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Physics of Multiphase Porous M edium
Systems

In a multiphase porous medium system, fluids move

in response to viscous, capillary, and gravity forces

» Thisbalance of forcesisinfluenced by properties of
the medium and the fluids: morphology of the pore
space, contact angle, interfacial tensions, densities,
and viscosities

e Theseforcesresult in very complex patterns of flow
and entrapment of residual non-wetting phases

» Entrapment of residual NAPL happens on time scales

that are short compared to the life of NAPL

contaminants in the environment and which yield

complex spatial distributions




Characteristics of Behavior

NAPLSs |leave a state of residual saturation in media
through which they pass

NAPLs follow a complex pattern of flow, whichis
importantly influenced by media heterogeneity

LNAPLs accumulate on the top of the water table
DNAPLSs can sink below the water

NAPLs often reach stable configurations of locally
high saturations known as pools

NAPLSs are usually sparingly soluble and DNAPL
contaminants usually degrade slowly---thus are long
lived in the environment




DNAPL Behavior in Heter ogeneous Porous
Media

Pendular
DNAPL
ry_Water-filled
pore necks

Gas-filled
pore bodies

Residual pendular
DNAPL
Top of
— — capillary fringe

3 Water table

Dissolved
chemical

plui
e f(lsroundwaiar

Insular

DNAPL
Waterfilled

Water-filled
pore space <=’| pore necks




Micromodel TCE Residual

b «Two-dimensional glass bead
micromodel

*TCE dyed with Oil Red O

*Water saturated followed by DNAPL
displacement and then water flushing

*TCE residual saturation results
eLargerange of sizesof trapped TCE

L argest features contain the majority of
the TCE mass and are the most difficult
toremove




Aqueous TCE Concentration
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NAPL Dissolution Tailing for TCE
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Pore Velumes of Water Passed Through Column A

«Column brought to residual
saturation with TCE

*Water flusingin an attempt to
obtain drinking water standard
concentrations of TCE

eLarge TCE residual feature
determines clean-up time

*Eventually complex TCE region
breaksup and drinking water
standardsreached

*Reference: Imhoff et al. [ES& T,
32(16), 1998]




Pore-Scale Network M odel of NAPL

Entrapment




Per colation Simulation: K Field
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Per colation Simulation of DNAPL
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Per colation Simulation of DNAPL

5, after B0 steps
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Per colation Simulation of DNAPL

Sn after 50 steps
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Per colation Simulation of DNAPL
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Per colation Simulation of DNAPL
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Per colation Simulation of DNAPL
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Per colation Simulation of DNAPL

ID.B
0.7

q0.6

Sn after 210 steps

q0.5

104

q0.3

0.z

16

16



Per colation Simulation of DNAPL

Sn after 240 steps
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Per colation Simulation of DNAPL
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Per colation Simulation of DNAPL

S_after 300 steps
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Current Remediation Approachesand
Limitations

Pump-and-Treat

V apor-Phase Extraction

Air Sparging

Cosolvent and Surfactant Flushing
Thermal Processes

In Situ Biodegradation
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Pump-and-Treat

To Treatment Domestic
Wyell

Contaminated

Impermeable
Eedrock

"\

Domestic

Extraction ¥Wells with Radius of Influences el

Federal Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-48.html
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http://www.frtr.gov/matrix2/section4/D01-4-48.html

Vapor Extraction

Vacuum Relief Valve

Meoisture Separator Iinlet

Federal Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-7.gif
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http://www.frtr.gov/matrix2/section4/D01-4-7.gif

Air Sparging
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Collection Channels i
Air Treatment

Air Blower To Further Treatment
or Discharge

Groundwater T
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XX
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L. Contaminated
Injection Well Groundwater

Saturated Zone

Federa Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-34.gif
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Cosolvent and Surfactant Flushing

