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Abstract

The dense non-aqueous phase liquid (DNAPL) migration process was experimentally investigated in a laboratory-scale tank (150 cm width,
82.5cm height, and 15 cm depth) to assess a site characterization on DNAPL contamination below a groundwater table. The heterogeneous
ground of the tank model consisted of Toyoura sand (hydraulic conductfivity,1.5 x 10~2cm/s for void ratio,e = 0.62) and silica #7
sand k = 2.3 x 103 cm/s fore = 0.72). A series of experiments was carried out with or without lateral groundwater flow. Hydrofluoroether
was used as a representative DNAPL. The main results obtained in this study are as follows: (1) the DNAPL plume does not invade into
the less permeable soil layer with higher displacement pressure head; (2) the DNAPL plume migrates faster with lateral groundwater flow
than without it; (3) lateral groundwater flow does not affect lateral DNAPL migration; rather, it promotes downward migration; and (4) pore
DNAPL pressure without groundwater flow is higher than that with it. The above experimental results were compared with numerical analysis.
The fundamental behaviors of DNAPL source migration observed experimentally are expected to be useful for assessing the characteristics
of two-dimensional DNAPL migration in an aquifer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of DNAPL saturation in soil is higher than the residual
DNAPL saturation, the DNAPL plume is called a DNAPL
Dense non-aqueous phase liquid (DNAPL), examples pool [2]. Both the residual/irreducible DNAPL and the
of which include trichloroethylene (TCE), tetrachloroethy- DNAPL pool have become new source points of soil and
lene (PCE), 1,1-dichloroethylene (DCE,1,1), fluorene, and groundwater contamination. Subsequently, small amounts
phenanthrene, whereas examples of light non-aqueousof dissolved DNAPL gradually diffuse into groundwater
phase liquids (LNAPLSs) include BTEX (benzene, toluene, from the source point. As the environmental standard is pre-
ethylene, and xylene)-hexane, and-pentane. TCE and  scribed by the concentration of solute that dissolved from
PCE, known to be major causes of soil and groundwater DNAPL, advection—dispersion methods have mainly been
contamination, are representative substances of DNAPLs.used to simulate dissolved DNAPL contaminatif$)4],
A DNAPL that passes through soil pores may be retained and permeable reactive barriers (PRBs) have been installed
in the pore space as a blob due to the influence of snap-offat a contaminated site as a means of passive remediation,
and by-passingl]. In such a case, the DNAPL is referred thereby preventing the migration of dissolved DNAPL from
to as residual/irreducible DNAPL. On the other hand, the site[5,6]. DNAPL, however, exists as a pure liquid at
under an immobile condition of DNAPL, if the degree the source of solute contamination (e.g., the current problem
of groundwater contamination). Therefore, an evaluation of
- _ the mechanism for DNAPL migration is important.
* Corresponding author. Tel+81-29-850-2228; . .
fax: 181-29-850-2694. There are only a few reports of NAPL source migration
E-mail addressk-endo@nies.go.jp (K. Endo). in comparison with those of solute transport. Among the
1 Formerly, Department of Civil Engineering, Kyoto University. NAPL-related reports, more experimental investigations
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two-dimensional laboratory-scale tank that has a stratified
Nomenclature quasi-aquitard with a crack. Tank modeling tests were per-
heij capillary pressure head between phases formed by visual observation and quantitative measurement
pair of i andj (cm H0) of pore DNAPL pressure with a new type of probe proposed
haiij displacement pressure head frpqphase to by Kamon et al.[13], and the experimental results were
anotheri-phase (cm HO) compared with numerical analysis.
hy pressure head dfphase (cm KHO)
k hydraulic conductivity of water-phase (cm/s
m van Genuchten (VG) fitting parameter 2. Experimental setup
N van Genuchten (VG) fitting parameter
Se effectivel-phase saturation 2.1. Material properties
Sy residual/irreduciblé-phase saturation
S degree of-phase saturation Toyoura sand and silica #7 sand were used as the aquifer
Uc uniformity coefficient of sample and a quasi-aquitard materials, respectively, for the tank
Ahy pressure difference between initial and modeling study. These sands have low uniformity coeffi-
measured pore DNAPL pressures (cni cients,Uc, as shown inFig. 1 Their physical properties
Qi van Genuchten (VG) fitting parameter in are summarized inTable 1 The hydraulic conductivi-
i-j two-phase system (cm) ties, k, of Toyoura sand with a dry density of 1.63gfm
Bij scaling coefficient between phases (e = 0.62) and silica #7 sand with a dry density of
pairi andj 1.53g/cnd (e = 0.72) are 145x 102 and 233x 103 cm/s,
A Brooks & Corey (BC) fitting parameter respectively.
Ml relative viscosity ofl-phase (Pa s) In immiscible, two-phase flow in porous media, one sig-
Orl relative liquid density £;/0*) nificant property of a material is saturation-pressure relation,
oij interfacial/surface tension between phases which is described by the degree of water saturation and the
pair ofi andj (N/m) capillary pressure head. The relation is usually referred to as
an S—p (saturation-pressure) relation, water retention curve,
Subscripts or water characteristic curve. TIsep relation expresses the
A air phase specific property of porous media having various pore sizes
e effective and particle sizes, and usually depicts an S shape. Capillary
N NAPL phase pressure head is defined as pressure difference between wet-
r residual/irreducible or relative
W water phase
100 =8 -
3 -0o- Toyoura sand
2 80f ~e-Silica #7 sand 1
have been carried out on LNAPL migratigi—12] than ;
on DNAPL migration. Although experimental studies of = 60 Tovoura sand T
DNAPLs are few, some research has been conducted in g w0k Uniformity coefficient: Uy =1.68
the 1990s. One-dimensional column tests for the mea- g
surement of DNAPL migration characteristiqd3,14] % o0 | » Silica #7 sand _
two-dimensional tank tests for measuring NAPL migration § ............. ﬁ Uniformity coefficient: Uy = 1.98
in a heterogeneous ground syst¢irb,16], tank model- 0L —e—e-o5g : :
ing tests for DNAPL remediation by using a surfactant or 0.01 0.1 1 10 100

