvents in a highly permeable porous medium 

and observed no effect of temperature on residual saturation on quasi-static drainage and imbibition 

conditions (Colombano et al., 2020). 

A few similar studies have been proposed in the past for viscous oil recovery. Koci et al. (1989) 

studied the effect of temperature on oil-water in unconsolidated porous media (sand) between 

298.15 K and 443.15 K. The main findings were that raising temperature increased the irreducible 

water saturation, but also decreased the residual oil saturation and the relative oil permeability (Koci 

et al., 1989). Wang et al. (2006) investigated the effect of oil viscosity on relative permeability curves 

for oil-water in sand packs. The measurements were made at constant flow rate. The decrease in oil 

viscosity was linked to an increase in both oil and water relative permeability curves (Wang et al., 

2006).  

The impact of temperature on oil-water relative permeability, interfacial tension, and wettability has 

been reviewed by (Esmaeili et al., 2019). Observations on the effect of temperature on two-phase 

flow in porous media were mainly linked to variations in those parameters. Therefore, it is very 

difficult to extend the findings from literature reviews on different liquids to a complex liquid such as 

coal tar. Also, some authors pointed out that a lot of relative permeability available data is not exact 

due to the presence of experimental artifacts, e.g. viscous fingering, capillary-end effects, wettability, 

and pore-distribution changes due to temperature variations. Specifically, reliable relative 

permeability measurements require a flow regime dominated by capillary forces at the pore scale.  

Equation (1) is only valid for low capillary numbers (Davit and Quintard, 2019). Oil reservoirs 

generally have low permeability, less than 10-11 m2. The velocity is generally low enough to validate 

the hypothesis behind the use of generalized Darcy’s law. However, in the case of soil remediation, 

the NAPL phase is present due to a spill and is often found in highly permeable zones in the 

subsurface, above 10-11 m2. For instance, in our application case, coal tar was pumped in alluvial 

sands with a permeability of 10-9 m2. 

The use of generalized Darcy’s law and Eq (2) implies a quasi-static assumption. The interface 

between both fluid phases is described by a succession of quasi-static thermodynamic states, 
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without any dependence on time. Capillary effects are predominant at the pore scale and are 

represented at macroscale using Eq (2). Relative permeabilities represent viscous effects to 

generalize Darcy’s law to multiphase flow. However, this assumption is not always satisfied when 

considering multiphase flows in a transient process. For instance, when considering pumping NAPL in 

the subsurface, the capillary number will be obviously very high near the production well.  

The main objective of this work is to measure changes in the physical properties of coal tar caused by 

temperature variations and to relate those to two-phase flow properties in highly permeable porous 

media. We explored how temperature influences the capillary pressure-saturation and relative 

permeability curves under quasi-static two-phase flow conditions. Our goal was to better understand 

and characterize the two-phase flow in highly permeable porous media with a focus on temperature.  

First, we determined the properties of coal tar sampled from a real polluted site (Section 2). Data on 

its density, dynamic viscosity, interfacial tension with water, and contact angle with water on a glass 

slide were measured between 293.15 K and 323.15 K. Then we describe an experimental setup that 

has been used to study two-phase flow in porous media in isothermal conditions (Section 3). We 

conducted experiments at two temperatures (293.15 K and 323.15 K) under quasi-static conditions. 

Then we carried out drainage and imbibition tests at different flow rates and temperatures to study 

the effect of temperature on two-phase flow under dynamic conditions. Finally, we summarize the 

results including the capillary pressure-saturation relationship, analysis of used dimensionless 

numbers, and a discussion on saturation and pressure time-profiles as well as relative permeability 

curves obtained under dynamic conditions (Section 4). 

2. Fluid characterization as a function of temperature 
 

2.1. Fluid selection and properties  

 

The main couple of liquids for this study is coal tar and water. Coal tars are pyrolysis by-products. 

Polycyclic aromatic hydrocarbons (PAHs) are the main chemical compounds found in coal tars. 

Previous studies on coal tars indicate that their physical properties depend on their chemical origin 

and the geology of the source zones (Kong, 2004). In addition, the complete chemical composition of 

coal tars is hard to determine by analytical means (Johansson et al., 2019). We used a coal tar sample 

produced from a well situated in a former coke plant. Suspended solid particles were removed from 

the sample using a glass fiber membrane (GF/D, 2.7 µm pore size). Some water was also collected 

during coal tar sampling. The water contained inside the sample was filtered out with a vacuum 

pump and a 10 μm pore size hydrophobic PTFE membrane. The resulting sample, containing only 

coal tar, was kept in a cold room at 277.15 K to limit chemical reaction rates, evaporation, and 

variations in physical properties during the study. Degassed tap water was used in all coal tar and 

water flow in porous media experiments. Ultrapure water was also considered for the experiments 

but was not suitable because coal tar dissolves partially in it.  

DNAPLs, like coal tar, are generally difficult to experiment with due to their high toxicity and their 

adhesion on laboratory glassware. As previously mentioned, coal tar has generally an unknown and 

very heterogeneous composition. It has also been observed that the composition of coal tar can 

change in the experimental setups. Therefore, we chose a model fluid pair made of two immiscible 

pure compounds, canola oil and ethanol. Virgin canola oil was used as the substitute for coal tar 

(non-wetting fluid). The choice of virgin oil was motivated by the fact that refined canola oil was 

found to change color when heated. Vegetable oils have however a lower density than water. Thus, 
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we chose to work with ethanol as the wetting fluid. Sodium chloride was dissolved into the ethanol 

at room temperature (293.15 K) at a concentration of 0.65 g/kg. The addition of salt was required to 

measure soil resistivity in a parallel study (Iravani et al., 2020). From this point, water and salty 

ethanol will be referred to as the wetting phase. Coal tar and canola oil will be referred to as the non-

wetting phase. 