.- Spray Application

Flushing
Additives

Groundwater
Treatment

Water Tahle

i Groundwater
Contaminated Area Extraction

e
Leachate ™
Collection

L ow Permeahility Zone

Federal Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-6.gif
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Thermal Processes
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Federal Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-38.gif
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In Situ Biodegradation

Groundwater
Reinjection Wdls

Spray
Groundwater  Irrigation
Pumping Wdl

 Fill Soil

. S
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Groundwater Tahle
Local Aquifer

Low Permeahility Layer

Regional Aquifer

Federa Remediation Technology:
http://www.frtr.gov/matrix2/section4/D01-4-2.gif
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Summary of Current Approaches

Mass transfer limitations are important for al technologies that
do not mobilize the NAPL---leading to long clean-up times
Technologies that do mobilize the NAPL phase suffer from
uncontrolled mobilization that can contaminate previously clean
portions of a system

Invasive techniques can be prohibitively expensive

In situ removal is adifficult consideration, but effective
remediation methods also must solve the waste stream treatment
problem

No silver bullet: no method will be universally the best choice
and economics of restoration will be site dependent
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Objectives of Effective Remediation

Remove source zone of long-lived contaminants

Do not rely on technol ogies that can be limited by a
slow mass transfer process

Avoid technologies that can spread a contaminant to
previously clean portions of a system

Target approaches that can reduce a sufficient fraction
of the source massin arelatively short period of time

Consider technologies that have manageabl e above-
ground treatment requirements and allow reuse of
flushing solutions
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Density-Based
Remediation Methods

Manipulate density of agueous phase to ensure
NAPL mobilization is controlled
Affect balance of forcesto free NAPL trapped by
capillary forces
Capture mobilized NAPL as afree phase from the
top of the relatively dense aqueous phase

Use surfactant flushing and vapor extraction to
further reduce NAPL residual

Recycle and recover flushing solutions as
appropriate

Treat and separate waste stream with above-ground
unit processes
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Variants I nvestigated

Upward displacement of DNAPL using dense brines

Downward displacement and collection of DNAPL from
the top of a dense brine solution

Surfactant mobilization of DNAPL downward and
simultaneous dewatering of unsaturated zone

Vapor extraction to remove trapped DNAPL residual after
surfactant flush
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One-Dimensional Liquid Saturated
Upward Vertlcal Displacement of TCE

«25-cm long, 2.5-cm diameter column

eSaturations monitored using x-ray
attenuation methods

*TCE dyed with Oil Red O for
visualization

*DNAPL pool initially in coar se sand
layer

*Single pore-volume flush with Nal
*65.3-74.0% removal, no visible pools

*Reference: Miller et. al. [ES& T,
34(4), 2000]
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Two-Dimensional Liquid Saturated
Upward Vertical Displacement of TCE

*15-cm x 20-cm two-dimensional cell
*Pooled TCE established

M4 T CE dyed with Oil Red O for
B visualization

*Single pore-volume upward flush with
Nal maintaining liquid-saturated
conditions

*54.2% removal, no visible pools, but
mor phology effectsimportant

*Reference: Miller et. al. [ES& T, 34(4),
2000]
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Two-Dimensional Unsatur ated
Downward Vertical Displacement of TCE
*15-cm x 20-cm two-dimensional cell
*Pooled TCE established

*TCE dyed with Oil Red O for
visualization

LM <Drainage to partially liquid-saturated
conditionswith thin brinelayer at bottom

+0.3 por e-volume downward flush with
mixtur e of sulfosuccinate surfantants

*Estimated >90% removal, no visible
" pools, high gas-phase volume fraction---
dry conditions

*Reference: Miller et. al. [ES& T, 34(4),
2000]
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Two-Dimensional Liquid Saturated
Downward Vertical Displacement of TCE
*21-cm x 21-cm two-dimensional cell
*Pooled TCE established