a co-solvent[17-19} and the entrapment mechanism of Equivalent grain size, D (mm)

DNAPL in porous medig20,21] were reported for the site

characterization and remediation of DNAPL contamina-
tion sites. The concept of passive remediation is receiving Tapie 1
much attention, because complete remediation to reach arPhysical properties of sand samples
environmental standard is considered to be uneconomi-

Fig. 1. Grain-size distribution curves.

. - ) o Property Toyoura sand Silica #7 sand
cal and technically difficul{22,23] Site characterization, — _ e
which is the most important concept in passive remedi- SO!l particle densitys (gfenr) - 2.641 2.626
. . . i h teristics. extant quantit Maximum void ratioemax 0.97 1.21
atlon’. reql‘”r_es migration ¢ argc - ! . q. . Y: Minimum void ratio emin 0.62 0.71
and distribution of DNAPLs as indispensable investigation yniformity coefficientUc 1.68 1.98
parameters. Hydraulic conductivityk (cm/s) 1.45x 1072 2.33x 1078

|n_th'5 StUd_y’ the m|grat'0r_1 of DNAP_L Sou_rce n an_un' Note hydraulic conductivities of Toyoura sand and silica #7 sand were
confined aquifer was experimentally investigated using & measured at void ratios= 0.62 and 0.72, respectively.
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istry, namely, the Ring methd@7]. The scaling coefficient
Degree of water saturation, S,

Bnw is generally defined bj29]
oAW

Pnw = —,
ONW

Fig. 2. Saturation-pressure relatiors+§ relations).

(4)

where opaw is the surface tension between water and air
phases, andnw is the interfacial tension between water and
DNAPL phases. The scaling coefficient is dependent only on
the interfacial tension representing fluid property, and is in-
dependent of any soil property. The scaling coefficient is usu-
wherehenw is the capillary pressure head between DNAPL  ally used for predicting th&—p relation in a water—DNAPL
and water phases, arfgy and hy are the pore DNAPL  two-phase flow system from that in a water—air sys[a@j.
pressure head and the water pressure head, respectively. IThe scaled VG model in a water—DNAPL system, which is
the case of an air—water two-phase system, the capillarypredicted from theS—p relation in a water—air system, can
pressure head between air and water phasgs can be be expressed as

expressed as8cnw = ha — hw, Wherehp is the pore air
pressure head.

