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RESEARCH OBECTIVE

Dense nonaqueus phase liguds (DNAPLS) are common subsuface contaminants at many
Depatment of Energy (DOE) hazadous wase stes. The migration and entrapment of DNAPLs at
these #es is gedly influenced by suwbsuface heterogeneity, both physcd and chemicd.
Unfortunately, the physics of DNAPL flow in chemicaly heterogeneous ystems is porly understood
and, hence, multiphaseflow smulators typicdly assune that subsuface soils are completely water-wet
(chemicdly homogeneous). The primary objedive of this reseach isto improve our understanding of
and ability to smulate the nfluence of subsurface temicd heterogeneities on DNAPL flow and
entrapment in the saurated one. Ldoratory and numericd invegigations are being conduded for a
matrix of organic contaminants and porous nedia encompassng arange of wettability charaderigtics.
Spedfic projed objedives include: (1) quantifi cation of system wettability and interfadd tensions; (2)
determination of hydraulic property relations; (3) investigation of DNAPL infil tration behavior in two-
dimensona systems; (4) modification of a @ntinuum basedmultiphase flow smulator to acount for
coupled physcd and chemicd heterogeneity; and (5) exploration of the migraion of DNAPLs and the
development of innovative remediation schemes under heterogeneous conditionsusing this model.

RESEARCH PROGRESSAND IMPLICATIONS

This setion summerizes reseach conduded towards the acomplishment of the above
objedives duing the first 25 yearsof this 3year pojed.

The work on objedives(1) and (2) relating the olution chemistry of organic adds and bases to
the capillary presaure relationship is now completed. In this period, the impad of octanoic add and
dodegylamine on the capillary presaure relationship for a tetradloroethylene (PCE)-water-quartz
system was gamined [Lord, 1999] and comparedto previous[Lord et al, 1997#)] resuts obtained
for the sane lutesin an o-xylene-water-quatz syssemto deermine the impactof solvent properties.
Despte the dfferencesbetween PCE a&d o-xylene in polarty, aomaticity, densty, and pure slvent
interfada tensons, the spedation, sorption and partitioning of the solutes were smilar and impaded
the capill ary pressure relationship smilarly. For example, the pKa of octanoic add remained at 4.8,
regadlessof the nature of the nonaqueus phase. Furthermore, as Figure 1 shows, the distribution
coefficient of octanoic add, or the raio of the @mncentration of octanoic add in the organic liquid
phag to that in the aqueus phase,had the sane depedence on pH indepedent of whether the
organic liqud was PCEor o-xylene. Becauséoth the spettion and dstribution coefficient were
smilar, the variation in interfada tenson was aso smilar, asFigure 2illustrates. Since octanoic add is
preferatially in an anionic form above the Ka, it remains in the aqueus phase Figure 1) where it
influencesthe interfada tensonto a greter extent (Figure 3. This behavior is refleded in the primary
drainage capill ary pressure relationship by the fad that the capillary pressure a a particular agqueous
phase sturation islower at pHvalues &ove the (Ka (Figure 3. Again, this restt is indepedent of
the nature of the organic ligud phase. The resdts shown here ae for octanoic
add-NAPL-water-quartz sysems, a Smilar ladk of dependence on the nature of the organic liquid
phase wasbsevedinthe dbdeglamine-NAPL-water-quatz systems.
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Figure 1. Distribution coefficient of octanoic acid between NAPL and water as a function of pH.
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Figure 2. Interfacial tension between NAPL and water containing octanoic acid, normalized by
the value in the absence of octanoic acid, as a function of pH.
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Figure 3. Primary drainage capill ary pressure-saturation relationships for NAPL-water-quartz
systems, normalizedby the respetive interfadal tension in the &sence of octanoic add.

