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ABSTRACT: In this research, the phenomenon of direct-contact condensation in porous media  

has been investigated based on the computational fluid dynamic technique, CFD, for hydraulic  

and thermal phenomena assessment. This phenomenon occurs in soil remediation by steam injection. 

The main contribution of this research is developing a new combined model for considering steam 

condensation in the saturated porous media systems using the direct contact condensation model, 

DCC, and Navier-Stockes equations rather than solely using Darcy’s law-based model. For the first 

time, a two-resistance DCC model for porous media application has been included, predicting  

the propagation of steam front and condensation . The corresponding source and sink terms are due to 

the calculated condensation rate is added to each phase continuity  equation and enthalpy equation  

of the liquid phase by user-defined functions, UDFs. Pressure drop due to flowing fluids in the porous 

structure was considered by lumped approach model using viscous and inertial loss terms added 

to momentum equations of the model. Heat loss from the sandbox is considered a sink term based on 

the calculated overall heat transfer coefficient and local temperature differences. The model results 

meet acceptable predictions for steam saturation content and temperature distributions over time and 

the predictions are qualitatively similar to the experimental and simulation results of the previous 

literature. The quantitative values of the sandbox-covered thermal areas were extracted  

from propagated saturated temperature fronts over processing time for both DCC simulation results 

and available experimental measurements, then the values were compared together. After elapsing 

12 and 18 minutes from the beginning of the process, the simulation values of covered thermal areas are 

0.049 m2 and 0.082 m2. The corresponding experimental values are 0.059 m2 and 0.098 m2, respectively. 

Evaluated absolute values of the relative change percent of covered thermal areas are 16.3% and 

16.9% over processing times of 12 and 18 minutes. 
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INTRODUCTION 

Over the last decades, the high risk of potable water 

being contaminated by polluted soil and also the potential 

of remedial actions on the soil unsaturated zone to prevent 

groundwater from being contaminated has been of high 

interest. Depending on the intensity and type of 

contaminants, all zones of soil containing unsaturated, 

groundwater level, and saturated zones may become 

polluted. Soil unsaturated zone, or vadose zone, is located 

below the land surface where the pores are not saturated 

with water. In contrast, the pores in the saturated zone are 

fully saturated with groundwater. The saturated zone 

is placed below the unsaturated zone. The zone between 

these two is referred to as the groundwater table. 

Many different chemicals, physical, microbial, thermal, 

and plant-aid remediation techniques had been investigated 

for the removal of soil pollutants [1–5]. Steam injection 

technology is effectively applicable for the removal of 

immiscible volatile and semi-volatile contaminants from 

all zones. The steam injection can increase the vapor 

pressure of the volatile or semi-volatile components, hence 

speeding up the contaminant evaporation process and  

its eventual removal. The steam injection technique  

may also be used for the removal of Light Non-Aqueous 

Phase Liquids (LNAPLs) on the groundwater table. This method 

is particularly recommended for contaminates with large 

viscosity and low mobility placed on groundwater 

not readily and efficiently removable by a pump and treat 

methodology. Steam injection reduces viscosity and 

surface tension, thus increasing mobility and volatility and 

consequently speeding up contaminants removal [6]. 

Steam injection is also the proper methodology for 

remediation of Non-Aqueous Phase Liquids Denser than 

water (DNAPLs) located in the saturated zone. Although 

prevailing physical processes during steam injection  

into saturated and unsaturated zones are mainly the same, 

but there are still some distinct differences. One important 

difference in the saturated zone is the high effect of 

buoyancy force induced by the density difference of water 

and steam phases on steam propagation behavior. While  

in the unsaturated zone, the effect of the density difference 

between air and steam is not as much. In the soil-saturated 

zone, the density difference between steam, with a density 

of 0.554 kg/m3, and liquid water, with 998.2 kg/m3, is 

around 1500 times, which is much more than the density 

difference between steam and air with the air density being 

1.225 kg/m3 [7,8]. This physical parameter has a great 

influence on the configuration and propagation of the steam 

front in the saturated zone. Upward buoyancy forces compete 

with radial viscous forces resulting from pressure gradients 

induced by steam injection. Schematic figures for these forces 

and their directions are presented in Fig. 1. Depending on the 

ratio of these forces, if the viscose forces overcome the 

buoyancy forces, the steam area would have more 

propagation in the radial direction. Otherwise, steam moves 

more in the vertical direction and therefore does not have 

considerable progress inside the contaminated region [9,10].  

Previously conducted research in the field can be 

categorized into steam injection in saturated and 

unsaturated zones. Emmert developed MUFTE simulator 

using a numerical model for nonisothermal gas-water 

systems in porous media [11]. Helmig et al. produced 

experimental data in one-dimensional unsaturated soil 

columns and reported moving condensation and drying 

fronts [12]. These were examined via steam, air, and hot 

air injection into the different saturated fine and coarse 

sand columns. Then the prediction ability of MUFTE 

simulator was checked by means of a comparison of well-

controlled experiments and simulation results. Class et al. 

developed a complicated model to describe nonisothermal 

multiphase multicomponent physical systems in porous 

media with variable phase states [13]. In their model, an 

algorithm with adaptive switching of the primary variables 

according to the local phase states was implemented. Also, 

details of the physical and thermodynamic model 

conception, primary variable switching concept, and 

extended Multigrid method were described for the three-

phase/three-component system, including water, NAPL, 

and gas phases. The model was then validated using 

 the experimental data presented by Class et al. [14].  

The experiments were conducted in an air-dry soil column 

of 30 cm in length and 10 cm in diameter contaminated  

by NAPL. This glass column is remediated using steam 

injection. The process front behavior was investigated and 

controlled by measuring temperatures using the sensors 

located 6.5, 14.5, and 23 cm from the top of the column [14]. 

Steam injection technology was improved using mixed  

air-steam co-injection based on the findings of Schmidt et al. [15]. 

They showed how pure steam injection might lead  

to severe downward migration. Similar experiments,  
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Fig. 1: (a) Radial viscous forces and advective flow induced by 

pressure gradients at the x-y plane view. (b) Vertical buoyancy 

forces and flow are induced by the density difference between 

water and injected steam in the z-direction view. 

 

with simultaneous injection of steam and air, leading to  

no downward migration while rapid cleanup was still 

achieved. Two-dimensional experiments of steam 

injection into hydrocarbon-contaminated unsaturated 

porous media were performed. Similar experiments of 

steam and air mixture injection were also conducted.  

Gudbjerg carried out the simulation of pure steam injection 

and steam-air co-injection in the T2VOC software 

environment for the remediation of Mesitylene and DCB 

(1, 2-dichlorobenzene) in the unsaturated zone [16]. The 

simulation results were compared to the experimental data 

available in the research conducted by Schmidt et al. [15]. 

Ochs et al. investigated the steam injection process  

in the saturated zone using a two-dimensional sandbox [17]. 

