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Abstract 

Physics-based mathematical-computational models provide an invaluable tool for repository design, 

performance/safety assessments, site clean-up, and environmental remediation in nuclear spent fuel and high 

level waste disposal in shallow or deep geological media. The migration of nuclear wastes is controlled by 

coupled THMC (Thermal-Hydrology-Mechanics-Chemical) processes. These include multiphase flow or 

variably saturated flow, thermal transport, reactive transport, and geo-mechanical deformation. Multiphase or 

variably saturated flow in subsurface media is the key driving mechanism for thermal transport, chemical 

transport, and geo-mechanics. Conversely thermal transport, chemical transport, and geo-mechanic deformation 

will affect flow directly or indirectly. Temperature changes are induced by fluid injection, associated phase 

changes, and chemical reactions. Conversely, temperature change will alter fluid flow, reactive transport, and 

geo-mechanical deformation. Faults and fractures will affect fluid pressure, thermal transport, and chemical 

migration. Conversely fluid pressure, thermal transport, and chemical migration will induce rock deformation 

and fault displacement. Reactive transport is controlled by fluid flow, affected by thermal transport, and 

influenced by geo-mechanical deformation. Conversely, reactive transport will have significant feedbacks on 

fluid flow, thermal transport, and geo-mechanics. This talk presents the development of a series of computational 

models that fully or partially couple these processes. Demonstrative applications are presented to illustrate the 

interplay of THMC processes and their implications for radionuclide waste managements. 
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1. Introduction 

The key issue in groundwater modeling is the ability 

to mathematically describe and numerically simulate 

coupled or decoupled physical, chemical, and 

biological processes, and their interactions with the 

media. The media include heterogeneous porous 

media and discrete fractures. The processes include 

fluid flow, thermal transport, reactive transport and 

bio-geochemistry, and geo-mechanical deformation. 

These are widely known as the THMC (Thermal, 

Hydrology or Hydraulics, geo-Mechanics, and 

reactive bio-geo-Chemistry) processes. Subsurface 

hydrology deals with flow in single or multi-fluid 

phases, including aqueous, super liquid, NAPL 

(non-aqueous phase liquid), gaseous phases, etc. 

Thermal transport deals with the evolution of 

temperature over the spatial domain. Reactive 

transport considers advection, dispersion, and 

diffusion of chemical species while they undergo 

biogeochemical reactions. Biogeochemical reactions 

include aqueous complexation, adsorption-desorption, 

ion-exchange, precipitation-dissolution, redox, 

acid-base reactions, microbial-mediated redox, the 

nutrient cycle, carbon cycle, metal cycle and biota 

kinetics. Geo-mechanics deals with the deformation 

or displacement of a solid skeleton.  

 

The aforementioned THMC processes may be 

strongly or weakly coupled. Fluid flows are the key 

driving mechanism for thermal transport and 

bio-geo-chemical transport. The variations of 

pressure and degree of saturation in fluid phases may 

be a significant driving force in geo-mechanic 

deformation through the pressure force and gravity. 

In contrast, thermal transport, bio-geo-chemical 

transport, and geo-mechanic deformation may affect 

fluid flow. Temperature changes are induced by fluid 

injection, associated phase changes and chemical 

reactions. Conversely, temperature changes can affect 

fluid flow, reactive transport, and geo-mechanics. 

Reactive transport is controlled by fluid flow, as 

affected by media deformation and temperature 

changes. In contrast, reactive transport will have 

feedback to fluid flow, thermal transport, and 

geo-mechanical deformation. Geo-mechanically 

driven faults and fractures will affect fluid pressure, 

thermal transport, and chemical migration. 

Conversely fluid pressure changes, thermal transport, 

and bio-geo-chemical migration may induce rock 

deformation and fault displacement.  

 

Table 1 lists some of the well-known and 

widely-used models that have included a single 

process or partially or fully coupled THMC processes. 

Column 1 lists the model name, while column 2 

indicates what media these models can be applied to. 

Some models are applicable to only porous media 

(Macro), some are applicable to multi-porosity media 

(Macrco, Meso, and Micro), while others are 

applicable to porous media with embedded or 

imbedded fractures. Column 3 indicates if flow 

processes are included. When these are included, 

some models are for saturated media (1P) only, some 

for variably saturated (VF), while some for multiple 

phase fluids (2P, 3P, or MP).  There are basically 

two different ways to model multiphase flow: 

pressured-based (p-) and fractional flow-based (ff-) 

approaches. In general, fractional flow based 

approaches are more robust for numerical 

discretization. Column 4 indicates if thermal 

transport is included in a model, while Column 5 

shows if a model has integrated commercially 

available solid mechanic models with other processes, 

or if geo-mechanics has been coupled with partial or 

full THC processes.  

 

Column 6 shows (1) the number of chemical 

components and the number of species in each 

component a model can handle, and (2) how 

components are determined. Some models can 

simulate the transport of Multiple Species (MS) 

without introducing the concept of components. 

Many models can simulate the transport of Multiple 

Components and each component includes Multiple 

Species (MCMS).  A vast majority of models have 

pre-determined what the possible components are, 

and only a few can automatically determine 

components based on the input of reaction networks.  

However, those models that deal with multiple 

species might as well be said to deal with multiple 

components.  