 

2.2. Density  

 

We measured all the densities (coal tar, water, salty ethanol, canola oil) using a pycnometer (25 mL ± 

0.04 mL) and an analytical balance (± 0.01 g). The pycnometer was first calibrated with ultrapure 

water at room temperature (293.15 K). Density values were then measured at the same 

temperature. The effect of temperature on density was determined by placing the liquid inside an 

insulated closet initially at 293.15 K. The temperature of the closet was increased by steps of 10 K 

and the density was then measured with the same pycnometer. The procedure was repeated until 

reaching 323.15 K in triplicate per liquid. Finally, measurements were also acquired at 277.15 K by 

placing the sample in a cold room.  

Figure 1 presents the density measurements as a function of temperature for ethanol, canola oil, 

water, and coal tar. Coal tar has a higher density than water at all temperatures tested in this study. 

Therefore, coal tar behaves as a DNAPL in the polluted aquifer zone. The coal tar density values 

measured in this study were close to previously reported measurements at 295.15 K, 308.15 K, and 

323.15 K (Kong, 2004).  

 

Figure 1: Changes in canola oil, salty ethanol, water, and coal tar densities between 277.15 K and 323.15 K  
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Linear regression was applied using the least-squares method. We observed that ethanol, canola oil, 

water, and coal tar densities decrease almost linearly when their temperature increases from 

277.15 K to 323.15 K. The measurements indicate that the volumetric thermal expansion coefficient 

can be considered constant for these fluids. For each fluid, the estimated correlations are the 

following, with temperature in Kelvin:  

  

 �12!�" � 1237 �  0.4818 �  ! 6 " 
  

 �8!�" � 1073 �  0.2598 �  ! 7 " 
  

 �:!�" � 990.3 �  0.6224 �  ! 8 " 
  

 �;!�" � 1059 �  0.5033 �  ! 9 " 
 

2.3. Dynamic viscosity 

 

We measured all the dynamic viscosities (coal tar, water, salty ethanol, canola oil) using a rotational 

rheometer (Thermo Scientific Haake™ Mars™ III) and cone-plate geometry. The plate was connected 

to thermoelectric cooling (Peltier effect) in order to reach temperatures between 283.15 K and 

323.15 K. The rheometer applied a constant shear rate and measured the responding shear stress of 

the liquid. Correct calibration of the gap between the cone and the plate is of great importance for 

precise measurements. In our study, this gap can change due to thermal expansion. Thus, we first 

heated the plate to the desired temperature then calibrated the gap prior to measurements. Finally, 

the liquid sample (2 mL) was injected onto the plate. The range of the shear rate measurements was 

comprised between 10 s-1 and 100 s-1. For Newtonian fluids, the shear stress is proportional to the 

shear rate. In this case, the dynamic viscosity � is defined as a constant proportionality factor 

between both parameters. 

First, coal tar shear stress was determined at 293.15 K for shear rates varying from 10 s-1 to 100 s-1. 

The shear stress increased proportionally as the shear rate increases. Thus, the coal tar sampled in 

this study displays the behavior of a Newtonian fluid between 283.15 K and 323.15 K. Previous 

studies have found that liquid coal tar is shear thinning (Bhatia et al., 1977; Fitzer et al., 1987). The 

difference in behavior found here may be due to either the historical origin of the coal tar sample or 

the focus on a lower temperature (283.15 K) compared to these studies (> 373.15 K). Figure 2 

presents the effect of temperature on the dynamic viscosities of ethanol, canola oil, water, and coal 

tar. Dynamic viscosities decreased while temperature increased in all fluids The Andrade equation 

(two parameters empirical exponential model) was used to fit viscosity data (Andrade, 1940). The 

relative changes of dynamic viscosity due to temperature were found to be close for non-wetting 

liquids (canola oil and coal tar) and also wetting liquids (ethanol and water).  
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Figure 2: Dynamic viscosity of salty ethanol, canola oil, water, and coal tar as a function of temperature. Lines represent 

data fitting with Andrade two-parameter exponential function 
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2.4. Interfacial tension and contact angle  

 

Interfacial tension and contact angles measurements were made with a drop shape analyzer (Krüss 

DSA 100). The apparatus consists of a light source, a camera, and the sample provided by a syringe. A 

drop of the non-wetting fluid (coal tar or canola oil) is injected into a bath filled with the wetting fluid 

(water or salty ethanol). The bath and the syringe are surrounded by an insulated chamber. The 

chamber is connected to a thermostat, which can change the measuring temperature between 

285.15 K and 323.15 K. The accuracy for interfacial tension, contact angle, and temperature 

measurements are respectively 0.3 mN/m, 0.3°, and 0.1 K. A camera, controlled by Krüss ADVANCE 
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software is able to detect the drop and shape contours from images for interfacial tension and 

contact angle measurements. 

The calibration of the apparatus was checked by measuring pure water’s surface tension between 

285.15 K and 323.15 K. For interfacial tension measurements, a 1 mm diameter PTFE needle was 

used. A non-wetting drop was formed at the tip of the needle directly inside the wetting fluid. The 

choices of needle diameter and drop volume were motivated by a previous work (Berry et al., 2015). 

The measurements were done in triplicate for each target temperature. The measurements were 

then acquired every minute and averaged over one hour. The interfacial tension was determined 

with Young-Laplace equation. The method used by Krüss ADVANCE software automatically detects 

the drop in the image and fit shape factor in order to reproduce its contour. The interfacial tension is 

then calculated from:  

 

 
� � ∆��

��
E

�
 ! 14 " 

 

where Δρ is the difference between densities of the two phases, g the standard acceleration due to 

gravity, R0 the drop radius at its apex, β a shape factor.  