One of the main parameters for the successful remediation 

of NAPL-polluted sites is the heating possibility of  

the polluted target region by delivering steam to the area. 

The experiments were performed to specify the extent 

of steam propagation and temperature distribution. Ochs et al. 

carried out their model based on an investigation in the 

saturated zone. This model has a variable degree of 

freedom due to the presence or absence of the phase 

resulting from condensation phenomena [17]. 

All of the above-mentioned simulation tools in the 

literature review, such as MUFTE and T2VOC, are 

component-based models. This means conservation 

equations are written for each component. Therefore, 

interfacial transport phenomena like condensation are 

implicitly considered in the component-based models  

and the conservation equations are inherently satisfied 

without the need to introduce condensation-related sink or 

source terms. Quite in contrast to the simulation tools 

introduced above, in the model presented here,  

the conservation equations are written for each phase. 

Therefore, interfacial mass transfer phenomena such as 

condensation are not considered implicitly. Thus, the model 

has to calculate the amount of condensed steam explicitly 

and then add it to the conservation equations of each phase 

as sink and/or source-related terms directly. In this 

approach, the required equations are extracted from  

the base models and the calculated amounts are then added 

as a source or sink terms to the mass conservation equations 

of each phase and the energy equation of the liquid phase. 

Although, apart from considering component-based or 

phase-based models for the phenomena, the physical basis 

is the same, when steam flows to a low-temperature region, 

to attain an equilibrium, part of the water component will 

transfer from the gas phase to the liquid phase. Since,  

in the same condition of 1 atm and 100°C, the specific 

enthalpy of liquid water, 417.51 kJ/kg, is less than that  

of vapor, 2675 kJ/kg, then along with condensation phase 

change, and in accordance with the energy conservation 

law, local temperatures would rise.  

Direct contact condensation is occurring in soil water-

saturated zone exposed to steam injection. Generally, 

direct contact condensation refers to vapor condensation  

in a liquid or condensation on liquid droplets entrained  

in the vapor [18]. The main objective of the work is the 

assessment of the effects and performance of saturated steam 

injection below the groundwater table in the saturated zone 

of the soil through the development of a Direct Contact 

Condensation model, DCC, within an Eulerian multiphase 

flow framework and a lumped approach treatment  

of the porous media involved. The main novelty of this 

research revolves around the combined use of the Eulerian 

approach with the inclusion of the Navier Stokes equation 

besides Darcy’s law and DCC for the first time to model 

condensation during steam injection within the porous 

media. In none of the previous works, the DCC model had 

not been used for porous media systems. Also, quite 

contrary to all previous efforts in the field of steam 

injection, which have used solely simplified Darcy’s law 

approach and therefore have accuracy limitations, in this 

research, Navier-Stokes equations are used in addition  

to Darcy’s law equation. This computational fluid dynamic 
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technique can enable for having a more accurate 

estimation of a heating pattern of steam injection and 

condensation rate below the groundwater table in the 

saturated zone of the soil.  

In this paper, new functions of direct contact 

condensation and lumped approach porous media models 

have to be defined and added using UDFs to the Eulerian-

based model. In this research, steam condensation rate, 

temperature, water saturation distributions, and propagation 

of heat front are investigated and compared with  

the available experimental and simulation results.  As a result 

of the current work the heat front propagation is  

to be predicted in the water-saturated zone of the porous 

soil and this would enable one to predict the time and 

condition in which the steam reached the targeted and 

presumed contaminated zone. 

 

THEORETICAL SECTION 

Mathematical modeling and methods 

Considering the very low saturation availability of 

 the contaminate phase in the system and therefore have 

the negligible effect of contamination on steam propagation, 

thermal front, and hydraulic, then it is possible to model 

the system by only including water and steam phases and 

ignoring the contamination phase. This enables to have 

uncomplicated hydraulic analysis for steam propagation, 

which is the objective of the current work. Therefore,  

the model developed in this paper does not contain  

the contaminant component. In order to carry out 

remediation scenarios, it would only be required to include  

the contaminant component. 

In this study, the steam injection process is simulated 

using the Eulerian multiphase flow model combined with 

Darcy’s law equation and DCC model, for the flume filled 

with sand and saturated with water. 

The steam injection model based on DCC consists of 

three sub-models, 

1- Eulerian multiphase flow model 

2- Direct contact condensation model 

3- Lumped approach porous media model 

 
Eulerian multiphase flow model 

The pressure and velocity fields of phases during  

the steam injection process is calculated with the Eulerian 

multiphase flow model. This considers volume fraction, 

mass, momentum, and energy conservation equations  

for each phase individually [19,20]. The volume of qth 

phase, Vq, is defined by; 

q q

V

V d V=                      (1) 

In which q and V are representative of the volume 

fraction of the qth phase and total volume. The total 

summation of all volume fractions of phases is equal  

to unity, thus;  

n

q
q 1

1
=

 =                     (2) 

A mass balance on the qth phase gives a continuity 

equation of the phase q; 

m
q q

q q q pq qp q
p 1

( )
. ( ) (m m ) S

t =

  
+   = − +


u             (3) 

The first and second terms on the left-hand side of  

the mass conservation equation is related to unsteady terms 

of mass accumulation and the contribution of mass 

advection, respectively. In which, uq is the qth phase 

velocity, and ρq is an indicator of the qth phase density.  

The first term on the right-hand side of Eq. (3) is the source 

term due to mass transfer regarding phase change, like 

condensation or evaporation. In this way, the summation 

pqm indicates the sum of mass transferred from all p 

phases to the qth phase. Inversely, the summation qpm is 

the sum of mass transferred from the qth phase to all p 

phases. Also, Sq is representative of other source/sink 

terms [21,22]. 

Writing a momentum balance on each phase gives  

a momentum conservation equation for each phase; here 

for the qth phase; 

q q q q q q q
( ) . ( )

t


  +   =


u u u                   (4) 

qq q q
P .−  +  + +g τ  

n

pq qppq pq qp q li f t,q vm,q
p 1

( m m ) ( )
=

+ − + + + R u u F F F  

The first term on the left-hand side of Eq. (4) is 

momentum accumulation, and the second term is related 

to the contribution of momentum advection. The first three 

terms on the right-hand side of Eq. (4) represent pressure 

force, gravitational, and shear stress forces. In this part, P 
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presents the distributed pressure for all phases and qτ  is 

the stress-strain tensor of the qth phase. In the fourth right-

hand side expression of Eq. (4), Rpq is an interaction force 

between phases. Also, in this part, the summation of  

ṁpqupq indicates the sum of the momentum transferred 

from all p phases to the qth phase. Inversely, the summation 

of ṁqpuqp is the sum of the momentum transferred from qth 

phase to all p phases, in which upq and uqp  are the 

interphase velocities. Afterward, Fq represents the external 

body force, including buoyancy, Flift,q is lift force, and Fvm,q  

is representative of virtual mass forces. 