 

Column 7 indicates how many THMC processes a 

model has been developed for, and these include H, C, 

C(R), HM, THM, THC, THC(R), THMC, and 

THMC(R). An H-model can only simulate flow 

processes. A C-model can only simulate solute 

transport or solute transport with adsorption of linear 

or nonlinear isotherms.  A C(R)-model can simulate 

reactive chemical transport. An HM- model can 

simulate flow and mechanics. A THM-model can 

simulate thermal transport, flow, and mechanics. A 

THC- or THC(R)-model can simulate flow, thermal 

transport, and solute transport or reactive transport. A 

THMC- or THMC(R)-model has the capability to 

simulate all processes. 

 

Column 8 indicates what type of biogeochemical 

reactions a model can include. These reactions cover 

aqueous complexation (A/C), adsorption-desorption 

(A/D), ion exchange (I/E), precipitation-dissolution 

(P/D), and biological or microbe-mediated reactions 

(Bio). When a type of reaction is included, this 

column also shows if the reaction is treated as an 

equilibrium reaction (EQ), kinetic reaction (KI), or 

optional equilibrium or kinetic reaction (EK). For an 
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equilibrium reaction, a User Defined Algebraic 

equation (UDA) rather than the mass action equation 

may be used to implicitly define its rate. If a model 

allows UDA for all types of equilibrium reactions, it 

is labeled all (All). Column 8 also shows if a model 

allows Users to Define the Rate equation (UDR) for a 

kinetic reaction. If only biological reaction rates are 

allowed to be defined by users, it is labeled “Bio.”  

If a model allows users to define rate equations for 

any type of kinetic reaction, it is labeled “All.”  

 

Column 9 shows what Approach is employed to 

Couple Reactions and Transport (ACRT) in the 

reactive transport process. Basically, there are five 

popular approaches to coupling reactions and 

transport: the Direct Substitution Approach (DSA) or 

Global Implicit Method (GIM), Sequential Iteration 

Approach (SIA), Operator Splitting (OS), Predictor 

Corrector, and mixed Predictor Corrector and 

Operator Splitting (PC-OS). The advantages and 

disadvantages of these have been widely discussed in 

the literature.  In general, the DSA or GIM will take 

too much CPU and RAM for large two- and 

three-dimensional problems, but they are perhaps the 

most accurate methods.  The OS, PC, or PC-OS will 

take much less CPU than DSA or GIM, but are much 

less accurate. The SIA approach offers a compromise 

between these two previous kinds of approaches. 

Column 9 also shows what form of numerical 

discretization is adopted to discretize transport 

equations. These methods include Finite Element 

Methods (FEM), Finite Difference Methods (FDM) 

with Total Variation Diminishing (FDM/TVD) 

schemes for the advection transport, Integrated Finite 

Difference Methods (IFDM), Finite Volume Methods 

(FVM), and hybrid Lagrangian-Eulerian Finite 

Element Methods (LE-FEM). The LE-FEM methods 

and TVD are perhaps the methods to resolve the 

oscillation problems caused by advection transport.  

 

Finally, Column 10 indicates if a Mesh Generator 

(Mesh Gen) and Users Graphical Interface (GUI) are 

built into a model to facilitate its use with real-world 

problems.  

 

2. Governing Equation of THMC models 

It is believed that the best way to address the fully 

coupling issue of THMC processes is via the 

governing equations that are derived based on the 

principles of the conservation of mass, momentum, 

and energy. The explicitly coupled governing 

equations are given in the following subsections. 

 

2.1 Flow Equations. The governing equations for 

multiphase flow are derived based on the 

conservation principle of phase mass and simplified 

momentum equations. The detailed derivations can 

be found elsewhere (Yeh and Tsai, 2015a, 2015b). 

Only the governing equations will be summarized in 

this paper. The governing equations of multiphase 

flow can be formulated using either the pressure- 

based or fractional flow-based approach.  
 

Pressure-Based Flow Equation The pressure-based 

governing equations of multiphase flow can be stated 

as follows (White and Oostrom, 1995; White et. Al., 

1995; Xu and Pruess, 1998; Xu et al., 1998, 2003) 
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 (2.1) 

where   is the porosity; S  is the degree of 

saturation of Phase  ; ˆ
  is the molar density of 

Phase  ; p  is the pressure of Phase  ; t  is 

the time; T  is the temperature;  M  having M   

members is the set index of all global species that are 

in Phase  , where M   is the number of species 

in Phase  ; iC
 is the molar concentration of 

Species i  in Phase  ; u  is the displacement; 

rk   is the relative permeability of Phase  ;   is 

the dynamic viscosity of Phase  ; k  is the 

intrinsic permeability tensor;   is the density of 

Phase  ; g  is the gravity constant; z  is the 

potential head; M   is the artificial mass rate of 

Phase  ; R  is the mass production rate of Phase 

  due to reactions;  L  is equal to  1,2, , L  in 

which L  is the number of fluid phases; s  is the 

volume fraction of the solid phase; iM 
 is the 

source/sink rate of Species i  in Phase  ; iR
 is 

the production rate of Species i  in Phase   due to 

reactions;   is the porosity of Phase  ; e  is 

the effective porosity of Phase  ; r  is the 

residual porosity of Phase  ; e  is the effective 

porosity; and r  is the residual porosity. 