The S relations of the sand samples in a water—air
two-phase flow system are illustratedkig. 2 The exper-
imental data were fitted by two empirical equations formu-
lated by van Genuchtej24] and Brooks & Coreyf25], as
shown inFig. 2 The fitting equation by van Genuchten (VG)
is given as:

ting (water, in this study) and non-wetting (DNAPL) phases,
and is expressed as

1)

henw = AN — hw,

1 1/n
We/m - 1) Swe

=[1+4 (anwhenw)"] "

1
hnw BNnw = —— (
AW

()

whereonw is Bnwhdnw- By applying the same scaling law
to the BC model,

thW)A

-1
henwBNw = hdAWSWe/A or Swe = (
henw

(6)

for heaw > 0,

hoan= —— (Sl — U7 2
aAw is obtained, wherégaw is Anwhanw. When the displace-
whereaaw andn are the VG parameters, and=1—1/n ment pressure head from the water phase to the air phase
[26]. The effective saturation of the water phaSge, is
defined bySwe = (Sw — Swr)/(1 — Swr), with Sy being
the residual or the irreducible water saturation. The fitting

equation by Brooks & Corey (BC) is written as

Table 3
Properties of HFE-7100 and representative DNAPLs°@0

1 Property HFE-7100 TCE PCE Water
h = hgaw Sy, forh > NgAw, 3
CAW = TIdAW Swe CAW = TldAW ®) Chemical formuia GFsOCHs CoHCI3  CoCls  Hz0
where x is the pore distribution index anbgaw the dis- Relative densityo, 1.52 1.464 1623 1.000
Relative viscosityuy; 0.58 0.59 0.90 1.00
placement pressure head of the reference two-phase systeny ¢ tensiow 136 29030 3130 72.75
namely, the displacement pressure head from water phase (mn/m)
to another air phase in an initially water-saturated porous Interfacial tensionsnw 35.5¢ 3450 44.4® None
medium. The fitting parameters for these models are sum- (MN/m)
S cooideno) 204 2406 1% 1000
Hydrofluoroether (HFE-7100, produced by 3¥) was Solubility in water (mgiL) 12 1100 150 Nore

used as the representative DNAPL. HFE was dyed blue for
wsuql obser\{atlon: As shown ﬁiaple 3 HFE has' similar 2 Measured by Ring methof@7].
density and viscosity to TCE. The interfacial tension of HFE o Reported by Katyal et a[28].
was measured by means of a standard method used in chem- ¢ |ntroduced by Lenhard and Parkio].

Note | =W (water) or N (DNAPL).
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Fig. 3. Schematic diagram of intermediate-scale tank for DNAPL migration tests. Solid circles represent hydrophilic and hydrophobic termioimeters
open circles are electrical conductivity probes.

in a water-saturated porous mediunmhigy, the displace- reactivity of the electrical conductivity probe. Initially, the
ment pressure hedgnw from water to DNAPL phases in  inner space of the tank was filled with the NaCl solution,

the same medium can be calculated friogaw/Bnw- and then the sands were placed by compaction to a height
65 cm by an underwater filling method with vibration. The
2.2. Tank profiles underwater filling method was deemed successful because