Separate enthalpy equations for each phase are used  

to describe the conservation of energy in the multiphase 

model. Hence for phase q;  

q q q q q q q
( h ) . ( h )

t


  +   =


u                   (5) 

q
qq q co n d q q

p
: .(k .T )

t
−


− +  − 


τ u  

n

pq pq pq pq pq q
p 1

(Q m H m H ) S
=

+ + − +  

The first and second terms on the left-hand side of  

the energy conservation equation are the unsteady term 

related to enthalpy accumulation and the contribution of 

enthalpy advection, respectively. In which uq is the qth 

phase velocity, and hq denotes the specific enthalpy  

of the qth phase. The first right-hand side term of Eq. (5) is 

representative of the energy related to the pressure 

presence. The second term is the dissipation term related 

to shear stress. The third term represents the inner heat 

conduction of qth phase. The summation term of Qpq  is  

the sum of the heat exchange intensity between the qth and 

other phases. It is assumed that the rate of interfacial heat 

transfer between phases is a function of the temperature 

difference and the interfacial area, Ai;  

pq pq i p q
Q h A (T T )= −                    (6) 

where hpq is the heat transfer coefficient between  

the pth and the qth phases depending on the pth phase Nusselt 

number (Nup), by;  

c o n d q p

p q

p

k N u
h

d

−
=                    (7) 

In which, kcond-q is the thermal conductivity coefficient 

of the qth phase and dp is the bubble diameter of the pth 

phase [21,23]. In the case of fluid-fluid multiphase flow 

systems, the Nusselt number can be calculated using  

the Ranz-Marshall correlation [24]. The summation term of  

ṁpqHpq in Eq. (5) indicates the sum of energy transferred from 

all p phases to the qth phase, and inversely, the summation 

term of ṁpqHpq indicates the sum of the energy transferred 

from the qth phase to all p phases. Hpq denotes the interphase 

enthalpy. Also,  Sq is the indicator for other enthalpy sources 

like chemical reactions or radiation sources, which are not included 

in the steam injection process [21,22]. 

Although these equations are written here only for 

phase q, in an Eulerian framework, similar equations ought 

to be written and discretized for all other available phases. 

Assuming low saturation of the contaminant phase and 

therefore, having a negligible effect on the contaminant  

on steam propagation, it is possible to ignore the 

contaminant phase. Therefore, only conservation equations 

are considered for the water and steam phases. 

 

Direct contact condensation model 

In a direct contact condensation model, the 

condensation phenomenon is considered a result of direct 

contact with steam and water. DCC model considers 

thermal equilibrium on the interfacial area of available 

liquid and vapor phases in each computational cell. 

Therefore, the interfacial area between two phases in each 

cell is considered to be in the saturated condition. The 

saturation temperature of the interfacial area in each cell 

is calculated using the Antoine equation at local cell 

pressure. A schematic plot of mass and heat transfer from 

the gas phase into the interfacial area and from there to the 

liquid phase in each cell is shown in Fig. 2. In a DDC 

model, the heat transfer process is considered separately 

for liquid and vapor phases. In other words, the model  

is a two-resistance model, in which the heat transfer 

process on both sides of the interfacial contact area 

separately accounted for the water and steam phases  

in each cell. Heat flux from the interface to the liquid side 

is set equal to heat flux from the vapor side to the interface 

leading to the calculation of the condensation rate. Then, 

the source terms due to the calculated condensation rate 

are added to the energy conservation equation of the liquid 

phase and continuity equations of each used phase  

in the multiphase flow model. Mass and energy transfer 

rates during direct contact condensation of vapor and water  

are defined based on three important parameters: 
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interfacial area, interfacial heat transfer coefficient, and 

interfacial mass transfer. These parameters are described 

below. 

 

Interfacial mass transfer 

Since there is no predefined model for direct contact 

condensation in FLUENT, the elements of the 

condensation model have to be defined as user-defined 

functions. The mentioned user-defined functions enable 

the source or sink terms based on the DCC model to be 

added to the continuity equations of each phase and  

the energy conservation equation of the liquid phase.  

The rate of condensed mass passing through the gas phase 

to the interface is equal to the rate of the mass passing through 

the interface to the liquid phase. The interfacial mass 

transfer could be calculated by total heat balance [25,26]. 

The net of inlet and outlet heat flux passed from the 

interface is equal to zero as the interface is under 

equilibrium conditions.    

gas in t in t liq
Q Q 0

− −
+ =                    (8) 

Thus, the two heat flow rates are equal;  

in t l iq gas in t
Q Q

− −
= −                    (9) 

Which, Qgas-int represents heat transfer from the vapor  

to the interfacial area and Qint-liq shows heat transfer from 

the interfacial area to the liquid phase. Using Eq. (9), it is 

possible to calculate the rate of interfacial mass transfer. 

Heat flux from the steam side to the interfacial area,  

Qgas-int, being the heat loss during steam condensation, 

is given by;  

g gsgas in t gas in t
Q q m H

−
−

= +                 (10) 

The first term of Eq. (10), qg, is steam phase convective 

heat transfer and depends on the temperature difference 

between gas and interfacial area. This term could be 

calculated by Eq. (11);   

g g g in t
q h (T T )= −                  (11) 

in which, hg is the vapor phase convective heat transfer 

coefficient, Tg is the temperature of gas-phase, and Tint  

is interfacial temperature, assumed to be saturation 

temperature at local pressure. 

The second term in Eq. (10) represents the amount of 

enthalpy transfer due to condensation, in which ṁgas-int is  
 

 

 

 

 

 

 

 

 

 

Fig. 2: Schematic plot of mass and heat transfer from the gas 

phase into the interfacial area and from there to the liquid 

phase in each cell 

 

the rate of the mass transfer from the gas phase to the 

interface, and Hgs is the saturation enthalpy of the gas 

phase. In fact, the enthalpy reduction of the gas phase 

depends on the condensation rate.  

Heat flux from the interfacial area to the liquid phase,  

Qint-liq, is given by;  

l q lsin t liq in t li
q m HQ

− −
= +                  (12) 

The first term on the right-hand side, ql, is liquid phase 

convective heat transfer and depends on the temperature 

difference between interface and liquid and can be calculated 

by Eq. (13), in which hl is liquid phase convective heat transfer 

coefficient.   

l l in t l
q h (T T )= −                   (13) 

The second term in Eq. (12) represents the enthalpy 

transfer due to condensation mass transfer, ṁint-liq is the 

mass flow rate of the condensate, passing through the 

interface to the liquid phase, and Hls is the saturation 

enthalpy of the liquid phase. Indeed, the enthalpy 

increment in the liquid phase depends on the condensation 

rate. The condensate transfers energy during the mass 

transfer from the gas phase to the liquid phase.   