Addtiond reseach efforts drededtowardsthe acomplishment of objedive (2) have focused
on the deemination and quantification of hydradic propety rdations for PCE, water, and fradional
wettabili ty porous medium systems.  Capill ary presaure relations are being measured using manual and
auomated seéupsthat ae based upnthe pessue cdl appoad; i.e., saurations change in respnse to
imposed boundary conditions until equilibrium conditions are achieved. Favorable comparison of
expaimenta resuts from these seipsfor sdeded ®ils has povided a qudity control chedk on the
measured data. Reaults indicate that the nmegnitude and shape of the capillary pressure curves are
strongly dependent on the porous nredium wettability [Bradford et al, 1999 Demond geal., 1999;
Lord et al, 1999]. As the DNAPL-wet fradion of a ®il increasesfor a given sauration and
saturation higtory, the DNAPL-water capillary pressure deaeases, becoming negative during water
imbibition. Resdual water and DNAPL saturations were dso found to systematicdly vary by 52 to
80% as a function of fradiona wettability [Bradford and Abriola 1998]. Trangent outflow
measurenents colleded with the adomated séup (Figure 4 arebeing usedto de¢emine the rdative
permeaility relations acording to history matching procedures. Dudo the inability of previoudy
developed multiphase nodels at the University of Michigan to handle the measured time dependent
water and DNAPL presaure boundary conditions, a new one-dimensional multiphase flow smulator
has been developed. This smulator hasbeen succedsilly coupled with a nonlinearleas-squaesfitting
routine and is curreitly being usedto analyze the colleded outflow daa and detemmine the relative
permeabili ty relations.
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Figure 4. Transient column-averaged water saturation and capill ary pressure for an organic-wet
F35-F50 sand (mean gran sze equés 036 mm).

To address (3), atwo-dimensond sand tank has been built and instrumented for experimental
sudes. The backof the 33" {etticd) x 15" (horizontal) x (1" or 5/8") chamber is equipped with a
network of sampling ports and tensometers (waer axd DNAPL) to monitor the aqueus phase
composition and the liquid pressures, respedively, during infil tration and remediation experiments. An
edimate of the fluid saurdion at a paticuar point is obtained from the pressure reaw)s and
measured capill ary pressure-saturation data (cf. objedive 2). The chamber has a glass front pane to
fadlitate the qualitative tradking of dyed (Oil-Red O) PCE distribution over time with ahigh resolution
digital camera. The diamberis dso eqipped wth injedion and extradion wells. These wells are used
to esablish congtant water pressuréoundary conditions and sead/-state waer flow duiing tracerand
remedation gudes. Experimentd protocols have been esablishedfor chamber packng, tracerstudes,
DNAPL introduction, and visudization of DNAPL infiltration front evolution. Experimental results
from these two-dimensional experiments will be used to investigate scde-up issues in multiphase
systems, vaidate and refine the cngtitutive and numericd modds, and explore innovative remedation
schemes.

To address (4) and (5), atwo-dimensona multiphase flow simulator has been adapted to
acount for coupled ghysicd and chemicd aqufer heterogeneity [Bradford et al, 1998#&]. Saurdion
independent and saturation dependent wettabili ty effeds on the hysteretic hydraulic property relations
are curretly included,but the smulator doesnot yet acount for concentration depa&dent wettabili ty
and interfada tenson. Smulations suggesthat spéia varnations in wettaklity can have adrameatic
influence on DNAPL dstributions. In physicdly homogeneous @arsetextured ystems, increasng the
contact angle or organic-wet fradion of a oil produced a mlonged $ow migration of the DNAPL,
creding largercontaminated aqufer regons with lower organic sduraions. I coupled pghysicaly and
chemicdly heterogeneous systems, interfacesof cepillary property contrast (soil texture or soil
wettabili ties) led to higher organic saturations, increased latera spreading, and deaeased depths of
organic liquid infiltration (Figure 5.
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Figure 5. Spatial distribution of PCE saturation after 10 days when a physically heterogeneous aquifer
(left and right) is completely water-wet (left) and when the contact angle is inversely correlated with
the intrinsic permeability and the geometric mean contact ang(isgbe).

PLANNED ACTIVITIES

Due to a late project initiation and the unanticipated departure of a key member of the research
team (Mark Wilkins, a Ph.D. candidate), an one year no cost extension has been filed for this grant.
Experimental research efforts will continue to focus on DNAPL hydraulic property measurements
(objective 2) and two-dimensional infiltration experiments (objective 3) for variously wetted synthetic
(surface coatings of various natural organic matter constituents, iron oxide, aluminum oxide, and
organosilane) and natural porous media. Hydraulic property relations determined from the soil column
experiments will be utilized to evaluate predictive procedures and characterize soils employed in the
two-dimensional experiments. Numerical modeling efforts (objectives 4 and 5) will continue to be
directed towards the simulation of transient outflow experiments (to determine the relative permeability
relations) and two-dimensional infiltration experiments (to validate and refine the constitutive and
numerical model). Additional numerical studies will be initiated to further explore potential
applications of wettability alteration in DNAPL control and recovery.
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