the sand did not segregate during sedimentation probably

A schematic diagram of the |aborat0ry-sca|e tank used due to the Sma” uniformity CoefﬁCient. Quasi'aquitards Of
for DNAPL migration tests is illustrated ifig. 3. The tank  5cm thickness were located at heights of 7.5 and 27.5cm
had a width of 150 cm, a he|ght of 825 cm, and a depth from the tank bottom. A trench box of 1cm Wldth, 20cm
of 15cm. The tank consisted of a main porous body that height, and 15cm depth was used for infiltrating DNAPL
was filled with the sands and two chambers located at bothinto the sand medium without preferential flow in the depth
sides of the main porous body The chambers were Con_direction. The he|ght of the trenCh bOX was set at 20cm in
nected with the main porous body through stainless steelorder to prevent boiling of DNAPL from the bottom of the
mesh that prevented movement of sands, and allowed fortrench box to the sand surface. To evaluate the influence of
pore liquid drainage. The tank had nine valves for control- lateral groundwater flow on DNAPL migration in an uncon-
ling water level, as shown iffig. 3 three (L1, R1, and fined aquifer, a series of tank modeling tests were conducted
R2) were installed on either side of the tank and six (Bl, without or with lateral groundWater flow. In modeling with-
B2, B3, B4, B5, and B6) were installed at the bottom of Out groundwater flow, valves L1 and R1 were left open to
the tank. The front side of the tank consisted of bulletproof Maintain a hydraulic gradient condition o 0.000. In the
glass for dyed DNAPL migration visualization, and the back Model with lateral groundwater flow at a hydraulic gradient
side of the tank was made of stainless steel with holes for Of i = 5/150 = 0.033 (corresponding to an average Darcy
installing probes. Thirty electrical conductivity probes with Velocity of 41 cm/day), valves L1 and R2 were left open and
three g||ded electrodes and four hydrophmc and four hy_ the NaCl Solution was Continuously to be prOVided from the
drophobic tensiometef43] were installed at the back of the  left-hand side chamber.
tank before introducing the sands. A new type of electrical
conductivity probe was used to measure the degree of wa-
ter saturation in sandy porous materials, and the hydrophilic 3. Experimental results
and hydrophobic tensiometers were used to measure pore
water and DNAPL pressure heads, respectively. However, Visual observation results of two-dimensional HFE mi-
the data obtained from the electrical conductivity probe are gration tests without lateral groundwater flow are shown in
not reported in this paper because the data included noiseFig. 4. Fig. 4a—cshow photographs taken 1, 4, and 7 h af-
and thus could not be analyzed. ter HFE infiltration, respectively. The HFE spread bilater-

A 0.05mol/L sodium chloride solution (0.05M NaCl) ally from the spillage point at the bottom of the trench box,
was used as the initial pore liquid in order to increase the as shown inFig. 4a HFE distribution was shaped like a
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shown inFig. 4h downward migration of the HFE ceased.
However, the HFE continued to migrate laterally along the
top of the upper quasi-aquitard until it reached and pene-
trated the crack. Ifrig. 4¢ the HFE that reached the lower
quasi-aquitard continued to migrate laterally in a manner
similar to (b), penetrated the crack, and finally reached the
bottom of the tank. It is interesting to note that the HFE
eventually reached the right, upper quasi-aquitard and passed
through the crack, although the density of HFE is higher
than that of water. The same migration was also observed at
the lower quasi-aquitard.

Considering actual subsurface conditions, an aquifer with-
out lateral groundwater flow is unrealistic. Therefore, an
HFE migration test with lateral groundwater flow was con-
ducted to simulate an aquifer with lateral groundwater flow.
Visual observation results of the tank test with groundwa-
ter (hydraulic gradient; = 5/150 = 0.033) are shown in
Fig. 5 Fig. 5a—cshow photographs taken 1, 4, and 7 h after
HFE infiltration, respectively. The lateral groundwater flow
was controlled by a constant head difference at both ends of
the tank and pore water was introduced from left to right.

As shown inFig. 53 the HFE spread almost bilater-
ally from the spillage point and more widely than for the
case without groundwater flow. Upward migration of HFE,
namely, the boiling of HFE, was observed along the trench
box, but this boiling stopped at the level 7cm above the
spillage point (i.e., bottom of the trench box). The HFE that
reached the upper quasi-aquitard migrated laterally, similar
to the case without groundwater flow. However, the HFE
migrated downward at a faster pace for the case with lateral
groundwater flow relative to the case without groundwater
flow. For example, as shown iRig. 5h the HFE reached

iy Pl o e the bottom of the tank at 4 hours. As groundwater flowed
q ". E?‘-" 3{1..:5.1{,.;1 d - ER from left to right, rightward migration of the HFE was also

!",.

i . ‘ d . SE8 expected. However, the HFE showed preferential downward
nnh . .5t ‘19 migration. In addition, the HFE migration to the right-hand

!

side of the crack of the upper quasi-aquitard was not
observed. In conclusion, lateral groundwater flow with a
hydraulic gradient of 0.033 does not affect lateral HFE
migration; rather it promotes downward migration.