 

The first and second equations in Eq. (2,1) consist 

of two equations involving 11 unknowns, p ,  ; 

S , rk  , ˆ
 ,  ; T ; iC

, iR
; s  and u . The 

temperature T  is governed by the thermal transport 

equation. The species concentrations iC
 can be 

obtained from reactive transport equations, while 

iR
 can be obtained via the biogeochemical reaction 

module. The solid phase volume fraction s  and 

displacement u  are governed by the mass and 
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momentum conservation equations of solid phase in 

the geo-mechanic module. If we associate p  and 

  with the first and second equations in Eq. (2.1), 

we would need four more equations for four 

unknowns S , rk  , ˆ
 , and  .    

 

The densities ˆ
  and   are calculated using 

equations of states. In a reactive system, the equation 

of state for a phase should be derived based on the 

definition of phase density and the conservation of 

volume, as follows (Chang, 1995; Cheng, 1995; Yeh 

and Tsai, 2015a, 2015b) 
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where    , :i ip T L    , being function of partial 

phase pressure and temperature, is the intrinsic 

density of Species i  in Phase  . It is noted that   

 ,i i ip T     is in fact the equation of state for 

chemical species i  in phase  . It is thus seen that 

the equation of state for a phase should be obtained 

from the equations of state of all chemical species in 

the phase in a reactive system. There are many 

specific forms of phase-based equations of state in 

reactive systems in the literature (e.g., Pruess, 1991; 

Finsterle et al., 1994; White and Oostrom, 1995; 

White et al., 1995).  
 

The degree of saturation and relative permeability, 

S  and rk  , are evaluated using K-S-P 

(Conductivity-Saturation-Pressure) constitutive laws, 

which are posed in general terms as follows  

      and  ,  r rS S p k k p M          (2.3) 

There are many specific forms of K-S-P equations in 

the literature (e.g., Burdine, 1953; van Genuchten, 

1980; Parker et al, 1987a, 1987b; Lenhard and Parker, 

1998; White and Oostrom, 1995; White et al., 1995; 

Yeh and Tsai, 2011; Tsai and Yeh, 2012, 2013). 
 
The pressure-based multiphase flow equation is given 

in Eq. (2.1). This equation constitutes L  mixed 

parabolic and hyperbolic partial differential equations. 

The dominance of the hyperbolic or parabolic for 

each of L  equations varies over space and time. 

Furthermore, each equation is highly nonlinear. As a 

result, numerical solutions of these equations often 

encounter convergence difficulties. Furthermore, 

cumbersome procedures of variable switch have to be 

adapted to deal with phase disappearances.  
 
Fractional Flow-Based Flow Equation It is widely 

known that using a fractional-flow based approach 

could alleviate some of these problems (Allen, 1983; 

Abriola and Pinder, 1985a, 1985b; Guarnaccia and 

Pinder, 1997; Suck, 2003; Suk and Yeh, 2008), 

because such a method will produce one almost linear 

parabolic equation and  1L   hyperbolic-dominant 

equations. Hyperbolic-dominant equations can be 

ideally dealt with using hybrid Lagrangian-Eulerian 

numerical discretization (Yeh, 1990; Yeh, et al. 1995; 

Cheng et al., 1998; Suk and Yeh, 2007; Zhang et al., 

2008). Phase disappearances were automatically 

taken care of (Suk and Yeh, 2007). 

 
The fractional-flow based approach that originated 

in the petroleum engineering literature employs water 

saturation, total liquid saturation, and a total pressure 

as the primary variables for three-phase flow. For an 

arbitrary number of L  phases, the total pressure and 

 1L   accumulated effective degree of saturations 

can be employed as the primary variables. Detailed 

derivations of fractional-flow based governing 

equations for L  phases can be found elsewhere 

(Yeh and Tsai, 2015a, 2015b). In this paper, these 

equations are given as follows  
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where tP  is the total pressure, 
tS 

 is the 

accumulated effective saturation up the -th   

phase, κ  is the total mobility tensor,   is the 

mobility-weighted density, LM  is the mass 

source/sink to all L   fluid phases, LR  is the mass 

production rate in all L  fluid phases due to 

reactions,   is the coefficient of fractional 

mobility for the -th  phase, 
tS

D



 is the diffusion 

coefficient of the accumulated degree of saturation, 

1,cp    is the capillary pressure between the relative 

non-wetting phase 1   and wetting phase  , 

S  is the effective degree of saturation of the -th

phase, and   is the saturation-weighted molar 

density.  
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In Equation (2.4), 
t

P

PS  and 
tPS
 are the storage 

coefficient of total pressure; 
t

P

S
S


 and 

tS
S




 are the 

storage coefficient of accumulated effective 

saturation; 
PS  and S

  are the storage coefficient 

of porosity; 
P

TS  and TS
 are the storage coefficient 

of temperature; 
i

P

C
S   and 

iC
S 


 are the storage 

coefficient of species; and 
P

eS  and eS
 the storage 

coefficient of dilation. The superscript P  in these 

storage coefficients denotes their appearance in the 

total pressure equation while the superscript   

denotes their appearance in the -th  mass 

conservation equation.  