The net value of inlet and outlet mass flow rates passed 

from the interface is equal to zero. In other words, the two 

mass flow rates are equal;  

in t l iq gas in t
m m

− −
= −                  (14) 

Eq. (12) can be rewritten using Eq. (14), as; 

in t l iq gas inl lt s
q ( mQ )H

− −
= + −                 (15) 

Substituting this and Eq. (10), in the overall heat 

balance of Eq. (9), gives;   
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gas inl ls g gst gas in t
q m H (q m H )

− −
− = − +                (16) 

The mass transfer rate from the gas phase to the 

interface, ṁgas-int (kg/m3s), can be extracted from  

Eq. (16) as; 

lgas in lst g gs
m (q q ) (H H )

−
= − + −                 (17) 

Thus, the mass transfer rate to the liquid phase may be 

obtained by;  

in t l i l g gs sq l
m (q q ) (H H )

−
= + −                 (18) 

The denominator term of  Equations (17) and (18) is 

the latent heat of evaporation. Tortike and Farouq’s 

equation may be used to evaluate it based on the variable 

of Ts (K),  saturation temperature [27];  

evap s
H (7184500 11048 .6 T = + −                (19) 

2 3 4 4 1/2

s s s
88.4050 T 0.162561 T 1.21377 10 T )

−
+ −   

Absolute output values of ṁgas-int and ṁint-liq, calculated 

with UDFs, are equal together. However, these two flow 

rates have opposite signs. In fact, ṁgas-int is negative, since 

mass is leaving the gas phase, and ṁint-liq is positive 

because mass is gaining on the liquid side. Also,  Qgas-int is 

negative since heat is leaving the gas phase, and Qint-liq is 

positive because heat is gaining on the liquid side. 

Condensation rates for all the computational cells are 

calculated and compiled to the model by using 

DEFINE_SOURCE (src_con_liq,c,fir_th,dS,eqn) and 

DEFINE_SOURCE (src_con_gas,c,sec_th,dS,eqn) Macros. 

In addition, the liquid energy source term for each cell, 

which is containing the sum of ṁint-liqHls and ṁint-liqHevap, 

can be compiled to the model by DEFINE_SOURCE 

(src_energy_liq,c,fir_th,dS,eqn) Macro. 

 

Interfacial area  

The determination of the volumetric heat transfer 

coefficient requires an estimation of interfacial area per unit 

volume (Alg), which can be estimated by the Symmetric 

Model. In this model, the interfacial area concentration 

approaches zero when αg approaches one. 

g g

lg

g

6 (1 )
A

d

 −
=                  (20) 

Heat transfer coefficients of liquid and steam phases  

As it is assumed in the two-resistance DCC model, heat 

transfer accomplishes over two stages, from vapor to interface 

and from there to liquid. Therefore, it is necessary to evaluate 

heat transfer coefficients for each phase separately. This 

model applies the liquid heat transfer coefficient, hl, calculated 

by Nusselt number Ranz-Marshall correlation, for each cell 

containing gas and liquid phases along with required 

modifications using logical and real physical assumptions. 

Volumetric heat transfer coefficient for liquid phase,  

Hl (W/m3K), using interfacial area is given by;  

l l lg
H h A=                   (21) 

The following constant value is implemented for  

the heat transfer coefficient of the vapor phase. Brucker 

and Sparrow suggested this value based on assuming that 

the steam temperature is close to the saturation 

temperature. 

4 2

g
h 10 W m K=                  (22) 

The volumetric heat transfer coefficient for gas phase, 

Hg (W/m3K), is to be calculated using the following 

equation [28].  

g g lg l
H h A=                    (23) 

In the case of no existence of direct contact between 

steam and water in any computational cell due to the  

non-availability of one of the phases, the direct contact 

condensation phenomenon is not occurring in that cell. 

Due to this reality, employing the volume fraction  

of the liquid phase and interfacial area in Eq. (23),  

the volumetric heat transfer coefficient for the gas phase 

can be enforced to be zero in the cells containing just  

one of the liquid/steam phases. 

 

Porous media model  

In this paper, Lumped Parameters approach is used  

to model the porous media of the sandbox. In this approach, 

all phases, excluding the solid phase, are considered as a phase  

in the model formulation, and the volume fraction of each 

phase in each cell is calculated based on the porous media 

void fraction, which is called porosity.  

The physical property of hydraulic conductivity, with 

the dimensions of length per time (L/T), measures  
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the ability of the material to transmit fluid through pore 

spaces in the presence of an applied hydraulic gradient. 

Hydraulic conductivity depends on both properties of the 

porous medium (intrinsic permeability) and the fluid 

flowing through it, consisting of the degree of saturation, 

the density, and the viscosity of the fluid. As different 

fluids in the same porous media could have different 

hydraulic conductivities, therefore, in order to use  

the acquired hydraulic conductivity for other fluids,  

the properties of porous media have to be separated from 

the properties of the fluid by applying intrinsic 

permeability. This parameter, which is also called specific 

permeability or absolute permeability and is shown by k, 

has the dimension of length squared (L2) and only consists 

of porous media properties like particle shape, size, 

diameter, packing, and interconnectedness of the pores. 

Symbolically the separation of hydraulic conductivity, K, 

into two distinct contributions owing to the structure  

of the porous matrix, k, and the properties of the fluid 

containing density, ρ, and viscosity, , is presented below [29]; 

g
K k


=


                  (24) 

Conversely, absolute permeability can be calculated by;  

k K
g


=


                  (25) 

If hydraulic conductivity is to be extracted by water  

liquid flow experiment, then for calculating the absolute 

permeability, the density and viscosity of the liquid water 

have to be substituted in Eq. (25) instead of  and .  

Absolute permeability is defined merely for a single-

phase system. Although, porous media systems commonly 

contain two or more fluids. Hence, effective permeability, 

ki, which is a saturation-based function, has developed  

for multiphase flows in porous media. Effective permeability 

is representative of the potential of a porous medium for being 

saturated with each of the available fluids in the system.  

The ratio between effective permeability and absolute 

permeability is defined as a dimensionless parameter of 

relative permeability, kri [29].  

i
r i

k
k

k
=                   (26) 

In a porous media two-phase flow system, the wetting 

phase is the phase with more tendency to spread on the 

solid compared to the other immiscible phase of the 

system. Non-wetting phase has less tendency to spread  

on the solid [29]. Relative permeability for wetting (w) and 

non-wetting (n) phases, which are respectively liquid 

water and vapor in this paper, can be calculated by  

Van Genuchten correlations are presented in Eq. (27) and Eq. 

(28). The range of relative permeability is between zero and 

one. It shows the ability of a system for flowing one fluid  

in the presence of another fluid for a two-phase flow  

in porous media systems [30].      