For contact angle measurements, a glass slide was introduced inside the wetting fluid (water and 

ethanol) bath. A non-wetting fluid (DNAPL and canola oil) drop was then injected on the glass slide. 

The drop shape was reproduced by Krüss software using the previously introduced Young-Laplace 

equation. The contact angle was measured as the angle between the detected contour and baseline, 

represented by the horizontal glass slide. Pure water-air surface tension measurements were in 

agreement with previous ones made by (Vargaftik, 1983). This validates the proposed experimental 

apparatus and our protocol.  

Prior to temperature measurements, interfacial tension was measured against time for a coal tar/tap 

water system over 200 minutes at 293.15 K and 323.15 K. The interfacial tension decreased in both 

cases as coal tar ages in tap water. This change in interfacial tension results from a small amount of 

coal tar dissolving rate into the water at the interface. The measurements could not be taken for a 

longer time as the drop fell off afterwards. To discuss only the temperature effect, all the interfacial 

tension measurements that follow were taken after 2 minutes.  

The interfacial tension measurements for salty ethanol/canola oil and coal tar/water are plotted in 

Figure 3.  
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Figure 3: Interfacial tension of canola oil/ethanol and coal tar/water as a function of temperature  

The reported range of interfacial tensions is generally comprised between 20-50 mN/m for TCE, PCE, 

and chlorinated solvents with water at 293.15 K (Cai and Mohanty, 1997; Dawson and Roberts, 1997; 

Smith and Zhang, 2001). Yet, for both fluid pairs studied, we observed low interfacial tensions 

(< 3 mN/m). Such low values are found for liquids containing amphiphilic substances. This may be the 

case for the coal tar used in this study as it was a mixture sampled from a real polluted site and its 

exact chemical composition is unknown. Commercial oils can also contain additives that reduce the 

interfacial tension of water/oil (Gaonkar, 1989). Sanaiotti et al. (2010) measured a range of 

interfacial tensions between soybean oil and water and ethanol mixtures (Sanaiotti et al., 2010). The 

reported values were between 1-3 mN/m, which are close to what we measured. Unknown additives 

inside the oil might be the cause of these differences.  

Previous studies have found that the influence of temperature on interfacial tension is linked to its 

influence on mutual solubility. For binary mixtures composed of a polar and a non-polar liquid, 

solubility increases linearly with temperature. As a consequence, interfacial tension also decreases 

linearly (Donahue and Bartell, 1952). The same trend was found here for coal tar and water, as well 

as for canola oil/ethanol in our measurements. However, the decreasing interfacial tension with 

temperature for canola oil/ethanol was more significant than the decrease for the coal tar/water 

system. The linear relationships between interfacial tension and temperatures for both fluid pairs are 

described by:  

 �12/8!�" � 3.3 � 3.3 × 10=A�  ! 15 " 
 �;/:!�" � 5.7 � 1.2 × 10=E�  ! 16 " 
 

The accuracy of the apparatus was 0.3 mN/m, which is around 10 % of our absolute measurement 

value.  
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Figure 4 presents contact angles for coal tar and canola oil droplets against temperature. The 

variations of contact angle are not significant between 283.15 K and 333.15 K and can be considered 

constant with temperature. The slight variations observed on coal tar sessile drops could also be due 

to repeatability issues with the sessile drop method. All materials were cleaned thoroughly between 

any two measurements and the measurement conditions (temperature, injection speed, and droplet 

size) were precisely respected. 

The measured contact angles between both couples of liquids seem close. However, coal tar also 

sticks on solid surfaces while canola oil does not. Our measurements of contact angle on a glass slide 

are a first indication of wetting phase conditions. They do not reflect the more complex behavior 

happening with complex liquids, like coal tar, inside a real porous medium. 

 

 

Figure 4: Evolution of coal tar/water and canola oil/ethanol contact angle on a glass slide 

 

3. Experimental setups and procedures for capillary behavior 

characterizations 
 

The parameters measured in Section 2 indicate that temperature has an effect only on the dynamic 

viscosities of the fluids. Here we performed the drainage and imbibition experiments for coal 

tar/water and canola oil/ethanol in two experimental configurations (Figure 5). First, small pressure 

variations were applied using a small 1D column to limit viscous fingering and measure capillary 

pressure-saturation curves at 293.15 K and 323.15 K. This also avoided interface instability. Thus, we 
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focused on how parameters change with temperature in a generalized Darcy’s law application case. 

The drainage and imbibition experiments were done using a small transparent 2D cell using the same 

configuration as before. Finally, the 2D cell was connected to a volumetric pump where flow rate and 

temperature were varied to observe their effects on saturation and pressure profiles. 

 

3.1. Experimental setups  

 

Experiments were carried out inside a 1D vertical column (diameter 5.2 cm, height 5.6 cm). The 

column (Figure 5a) was made of polyvinylidene fluoride (PVDF) to resist coal tar corrosion. The 

measurements were made for both fluid pairs: coal tar/water and canola oil/ethanol. Coal tar was 

sampled from a field mainly composed of coarse sand with d50 = 1 mm. Thus, 1 mm homogeneous 

glass beads were chosen for the experiments. This was to avoid inaccuracies due to adsorption 

effects, particle shape heterogeneity, pore-size distribution, and possible wettability changes during 

data acquisition. As shown in Figure 5b, the drainage-imbibition experiments for coal tar/water and 

canola oil/ethanol were also performed in a small 2D cell (length = 5.0 cm, height = 5.0 cm, width = 

2.0 cm). This 2D cell was also made of PVDF to ensure high corrosion resistance against coal tar. The 

cell was made of two transparent glass plates in order to visualize the two-phase flow using imaging. 