In both experiments, no HFE infiltration into the
quasi-aquitard (silica #7 sand in this study) was observed
Fig. 4. HFE migration results without lateral groundwater flow; 0.000: quplte th_ere being o,n!y aone order'Of'r_nagthde difference
(@) 1h after; (b) 4h after; and (c) 7h after. To facilitate visualization, N hydraulic conductivity between the silt and the Toyoura
HFE-colored regions were retouched by hand tracing. The vertical thick sand layers. This lack of penetration into the quasi-aquitard
line represents the trench box that penetrated the sandy tank medium,probably is due to the relatively high displacement pressure
that is, the bottom of the thick line is the spillage point of HFE. headhgnw = haaw/ Baw from water to HEE of the silica

#7 sand of 36.3cm $0D , as calculated by¥q. (6) The

infiltration of an immiscible phase into porous media satu-
drop of water that comes from a syringe and continues to rated with another immiscible phase, such as the infiltration
spread as if a balloon is being inflated. Although the HFE of DNAPL into an aquitard, depends on the displacement
has higher density than water, lateral spreading of HFE from pressure head in the BC model (or a in the VG model)
the spillage point was also observed. The tendency of theand not the hydraulic conductivity. The displacement pres-
lateral spreading is consistent with the results obtained usingsure head of 36.3cm 4@ signifies that the pressure is
high-viscosity DNAPL by Abu-Hassanein et §1]. After equivalent to that of an approximately 24-cm-high HFE
reaching the top or surface of the upper quasi-aquitard ascylinder with a density of 1.52 g/chnConsequently, if HFE
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Fig. 5. HFE migration results with lateral groundwater flows 0.033:
(a) 1h after; (b) 4h after; and (c) 7h after. Pore water was introduced
from left to right.

accumulates to a height of 24cm on the quasi-aquitard,

HFE will invade into the quasi-aquitard. However, even
though the height of HFE on the lower quasi-aquitard ex-
ceeded 24 cm, no infiltration of HFE into the quasi-aquitard

was observed because the domain in which HFE can mi-

grate exists in two dimensions in this tank test. As a

is not directly applied to the top surface of the quasi-
aquitard. Thus, HFE migrates in a horizontal domain where
the required pressure head for HFE migration is lower than
the displacement pressure head of the quasi-aquitard.

4. Computational results

In order to confirm the reliability of the experimental
results and verify the availability of numerical analysis
(computation) as a method for predicting two-phase flow
in porous media, numerical analyses were performed using
the two-dimensional finite difference code NAPL:Simulator
[32]. This numerical code is able to consider multiphase
flow by a continuity equation and the VG model with the
scaling coefficient Eq. (5). For the numerical analysis,
only the lower elevation portion of the bottom of the trench
box is considered as the analytical domain, as shown in
Fig. 6. A total of 7,950 (53-nodes height 150-nodes
width) rectangular elements were generated by this nu-
merical analysis). The bottom boundary of the tank was
impermeable to the water phase. The water pressure heads
of both (left and right) sides and the top were fixed accord-
ing to the initial conditions, thereby allowing water flow
through the boundaries. DNAPL was spilled into the soail
medium at a constant pressure head of 15.2 ¢@,Hvhich
is equivalent to the 10 cm height difference of DNAPL hav-
ing a density 1.52 g/cfa All boundaries of the tank were
considered to be impermeable to the HFE phase except the
spillage point. The properties of HFE tabulatedTable 3
were used in the numerical analysis as DNAPL; the density
was 1.52 g/cri, the viscosity was 88 x 103 Pax s, and
the interfacial tension was 35.59 mN/m. The properties of
Toyoura and silica #7 sands summarizedTables 1 and
2 were used in the numerical analysis so that the experi-
mental and computational conditions would be the same;
i.e. soil particle densities of Toyoura and silica #7 sands
were 2.641 and 2.626 g/énhydraulic conductivities were
1.45 x 1072 and 233 x 10~3cm/s, dry (bulk) densities
were 1.63 and 1.53 g/cinresidual water saturations were
0.14 and 0.20, and VG-parametesgy andn were 0.0212
and 0.0102 cm?!, and 6.57 and 5.70, respectively. For the
condition without lateral groundwater flow, the two side
boundaries were fixed at 0 cnpB pressure head, i.e., no
external pressure head was applied. By contrast, under the
condition with lateral groundwater flow, the left-hand side
boundary for the water phase was fixed at 5 cpOHpres-
sure head as an external pressure head in accordance with
the experimental boundary conditions.

