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Abstract— This study is to simulate the transport phenomena of LNAPLs and DNAPLs spilled in saturated and un-
saturated zones. The model system consists of four heterogeneous layers with different permeabilities and goundwater flow
at the bottom layer. In the study, LNAPL and DNAPL are assumed to be n-hexane and 1,1-dichloroacetone, respectively.
Results show that the transport phenomena and morphology of the NAPLs change with the extent of water saturation,
groundwater flow and buoyancy. In the unsaturated zone, the DNAPL migrates vertically two times faster than the INAPL
due to the gravity. Also, the lateral deformation of the DNAPL becomes smaller than that of the LNAPL in the interface
between the layers. When the spilled NAPLs reach at the top of the water-table, the LNAPL forms the continuous film on
the water table and spreads horizontally with water flow. In contrast, the DNAPL builds up the discontinuous plumes on
the water-table and creates the several nuclears under the water table. Also, the profiles of volume fraction of DNAPL and
LNAPL in vertical direction are estimated. Results would provide a tool to understand the transport phenomena of NAPLs
spilled in the underground and provide a basis for the selection of the remediation technologies of both soils and ground-
water polluted with NAPLs.
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Fig. 1. Grid for 2-D underground.
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Table 2. Typical value of permeability(after Marsily[18])

Medium K(Permeability, darcy)
Unconsolidated material
Coarse gravels 10*10°
Sands and gravels 10*-107"
Fine sands, silts, and loess 107%-107°
Clay, shale, glacial till 107%-107°
Unfractured rocks
Dolomitic limestones 10-107"
Weathered chalk 10-10°"
Unweathered chalk 107%10°°
Limestone 107-10°°
Sandstone 10°-10°°
Granite, gneiss, compact basalt 107°-10°°
Table 3. Chemical properties and dynamic conditions
Properties ~ Parameters Values Note
Density LNAPL 0.67 g/em’ 0.659 g/cm’
for n-Hexane at 20 °C
DNAPL 1.30 g/em’ 1.305 g/em® for 1,1-di-
chloroacetone at 20 °C
Viscosity LNAPL 5.664E-4 9.000E-4 kg/m.s

DNAPL kg/m.s for water
Ground-water velocity 0.003 m/day -
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o] oA gl

EgE A7 HE4H
o] Table 30| ejr} glc}.
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The numbers below the figures are Maximum volume fraction of DNAPLE.

Fig. 2. Results of the simulation for sensibility analysis for each dif-
ferent groundwater flow rate.
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Fig. 3. DNAPL's horizontal distribution for each different ground-
water flow rate.
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Fig. 4. Maximum horizontal migration velocity of DNAPL for each
different groundwater flow rate.
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Table 4. Calculation conditions for applying variables to the dis-
critized equation

Contaminant : DNAPL  (p=1.3 g/cm’)
Delta t(time interval) : 0.01 day
Delta x(space interval) : 0.5m
Groundwater velocity : 0.003 m/day

Iteration no. Time Space(i, j)
CASE 1 :for the 700 30150s  i=20
gravitational migration 701 31020s  j=26,27,28
in vertical direction (0.359 day)
CASE 2:for the 3000 1687000s  i=14,15,16
advection induced migration (19.525 day) j=17
in horizontal direction 3001 1688000s

(19.535 day)
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2] d3FS = {3 (convection term)o] F-A)& whal Z7]9lL
13} 37, body force termol] 2]3}ed Hwis= F (gravity force)
3} 313 (buoyancy force)e] o3 &Fo] A|ufjdo] 7, 2] o] Z(vertical mi-
gration)?] 72 E]J’—H sjA Q] EabAlgghe] 2 of3ke 7] 4 9)
, & ATellx Al M= DNAPLS] -3
1ol i WES] RS AT 0] WS 2 2 39

4. 4t 3 1F

#|shesko 2 29 NAPLso] 27U 2| 27204 ofd )
B WEE AT AR o5 AUAE Lehd A}
Fig. S(UNAPLs)9} Fig. 6(DNAPLs)e] tbei} Qic}. 2 7412 DNAPL
3} LNAPLS) o] 58l4te] dlale] 747} Salm 02 dsjelzin).