( ) ( )

2
n 1

n n
1/2

n 1
r w w w e w e

k S S 1 1 S

−

−

 
  
 = − − 
    

 

               (27) 

( ) ( ) ( )

( )2 n 1

n n1/3
n 1

rn n ne ne
k S S 1 1 S

−

−
 

= − −  
 

               (28) 

In the above correlations, n is the Van Genuchten 

parameter. The effective saturation of wetting and non-

wetting phases, Swe and Sne, also can be computed based on 

residual saturation of wetting and non-wetting phases, Swr 

and Snr, as defined by [30]; 

( )
w w r

w e

w r n r

S S
S

1 S S

−
=

− +
                 (29) 

( )
n n r

n e

w r n r

S S
S

1 S S

−
=

− −
                 (30) 

In the current porous media model, the pressure 

gradient for each phase is calculated by a momentum sink, 

which is proportional to the fluid velocity of each cell  

as follows [21];   

( ) i i i ii
i

1
s ink C

k 2

 
= − +   

 

u u u                 (31) 

The right-hand side of Eq. (31) is composed of two parts, 

the first term is the viscous loss term, and the second term 

is the inertial loss term. The viscous loss term plays a more 

important role compared to the inertial loss term in the 

modeling of laminar flows having low Reynolds numbers. 

Mostly, the laminar regime is governing in steam injection 

flows for soil remediation purposes. The inertial loss 

represents the kinetic energy related to the dynamic head, 

https://www.sciencedirect.com/topics/engineering/single-phase-system
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and it is more important at high Reynolds numbers. In Eq. (31), 

Ci is the inertial resistance parameter for phase i and ki is 

effective permeability, extracted from Eq. (25) and Eq. (26);  

i ri ri
k k k k K

g


= =


                 (32) 

Indeed, the first term of Eq. (31)  is equal to Darcy’s 

equation for multiphase flows [13,31]. In which, pressure 

drop depends on velocity, and can be written for the 

wetting phase as;  

w
w w

w

p u
k


 = −                   (33) 

Effective permeability of the wetting phase, kw,  

can be calculated using Eq. (32);   

w r w
k k k=                   (34) 

For the non-wetting phase, Darcy’s equation  

can be written as;  

n
n n

n

p u
k


 = −                   (35) 

kn can be calculated using;  

n rn
k k k=                   (36) 

In Eq. (34) and Eq. (36), relative permeabilities of krw 

and krn can be calculated using Eq. (27) and Eq. (28),  

and the experimental value of absolute permeability, 

k [L2], is reported in Table 1.  

The second term in Eq. (31), the inertial loss term,  

has a minor effect on calculated pressure drop values in 

laminar flows, although it has to be considered for higher 

Reynolds numbers. For the first time, in 1901, Forchheimer 

showed that deviation of Darcy’s law predictions from 

measurements could be highly related to the kinetic effect 

of the fluid and dynamic head in high Reynolds numbers. 

Therefore, Darcy’s law equation was modified for non-laminar 

flows by adding kinetic energy term, as [31];  

ap  
k

 
 = − +  

 
u u u                  (37) 

in which a is the Forchheimer constant and k is the 

intrinsic permeability. The following equation is proposed 

for which CE is the Ergun constant [31];  

1 2

E
a C / k=                   (38) 

Eq. (37) can be expressed individually for each  

phase in multiphase flow systems. For the ith phase  

it is written as;  

i
i i i i i i

i

p  a
k

 
 = − +   

 

u u u                 (39) 

For each phase of multiphase flow, Eq. (38) may be written 

as;  

1 2

i E i
a C / k=                   (40) 

Thus, Ci could be evaluated by equating the right-hand 

sides of Eq. (39) and Eq. (31) and also substituting Eq. (40) 

instead of ai;  

1 2

i i E i
C 2a 2C / k= =                  (41) 

Dimensionless parameter of Ergun constant, CE, varies 

with porosity and porous media structure variations and 

may be computed as follows [21]; 

( )
E 3

m

11 .7 5
C

d

− 
=


                 (42) 

in which, ε is the porosity and dm is the mean bed 

particle diameter. Therefore, Eq.(41) may be rewritten 

using Eq. (42), as;  

( )1/2

i i 3
m

1 1
C 3 .5 k

d

− − 
=


                 (43) 

The following equations are presented for evaluation 

of the inertial resistance parameters of the wetting and  

the non-wetting phases of a two-phase flow system;  

( )1/2

w w 3
m

1 1
C 3 .5 k

d

− − 
=


                (44) 

( )1/2

n n 3
m

1 1
C 3 .5 k

d

− − 
=


                (45) 

Effective permeabilities of kn and kw are defined  

in Eq. (34) and Eq. (36). 

Viscous and inertial loss parameters are defined  

in the UDF by DEFINE_ ADJUST (porous_data, domain) 

Macro, using the Equations of (27-30, 34, 36, 44-45).  

Then in the cell zone conditions part of the ANSYS  
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Fig. 3: Schematic of the experimental setup for steam injection tests in the saturated zone, “Reprinted with permission  

from Ref. [17]. Copyright 2010 by the American Geophysical Union.”  

 

simulator, the computed porous zone parameters  

are inserted and to be compiled by the written 

DEFINE_PROFILE Macros in the UDF.  

 
Simulation of steam injection in the water-saturated 

sandbox  

Modeling and simulation of steam injection in a fully 

water-saturated zone of porous media is accomplished, and 

the results are validated against available simulation and 

experimental data of VEGAS (Versuchseinrichtung zur 

Grundwasser und Altlastensanierungull), Research Facility 

for Subsurface Remediation at Stuttgart University. The 

used experimental setup consists of a sandbox with a height 

of 0.74 m, a length of 1.1 m, and a width of 0.085m. In this 

research, for modeling the setup, a two-dimensional model 

is considered due to the low width of the sandbox.  

the layout of the experimental setup is shown in Fig. 3. 

Based on the physical conditions of the setup boundaries, 

no-flow wall Neumann boundary conditions are defined  

at all walls of the flume, except for the two boundaries,  

as displayed in Fig. 4. The mass inflow boundary condition 

is employed in the inlet port of the sandbox, shown in the 

left-hand side of Fig. 4. This boundary condition 

represents the steam injection mass flow rate into the 

domain at the fixed value of 0.001 kg/s, equal to 3.6 kg/h. 

The outlet port, on the middle right-hand side of the flume, 

is modeled using pressure outlet boundary condition. 

Considering the mesh independence study, the total 

number of 32856 square quadrilateral cells are  
 

 

Fig    . 4: The boundary conditions of the sandbox under soil water-

saturated conditions with a steam flow velocity of 3.6 kg/h. 

 

implemented for the computational model. The system is 

initially to prevail under ambient temperature conditions 

of 298.15K, and the water volume fraction set is equal to one. 

Required parameters for the simulation of a two-phase 

flow system of water and vapor in the sand porous media 

are stated in Table 1.  