The computational results at 1, 4, and 7 h without lateral
groundwater flow are shown iRig. 7 with respect to the
degree of DNAPL saturatiorfig. 7ashows that DNAPL
was infiltrated from the spillage point, reached the upper
guasi-aquitard, and migrated laterally along the top surface

result, the HFE that reaches the quasi-aquitard accumu-of the quasi-aquitard. The maximum degree of DNAPL sat-
lates on the quasi-aquitard, but the pressure head of HFEuration above the upper quasi-aquitard was approximately
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[h, =50 cmA,0] DNAPL spillage point
_______________ (hN =152 CmHZO)

45.0cm

Impermeable boundary | hw=45.0 omH,0

150 @ 1.0 cm =150.0 cm

Fig. 6. Generated grid and boundary conditions for numerical analysis. The broken line is for the case with lateral groundwater flow from left to right.
The downward diagonal hatch represents quasi-aquitard.

7 ]

Dg of DNAPL saturation, Sy (1)

025

Degree of DNAPL saturation, Sy, (-}

(b) 0 0.25

///////////////////////////////////////////////////g

Dg e of DNAPL saturation, S, (-

025

Fig. 7. Computational results without lateral groundwater flow, 0.000: (a) 1 h after; (b) 4 h after; and (c) 7 h after.
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Degree of DNAPL saturation, Sy, (-}

0.25

Degree of DNAPL saturation, S, [}

0.25

> N

Degree of DNAPL saturation, Sy, ()

(c) 0 0.25

Fig. 8. Computational results WITH lateral groundwater flows 0.000: (a) 1 h after; (b) 4 h after; and (c) 7 h after.

0.1. The discontinuous contour point seen at the center in5. Discussion
Fig. 7Tbwas due to the fact that the degree of DNAPL satu-
ration at that point was less than 0.05; nevertheless, DNAPL To compare experimental and computational results, the
did exist. The DNAPL that migrated laterally did not reach results obtained after 10 h are discussed herein. The exper-
the right, upper quasi-aquitard, and all DNAPL penetrated imental and computational results without or with lateral
the crack. groundwater flow are shown irigs. 9 and 10respectively.
Fig. 8 shows the computational results at 1, 4, and 7h To clearly visualize the DNAPL distribution, the outlines
with lateral groundwater flow. The DNAPL iRig. 8awas were retouched by hand tracing (dashed lineFig. 9).
more widely spread than that Fig. 7awithout groundwa- Although an additional 3h had passed as compared with
ter flow. In contrast with the computational results for the the photographs shown fRigs. 4c and 5clittle change in
case without groundwater flow, DNAPL migration with lat- the DNAPL distribution was seen except at the tank bot-
eral groundwater flow was observed at the right-hand side oftom (Fig. 9). For the case with lateral groundwater flow,
the upper quasi-aquitard, and DNAPL reached the bottom of it was observed that DNAPL did not reach the right upper
the tank after 7 h, as shownkig. 8c From the results ofthe  quasi-aquitard even at 10 h.
numerical analysis (computation), lateral groundwater flow  Fig. 10 shows the computational results without or with
with a hydraulic gradient of 0.033 can transport DNAPL lateral groundwater flow with respect to the degree of
sideward, and DNAPL with lateral groundwater flow mi- DNAPL saturation (five-step contours in this figure) and
grates faster than that without groundwater flow. the DNAPL flow direction that expresses the difference in
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CECCCCCEE DR