 

2.2 Thermal Transport Equation. Assume thermal 

equilibrium in the system, the energy per phase 

volume can be related to the temperature via the 

specific capacity. In the meantime, the dispersive- 

diffusive-conductive heat flux is related to the 

gradient of temperature. Invoking the principle of 

energy conservation, we can derive the thermal 

transport equation as follows (Yeh and Tsai, 2015a, 

2015b)  
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where TS  is the storage coefficient of temperature; 

TK  is the effective decay of the temperature; V  is 

the Darcy velocity of the fluid phase  ; hC
 is the 

heat capacity of the fluid phase  ; DT

  is the 

apparent thermal dispersion coefficient tensor of the 

-th  phase; 
Tk  is the apparent thermal diffusion 

coefficient of the -th  phase; s

Tk  is the apparent 

thermal conductivity tensor of the solid phase; 
out

HS  

is the energy rate artificially taken out of the system; 
in

HS  is the energy rate artificially injected into the 

system; sV  is the velocity of the solid skeleton; RS  

is the energy rate produced due to reactions; kH  is 

the intrinsic reaction enthalpy of the -thk  reaction; 
o

kH  is the referenced reaction enthalpy of the 

-thk  reaction; jk  is the stoichiometric coefficient 

of the product species j  in the -thk  reaction; 

 F T  is an empirical function of temperature; 

 o

b
j

H  is the referenced formation enthalpy of the 

product species j ; jk  is the stoichiometric 

coefficient of the reactant species j  in the -thk  

reaction; and  o

f
j

H  is the referenced formation 

enthalpy of the reactant species j . It is noted that, 

similar to the Van’t Hoff relationship for the 

equilibrium constant, we have used 

     exp /o

k o oF T H T T RTT    .  

 

2.3 Reactive Transport. When the unit of species 

concentration is in moles per unit phase volume, the 

mass conservation equation for any chemical species 

is given as follows (Yeh and Tsai, 2015a, 2015b)  

   
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where iC
 is the molar concentration of Species i  

in Phase  ; D  is the dispersion coefficient tensor 

for all species in the -th  phase;   is the 

tortuosity for Phase  ; ma
 is the molecular 

diffusion coefficient of all species in the -th  

phase; δ  is the Kronecker delta tensor; i

  is the 

mole fraction Species i  in Phase  ; La
 is the 

longitudinal diffusivity for Phase  ; Ta
 is the 

transverse diffusivity for Phase  ; 
s

iC  is the molar 

concentration of Species i  in the solid phase; ˆ
s  

is the molar density of the solid phase; 
s

ma  is the 

molecular diffusion coefficient of all species in the 

solid; 
s

i  is the mole fraction Species i  in the 

solid phase; 
s

iR  is the production rate of the solid 

species i  due to reactions; and  sM  having sM   

member is the set index of all global species that are 

in the solid phase, where sM  is the number of 

species in the solid phase.  

 

A reaction-based formulation would result in the 

following equation for iR
 and/or 

s

iR  as follows  

 
 

   ,  ,  1i ik ik k

k N

R r i M L   


      (2.9) 

in which  

      

    
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: , 1 ,  .

: : , 1 0,  for example, 

/ 0,  .
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 (2.10) 
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where kr  is the rate of the -thk  reaction; 
iC  is 

the molality of the -thk  species;  KN  having 

KN  members is the set index of kinetic reactions; 
e

k  is the modified equilibrium constant of the -thk  

reaction; and  EN  having EN  members is the set 

index of independent equilibrium reactions. Note: 

1L    denotes the solid phase; E KN N N  . 

 

Equations (2.8) through (2.9) constitute a system of 

M  transport equations and EN  nonlinear algebraic 

equations for  'siM C  and  'sE kN r  of unknowns, 

after  'sK kN r  in Eq. (2.10) is substituted into Eq. 

(2.8). Simultaneous solutions of this system of M  

reactive transport equations and EN  nonlinear 

algebraic equations over the entire domain of interest 

would demand excessive computational time and 

computer storage (Yeh and Tripathi, 1989), even with 

today’s computers. Decoupling of the  'sE kN r  of 

unknowns from the  'siM C  of unknowns can be 

done via the Gauss-Jordan reduction of reaction 

networks (Chilakapati, et al., 1998; Fang, et al., 2003; 

Kräutle and Knabner, 2007). Performing the 

Gauss-Jordan reduction of reaction networks, we 

obtain  

 
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where iE  is the -thi  transformed variable; 
iEV   

is the advection velocity of iE , 
iED  is the 

dispersion-diffusion coefficient tensor of iE , 
i

ss

ES   

is the artificial source/sink rate contributing to the 

change of iE ; 
iER  is the production rate of iE   

due to reactions,  CM  is the set index of 

components,  KIM  is the set index of kinetic 

variables, ija  is the decomposed unit matrix, 
a

iE   

is the content of iE   in the -th  phase, 
s

iE  is 

the content of iE  in the solid phase, ikD  is the 

-thi  row -thk  column of the decomposed reaction 

matrix, and  ( )KD kN  is the set index of kinetic 

reactions that are linearly dependent on the 

independent kinetic reaction k . 

 

2.4 Geo-Mechanic Equations. The governing 

equations for the geo-mechanic module are obtained 

based on the conservation of mass and momentum as 

follows (Liu, 2002, 2006, 2011; Liu et al., 2010; Yeh 

and Tsai, 2015a, 2015b)  
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and  
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where sp  is the solid phase pressure; sR  is the 

mass production rate in the solid phase due to 

reactions; T  is the is the Cauchy stress tensor 

(positive for tension) exerted on the medium; 
g

T  

is the thermal expansion coefficient in the 

geo-mechanical module; 
s

i  is the expansion 

coefficient of the solid species concentration 
s

iC ; 

i

  is the expansion coefficient of the -th  species 

concentration iC
; 1s , 2s ,  , 1 , 2 , and 3   

are six model parameters, respectively; x
X

F  is 

the gradient of the deformation x  x  in the 

material frame X  X ; XH u  is the gradient of 

the displacement u  in the material frame X ; and 

X s H u V  is the gradient of the solid phase 

velocity in the material frame X . 