The container with both fluids was placed on a Sartorius Cubis MSE (± 0.1 g) mass scale acquiring 

data automatically every 6 s. Two pressure transducers (KELLER PR33X, ±300 Pa) were added to the 

setup as three-way junctions at the top and bottom of the cell. The tubing connected to transducers 

was filled with ethanol initially to avoid the presence of air in the system. Both transducers were 

initially calibrated to read 0±10 Pa at atmospheric pressure at their respective positions.  

The homogeneity of our beads was checked with sieves with mesh sizes between 0.96 mm and 

1.04 mm. The mass of glass beads inside the medium was kept constant in order to ensure similar 

compaction, porosity, and initial saturation between various experiments. The column was filled with 

glass beads and vibrated slowly during the packing process. Glass beads were held inside the setup 

using the stainless-steel grids (mesh size 0.9 mm). 

Initially, the wetting phase was injected at 25 mL/min with a peristaltic pump inside the porous 

medium. The possible presence of residual air was checked by measuring porosity and permeability. 

Experiments were conducted on columns with a porosity between 0.39 and 0.42. The mean 

permeability of the glass beads was measured to be 3.5 × 10-10 m2. 
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a) 

 
b) 
 

 

 

 

 

 

 

 

 

Figure 5: Drainage/Imbibition setups used for (a) capillary pressure-saturation measurements and (b) setup used for 

experiments in dynamic conditions  
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3.2. Quasi-static experiment procedure 

 

In the quasi-static experiment setup, the column was connected to two scaled reservoirs (3.5 cm 

internal diameter and 41.8 cm high). Details on the experimental setup in quasi-static conditions are  

available in (Colombano et al., 2020). One reservoir was connected to the bottom of the column and 

filled with the non-wetting phase. The other reservoir was connected to the top and filled with the 

wetting-phase. In this setup, the measurements were made by successive equilibrium states. The 

capillary pressure pc is defined as the difference between the pressure of the non-wetting phase and 

that of the wetting phase. Thus, the capillary pressure can be directly defined as the difference of 

hydrostatic pressures 	
 between the non-wetting and wetting liquids. 

 �
 � �'( � �( � !�'( � �("�	
 ! 17 " 
 

We chose the initial conditions for the experiments so that the interface between the non-wetting 

and wetting phase would be at equilibrium at the bottom of the 1D column. This means that z � 0 () 

corresponds to a level of non-wetting fluid R'( equal to �(R(/�'(  . For drainage experiments, the 

non-wetting reservoir base level was progressively increased by  R �  0.02 m steps, which represents 

20 Pa and 18 Pa variations at 293.15 K and 323.15 K respectively. The volume balance between the 

non-wetting phase level R'( and wetting phase level R( gave the saturation change between two 

successive steps. This process was repeated until no difference could be observed between the non-

wetting and wetting reservoir volume variations. The levels of non-wetting and wetting fluids could 

be determined with a precision of 1 mm.  The irreducible wetting saturation Sir,w was measured as 

the difference between initial and produced volumes of the wetting phase reservoir during drainage. 

For imbibition experiments, the non-wetting phase reservoir base level was decreased by 0.02 m 

steps. This time, the difference between the initially injected non-wetting phase volume and the 

volume produced during the imbibition gave the residual non-wetting saturation Sr,nw. 

The time step between each height change is an important parameter for achieving the equilibrium 

condition. This time step was kept constant for experimental repeatability. To choose this time step, 

we measured the level of the interface inside the 1D cell after a 0.02 m step. This level was stationary 

3 hours after changing the non-wetting phase reservoir for coal tar/water, and 1 hour for oil/ethanol 

during imbibition. We saw slightly low stabilization times during drainages. This is mainly due to the 

influence of gravity (drainages are produced upwards, imbibitions downwards). Hence, the reservoir 

level was changed when the saturation in the cell was constant. These experimental conditions have 

been chosen in order to keep a capillary dominant process inside the cell.  

The heights measurements were corrected for the evaporation rate, using a reference reservoir to 

quantify water level change because of evaporation. Also, we limited evaporation by closing the end 

of the reservoirs with a perforated plastic cap. As pointed out before, the reservoirs were made with 

PVDF which is hydrophobic. Therefore, the volume attached to the reservoir wall is not significant 

and was not considered for hydrostatic pressure measurement. 

For canola oil/ethanol and coal tar/water, two sets of three cell experiments were carried out at 

293.15 K and 323.15 K. The whole setup was placed in an oven when heated at 323.15 K. Each set 

consisted of two successive drainages and imbibitions. For the first set of experiments, the 

temperature was kept at 293.15 K for the whole experiment. For the second set, the primary 

drainage was performed at 293.15 K but the temperature was increased to 323.15 K from the first 

imbibition.  
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For each experimental case, capillary pressure versus saturation datasets were fitted on van 

Genuchten empirical model using a Levenberg-Marquardt Algorithm (LMA) written in Python.  

 
�( � ���,( +

1 � ���,( � ��,'(

!1 + !�	
"'"TU
T
V

 ! 18 " 

 

We found that this model gave the best least-squares residuals out of all tested for our data. Van 

Genuchten parameters (α,n) and residual saturations have been averaged for each experiment.  

 

3.3. Dynamic pumping experiment procedure 

 

In this case, the drainage and imbibition experiments were done only for the oil/ethanol system as 

coal tar was completely opaque and the imaging procedure was not suitable for determining coal tar 

saturation inside the cell.  

For both drainage and imbibition, we used three constant flow rates at room temperature (6, 12, 

24 mL/min at 293.15 K) in a clockwise motion. After injecting 2 pore volumes, the pump’s direction of 

rotation was changed to recover the non-wetting phase (imbibition). Oil/ethanol imbibition was also 

carried out at 12 mL/min at 323.15 K to study the effect of temperature. 