Fig. 59} 601 v}egt uheh o] NAPLso] A|shEre 2 o) et 7

Table 5. Calculated data of variables in each cell for both CASE 1 and CASE 2

Values

Time Space

pkg/m’)  u(kg/m-s)

VOYU([I)/ day) (X.(ml) Epnarr Evarer €

CASE 1 0.349 day (20,26) 1.300E+03  5.660E-04  1.015E+05 - 1.065E-04 1.000E-11 1.000E+00  0.000E+00 0.000E+00
0.349 day (2027)  5.994E+02 2.700E-04 1.014E+05 —1.030E-04 1.000E-11 4.606E-01 0.000E+00 5.039E+04
0.349 day (20,28) - 1.193E-04
0.359 day (20,26) 1.300E+03  5.660E-04  1.014E+05 -2.140E-04 1.000E-11 1.000E+00 0.000E+00 0.000E+00
0.359 day (20,27)  3.874E+02 1.804E-04 1.013E+05 —1.031E-04 1.000E-11 2.973E-01 0.000E+00 7.027E+00
CASE 2 19.525day  (14,17) 1.273E+03  5.958E-04  1.067E+05 9.661E-09 1.000E-12 9.108E-01 8.917E-02 0.000E+00
19.525day  (15,17) 1.229E+03  5.362E-04  1.063E+05 6.257E-07  1.000E-12 9.453E-01 2.403E-04 5.444E-02
19.525day  (16,17) 3.065E-07
19.535day  (14,17) 1.273E+03  5.958E-04  1.067E+05 8.586E-09 1.000E-12  9.107E-01  8.926E-02 0.000E+00
19.535day  (15,17)  1.229E+03  5362E-04  1.063E+05 6.222E-07  1.000E-12 9.453E-01  2.416E-04 5.444E-02
Table 6. The same dimensional scale of each terms calculated from Table 4
Term 142 Term 3 Term 4 Term 5 Term 6
Cases Time derivative and Pressure ee Body force Pressure drop term
. R Diffusion term .
convection term gradient term term with Darcy's law
CASE 1 (for the vertical migration) —1.7810E-4 2.0000E+2 —1.0334E-1 1.2740E+4 1.2060E+4
CASE 2 (for the lateral migration) — 1.5698E-9 7.0000E+2 —4.7631E-3 1.2477E+4 1.1512E+1
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Fig. 5. (a) LNAPL's distribution in initial state. (b) LNAPL's distribu-
tion in 1 hour. (¢) LNAPL's distribution in 1.6 days. (d)
LNAPL's distribution in 2.5days. (¢) LNAPL's distribution

in 6 days. () LNAPL's distribution in 57 days.

(d)

(©

Fig. 6. (a) DNAPL's distribution in initial state. (b) DNAPL's distribu-
tion in 24 hours. (¢) DNAPL's distribution in 14 hours. (d)
DNAPL's distribution in 4 days. (e) DNAPL's distribution in
25 days. (f) DNAPL's distribution in 70 days.
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Fig. 7. Saturation of LNAPL and water across the convex-type plume
in 2.5 days.
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Fig. 8. Saturation of DNAPL and water across the convex-type plume
in 4 days.
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Fig. 9. Saturation of LNAPL and water across the continuous film in
25 days.

DNAPL Saturation (volume fraction)
1.00E-6 1.00E-5 1.00E-4 1.00E-3 1.00E-2 1.00E-1 1.00E+0

2500 ——titul vl v el ol 25.00

£ 2000 —| o DAk ~— 20.00
£
<]
: ~ == -
[~}
£
£ 1500 - L 15.00
- S—
E —
2 . L
2
@® 10.00 — e
Q T -
5.00 jﬁiTlf T 'THW I[IIIHI T ‘HIHH T 'IHHH T IIIIIHI 6.00

1.00E+0 1.00E-1 1.00E-2 1.00E-3 1.00E-4 1.00E-5 1.00E-6
Water Saturation (volume fraction)

Fig. 10. Saturation of DNAPL and water across the nuclears below
the water table in 25 days.
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F, : general source term for momentum equation, the momentum
sink term in the given equation [kg/m’ - §°]
g :external acceleration in i-direction, acceleration of gravity in
the given equation [m/s’]
: velocity in i-direction [my/s]

: velocity in j-direction [m/s]
 partial pressure [N/m’]
S, :source term for the volume fraction of k phase [sec ']
S, :source term for mass balances [kg/m’ - s]
: permeability [m’]
B :inertial resistance [m ']
g, :volume fraction of k phase [dimensionless]
L :viscosity [kg/m - s]
W : viscosity of k phase [kg/m - s]
p  :density [kg/m’]
P, :density of k phase [kg/m’]
@  :porosity [dimensionless]
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