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Introduction
Density-driven advection of gas phase  

• Is generated by density-gradient within gas phase. 
• Occurs near contaminant source zones.
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Study objectives
Objective is:
• To investigate density-driven transport of multi-species with biological reactions in a 

variably saturated subsurface.

Model development activities:
• Develop a three-dimensional numerical model
• Verify and validate the model using analytical solutions, experimental data, and 

numerical results available in literature

Assumptions:  
• First-order relations

: Biotransformation, sorption, and partitioning
• Gas phase: ρ = f (P,C) and µ = f (C) 
• Water phase: Constant properties
• NAPL: Immobile residuals
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Flow equations

• From mass conservation and continuity equations

• Gas density

• Relative permeability = f (effective saturation)
– Water phase

– Gas phase

• Effective saturation

• Gas viscosity = f (concentration) as gas mixture (Wilke equation, Reid et al., 1987)
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Contaminant Transport Equations

• Multi-species in water and gas phases

• Contaminant (ith) in water phase

• Contaminant (ith) in gas phase
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• First-order relation coefficients : λD, λH, λB, λV
• Yield coefficient = DCE mw / TCE mw
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Numerical method
Galerkin Finite Element Method (FEM)

• Modified Picard method 
• Element of domain

– Rectangular prism
– 8 nodes each element

• Three-dimensional mesh generator   

Material balance calculation
• Accuracy and error checking

Numerical codes (TechFlowMP)

• Program language
– C, C++, and Visual C++

• Support platform
– Linux 
– Unix (High Performance Computating)
– Microsoft Window TechFlowMP

Graphical user interface  and 3D mesh generator

Element with eight nodes



MESL@GT

Model verification

1. Density-driven transport in the unsaturated zone
• Numerical results published by Mendoza and Frind (1990)
• Density-driven gas flow and contaminant transport

2. Biotransformation of contaminant in the saturated zone
• Analytical solutions in a three-dimensional domain
• Transport of three contaminants
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Model verification: 1. Density-driven transport
Gas flow and transport in the unsaturated zone (2D)
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Model verification: 1. Density-driven transport (continued) 

Contaminant transport in gas phase in the unsaturated zone at t=4days
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Model verification : 2. Biotransformation
Transport of reactive contaminants in ground water flow (3D)

• Sequential biotransformation       
(First-order relations)

• Three contaminants
– For example, TCE, DCE, and VC

• Initial condition
– At source: C1= 1, Constant
– C2 and C3 = 0. in domain

• Simulation domain
– Size = 40 m × 24 m × 24 m
– dx, dy, dz =0.25 m~1.0 m 
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Model verification: 2. Biotransformation (continued)

Results : Concentration of reactive contaminants

- Results are compared with 
analytical solutions 
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Density-driven transport with Biotransformation

The simulation of this study considered:

• Both unsaturated and saturated zones in the domain
• Biotransformation for long-term simulation
• Quantitative analysis

– The contributions of important factors to ground water pollution
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Modeling domain 
Simulation of TCE transport in the variably saturated zone

• Model domain (unsaturated + saturated zone)
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Parameters and properties

1.0 × 10-10 m2

0.35 
0. 
1.6 g/cm3

15 °C
1.0 m
0.01 m
0.0025

2.0
5.0 m-1

Permeability, k
Porosity, φ
Residual water saturation, sm
Bulk density, ρb
Temperature, T
Longitudinal dispersivity, αL
Transverse dispersivity, αT
Soil organic content, foc
Parameters for the unsaturated zone

n
αgw

Porous medium

9.837.191.33max. Cw, kg/m3

7.4340.6970.302max. Cg, kg/m3

2136.30129.241.27Vapor pressure, mmHg

0.0030.0490.1Sorption coefficient, Koc, L/g

10.658.7118.206Molecular diffusion in water, m2/s × 1010

10.428.847.87Molecular diffusion in air, m2/s × 106

0.7560.097 0.227 Henry constant, dimensionless

9.279.299.38Vapor dynamic viscosity, Pa s × 106

2.644.105.56Vapor density, kg/m3

62.5096.94131.39Molecular weight

VC
(C2H3Cl)

cDCE
(C2H2Cl2)

TCE
(C2HCl3)

Parameters TCE: Trichloroethylene
cDCE: cis-Dichloroethylene
VC:    Vinyl chloride
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Simulation scenarios

Scenario 1. Diffusion vs. Density-driven transport 

Scenario 2. Sequential biological transformations
: TCE → cDCE → VC 
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Scenario 1. Diffusion vs. Density-driven transport
Concentration of TCE in gas phase

• t=100 days

• t=200 days
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Scenario 1. Diffusion vs. Density-driven transport (continued)

Concentration of TCE in water phase
• t=100 days

• t=200 days
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Scenario 1. Diffusion vs. Density-driven transport (continued)
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Scenario 2. Biotransformation
Assumed TCE is dehalogenated via sequential reactions

• It occurred under the anaerobic condition
• First-order reactions

Effect of biological transformation of TCE 
• To investigate byproducts

– DCE and VC 

• First-order bioreaction coefficients (Three cases)
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Scenario 2. Biotransformation (continued)

TCE concentration in water phase at 280 days

TCE in gas phase at 280 days
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Scenario 2. Biotransformation (continued)

DCE concentration in water
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Scenario 2. Biotransformation (continued)

DCE concentration in gas phase 
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Scenario 2. Biotransformation (continued)

VC concentration in water phase at t=280 days

VC in gas phase
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Scenario 2. Biotransformation (continued)
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Scenario 4. Biotransformation (continued)

Distribution of DCE and VC 
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Summary

Density-driven transport in the unsaturated zone increases
• The spreading of contaminants
• Contaminant transport to groundwater
• Contaminant removal to atmosphere

Biotransformation 
• Can generates new toxic contaminants
• Is important near/in the saturated zone
• Have an important influence on the distribution of new contaminants
• Should be considered for long-period simulations.
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