Figure 6 presents photographs of the cell during the dynamic experiments. The interface between 

salty ethanol and canola oil observed during drainages was stable for all cases. Only two pore 

volumes were needed to reach irreducible ethanol saturation. However, imbibitions were unstable 

and prone to viscous fingering. Ten pore volumes were pumped during imbibition.  

In all cases, the pressure difference initially increased because of the ethanol injection until a value of 

3800 Pa. The pressure was read every 6 seconds. We observed substantial oscillations on the 

pressure readings due to the pump’s peristaltic motion. A digital low-pass filter with a cut-frequency 

equal to the cycle frequency of the pump was applied to the data to remove these artefacts. 

The sum of the wetting and non-wetting phase outlet masses was measured continuously during the 

experiment. The mass was measured every 6 seconds during both drainage and imbibition. 

 

a) Injection of oil from the bottom (293.15 K, 12 mL/min) 
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b) Pumping of oil from the bottom (293.15 K, 6 mL/min) 

 

 

 
 

 

  

 

 
 

Figure 6: Images taken during (a) injection at 12 mL/min and (b) pumping at 6 mL/min of oil inside 1 mm glass beads initially 

saturated with ethanol. As oil is being injected, a sharp horizontal interface is being pushed in. On the contrary, when oil is 

being pumped, viscous fingers appear and trap the oil ganglia 

 

3.4. Saturation measurements using imaging  

 

Saturation was determined inside the 2D small cell with an imaging technique. A Nikon® D810 with 

NIKKOR LENS 105 (Nikon®) digital camera which has a 34 megapixel resolution was used for optical 

imaging. Images were acquired every 30 seconds during the injection or pumping of the non-wetting 

phase. The experiments were performed in a dark room with two light spots (2×300 W, Broncolor®). 

Camera parameters and lighting conditions were identical for all experiments. Light transmission and 

light reflection methods have both been used in the past to observe two-phase flow processes in 

porous media (Geel and Sykes, 1994; Darnault et al., 1998; Wu et al., 2017). In this study, the light 

reflection method (LRM) was used. The main idea of imaging analysis is to determine a relationship 

between light intensity and wetting-phase saturation Sw. Previous work found an exponential 

relationship between light intensity and saturation (Gerhard and Kueper, 2003; Colombano et al., 
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2020). The images were in RGB but were transformed in 8-bit images for image analysis. The mean 

gray values were obtained using Fiji freeware. The following procedure was applied for image 

analysis of photos from the same experiments: 

- Adjust or correct lighting differences with the 8-grayscale levels. The black and white square 

correspond to the reflectance of 18.9% and 98.2% respectively as reference values. 

- Determine the pixel area to be analyzed. The pixel area has to be big enough to avoid 

microscale effects, but at the same time not too big to avoid shadows and non-uniform 

lighting. The mean gray value averaged over the pixel area was plotted before analyzing 

images. This plot was used to determine an area where the mean gray value was constant.  

- Use a calibration curve to determine the wetting phase saturation inside the cell. For the 

calibration, we took images of cells containing a known volume fraction of glass beads and 

liquids.  

For each saturation endpoints (Sw=Sir,w or Sw=1-Sr,nw), the cell was uniformly saturated and the 

reflected light intensity was measured (Fig B.1). The optical density was defined as the ratio between 

this measured intensity and the intensity of a white reference (98.2%). 

For oil and ethanol, we found a linear relationship �( �  �2.63 XY + 2.34 with a coefficient of 

determination R² close to 1 (R² = 0.95). This result means ethanol saturation can be determined 

directly from light intensity measurements. This property is useful in order for measuring saturation, 

especially in dynamic conditions. 

For both fluid pairs, the relationship between optical density and saturation was measured at 

293.15 K and 323.15 K. We saw no effect of temperature on the relationship between optical density 

and saturation. 

4. Results & Discussion 
 

4.1. Effect of temperature on quasi-static capillary pressure-

saturation curves 

 

An example of the capillary pressure-saturation curves is plotted in Figure 7 at 293.15 K for coal 

tar/water. The experimental data from all three experiments are presented by crosses (exp) without 

distinction. However, van Genuchten parameters were obtained for each experiment separately and 

then were averaged (solid and dashed lines). Fitted van Genuchten parameters, irreducible and 

residual saturations are summarized in Table 1 for all experiments. This model uses two fitting 

parameters: α (m-1) and n, which are related to the inverse of the entry pressure and the 

homogeneity of the porous medium, respectively. For oil/ethanol and coal tar/water experiments, α 

values are different. This result is coherent because their corresponding measured values of 

interfacial tension are not the same. The parameter n is also much higher for coal tar/water than for 

oil/ethanol. Wetting irreducible and non-wetting residual saturations are almost the same when 

comparing the same case for both fluid pairs. Following (Dury et al., 1998), we also calculated β 

coefficients (Table 1), the ratio between the inverse of α and the interfacial tension, for all 

experiments. This ratio is used to scale existing capillary curves to other fluid pairs. In our case, we 

found that the values are slightly higher for oil/ethanol than coal tar/water. Thus, using the scaling 

procedure, it is not possible to get coal tar/water capillary pressure-saturation curves from 
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oil/ethanol ones. Our results indicate that the scaling laws are not suitable when using complex fluids 

like coal tar. 