 

Equations (2.13) through (2.15) consist of three 

equations involving 5 unknowns, sp , s , and s  

as well as u  and T . If we associate s , u , and 

T , respectively, with Eqs. (2.13), (2.14), and (2.15), 

respectively, we would need two more equations for 

two unknowns ˆ
  and sp . The density ˆ

s  is 

calculated using the equation of state similar to those 

for fluid phases as follows(Chang, 1995; Yeh and 

Tsai, 2015a, 2015b) 

 ,

1
s

s

majs s

s maj i is
i M i maj i

C M


 
 

 
    

 
  (2.16) 

where  ,s s

i ip T , being function of partial phase 

pressure and temperature, is the intrinsic density of 

Species i  in the solid phase. It is noted that   
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 ,s s s

i i ip T   is in fact the equation of state for 

chemical species i  in the solid phase. The 

constitutive equation of the solid phase pressure   

versus volume fraction of solid may be established as  

 
11

 in general,  e.g.,  
1

s
s s s so

so

p f p p n



 

 
    

 
 (2.17) 

 

3. A Demonstrative Example of THMC Modeling 

This example is to demonstrate the capability of 

HYDROGEOCHEM 6.1 (Yeh and Tsai, 2015a) to 

simulate fully coupled THMC processes. Radioactive 

wastewater containing a high concentration of 

2NpO
 is injected into the media filled with a 

three-fluid phase (water, NAPL, and air) system 

(Figure 1). The media contains Region B with a zero 

adsorption site, 0SOHTOT  , and Region A with a 

relatively high adsorption site, 
410SOHTOT    

3/m o l d m. 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 1 Region of Interest and Location of 

Injection Well 

 

For this problem a three-phase flow is considered, 

and thermal effects are included. Injection effects on 

geo-mechanics (porosity change and deformation) are 

also considered, while the chemistry includes both 

intra (homogeneous) and inter phase (heterogeneous) 

reactions. The initial and boundary conditions for 

flow simulation are depicted in Figure 2. The initial 

degree of saturation for aqueous, NAPL, and gaseous 

phases, respectively, are 0.1, 0.1, and 0.8 at boundary 

B4, and vary with a slope of 0.121212 % until they 

reach boundary B2. While the degrees of saturation 

will change due to a 0.1 dm3 day-1 of water injection 

rate, the degrees of saturation on all four boundaries 

are kept the same as the initial conditions. 

 

In order to model thermal transport, the initial 

temperature is set at 298 oK. The temperatures on 

four boundary sides are maintained at 298 oK, while 

that in the injection well is 308 oK (Figure 3). 

 

For reactive chemical transport, a reaction network 

consisting of 28 reactions involving 42 species is 

conceptualized, as shown in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Initial and Boundary Conditions and 

Artificial Source for Flow Simulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Initial and Boundary Conditions and 

Artificial Source for Thermal Transport 

 

The initial and boundary conditions for this 

hypothetical simulation of reactive transport are 

depicted in Figure 4. The initial and boundary 

conditions for three major species, H2O, NAPL, and 

Air, are identical, and the same is true for the species 

O(g), OH(g), CH4(g), and HCO(g). The initial and 

boundary conditions for two aqueous components 

Ca2+ and CO3
2- are also identical. The major 

disturbances to the reactive system are due to the 

injection of a high concentration of NpO2
+, high 

initial concentration of NpO2
+ in Region A, as well as 

high adsorption site in Region A. 

 

For the geo-mechanical simulation (Figure 5), it is 

initially assumed there is no displacement throughout 

the region of interest. On boundary BC1, no external 

force is applied. On boundaries BC2 and BC4, it is 

assumed that the displacement in the horizontal 

direction and force in the vertical direction are zero, 

as depicted with rollers on these two boundaries. On 

Z=0

Z=-6.5
X=0 X=16.5

Region A

Region B

4.1254.125

2.03125

3.453125 Injection well 
(8.25, -3.25)
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boundary BC3, vertical displacement is not allowed 

and the horizontal force acting on the surface is zero, 

which is represented by rollers attached to the 

boundary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 IC & BC for Reactive Transport 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 IC and BC for Geo-Mechanics 

 

For numerical simulations with HGC 6.0 (Yeh and 

Tsai, 2013; Tsai and Yeh, 2014), a uniform mesh of 

45 x 333 =1,485 nodes and 44 x 32 = 1,408 elements 

is used (Figure 6). The total simulation time is 2.985 

days. The initial time step size is 0.0001 day.  The 

maximum time step size is 0.001 day, and total 

number of time steps is 3,000. 