Multiphase Eulerian Coupled Algorithm is used for 

solving the pressure and velocity field of the two phases 

as well as solving the heat equation. The laminar Flow 

model is used due to the low velocity and low calculated 

values of the Reynolds number based on the hydraulic 

diameter of the steam inlet port, also based on Reynolds number 

calculation in porous media. A symmetric model is used for Drag 

function evaluation. The heat transfer coefficient between  

the two phases is calculated using Ranz-Marshal correlation. 

The saturation temperature in each cell is calculated using  

the Antoine equation at local cell pressure in the UDF.  
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Table 1: Sand properties and specifications, “Reprinted with permission from Ref. [17]. Copyright 2010  

by the American Geophysical Union.” 

Value Symbol [unit] Sand Properties 

0.34 ε [-] Porosity 

6.63×10-11 k [m2] Absolute permeability 

7.4 n [-] Van Genuchten parameter, n 

6×10-4 αVG [Pa-1] Van Genuchten parameter, αVG 

0.12 Swr  [-] Residual water saturation 

0.0 Snr  [-] Residual gas saturation 

2650 ρsg[kg.m-3] Soil grain density 

850 cpm [kJ/(kg.K)] Specific heat capacity of soil 

0.582 ks [W/m K)] Thermal conductivity of dry soil 

 

The first-order Upwind schemes are used for the 

discretization of convective terms in the momentum 

equations, and energy equations, and also for volume fraction 

discretization. Water liquid and vapor properties such as 

density, viscosity, thermal conductivity, and specific heat 

capacity are derived using ANSYS material database.  

In addition, a solid database of steel and silica is used  

for the soil grains and the metal in the sandbox apparatus.  

 

RESULTS AND DISCUSSIONS 

The following have resulted from the DCC model  

in porous media incorporated into the simulation of 

injecting saturated steam within the fully water-saturated 

sandbox. Temperature and liquid-water saturation distributions 

are displayed in Fig. 5 and Fig. 6 during steam injection  

in the sandbox under soil water-saturated conditions  

with the steam flow velocity of 3.6 kg/h, over processing 

times of 6, 12, and 18 minutes. On the extreme right  

and the left side of the flume, 6.5 cm from the end, a mesh 

screen is used over the full height of the sandbox  

to separate the porous section from the injection and 

extraction chambers. Therefore, all simulation and 

experimental map plots in Fig. 5 and Fig. 6 show merely 

the predictions and available measurement values  

of the porous section, with  a 6.5 cm distance from the right 

wall of the flume. Although, the x-axis of all figures started 

from zero.  

Simulation results of the DCC model in the porous 

media for liquid-water saturation distribution are shown  

in Figs. 5(a-c) and are compared qualitatively to Figs. 5(d-f) 

and Figs. 5(g-i), which are numerical results of Darcy’s 

law-based model and experimental - density measurements 

reported by Ochs et al. [17]. As expected, the values of 

liquid-water saturation within the vicinity of the steam 

injection area are close to zero. In other words, steam 

saturation within the vicinity of the steam injection area  

is close to unity. The values of liquid water and steam 

saturation in the foreside of the steam propagation front  

are close to one and zero, respectively. Between the 

progressive steam front and the injection area, the values 

of liquid-water saturation are between zero to one,  

and conversely, the values of steam saturation are between 

one to zero.  

As it is evident from Fig. 5, the spreading behavior and 

the shape of the fronts can be reproduced with the DCC 

model. Simulation results of the DCC model in porous 

media agree with and match the previous experimental and 

simulation results. The simulation results of the DCC 

model, despite slight deviations from the experimental 

measurements, agree very well with Darcy’s law-based 

model results. The mentioned deviations can be due to  

the two reasons are explained below.  

The first one can be related to the real experimental 

conditions with having no entirely pure steam in the 

process. Indeed, the used steam in the experiment might 

consist of some small volumes of air gases, the same 

dissolved gases of liquid water, which are released from 

the liquid during steam generation and transferred along 

with steam into the sandbox. As the water vapor 

component is condensable, it would be condensed when 

encountering areas having lower temperatures than  

the saturated steam. Any possible available non-condensable 
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gases can go more forward into the porous medium. This 

movement propagates into the system as far as air gas 

entrapment occurs between the pores. This entrapment 

happens a little farther away from the condensation front. 

Therefore, a wider spread of the propagated area, 

containing water-liquid saturations with values less than 

one, could be resulted in the available experimental 

measurements compared to simulation results. 

Based on the experimental report of Ochs et al., another 

important reason for the mentioned deviation is regarding 

the sequential procedure of measurements by the  density 

measurement device with approximately every 30 seconds 

for completing each required sequence. Thus, during  

a sequence of measurements, progressing front eventually 

arrives at a position, where there were fully liquid-water 

saturated conditions at the beginning [17]. For instance, 

the measured water saturation after 6 minutes in Fig. 5g 

shows an experimental value of about 0.5 at the point of 

(0.0m, 0.3m). While, at the same point, the simulation 

results of Fig. 5a still indicate fully saturated conditions 

(Sw = 1.0). At the same time, the DCC simulation result of 

the liquid-water saturation is about 0.5 at the point of 

(0.0m, 0.21m).   

Temperature distribution results of the porous media 

DCC model are shown in Fig. 6(a-c). Using Figs. 6(d-f), 

6(g-i), and 6(j-l), DCC model temperature distributions are 

qualitatively compared to Darcy’s law-based model 

results, experimental temperature measurements of Pt-100 

sensors, and thermographic camera, which have been 

reported by Ochs et al. [17]. 

As expected, the values of temperature within the 

vicinity of the steam injection area are close to the 

saturated steam temperature of 373.15K. Temperature 

values beyond the thermal front are equal to the initial 

temperature of the porous media, ie 298.15K. Between  

the progressive thermal front and the injection area, 

temperature values are between 373.15K and 298.15K. 

Using Fig. 6, it is evident that the simulation results  

of the DCC model in porous media demonstrate a very 

good agreement with Darcy’s law-based model results. 

The spreading behavior and the shape of the fronts  

can be reproduced, but the simulation results of the DCC 

and Darcy’s law-based models show some deviations from 

the experimental measurements. The deviations can be 

the consequence of some available physical circumstances 

in the experiments, as explained in the following. 

Experimental temperature distributions in Figs. 6(g-i) 

were derived using Pt-100 temperature sensors, which  

are arranged at a 10cm distance from each other. Therefore, 

the saturated front can merely be recognized when  

the front reaches the sensors. Thus, linear interpolation 

on such coarse spatial resolution is accompanied by some 

inaccuracy in the plotted experimental steam fronts 

extracted from Pt-100 temperature sensors. In particular, 

this inaccuracy is more at saturated fronts due to the steep 

temperature gradient between the condensate and steam 

boundary. Thus, one of the reasons for available differences 

between the pt-100 experimental measurements and 

simulation results can be related to experimental 

inaccuracies. On the other hand, DCC and Darcy’s based 

law models predict a slightly larger horizontal extension of 

the steam zone than what is shown by the measurements. 