 

 

Figure 7: Data from triplicates experiments and averaged fitted capillary pressure-water saturation curves at 293.15 K for 

coal tar/water (primary drainage) 

  



20 

 

 

Table 1: Summary of all drainage-imbibition experiments in the 1D cell 

Fluids T (K) Step α (m-1) n Sir,w Sr,o β 

Oil/Ethanol 293.15 Drainage 1 5.52±0.22 3.17±0.58 0.10±0.02 0 0.085 

Oil/Ethanol 293.15 Imbibition 1 4.90±0.30 3.57±0.45 0.10±0.02 0.14±0.02 0.096 

Oil/Ethanol 293.15 Drainage 2 4.03±0.39 4.19±0.31 0.13±0.03 0.14±0.02 0.116 

Oil/Ethanol 293.15 Imbibition 2 4.22±0.52 4.16±0.35 0.13±0.03 0.15±0.02 0.111 

Oil/Ethanol 293.15 Drainage 1 6.22±0.43 2.96±0.50 0.11±0.02 0 0.075 

Oil/Ethanol 323.15 Imbibition 1 5.34±0.45 3.09±0.38 0.11±0.02 0.13±0.03 0.104 

Oil/Ethanol 323.15 Drainage 2 4.17±0.27 3.89±0.25 0.14±0.04 0.13±0.03 0.133 

Oil/Ethanol 323.15 Imbibition 2 4.11±0.48 4.10±0.42 0.14±0.04 0.15±0.04 0;135 

Coal 

tar/Water 
293.15 

Drainage 1 
7.19±0.25 5.87±0.99 

0.12±0.03 0 
0.058 

Coal 

tar/Water 
293.15 

Imbibition 1 
6.26±0.68 10.1±1.94 

0.12±0.03 0.13±0.02 
0.066 

Coal 

tar/Water 
293.15 

Drainage 2 
5.18±0.44 9.86±1.33 

0.17±0.05 0.13±0.02 
0.080 

Coal 

tar/Water 
293.15 

Imbibition 2 
5.53±0.50 12.1±2.29 

0.17±0.05 0.16±0.03 
0.075 

Coal 

tar/Water 
293.15 

Drainage 1 
8.20±1.0 6.58±0.67 

0.11±0.05 0 
0.051 

Coal 

tar/Water 
323.15 

Imbibition 1 
8.56±1.1 8.46±0.69 

0.11±0.05 0.12±0.03 
0.052 

Coal 

tar/Water 
323.15 

Drainage 2 
7.88±0.67 7.84±0.57 

0.14±0.03 0.12±0.03 
0.057 

Coal 

tar/Water 
323.15 

Imbibition 2 
7.96±0.83 9.67±1.09 

0.14±0.03 0.14±0.03 
0.056 

 

For canola oil/ethanol and coal tar/water, the differences observed in capillary pressure-saturation 

curves between 293.15 K and 323.15 K are within the standard deviation and could not be attributed 

to temperature effect (Figure 8). However, for coal tar/water and the same water saturation values, 

the capillary pressure is lower at 323.15 K than at 293.15 K. The previous measurements indicate that 

temperature changes are almost negligible for density, interfacial tension and contact angle between 

293.15 K and 323.15 K.  
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a) b) 

  
c) d) 

  
   

Figure 8: Effect of temperature on capillary pressure-saturation curves for a) oil/ethanol primary curves, b) oil/ethanol main 

curves, c) coal tar/water primary curves, d) coal tar/water main curves 

 

We showed before that only dynamic viscosity was influenced by temperature changes. However, 

the dependency of the dynamic viscosity on temperature did not influence the capillary pressure-

saturation curves in static conditions. The small difference between coal tar/water curves at 293.15 K 

and 323.15 K might be explained by either the heterogeneity of coal tar or alteration of the coal 

tar/water mixture at a higher temperature.  

Density, dynamic viscosity, interfacial tension, and contact angle results were used to calculate the 

relevant dimensionless numbers related to imbibition experiments (Table 2). Bond number, Bo, and 

viscosity ratio, 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. 
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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 

 

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 

described by Darcy’s law. Oil/ethanol Bond number increases with temperature while that of coal 

tar/water decreases. This can be explained by the fact that the density difference !�'( � �(" 

increases with temperature 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 measurements 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 saturations. Increasing the temperature has two 

consequences for the imbibition process: increasing the viscosity ratio and decreasing the capillary 

number. Also, it appears that the effect of temperature on residual non-wetting phase saturation 

Sr,nw was almost negligible in both cases. However, 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 increasing 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.  
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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 Figure 9, for different 

flow rates and temperature values.  

a) b) 

  
 

Figure 9: Evolution of ethanol saturation as a function of flow rate during a) the injection (2 PV) and b) pumping (10 PV) of 

oil 

The error bars show the difference between the saturation values calculated from the imaging 

technique and mass balance. For all saturation 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 Figure 9a, the irreducible saturation Sir,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 pumping steps, there was a small time 

window where a saturation change occurred. This effect was even more noticeable for a low flow 

rate. During 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 saturation over the whole cell. Conversely, oil 

pumping heavily depends on both flow rate and temperature (Figure 9b). First, higher oil residual 

saturations were obtained for higher flow rates. During the experiments, more ethanol fingers swept 

a lower area at a high flow rate. This phenomenon had already been observed and confirmed by 
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(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 Sr,o = 0.29 at 24 mL/min 

while only 5 PV were needed with Sr,o = 0.06 at 6 mL/min. The comparison 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 characterization, 

we noted that only the viscosity ratio decreased with temperature. 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 

cell. In addition, the residual saturation is smaller at high temperature (0.06 at 323.15 K vs. 0.15 at 

293.15 K). However, as we see before, the temperature had no effect on the residual saturation in 

the quasi-static experiments. Thus, from a certain flow rate (capillary number) where the dynamic 

effect becomes important, the temperature significantly affects the residual saturation. Finally, the 

results also underline that with increasing temperature, which leads to a lower viscosity ratio, oil 

recovery is enhanced at even higher flow rates. This means that the remediation time is shortened at 

higher temperatures. 

The pressure differences between the inlet and outlet of the cell vs. saturation curves during oil 

injection (a) and pumping (b) are presented in Figure 10, for different flow rates and temperature 

values.  