 

 

 

 

 

 

 

 

 

Figure 6 FE Mesh: 1,408 Elements 1,485 Nodes 

It is seen that water entering into the simulation 

region displaces the two other fluids (Figure 7). It is 

also seen that NAPL is displaced by the injection 

water and moves downward (Figure 8).  On the 

other hand, air is displaced by the injected water and 

moves upward (Figure 9). These interactions among 

fluid phases are easily seen in Figure 10, where the 

stream lines and velocity vectors are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Distribution of Degree of Saturation 

at Various Times for the Aqueous Phase 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Distribution of Degree of Saturation 

at Various Times for the NAPL Phase 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Distribution of Degree of Saturation 

at Various Times for the Gaseous Phase 
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Figure 10 Velocity Field at Time = 2.98 Days 

 

Temperature decreases with the distance from the 

injection well and exhibits a non-symmetrical plume 

toward the right-upper direction (Figure 11). This 

behavior is caused by the non-symmetrical stream 

lines shown in Figure 10.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Distribution of Temperature 

at Various Times 

 

The total dissolved NpO2
+ in all three phases is 

transported away from the injected well and retarded 

when reaching the adsorption region (Figures 12, 13, 

and 14). 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Distribution of Total Dissolved NpO2
+ 

in the Aqueous Phase at Various Times 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Distribution of Total Dissolved NpO2
+  

in the NAPL Phase at Various Times 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Distribution of Total Dissolved NpO2
+  

in the Gaseous Phase at Various Times 

 

NpO2
+ is adsorbed when the fronts of the plumes in 

all three phases reach the adsorption site (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 Distribution of Total Adsorbed NpO2
+  

at Various Times 

 

The distribution of pH is in the range of 10.50 ~ 

10.71. It is seen that pH is relatively low in Region A 

compared to Region B (Figure 16). It is further seen 

that pH increases along with the approach of the 

injected NpO2
+. This is because NpO2

+ and H+ are 

competing for the same sites.  

 

The total concentration of CH4(g) in the gaseous 

phase is shown in Figure 17. Although the initial and 

boundary conditions for CH4(g) are the same, the 
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evolution of total for CH4(g) is due to the complex 

inter-phase reactions that occur. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Distribution of pH at Various Times 

 

 

 

 

 

 

 

 

 

 

 

Figure 17 Contour of Total CH4(g)  

at Time = 2.98 Days 

 

The change in porosity results from both the 

boundary conditions imposed on the boundaries B2, 

B3, and B4, and the free displacement on boundary 

B1. Internal changes of pressure in all three phases, 

which are caused by changes in the degree of 

saturation and total pressure, are the major factors in 

the evolution of porosity (Figure 18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Distribution of Change of Porosity at 

Various Times 

 

4. Conclusion and Summary 

The coupled groundwater processes include fluid 

flow in either variably saturated media or multiple 

phases, thermal transport, geo-mechanics, and 

reactive transport. Advances in the related numerical 

models center around their increasing design 

capability with regard to representing these coupled 

processes: from the simplest one-phase groundwater 

flow to the most complete of the aforementioned 

processes. Many fully or partially coupled THMC 

models or single process models have been 

developed for practical applications. However, 

current models are still incomplete, since 

electro-magnetic waves have not yet been coupled 

with THMC processes. A hypothetical example was 

employed in this study to illustrate simulations of 

fully coupled multiphase flow, thermal transport, 

reactive transport, and geo-mechanics.  Extensive 

test of fully coupled THMC models is expected in the 

future (DECOVALEX 2019). 
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0 1 2 4 5 7

Phaseb Approachc
No of 

Components

Component 

Automated?