This can be related to the high heat conductivity of the used 

steel framework and, therefore, higher heat losses from 

there. 

The main reason for having deviations between the 

experimental thermographic camera measurements, Figs. 6(j-l), 

and simulation results are related to removing insulation to 

take photos with the thermographic camera, which causes 

higher heat losses to the environment thus observing less 

propagated areas during measuring times. Again, another 

reason is related to the used steel framework and metal 

beams, which are utilized for holding together the 

apparatus and surrounding the glass part of the 

experimental setup. Temperature measurements with  

the thermographic camera shows lower temperatures, 

especially near the bottom framework boundary of the 

sandbox and also when the propagated thermal front 

reaches the metal beams. This is due to higher heat losses 

regarding higher thermal conductivities of the steel 

framework at the bottom of the sandbox and metal beams. 

This issue causes obvious vertical breakdowns and 

disconnections in the temperature distributions, which  

can be seen in Fig. 6(j-l). The mentioned reasons related  

to heat losses are not available and thus effective  

in the process of steam injection at real contaminated sites.  

In addition, the simulation of steam injection is very complex 

and considering all sandbox physical details in the model  

is not reasonable and feasible. Therefore, in order to simplify 

and reduce computational costs one may consider heat losses 

as a sink term. In this case, the sink term to be calculated based 

on the computed overall heat transfer coefficient and local
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Fig. 5. Liquid-water saturation distribution during steam injection into the sandbox under soil water-saturated  

condition with the steam flow velocity of 3.6 kg/hr, over the processing times of 6, 12, and 18 min, for the case of;  

(a, b, c) simulation results of the DCC model in porous media. (d, e, f) numerical results of Darcy’s law-based model,  

published in Ref. [17].  (g, h, i) experimental  - density measurements, derived from Ref. [17]. 

“Reprinted with permission from Ref. [17]. Copyright 2010 by the American Geophysical Union. ” 

 

temperature differences. Janfada et al. have explained  

the prediction method of heat losses based on the calculation 

of all sandbox serial and parallel resistances [6]. 

In spite of all mentioned physical reasons for the 

deviations, DCC simulation results are almost 

qualitatively similar to the experimental trends of the 

available paper results, containing colored map plots for 

steam injection into the sandbox under soil water-saturated 

condition, reported by Ochs et al. [17]. For providing  

a quantitative comparison, the propagated saturated 

temperature boundaries in the sandbox are extracted from 

the temperature sensor measurements and DCC model 

simulation outputs, using Figs. 6(a-c) and Figs. 6(g-i).  The 

covered thermal areas, determined by the propagated 

saturated temperature fronts, are displayed in Fig. 7(a-c)  

for both experimental and DCC simulation results, over 6, 
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Fig. 6: Temperature distributions during steam injection into the sandbox under soil water-saturated conditions with the steam  

the flow velocity of 3.6 kg/hr, over the processing times of 6, 12, and 18 min, for the case of; (a, b, c) simulation results 

 of the DCC model in porous media. (d, e, f) numerical results of Darcy’s law-based model, published in Ref. [17].  

(g, h, i) experimental Pt-100 sensors measurements, derived from Ref. [17]. (j, k, l) experimental thermographic  

camera measurements, derived from Ref. [17]. “Reprinted with permission from Ref. [17]. Copyright 2010  

by the American Geophysical Union. ” 
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12, and 18 minutes after the beginning of the process.  

By counting the cells of the covered thermal areas in each 

graph paper, one may have access to the quantitative 

values of the covered thermal areas. The covered thermal 

areas values of the propagated thermal fronts in 6, 12,  

and 18 minutes after the beginning of the process are 

respectively 0.02, 0.059, and 0.098 m2 for the experimental 

measurements, while corresponding covered areas  

of the simulation results are 0.025, 0.049, and 0.082 m2  

for the same mentioned times.  

The absolute value of relative change percent (%) for 

experimental and simulation values of the covered thermal 

areas can be calculated by Eq. (46). The values of the 

covered thermal areas of the sandbox for the experimental 

measurements and DCC simulation results over the 

processing times of 6, 12, and 18 min are shown in Fig. 8. 

E S

E

R e la t ive ch an g e p erce
A   A

 1 0 0
A

n t
−

=     (46) 

in which, AE and AS are experimental and simulation 

values of the sandbox-covered thermal areas, extracted  

via propagated saturated temperature fronts over the 

processing time respectively.  

Based on the calculated values of Table 2, in the sixth 

minute after the beginning of the process, the relative 

change percent between AE and AS is 25 %. As more 

process time elapses, the relative change percent roughly 

reduces to 16.3-16.9% within 12 and 18 minutes after the 

beginning of the process. This means, for the higher 

elapsed times, there is less difference between calculated 

percentages of relative change. In addition to the last main 

mentioned reasons for the available differences between 

Pt-100 sensors' temperature measurements and DCC 

simulation results, the higher relative change percent  

at the beginning of the process can be related to the initial 

transition status of the system. In other words, it can be  

the consequence of having less accuracy over the first 

minutes of the experimental process and more 

computational errors at the beginning of the simulation. 

 

CONCLUSIONS 

Using all steam advantages in a remediation process is 

only viable if steam arrives and covers all of the targeted 

contaminated areas. Therefore, the prediction of steam 

front propagation is required to demonstrate how steam 

can sweep the saturated zone of soil over time.  In this  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Comparison between the covered thermal areas of the 

sandbox, extracted considering the propagated saturated 

temperature fronts over the processing times of 6, 12, and 18 

min, for the experimental measurements (black line) and DCC 

simulation results (red line).  
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Table 2. Calculated absolute values of relative change percent (%) for the experimental and simulation values of the sandbox-

covered thermal areas over the processing times of 6, 12, and 18 min. 

The absolute value of relative change percent (%) Simulation covered area (m2) Experimental covered area (m2) Time (min) 

( )E S EA   A A  100−   AS AE T 

25 0.025 0.02 6 

16.9 0.049 0.059 12 

16.3 0.082 0.098 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Values of the covered thermal areas of the sandbox  

for the experimental measurements and DCC simulation 

results over the processing times of 6, 12, and 18 min. 

 

the study, for the first time, the Direct Contact Condensation 

(DCC) model in porous media was developed for the 

numerical analysis and simulation of steam injection  

into the fully water-saturated zone of the soil to demonstrate 

how much this model can predict the spreading behavior  

and the shape of thermal fronts.  

Considering the low residual saturation of the 

contaminant phase, and therefore, having a small effect  

of contamination on the steam propagation, it is possible 

to neglect the contaminant phase. Thus, only can take into 

consideration water and steam phases affecting steam 

propagation and thermal front boundary movement. 

The inclusion of the contaminant as a new component 

would enable the model to be used as a means of 

remediation study.  