*TCE dyed with Oil Red O for
visualization

*Established bottom brine layer
*Maintained liquid saturated conditions

*1.2 pore-volume downward flush with
mixtur e of sulfosuccinate surfantants

*Measured 68.1% TCE removal, no
visible pools

*Reference: Hill et. al. [ES& T, 35(14),
2001] 34
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Two-Dimensional Unsatur ated
Downward Vertical Displacement of TCE
W «21-cm x 21-cm two-dimensional cell
*Pooled TCE established

*TCE dyed with Oil Red O for
visualization

*Established bottom brine layer
*Drained to unsatur ated conditions

+0.3 por e-volume downward flush with
mixtur e of sulfosuccinate surfantants

*Measured 80.0% TCE removal, no
visible pools

*Reference: Hill et. al. [ES& T, 35(14),
2001] 35
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Three-Dimensional Liquid Saturated
Downward Vertical Displacement of TCE

*22-cm X 24-cm X 16-cm three-
dimensional cell

| -Pooled TCE established in
| heter ogeneous media

| «TCE dyed with Oil Red O for
| visualization

| «Established bottom brine layer
*Maintained liquid saturated conditions

8] +0.6 pore-volume downward flush with
1 mixture of sulfosuccinate surfantants

*Measured 68.2% TCE removal, no
visible pools

*Reference: Hill et. al. [ES& T, 35(14), 54
2001]
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Three-Dimensional Unsaturated
Downward Vertical Displacement of TCE

e22-cm X 24-cm X 16-cm three-
dimensional cdll

*Pooled TCE established in
heter ogeneous media

*TCE dyed with Oil Red O for
visualization

*Established bottom brine layer
*Drained to unsatur ated conditions

+0.2 pore-volume downward flush with
mixtur e of sulfosuccinate surfantants

' *Measured 63.4% TCE removal, no
visible pools

*Reference: Hill et. al. [ES& T, 35(14), 5,
2001]
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Three-Dimensional Density-M otivated

Mobilization Experiments
Properties of Fluids and Porous Media

Property CaBr, Solution TCE w/ ORO? Surfactant Solution?
Density @20°C (g/cm3) 1.75+ 0.01 1.4639 + 0.0002 0.9987 + 0.0002
Viscosity @20°C (mPa-s) 6.652+ 0.033 0.577 + 0.004" 0.989 + 0.007@26°C°

aData from Environmental Science & Technology, 35(14): 3031-3039, 2001, unless otherwise referenced.
» CRC Handbook of Chemistry and Physics, 1997.
¢Environmental Science & Technology, 33(14): 2440-2446, 1999.

Accusand® A.F.S. Silica U.S. Silica
Property A12/20 A20/30 A30/40 A40/50 A50/70 F125
dso(mm) 1.105 0.713 0.532 0.359 0.212 0.109
Uniformity Coefficient | 1 531 1.190 1.207 1.200 1.047 1.500
(deo/dh0)
Particle Density 2.665 2.664 2.665 2.663 2.664 2.664
@m®)
Hydraulic Conductivity 5,03 x 10" | 2.50 x 107 | 1.49 x 10 | 7.20 x 102 2.10x 10°
(cm/s)
Air Entry Pressure 5.8 8.7 11.6 16.8 80.2
(cm H;0)

dData for Accusand was taken from Soil Science of America Journal, 60 (5): 1331-1339, 1996.
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Three-Dimensional Density-M otivated
Mobilization Experiments
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Three-Dimensional Density-M otivated

Mobilization Experiments
Cell Schematic

Surfactant
Reservoir

«—{225m ——
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Three-Dimensional Density-M otivated

Mobilization Experiments
Cell Layout

Brine Injection Surfactant Brine Injection Surfactant
Injection Needle Needle Injection Needle Injection
1l i)
I
'
I
L
1+ Coarse Layer Cqarse Laye Goarse Layef
24
Correlated cm
Random Back iFront Back
Field Brine Brine Brine
Extraction Extraction Extraction ]
Needle Needle Needle
\ Fine Layer / Fine Layer Fine Layer
22.5cm 16.5cm 16.5cm
Front View Left Side View Right Side View
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Three-Dimensional Density-M otivated
Mobilization Experiments

Samples
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Percent Recovery

Three-Dimensional Density-M otivated
M obilization Experiments
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Three-Dimensional Density-M otivated
Mobilization Experiments

Vapor Extraction Nitrogen Flow Paths

Extraction
Needles

{1l

Injection v
Needle :
1
1
1
i
i
N
- N
Brine N
Port N
1
! Brine
1 : Ports
i
i
1
Y
+H3f —
—7
6]

N

Vapor extraction was
performed in Experiments
2& 3.