1 MODFLOW (USGS) Macro 1P p- None None N/A N/A H

2 GMS-FEMWATER (PSU, Army Corps) Macro VF p- None None 1 N/A HC

3 SEWAT (USGS) Macro VF p- None None 1 N/A HC

4 FEFLOW (DHI) Macro VF p- Yes None MS N/A THC

5 AT123D (ORNL, Seview) Macro 1p None None None 1 N/A C

6 PHREEQC (USGS) Macro none None None None MCMS No C(R)

7 OS3D/GIMRT (PNNL) Macro, Fracture 1P p- Input No MCMS No C(R)

8 CrunchFlow (LBNL) Macro, Fracture 1P p- Input No MCMS No THC(R)

9 NUFT-C (LLNL) Macro, Fracture VF p- Yes No MCMS No THC(R)

10 FEHM (LANL) Marco, Fracture 3P p- Yes Solid Mech MS N/A THMC

11 STORM/STOMP/ECKEChem (PNNL) Macro, Fracture 3P p- Yes No MCMS No THC(R)

12 PARSSIM1 (UT Texas) Macro, Fracture VF p- Yes No MCMS No THC(R)

13 RT3D (Auburn Univ) Macro 1P input Input No MS N/A C(R)

14 MT3D (Univ Alabama) Macro 1P p- No No MS N/A C

15 HP1/HP2/HP3 (UC Riverside ) Macro VF p- Yes No MS N/A THC(R)

16 UTCHEM Macro 3P ff- Yes Cmp MCSS No THC

17 MULTI-FLO/PFLOTRAN (LANL) Macro, Fracture 2P p- Yes No MCMS No THC(R)

18 TOUGH2/TOUGHREACT (LBNL) Macro, Meso, Fracture 3P p- Yes Solid Mech MCMS No THMC(R)

19 MIN3P (Canada) Macro, Fracture VF p- Yes No MCMS No THC(R)

20 CORE (Spain) Macro, Fracture 2P p- Yes No MCMS No THC(R)

21 COMSOL Multiphysics-PHREEQC (SKB) Macro, Fracture VF p- Yes GeoMech MCMS No THMC(R)

22 OpenGeoSys (UFZ, Germany) Macro, Fracture VF p- Yes Solid Mech MCMS No THMC(R)

23 FRACHem (Switzerland) Fracture 1p p- Yes None MCMS No THC(R)

24 HYTEC-CHESS-R2D2 (France) Macro, Fracture 1P p- Yes No MCMS No THC(R )

25 COUPLYS (PNC, Japan) Macro, Fracture VF p- Yes Solid Mech MCMS No THMC(R)

26 THM (Korea) Macro, Fracture 2P p- Yes GeoMech No No THM

27 MURF-MURT (PSU-ORNL) Macro, Meso, Micro, Fracture VF p- No Cmp 1 No HC

28 COWADW123D (PSU) Macro, Fracture VF p- No GeoMech No No HM

29 HBGC123 (PSU - ORNL) Macro, Meso, Micro, Fracture VF p- No Cmp MCMS No C(R)

30 MPS (PSU-UCF) Macro,  Fracture 3P ff- No No No No H

31 HYDROBIOGEOCHEM (PSU-UCF) Macro, Fracture 3P Input Yes Cmp MCMS Yes THC(R)

32 HYDROGEOCHEM 4.0 5.0 (UCF-ORNL) Macro, Fracture VF p- Yes Cmp MCMS Yes THC(R)

33 HGC 4.1 to 4.6 & 5.1 to 5.6 (NCU-TPC) Macro, Fracture VF p- Yes Cmp, GeoMech MCMS Yes THC(R),THMC(R)

34 HGC 6.0 to 6.2 & 7.0 to 7.2 (NCU) Macro, Fracture MP ff- Yes GeoMech MCMS Yes THMC(R)

THMCg included?

3 6

(M) Geo-

MechanicseNo

(T)  

Thermal 

Transportd

(H) Flow

Multiple Scales MediaaModel

(C ) Chemical Transportf

Table 1 List of Partially or Fully Coupled THMC Process Models 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
Macro = Macroscale, Meso = Mesoscale, Micro = Microscale, Fracture = Fracture scale; 

b
1P = 1 phase, VF = Variably saturated flow. 2P = 2 phases, 3P = 3 phases, MP = 

Multiple phase (more than 3 phases); 
c
p- = Pressure-based approach, ff- = fractional flow-based approach, input = Must obtain flow field from other models; 

d
Yes = modeled, 

no = not included, input = temperature is input parameter; 
e
Cmp = Compressibility is input, geomechanics not explicitly modeled, No = not included, Solid Mech = Solid 

Mechanics, GeoMech = Geo-Mechanics; 
f
MCMS = Multiple components-multiple species, MS = Multiple species (No concept of components), MCSS = Multiple 

Components-single species; gC(R) = Reaction-based Chemistry  
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0 1 10