 

a) b) 

  
 

Figure 10: Measured pressure difference during injection (a) and pumping (b) of oil 

As mentioned before, we ran the experiments with a volumetric pump. This type of pump keeps a 

constant flow rate, and pressure adapts itself in consequence. Thus, a higher injection flow rate leads 

to a higher pressure difference in the system. Conversely, if the pumping flow rate is high, the 

depression needed will be bigger and can go under atmospheric pressure (defined as a relative 

pressure equal to 0 Pa here). It is also interesting to note that the pressure required to rotate the 

pump at 12 mL/min was also lower for higher temperature value (323.15 K). 

The cell was at zero oil saturation at the beginning of the oil injection (Figure 8a). The pressure 

difference inside the cell slowly increased almost linearly until irreducible wetting (ethanol) 

saturation. The prescribed flow rate at the pump increased the measured pressure difference inside 

the cell, but no difference in saturation values was observed. At irreducible ethanol saturation, the 

pressure still increased due to the rise of ethanol level inside the ethanol reservoir situated above 

the cell. 
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The cell was at irreducible wetting saturation at the beginning of the oil pumping (Figure 8b). The 

pressure difference fell almost immediately as soon as pumping began. A higher flow rate translated 

into a higher initial pressure drop. Then the pressure difference increased linearly until ethanol 

breakthrough, time at which ethanol starts to be recovered. The pressure difference stabilized at 

non-wetting (oil) residual saturation.  

The pressure needed to pump oil from the cell at 323.15 K was lower than that at 293.15 K. This 

effect is mainly linked to the reduction of dynamic viscosity. It is possible to interpret this from 

another point of view: The recovery rate of oil would be higher at 323.15 K than at 293.15 K initially, 

but the pumping done with the highest flow rate (26 mL/min) is also the pumping that generated the 

highest residual oil saturation (0.29). A certain balance between operating pressure and temperature 

needs to be determined for viscous DNAPLs in permeable media to recover the largest volume from 

the porous media in the smallest time. 

A summary of all experiments, dimensionless numbers, irreducible saturations Sir,w, and residual 

saturations Sr,o obtained in this work are presented in Table 3. For dynamic experiments, the 

characteristic velocity was considered equal to the pump flow rate (in m3/s) divided by the porous 

medium section (5.6 cm * 2.5 cm) for capillary number calculations. As seen before for quasi-static 

experiments, the Bond number can be considered constant. This is because the parameters 

contributing to capillary forces (interfacial tension, wettability, pore geometry) are invariant with 

temperature.  

Capillary numbers during dynamic experiments were very high (Ca >> 10-2) compared to quasi-static 

ones (Ca≈10-5). Viscous forces were much more predominant than capillary forces in that case. It 

should be noted that the reported capillary numbers were obtained in one-dimensional flow 

conditions. In a real site, the velocity field will change depending on the radial distance from the well. 

Studies in 2D and 3D experimental setups are needed to better understand the governing conditions 

that may impact the dynamic effects in real sites. During injection, the flow rates tested gave almost 

zero irreducible saturation: the oil was able to sweep almost all the ethanol initially inside the cell. 

The capillary number and mobility ratio were both important to determine the effect of temperature 

on residual saturation in this case. First, the flow rate increased (Ca increased), leading to a higher 

residual saturation due to thinner and longer viscous fingers. Then, the dimensionless numbers were 

almost the same at 6 mL/min at 293.15 K and 12 mL/min at 323.15 K. Thus, it is logical to obtain the 

same residual saturation. However, it took 10 minutes to reach this value at 323.15 K instead of 40 

minutes at 6 mL/min at 293.15 K, validating the use of temperature as a way to enhance DNAPL 

pumping. 
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Table 3: Summary of all conducted experiments with their associated Bond number, Capillary number, viscosity ratio, 

irreducible saturations Sir,w , residual saturation Sr, and image observations  

Experiment Temperature (K) Bo Ca M Sir,w or Sr,o Observations 

Quasi-static drainage 293.15 4.66×10-1 5.82×10-5 6.19×101 0.10±0.02 
Stable flow with 

low capillary 

fingering 

Quasi-static drainage 323.15 5.77×10-1 7.21×10-5 3.40×101 0.11±0.02 

Stable flow with 

low capillary 

fingering and low 

film 

Injection (6 mL/min) 293.15 4.66×10-1 3.87×100 6.19×101 0.05 Stable flow 

Injection (12 mL/min) 293.15 4.66×10-1 7.75×100 6.19×101 0.07 Stable flow 

Injection (24 mL/min) 293.15 4.66×10-1 1.50×101 6.19×101 0.03 Stable flow 

 

Quasi-static imbibition 293.15 4.66×10-1 5.82×10-5 1.64×10-2 0.14±0.02 

Transition 

between capillary 

and viscous 

fingering 

Pumping (6 mL/min) 293.15 4.66×10-1 6.50×10-2 1.64×10-2 0.06 
High films and low 

viscous fingering 

Pumping (12 mL/min) 293.15 4.66×10-1 1.30×10-1 1.64×10-2 0.16 
Moderate films 

and viscous 

fingering 

Pumping (24 mL/min) 293.15 4.66×10-1 2.60×10-1 1.64×10-2 0.29 
Low films and high 

viscous fingering 

Pumping (12 mL/min) 323.15 5.77×10-1 4.80×10-2 2.91×10-2 0.06 
High films, low 

viscous fingering 

Quasi-static imbibition 323.15 5.77×10-1 7.21×10-5 2.91×10-2 0.13±0.03 

Transition 

between capillary 

and viscous 

fingering 

 

The generalized Darcy’s law with the use of relative permeability is often used in order to understand 

the effect of temperature. However, in the case of injection or pumping in highly permeable media, 

dynamic effects must be considered and cannot be represented by this law accurately. The 

theoretical notion of relative permeability is compromised due to the presence of viscous fingering 

and ethanol films around the glass beads. In this situation, it is difficult to admit the hypothesis that 

both phases are flowing separately in the medium. The fact that temperature reduces oil residual 

saturation appears to be linked to this. 