Nitrogen was circulated
counterclockwise through
adjacent ports (1-4) and
opposing ports (5-8).

Dotted lines are additional
extraction needlesin
Experiment #3




Three-Dimensional Density-M otivated
Mobilization Experiments

Vapor Extraction

i

Bath

_e? l [
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Thr

ee-Dimensional Density-M otivated

Mobilization Experiments
Sail Extraction

10
8 1 14 layer random field
— Experiment #1

— Experiment #2
— Experiment #3

05 1.0 15 20 25 3.0 35
% TCE /cm of depth
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Three-Dimensional Density-M otivated
Mobilization Experiments
Properties and Recovery

No. Pore TCE Recovery (%)

M ass

Extraction Volume  Surfactant| Well Vapor Sail Balance
Wells L) (PV) | Extraction Extraction Extraction (%)
Experiment #1 1 13 18 76.5 na 14.7 91.2
Experiment #2 1 15 2.6 835 5.7 1.0 90.2
Experiment #3 3 14 53 86.2 8.2 0.4 94.8
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Three-Dimensional Unsaturated
Downward Vertical Displacement of TCE

e22-cm X 24-cm X 16-cm three-
dimensional cell

*Pooled TCE established in
heter ogeneous media

_ || *TCE dyed with Oil Red O for
i visualization

*Established bottom brine layer
- | -Drained to unsaturated conditions

3.2 pore-volume downward flush with
mixture of sulfosuccinate surfantants
followed by vapor extraction

*Measured 99% TCE removal of
recovered TCE

*Reference: Johnson et. al. [ES&T, o
38(19), 2004]
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Open Issues

Scale up

Brine density control and recovery

Surfactant selection

Geochemical stability

Waste-stream separation and process treatment design and
pilot testing

Mathematical model development and application
Development of optimal design strategies

Economical analysis
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Dover Air Force Base
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Dover National Test Site

- Jet Grout Barrier
Field OperaliGiisis
Oifice/IEe)

—

SiofrageiFeryt

 Wezih er Sitetijel]

The DNTS supports technology demonstrations anywhere on DAFB, however the
focus of research is conducted on this 3.5 acre plot surrounded by pine trees, located
in the NW corner of DAFB. Commonly referred to as the GRFL, the site consists of
an office, laboratory, weather station, tank farm, and test plots. Three of these test
plots are actually sealed test cells situated within in the Columbia Aquifer. This
particular portion of the aquifer was considered to be a clean, pristine areawhen the
facility was established in 1995. Also available to research projects are established
utilities, a cone penetrometer test (CPT) rig for drilling and investigative work, and
analytical equipment.
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DNTS Concep

S - 2

52

One of the difficultiesin evaluating innovative technology effectiveness lies in the inability to
accurately quantify the mass of contaminant in the ground prior to treatment. To simplify this factor,
the DNTS would install sealed test cells enabling a very accurate mass balance. We know how much
DNAPL goesin; how much comes out; and the mass that’s remaining.



Dover National Test Site

Columbia Formation

mDepth to the water tableis
approximately 28 feet.

mAquifer depth is
approximately 12 feet.

mTest cells are double-walled
sheet piles driven into the
subsurface.

mSheet piles are keyed into a
confining aquitard
approximately 45 feet below
the surface.
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Technical Approach

Injectig‘n Well MLS . MLS Extraction Well

uns aturateJ Zone

Packer

DNAPL injections are conducted by pumping pure PCE into stainless steel tubes.

