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Introduction
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Study objectives

= Objectiveis:
» 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
* Gasphase: p=f(P,C)and u=f(C)
«  Water phase: Constant properties
 NAPL: Immobile residuals
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Flow equations

* From mass conservation and continuity equations Subscript /= fluid phases
(water and gas)

oos,p,) K, k _ | '
Frl . m _ _ * y,= Pressure head (primary variable)
ot v {pf u [V(l//fpwg) pfg] }_ If + prf s,= Saturation
d . Nt g k.,= Relative permeability
¢ GaS enSIty q s ,Darcy velocity 0p= Density
- P, i = contaminants
= T ] =L T) ., 1997
Pg (Pg O =p, + 7ng * lecg 1 pi N= total number of contaminants (Thomson et al., 1997)

» Relative permeability = f'(effective saturation)

— Water phase _ 2 tm | C I
p krw =5, 1— [1 - Swem] (van Genuchten, 1980)

_ 12 1/m [2m

— Gasphase &, =s'[I-(1-s,)""] (Parker et al., 1987)

. . [ n ]—m
» Effective saturation s, =|l+ (Otgwl//gw) a,, . n= experimental coefficient
~1 m=1-1/n

Sge - Swe - Sne

» (Gas viscosity = f'(concentration) as gas mixture (Wilke equation, Reid et al., 1987)



Contaminant Transport Equations
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» Multi-species in water and gas phases
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Numerical method

= Galerkin Finite Element Method (FEM)

* Modified Picard method 8 7
* Element of domain 3 : 16 Element with eight nodes
— Rectangular prism 4E 3
— 8 nodes each element 1 2
 Three-dimensional mesh generator T —

= Material balance calculation
* Accuracy and error checking
= Numerical codes (TechFlowMP)

* Program language
— C, C++, and Visual C++
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Ready - FEM Prexessrg

— Unix (High Performance Computating)

— Microsoft Window . ~ TechFlow"?
Graphical user interface and 3D mesh generator
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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



Model verification: . DenSity-driven transport
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= Gasflow and transport in the unsaturated zone (2D)

» Simulation : density-driven transport

of generic volatile organic
compound (VOC).

= No advective flow of gas phase in
the unsaturated zone at t=0 (no
pressure gradient at gas phase)

= No reaction except equilibrium
between water and gas phases

= Constant concentration at source
zone

‘1

w,=0, C,=0

Z=3m
© m

0.3m Ground surface

Mendoza and Frind (1990)

o, . 0am G-,
=0 ‘—’| Source C=C, g~
dx 1.05m Unsaturated zone P
oC an —
T _ P 0
ox X
. Top of capillary fringe R
0 Wy, _o b, =7><10_10Cg 18m X
0z
Soil medium Permeability, & 1.0x107' m?
Porosity, ¢ 40 %
Water saturation, Sy, 20 %
Residual water saturation, s_ 20 %
Pore-size index, A 1.65 g/cm?
Longitudinal dispersivity, a, 0.15m
Transverse dispersivity, &, 0.0075 m
Temperature, T 20 °C
Generic VOC Molecular weight, M. 100.625 g/mol
Molecular diffusion coefficient, D* 9.0x10° m*/s
Vapor viscosity, 4 1.0x10° Pa s
Henry’s constant, H 0.17
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Model verification: 1. Density—driven tranSpOrt (continued)

= Contaminant transport in gas phasein the unsaturated zone at t=4days

— Mendoza and Frind (1990)
Molecular diffusion ---- This study
(No advection)
Gas density = constant I I I
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Distance (m)
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Model verification : 2. Blotransformation

= Trangport of reactive contaminantsin ground water flow (3D)

i N kL
Sequential biotransformation I'CE——DCE 44& > ethene

(First-order relations) C, C, C, :Concentration
Three contaminants
— For example, TCE, DCE, and VC

(40,12,12);
(0,0,12) 3
* Initial condition
— At source: C}= 1, Constant 20z, sét ted
: : aturated zone
— C, and C; = 0. in domain ?m—;
| | | e T
. Slm; l at10n4c(1)oma1r; 4 24 (00-12) Groundwater flow ..
— DI1Z€ = m X m X m >
— dx, dy, dz=0.25m~1.0 m N- e
Parameters Values
TCE: Trichloroethylene g., m/d 0.2
cDCE: cis-Dichloroethylene k. K,k d 0.05, 0.02, 0.01

VC: Vinyl chloride
D,D,D, m*d 0.3,0.3,0.1
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Model verification: 2 BIOtranSfOl‘mathn (continued)