DDC model by considering thermal equilibrium only 

on the interfacial area is a two-resistance model. The 

interfacial area between two phases in each computational 

cell is considered under saturated conditions. In this 

model, each of the liquid and vapor phases takes into 

account individually in the process of heat transfer. Heat 

flux from the interface to the liquid phase is set equal  

to heat flux from the vapor phase to the interface leading 

to the calculation of the condensation rate. Then, in the 

Eulerian multiphase flow model, the mass and enthalpy 

source terms due to the calculated condensation rates were 

added to the continuity and enthalpy equations of the liquid 

phase. Pressure drop due to flowing fluids in the porous 

structure was considered by lumped approach model using 

viscous and inertial loss terms added to momentum 

equations. The present model was validated by comparison 

with the latest available published experimental data. The 

comparison has demonstrated fair agreement for temperature 

and saturation distribution over time. The spreading behavior 

and the shape of the fronts were reproduced with the DCC 

model, although the simulation results show some 

deviations from the experimental measurements, which 

can be the consequence of the mentioned physical reasons 

for the available experimental results. This may be listed  

as follows: 

- Possible presence of non-condensable gases along 

with used steam in the experimental process.  

- Restriction of sequential procedure for the 

experimental  density-based saturation measurements.  

- Experimental inaccuracies due to Pt-100 temperature 

sensors arranged at a ten-centimeter distance from  

each other and therefore linear interpolation of 

measurements. 

- Having higher heat losses due to removing insulation 

to take photos with the thermographic camera. 

- More heat losses, around sandbox steel framework 

and metal beams regarding higher thermal conductivities 

of the metal. 

The mentioned reasons related to heat losses are not 

available and are thus effective in the process of steam 

injection at real contaminated sites. In addition, the simulation 
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of steam injection into the sandbox is very complex and 

needs some simplifications to make it affordable in terms 

of computational cost. In order to simplify and reduce 

computational costs, heat losses were considered as a sink 

term based on the calculated overall heat transfer 

coefficient and local temperature differences. The overall 

heat transfer coefficient has been predicted according to 

the calculation of all available sandbox serial and parallel 

resistances [6]. 

The covered thermal areas of the sandbox, extracted 

from propagated saturated temperature fronts, were compared  

quantitatively for the experiments and simulation results of 

the DCC model over 6, 12, and 18 min after the beginning 

of the process. The corresponding  covered area values 

were respectively 0.02, 0.059, and 0.098 m2 for the 

experiment and 0.025, 0.049, and 0.082 m2 for the 

simulation. Then absolute values of the relative change 

percent of the covered thermal areas have been evaluated 

for the experimental and simulation. After 6 minutes from 

the beginning of the process, the absolute value of the 

relative change is 25%. After elapsing 12 and 18 minutes 

from the beginning of the process, the evaluated percentages  

of the relative change are within 16.3% and 16.9%. It can be stated 

that the higher percentage of the relative change 

at the beginning of the process could be related to the 

consequence of having less accuracy in the first minutes  

of the experimental process and more computational errors  

at the beginning of the simulation.  

 

Nomenclatures 

Ai        Interfacial area, m2 

Alg        Interfacial area per unit volume, m-1 

AE       Sandbox covered thermal area extracted from  

                                          experimental measurements, m2  

AS      Sandbox covered thermal area extracted from  

                                                 DCC simulation results, m2 

a     Forchheimer constant 

Ci                  Inertial resistance parameter of phase i  

CE                 Ergun constant 

cpm     Specific heat capacity of soil, kJ/(kg.K) 

dg           Bubble diameter of the gas phase, m 

dp          Bubble diameter of the pth phase, m 

dm                  Mean bed particle diameter, m 

Flift,q                       Lift force, kg.m/s2 

Fq           External body force including buoyancy, kg.m/s2 

Fvm,q                            Virtual mass force, kg.m/s2 

hq                           Specific enthalpy of the qth phase  

                                     (total energy of a unit mass), kJ/kg 

hl       Heat transfer coefficient of the liquid phase, W/(m.K) 

hg        Heat transfer coefficient of vapor phase, W/(m2.K) 

Hl           Volumetric heat transfer coefficient of liquid  

                                                                  phase, W/(m3.K) 

Hg                          Volumetric heat transfer coefficient of  

                                                        vapor phase, W/(m3.K) 

Hls                    Saturation enthalpy of the liquid phase, J/kg 

Hgs               Saturation enthalpy of vapor phase, J/kg 

Hpq             Interphase enthalpy, J/kg 

ΔH               Latent heat of evaporation, J/kg 

K        Hydraulic conductivity, m/s 

kcond-q                    Thermal conductivity coefficient of the  

                                                              qth phase, W/(m.K) 

ks           Thermal conductivity of dry soil, W/(m.K) 

k           Absolute permeability, m2 

ki              Effective permeability of the ith phase, m2 

kri               Relative permeability of the ith phase, [ ] 

ṁgas-int         Rate of mass transfer from the gas phase to  

                                     interface per unit of area, kg/(s.m2) 

ṁint-liq                Rate of  mass transfer from interface to the  

                               liquid phase per unit of area, kg/(s.m2) 

n                   Van Genuchten parameter, [ ] 

Nup          Nusselt number of the pth phase, [ ] 

P                      Distributed pressure for all phases, kg/(m.s2) 

ql                   Liquid phase convective heat transfer per unit  

                                                                      of area, W⋅m-2 

qg                  Steam phase convective heat transfer  

                                                        per unit of area, W⋅m-2 

Qint-liq          Heat transfer from interfacial area to liquid  

                                              phase per unit of area, W⋅m-2 

Qgas-int               Heat transfer from vapor to interfacial area  

                                                        per unit of area, W⋅m-2 

Rpq             Interaction force between phases, kg.m/s2 

Sq          Source/sink terms 

Swe               Effective saturation of wetting phase, [ ] 

Sne        Effective saturation of non-wetting phase, [ ] 

Swr                Residual saturation of wetting phase, [ ] 

Snr        Residual saturation of non-wetting phase, [ ] 

uq                  qth phase velocity, m/s 

upq (uqp)            Interphase velocities, m/s 

V            Total volume, m3 

Vq         Volume of the qth phase, m3 

T              Temperature, K 
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Ts            Saturation temperature, K 

Tint           Interfacial temperature, K 

p             Pressure drop, kg/(m.s2) 

 
Greek Letters 

αi                Volume fraction of the ith phase 

αVG   Van Genuchten parameter, Pa-1 

ε                    Porosity, [ ] 

       Viscosity, kg/(m.s) 

              Density, kg/m3  

ρsg            Soil grain density, kg/m3 

                Shear stress, kg/(m.s2) 

 

Indexes 

g         Gas phase 

l     Liquid phase 

I            ith phase  

p            pth phase 

q            qth phase 

n        Non-wetting phase  

w                Wetting phase 
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