(b)

Fig. 9. DNAPL distribution after 10 h: (a) without lateral groundwater flow and (b) with lateral groundwater flow.

relative velocity (white arrowheads). Two significant points lateral groundwater flow shown iRigs. 9b and 10plat-

are apparent: (1) the migration rate of DNAPL with lateral eral DNAPL migration to the right upper quasi-aquitard was
groundwater flow ig. 100 is higher than that without found in the computational result but not in the experi-
groundwater flowkig. 109, as evident by a significant dif- ment. Hence, the standard multiphase flow model that uses
ference in the flow rate of DNAPL is seen at the cracks of both the continuous equation for flow phases and the ele-
the quasi-aquitards, and (2) DNAPL migrates more widely ment method was not able to simulate all the realistic phe-
to both sides with lateral groundwater flow than without nomena occurring in immiscible two-phase flow with lateral

groundwater flow. groundwater flow. In addition, a notable observation is that
From comparison of the experimental and computational the DNAPL reached the right-hand sides of both upper and
results without groundwater flowr{gs. 9a and 1Qaespec- lower quasi-aquitards in the experimental results without

tively), revealed that DNAPL in the experiment reached the groundwater flow, whereas it reached only the right lower
right upper quasi-aquitard, whereas the DNAPL in the nu- quasi-aquitard unlike the upper quasi-aquitard in the case
merical analysis did not. In contrast, for the results with with lateral groundwater flow.
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(a) 0 0.25
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Degree of DNAPL saturation, Sy (-}

(b) 0 0.25

Fig. 10. Computational results for degree of DNAPL saturation (contour) and DNAPL flow direction (arrow) after 10 h: (a) without lateral groundwater
flow and (b) with lateral groundwater flow.

The difference in the DNAPL migration rate at the mouth ~ The computational results of pore DNAPL pressure at
of the crack in the quasi-aquitard is considered to be one of points B and C inFig. 3 were compared with experimen-
the reasons for the difference in lateral DNAPL migration tal results obtained by measurements with hydrophobic ten-
at the crack. It is observed from the computational results in siometers. No change in pore water pressure as measured by
Fig. 10that the migration rate of DNAPL at the upper crack hydrophilic tensiometers was observed in the experiments.
is higher than that at the lower crack, and the migration The results obtained without and with lateral groundwater
rate with lateral groundwater flow is higher than that with- flow are shown inFig. 12a and prespectively. In the case
out groundwater flow. Assuming that the flow rate distribu- without lateral groundwater flow, the experimental results
tion in the computational results is consistent with that in
the experimental results, the following two points can be in-
ferred: (i) in the water—-DNAPL two-phase system, DNAPL SuA t
migrates bilaterally under relatively low lateral groundwa-
ter flow rates or no flow condition, even though there is the
crack in an aquitard; and (ii) DNAPL migrates preferentially
to the bottom when there is a relatively high lateral flow rate )
of groundwater. In other words, lateral groundwater flow
promotes the downward migration of DNAPL. . . .
The difference in transitional domain between DNAPL @ X
and water is also significant. For example, the computa-
tional results revealed a large transitional domain between Sy Transitional domainissmall
DNAPL and water, which is indicated by the gentle gradi- i
ent in the degree of saturation, whereas the transitional do- i
main between the two fluids in the experiment is very small E t=1t,
(Fig. 11). Although the element (grid) method is one of the —> -
methods used for numerical approximation, it is unsuitable DNAPL flow direction
for calculating rapid variations, and the slope of the transi-
tional domain depends on the grid space. Thus, agentle gra- (0 X
dient results from the _c_omputational a_nalysis. It is inf_erred Fig. 11. Difference between computational result and actual degree of
that under actual conditions, DNAPL migrates sharply inthe pnapL saturation, Sy, + = 1 (8) computational result and (b) actual
pore space in the form of a step function. distribution of the degree of DNAPL saturation.