» Resaults: Concentration of reactive contaminants

t=100 days
- Results are compared with ,
. . 10 Species 1 at x-y plane 10 Species 1 at x-z plane
analytical solutions C 1
1 5
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E £
: € o
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x (m) X (m)
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Density-driven transport with Biotransformation

= Thesimulation of this study consider ed:

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

— The contributions of important factors to ground water pollution



Modeling domain
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= Simulation of TCE transport in the variably saturated zone

 Model domain (unsaturated + saturated zone)
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z Atmosphere pressure (gas)
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16 m + + +
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al//wsg =0 Source
ox B NAPL = X
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85m
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0
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Parameters and properties

Parameters TCE cDCE VC TCE: Trichloroethylene
oy | CHEY | CHE) | BOE asbichroaae

Molecular weight 131.39 96.94 62.50

Vapor density, kg/m3 5.56 4.10 2.64

Vapor dynamic viscosity, Pa sx 10° 9.38 9.29 9.27

Henry constant, dimensionless 0.227 0.097 0.756

Molecular diffusion in air, m?/sx 10° 7.87 8.84 10.42

Molecular diffusion in water, m2/sx 1010 8.206 8.711 10.65

Sor ption coefficient, K ., L/g 0.1 0.049 0.003

Vapor pressure, mmHg 41.27 129.2 2136.30

max. Cy, kg/m3 0.302 0.697 7.434

max. C,, kg/m? 133 7.19 9.83

Porous medium

Permeability, & 1.0 X 1010 m?
Porosity, ¢ 0.35
Residual water saturation, s, 0.
Bulk density, p, 1.6 g/cm3
Temperature, T 15 °C
Longitudinal dispersivity, ¢ 1.0 m
Transverse dispersivity, o 0.01 m
Soil organic content, f 0.0025
Parameters for the unsaturated zone

n 2.0

o 5.0 m!

aw
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Simulation scenarios

= Scenario 1. Diffusion vs. Density-driven transport

= Scenario 2. Sequential biological transfor mations
: TCE — ¢cDCE — VC
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Scenario 1. Diffusion vs. Density-driven transport

_ _ Red = Contaminant in gas phase
= Concentration of TCE in gas phase

« t=100 days
S 167
Diffusion '%'E\ gy @@ PN
(no advection) %v CE S —— S — T —
D J 0 50 100 150 200
ensity-driven § 163
Pt 52 o3 (SN
(Adv.+DiSp-) ﬁ O_ T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
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L
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Scenario 1. Diffusion vs. Density-driven transport (continued)

_ _ Blue = Contaminant in water phase
= Concentration of TCE in water phase

« t=100 days

Diffusion

Elevation
(m
H
o O
[
<«

Density-driven

Elevation
(m)

0|?I ! F;
<

R

transport =
O_ T T T T | T T T T | T T T T | T T T T
0 50 100 150 200
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S 16
= 3 i :
Diﬁ{‘usion g E 8?"" """""" CC . """""""""""""""""""
m O_ T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
Density-driven s 163 C@
transport ~ 8E 83T+ — G . e
] 7
m O T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
I I I [

Distance (m) 1 10 100 500 1000 mg/L



Scenario 1. Diffusion vs. Density-driven transport (continued)
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TCE distribution ,

Diffusion

Release of
TCE tothe
atmosphere

Accumulated mass to atomsphere / Initial mass (%)

Legend (Diffusion)
] —®—— Gas

—@®—— Water (unsat.+sat.)
3 ——H—— Water in unsaturated zone
—72A—— Water in saturated zone

Mass / Initial mass (%)

0 50 100 150
Time (days)

20

1 ——@—— Density-driven transport
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4
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S
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12}
©
€
<
=
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©
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—@®— Gas
—@—— Water (unsat.+sat.)
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—72A—— Water in saturated zone
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100
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S ] . .
S 95 reduction in
. ]
©
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s ]
90 —
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[%]
@ ]
< ]
o
— 85 —
E: ] ©
Z
£ ]
o 80
© 4
= ]
75 T T T
200 0 50 100 150 200

Time (days)

Element Element Element Source

t
Mass balance: ZTCE]{;ZSI’LEI s ZTCEAtmosphere - Z TCEVEIZIW - ZTCE&L - Z TCEE’Z)ZI - Z TCEr(ézidual NAPL = O
t=0
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Scenario 2. Biotransformation

= Assumed TCE isdehalogenated via sequential reactions
It occurred under the anaerobic condition