A/C A/D I/E P/D Bio UDA UDR ACRT Transport

1 MODFLOW (USGS) N/A N/A N/A N/A N/A N/A N/A N/A N/A Yes

2 GMS-FEMWATER (PSU, Army Corps) No EQ No No KI N/A N/A N/A FEM, LE-FEM Yes

3 SEWAT (USGS) No EQ No No KI N/A N/A N/A FEM No

4 FEFLOW (DHI) No EQ No No KI N/A N/A N/A FEM Yes

5 AT123D (ORNL, Seview) No EQ No No KI N/A N/A N/A Analytical Yes

6 PHREEQC (USGS) EQ EQ EQ EK KI None All OS Mixed Cell Yes

7 OS3D/GIMRT (PNNL) EQ EQ No EK No None None OS, DSA(GIM), SIA FDM No

8 CrunchFlow (LBNL) EQ EQ EQ EK KI None All OS, DSA(GIM) FDM/TVD No

9 NUFT-C (LLNL) EQ EQ EQ EK No None None DSA(GIM) IFDM No

10 FEHM (LANL) EQ EQ No EQ No None None OS FEM No

11 STORM/STOMP/ECKEChem (PNNL) EQ EQ No KI No None None OS FDM/FVM No

12 PARSSIM1 (UT Texas) EK EK EK EK KI None None OS FDM No

13 RT3D (Auburn Univ) EQ EQ EQ KI KI None Bio OS FDM No

14 MT3D (Univ Alabama) EQ EQ EQ KI KI None Bio N/A FDM/FVM Yes

15 HP1/HP2/HP3 (UC Riverside ) EQ EQ EQ EK KI None All OS FEM Yes

16 UTCHEM (UT Austin) No EQ No EK KI None None N/A FDM/TVD No

17 MULTI-FLO/PFLOTRAN (LANL) EQ EQ No KI No None None OS FDM/FEM Yes

18 TOUGH2/TOUGHREACT (LBNL) EQ EQ KI EK KI None All OS, SIA IFDM Yes

19 MIN3P (Canada) EQ EQ EQ EK KI None None SIA FVM No

20 CORE (Spain) EQ EQ No KI No None None SIA FEM No

21 COMSOL Multiphysics-PHREEQC (SKB) EQ EQ EQ EK No None All OS FEM Yes

22 OpenGeoSys (UFZ, Germany) EQ EQ EQ EK No None All OS FEM Yes

23 FRACHem (Switzerland) EQ EQ EQ EK No None None OS FEM Yes

24 HYTEC-CHESS-R2D2 (France) EQ EQ EQ EK No None None OS, SIA FVM Yes

25 COUPLYS (PNC, Japan) EQ EQ EQ EK No None All OS FEM Yes

26 THM (Korea) No No No No No None None N/A FEM No

27 MURF-MURT (PSU-ORNL) No No No No No None None N/A FEM, LE-FEM No

28 COWADE123D (PSU) No No No No No None None N/A FEM No

29 HBGC123 (PSU - ORNL) EQ EQ EQ EQ KI None None SIA FEM, LE-FEM No

30 MPS (PSU-UCF) No No No No No None None N/A FEM, LE-FEM No

31 HYDROBIOGEOCHEM (PSU-UCF) EK EK EK EK EK All All OS, PC, PC-OS, SIA FEM, LE-FEM No

32 HYDROGEOCHEM 4.0 5.0 (UCF-ORNL) No No No No No None None OS, PC, PC-OS, SIA FEM, LE-FEM No

33 HGC 4.1 to 4.6 & 5.1 to 5.6 (NCU-TPC) EK EK EK EK EK All All OS, PC, PC-OS, SIA FEM, LE-FEM No

34 HGC 6.0 to 6.2 & 7.0 to 7.2 (NCU) EK EK EK EK EK All All OS, PC, PC-OS, SIA FEM, LE-FEM No

8 9

GUI and 

MeshGen

Numerical MethodsiGeochemical Reactionsh

No Model

Table 1 List of Partially or Fully Coupled THMC Process Models (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

hA/C = Aqueous Complexation, A/D = Adsorption-Desorption, I/E = Ion Exchange, P/D = Precipitation-Dissolution, Bio = Biomediated/Biodegradation, UDA =  Allow 

User’s Defined Algebraic Equations for Equilibrium Reactions, UDR = Allow User’s Defined Rate Equations for Kinetic Reactions,  KI = kinetic reaction, EK = 

Equilibrium or kinetic reaction, No = not modeled, EQ = Equilibrium reaction, BIO = User’s defined rates are allowed only for biomediated reactions, All = User’s defined 

rates are allowed for all reactions; iACRT = Approach to Coupled Reaction and Transport, OS = Operator splitting, DSA(GIM) = Direct substitution approach(Global implicit 

method), PC = Predictor-corrector, SIA = Sequential iteration approach, FDM = Finite difference method, FVM = Finite volume method, IDFM = Integrated FDM, FEM = 

Finite element method, TVD = Total Variation Diminishing, LE-FEM = Lagrangian-Eulerian FEM. 
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Aqueous Phase Reactions No Equilibrium Constants 
+ -

2 (l)H O H + OH  R1 
1Log K 14.00   

 
2+ 2-

3 3
Ca  + CO   CaCO

l
  R2 

2Log K 3.22  

2+ + 2- +

3 3Ca  + H  + CO   CaHCO  R3 
3Log K 11.43  

2+ + +
 Ca  H  + CaOH  R4 

4Log K 12.85   

+ 2- -

3 3H  + CO   HCO  R5 
5Log K 10.32  

+ 2-

3 2 32H  + CO   H CO  R6 
6Log K 16.67  

   + +

2 2 2l
NpO  + H O   H   NpO OH   R7 

7Log K 8.85   

 + 2-

2 3 2 3NpO  + CO   NpO CO


  R8 
8Log K 5.60  

 
3

+ 2-

2 3 2 3 2
NpO  + 2CO   NpO CO



  R9 
9Log K 3.5   

 

 

Table 2 Reaction Network: 28 Reactions, 42 Species 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gaseous Phase Reactions No Equilibrium Constants 

(g) 4(g) (g) 3(g)O  + CH   OH  + CH  R10        
10Log K 0.45   

(g) (g) (g) (g)O  + HCO   OH  + CO  R11 11Log K 21.41  

 
Inter Phase Isotherm Reactions No S = Kd C 

   
+ +

2 2l NAPL
NpO   NpO  R12 

d, 12K 0.2  

   
+ +

2 2l
NpO  NpO

g
  R13 

d, 13K 0.3  

 2 2 NPAL
H O  H O  R14 

d, 14K 0.001  

 2 2 g
H O  H O  R15 

d, 15K 0.01  

 lNAPL  NAPL  R16 
d, 16K 0.01  

 g
NAPL  NAPL  R17 

d, 17K 0.001  

 lAir  Air  R18 
d, 18K 0.0001  

 NPAL
Air  Air  R19 

d, 19K 0.0001  

 Inter-phase Kinetic Reactions No Reaction rates 

 2 2 k NPAL
H O  H O  R20    -5 -2

20 2 2 k(NAPL)R =10 H O 10 H O  

 2 2 k g
H O  H O  R21    -5 -3

21 2 2 k(g)R =10 H O 10 H O  

 k l
NAPL  NAPL  R22    -5 -2

22 k(l)R =10 NAPL 10 NAPL  

 k g
NAPL  NAPL  R23    -5 -2

23 k(g)R =10 NAPL 10 NAPL  

 k l
Air  Air  R24    -5 -1

24 k(l)R =10 Air 10 Air  

 k NPAL
Air  Air  R25    -5 -1

25 k(NAPL)R =10 Air 10 Air  

 Adsorption-Desorption Reactions  No Equilibrium Constants 
-=SOH  H +  =SO  R26 

26Log K 10.30   
+

2=SOH + H =SOH   R27 
27Log K 5.40  

   -

2 2 2NpO  + H O + =SOH H + NpO OH =SOH  R28 28Log K 3.5   
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