=4 E“I'ransitioba] domajgn islargei

: : Grid space
PL flow direction | | |
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Fig. 12. Pore HFE pressure head profiles at points B and C: (a) without
lateral groundwater flow and (b) with lateral groundwater flow. h is defined
as the difference between initial and measuring pore DNAPL pressure.

exceeded the computational results at both points B and C,
and the difference was marked at point C. Thisis probably
because the difference depends on whether or not excess
pore DNAPL pressure disperses. In the absence of ground-
water flow, there is no migration of pore water, and hence
DNAPL can migrate only by displacing the water from the
pore space. Consequently, a large pore DNAPL pressure is
required for migration, and the excess pore DNAPL pres-
sure is not immediately dispersed. In computing multiphase
flow, pore-water and DNAPL pressures are treated as inde-
pendent parameters, and those pressures are controlled by
the S—p relation. Thus, simulating the mechanism involved
in displacing water from the pore space by DNAPL and
DNAPL migrating with pore water at the same time may be
difficult. In the case with lateral groundwater flow shown
in Fig. 12b, the pore DNAPL pressure obtained in the ex-
perimental result is higher than or equal to that obtained by
numerical analysis. The reason for this difference may be
that DNAPL migrates to disperse immediately excess pore

DNAPL pressure, because the rate of the lateral groundwa-
ter flow is relatively high.

The difference in the increase in the pore DNAPL pres-
sure in the experimental results is also notable. In contrast
to the steeply increasing pore DNAPL pressure in the case
without groundwater flow, the pore DNAPL pressure gradu-
ally increases in the case with lateral groundwater flow. The
pore pressure difference between experimental and computa-
tional results and the preferential downward flow of DNAPL
(mentioned above) are considered to be due to the difference
between the static and dynamic interfacial tensions in the
water—DNAPL two-phase system. Although the static inter-
facial tension is used in the calculation of the scaling coeffi-
cient and the S—p relation is generally depicted under static
conditions, dynamic interfacial tension would be required
for estimating DNAPL migration with higher accuracy.

6. Conclusions

This paper describes the influence of lateral groundwater
flow on DNAPL migration in an unconfined aquifer. The
main results obtained from both experiment and numerical
analysis are as follows:

1. The laboratory-scale tank test enabled successful visu-
alization of DNAPL migration with or without |ateral
groundwater flow. The effects of lateral groundwater flow
on two-dimensional DNAPL migration were observed.

2. No DNAPL infiltration into the quasi-aquitard having a
relatively high displacement pressure head was observed.
In this study, the quasi-aquitard consisted of silica #7
sand with k = 2.3 x 103 cm/s of e = 0.72.

3. In the case without groundwater flow, DNAPL showed
preference for bilateral migration (right and left symme-
try) rather than vertical migration to the bottom, and an
elliptical spread from the spillage point was observed.

4. For the case with lateral groundwater flow, lateral
DNAPL migration was not affected by the lateral
groundwater flow.

5. Experiments reveaed that lateral groundwater flow with
a hydraulic gradient of 0.033 did not transport DNAPL
in the lateral direction in an unconfined aquifer having a
hydraulic conductivity of 102 cm/s; rather, it promoted
the downward migration of DNAPL.

6. The results of the numerical analysis roughly approxi-
mated the observed two-dimensional DNAPL migration;
however, the numerical analysis was not able to accu-
rately mimic the observed step-function-like migration.
Thus, the expression of DNAPL migration by both the
governing equation and the element (grid) method may
have certain limitations.

7. The hydrophobic tensiometer was able to detect the pore
DNAPL pressure in the two-dimensional tank test; how-
ever, not all the measured pressures were consistent with
the computational results.
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Theeffect of lateral groundwater flow on two-dimensional
DNAPL migration in an unconfined aquifer was experi-
mentally clarified. As the rate of lateral groundwater flow
is increased by pumping for contaminated groundwater re-
mediation, there is a possibility of inducing an unexpected
downward migration of DNAPL.
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