Also, we noted the presence of ethanol films in all experiments under dynamic conditions. These 

films are generally not taken into account in numerical studies considering the effect of temperature. 

Their emergence was even higher when the temperature had been increased. No experimental study 

has been conducted on fluid film behavior, and it is, therefore, difficult to highlight if this is an 

experimental artifact due to the fluids used or a phenomenon that should be taken into account. Yet, 

when approaching residual saturation values, the number of films decreases and becomes even less 

visible as the capillary number becomes high. The presence of these films has been observed in the 

past in trickle-bed reactors (Reinecke and Mewes, 1997). The solid particle size used in this type of 

reactors is in the millimeter range, like the ones studied here. This leads us to conclude that the 

presence and retention of these films inside a porous medium are mostly linked to the high capillary 
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number encountered in highly permeable porous media. Moura et al. (2019) have also observed the 

presence of capillary bridges during drainage experiments. Their results show that film flow can 

enhance the recovery of the trapped liquid (Moura et al., 2019). This is coherent with our 

observations: more films are present during imbibition at 323.15 K than at 293.15 K and the resulting 

ethanol saturation is then reduced.  

Pressure difference and ethanol saturation data have been used in order to determine relative 

permeability curves with the JBN method (Welge, 1952; Johnson et al., 1959). Qin et al. (2018) 

previously measured oil and water relative permeabilities in sand packs and determined that 

temperature effectively increases both fluids relative permeabilities (Qin et al., 2018). Figure 11 

represents the effect of temperature on oil and ethanol relative permeability measured in pumping 

conditions at 12 mL/min.  

 

Figure 11: Oil and ethanol relative permeabilities estimated during pumping at 12 mL/min at 293.15 K and 323.15 K 

Oil relative permeabilities have been found to have an exponential profile at 293.15 K and an almost 

linear profile at 323.15 K. Ethanol relative permeabilities have a small magnitude compared to oil 

relative permeability, due to the high viscosity ratio considered in our study. In addition, ethanol 

relative permeability increases with temperature. For all saturations, oil and ethanol relative 

permeabilities are higher at 323.15 K rather than at 293.15 K. This is due to the difference in 

saturation profiles between pumping at 293.15 K and 323.15 K. Both oil and ethanol are thus able to 

flow at a faster rate in pumping applications for higher temperature.  
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5. Conclusions 
 

Changing soil temperature during DNAPL pure phase recovery involves analyses of the parameters 

used in generalized Darcy’s law. Hypotheses behind the use of this equation were recalled and it 

appears that in soil remediation applications, wetting phase film and viscous fingering may appear 

under dynamic conditions. The influence of temperature on a coal tar sampled from a field was 

investigated. Density, dynamic viscosity, interfacial tension, and contact angle parameters for coal 

tar/water and oil/ethanol (a model two-phase liquid) have been measured between 293.15 K and 

323.15 K. Dynamic viscosities of all studied liquids decrease exponentially with temperature. Liquids 

densities and interfacial tensions between the two immiscible coupled fluids decrease linearly with 

temperature. These parameters are all important in the capillary and viscous forces balance 

determining the flow regime. The studies on the expected flow pattern have been investigated by 

(Lenormand et al., 1988). The further analysis of dimensionless numbers between both fluid pairs 

showed that it is possible to use oil and ethanol as a model fluid for studying coal tar-water two-

phase flow in porous media.  

We performed drainage and imbibition experiments in a 1D porous cell under almost quasi-static (Ca 

< 10-5) conditions and in the application range of generalized Darcy’s law. During the experiments, no 

viscous fingering was noted. Nor was a temperature effect observed on two-phase flow van 

Genuchten parameters or residual saturations for both couples of liquids at 293.15 K and 323.15 K. It 

should be noted that capillary forces are relatively small in these cases. This is because of the highly 

permeable porous medium used and the low interfacial tension of the considered liquids.  

In all our drainage/imbibition experiments, the residual saturations and observations obtained with 

canola oil and ethanol experiments were close to the ones observed with coal tar and water. 

However, it is considerably easier to obtain results with simple and almost not toxic liquids, like 

canola oil and ethanol, especially by image analyzing techniques. This type of simplification is done 

with glass beads in experiments to model a simpler and inert porous medium with the same 

permeability and porosity. 

Finally, we further studied the effect of temperature by pumping oil in the small cell filled by the 

glass beads at irreducible ethanol saturation and 323.15 K. Increasing the temperature reduces the 

pressure difference needed to reach the same pumping rate, increases the recovery rate of oil from 

the porous medium (Sr,o = 16% down to 6% when heating from 293.15 K to 323.15 K), and finally 

increases both oil and ethanol relative permeabilities. The higher recovery rate is linked not only to 

reduced viscous fingering but also to the presence of interfacial films that seem to appear because of 

the high capillary numbers (Ca > 10-2) encountered in highly permeable media. Residual saturation 

has also been found to decrease considerably due to decreasing the viscous fingering occurred at low 

flow rate. The presence and growth of viscous fingerings allow the ethanol to flush a larger part of 

the medium. The experiments performed under dynamic conditions have shown that dynamic 

effects are important when considering temperature effects during pumping operations. In 

complement to our study which focuses on macroscopic quantities, it would be interesting to extract 

local and microscopic quantities to investigate more thoroughly the impact of temperature on two-

phase flow in a real site. The coupling between heat transfers and two-phase flow should be also 

considered in order to better understand the physical mechanisms happening during thermally 

enhanced DNAPL pumping. 
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