* First-order reactions / Sequential bioreaction of TCE\

cl cl
. . . AN /
= Effect of biological transformation of TCE e=c_  TCE
. . H Cl
» To investigate byproducts J1CE \ o
B
— DCE and VC
C=c ] Cis-1,2-DCE
» First-order bioreaction coefficients (Three cases) ADCE o
Rate(day) TCE DCE vVC CINC ~H
c=c vC
Casel” 3.0x103 2.5x10°3 3.8x103 H / Ny
Casell 1.5x10° 1.3x10 1.9x10° Ay IL* cl
Caselll™ 1.1x10 1.6x10%3 1.0x10°3 AN A"
C= C\ Ethene

*Suna et al. [2001] k H 4 H J
“Clement et al. [2000]
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Scenario 2. Biotransformation (continued)

= TCE concentration in water phase at 280 days

No biorxn

(m)

o

Elevation
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® o
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o
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o
-
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-
an
o
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o
o

Case I.

Elevation
|_\
o O
'I 11
<«

(m)

o

I
100 150 200

o
A
o

. I I [ [
Distance (m) 1 10 100 500 1000 mg/L
= TCE in gas phase at 280 days
) E 16:
No biorxn B¢ 8] (O ol S
L~ 3
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0 50 100 150 200
s 16
= ] C Z i j
T = [l A AN - —— ]
Casel & °F
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I I B |

Distance (m) 01 1 10 100 200 mg/L



Scenario 2. Biotransformation (continued)
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Scenario 2. Biotransformation (continued)

MESL@GT

= DCE concentration in gas phase

c 16
.9 ]
Casel §= g3v (i o
% £ 3
w 0 T T T T T T T T T T T T
0 50 100 150 200
: I I I I |
Distance (m) o1 1 4 s mglL
< 16
Casell. B¢ s—'C ----------------------------
L~ .
[ 0 T T T T T T T T T T T T
0 50 100 150 200
. I I I |
Distance (m) o1 1 4 mglL
c 16
O —
= i A m
Caselll. SE &3 e
w 0 T T T T T T T T T T T T
0 50 100 150 200
. I I I |
Distance (m) 001 o1 03 mg/L
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Scenario 2. Biotransformation (continued)

= VC concentration in water phase at t=280 days

S 167
Casel &g e3¥-— —_— RSO
oL~ 7
L G T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
- | | | | |
Distance (m) 0.5 1 2 3 mglL
s 167
Case I g B T e
m G_ T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
: | | |
Distance (m) 0.05 0.1 mg/L
s 163
s~ 1 Y ]
Caselll. SE &
m O_ T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200
- | | |
Distance (m) 0.005 0.01 mg/L
= VCin gasphase
s 16
© 3
Casel &z 8;-!-------( .........................
[T =
m O T T T T [ T T T T [ T T T T [ T T T T
0 50 100 150 200

Distance (m)



Scenario 2. Biotransformation (continued)
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1.2
H —o—— Casel
production 1 — Coeell
c) b —&— Casellll
=3
o 0.8 —
%]
©
£
6
a 0.6 —
kel
]
<
o 0.4 —
c
[0
O
0.2 —
0
0 50 100 150 200 250
Time (days)
C 0.12
H —e&—— Casel
production - e
= —&—— Casellll
=
1]
%]
©
IS
o
>
°
[}
g
[}
c
[0
]

0 50 100 150 200 250
Time (days)

Mobilized TCE at 300 days

Bioreaction . Mobilized T.CE
(Dissolved + Vaporized TCE)
MassY, Kg Ratio, %2
Casel 21.43 33.55
Casell 21.30 33.35
Caselll 21.18 33.16

1) Mobilized TCE (kg) =Dissolved + Vaporized TCE from NAPL source
2) %=Mass of mobilized TCE (kg) / Inital TCE mass (kg)
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Scenario 4. Biotransformation (continued)

= Distribution of DCE and VC

0.6 0.05
7 Casell 4 Case |
05 4 —© — Gas ——o—— Gas
—®—— Water (Unsat.+ Sat.) 004 4 ——m=—— Water (Unsat.+ Sat.)
1 ———=—— Water (Unsat.) —a—— Water (Unsat.)
04 ———— Water (Sat.) | ——a—— water (Sat.)
(@] —~
X 2 0.03
m N—r
S 03 ?
E £
W
@)
8 54 0.02
0.2
- 0.01
0.1 5 & Looe
0 0
0 50 100 150 200 250 0 50 100 150 200 250
Time (days) Time (days)

Dichloroethylene Vinyl chloride



MESL@GT

Summary

= Dengity-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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