The water level in the cell is adjusted to a point just below the openings of the CIPs.

PCE is pumped in at the maximum rate limited by formation. The PCE hitsthe
water interface and tends to spread laterally. Once the injection is complete, the
water level islowered to a point about 1-foot above the clay, and then raised back
up — essentially creating a smear zone of residual DNAPL.
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Test Cells2& 3

55

To date, EPA is completing the 5 and final demonstration.
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DNTSTest Cell 3
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CPT Rig
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DNTS Previous Studies

Study Conducted by | Test Cell | Started Recovery
Cosolvent EPA/ 3 1998 ~64%
Solubilization U of FL

Air Sparging/ Soil EPA/ 5 1999 ~88%
Vapor Extraction MTU

Surfactant EPA/ 3 2000 ~65%
Solubilization U of OK

Bioremediation NFESC 1 2001 On-going
Cosolvent EPA/ 5 2001 ~78%
Mobilization Clemson

Complex Sugar EPA/ 3 2001 ~48%
Flushing Uof AZ
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Density (g/mL)
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1.6
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Brine Density
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Calcium Bromide Mass Fraction

0.6
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Viscosity (cP)

Brine Viscosity

0 T T T .
0 0.1 0.2 0.3 0.4 0.5 0.6
Calcium Bromide Mass Fraction
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Elevation (cm)
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Formation of Brine Layer

— — water density
———— PCE density
— — brine density
high extraction level
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Density (g/mL)

Three-dimensiondl
experiment

Dover-like sand

Brine injected from
bottom

Density monitored
throughout the system
and with time

Density of the brine
layer exceeds the density
of PCE after about 33
hours
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Elevation (cm)

Diffusion of Brine

o - N w EN o o ~ o] ©
L L L L L L L L

0

: : : :
200000 400000 600000 800000 1000000
TDS (mg/L)

= 0 hours

+ 48 hours

A 119 hours

%190 hours

e 288 hours
——model @ 0 hr
——model @ 48 hr
——model @119 hr
—— model @190 hr
—— model @ 288 hr

Diffusion of brine about
sharp interface observed
in space and time

Density of 1.7 g/mL
correspondsto a TDS of
900,000 mg/L

PCE density 1.62 g/mL
corresponded to a TDS of
780,000 mg/L

Brine barrier is stable and
long-lived in presence of68
diffusion alone
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Elevation (cm)
o - N w B (9] o ~ ©

Recovery of Brine

— = vater density

= = PCEdensity

4781mL : hightolowflush

0.9

T
11

T T
13 15

Density (g/mL)

Brine removed by
drainage from upper,
then lower, ports

After drainage,
horizontal flushing
performed

Water table reduced
further as flushing
continued
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Density (g/mL)

Effluent Density During Recovery

1.8

1.7 A
'
1.6 1
1.5 1
)
L4194
B2 %
1.2 4
1.1 1

' high drain
+ low drain

A low to low flush
 high to low flush

1.0

0.9

T T T
-500 1500 3500 5500

Cummulative Effluent Volume (mL)

Three-dimensional cell
Dover-like sand

Drained first from top of
brine layer

Drainage from within
brine layer

Horizontal flushing to
observe brine residual
removal
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Effluent Brine Concentration During
Recovery

1000000

100000
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7500

w high drain
* low drain

A& low to low flush
 high to low flush

Three-dimensional cell

Dover-like sand

Drained first from top of
brine layer

Drainage from within
brine layer

Horizontal flushing to
observe brine residual
remova
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Surfactant Properties

Surfactant

Composition

Density

HLEB CNC

(Molecular Formula) (% by wt) @20°C {g/em?) (mM)

Amnionie

Aerosal AY-100 =97% Sodinm diamyl sulfosuccinate 1.2 NA 28

(C14Hog O Nas)

Aerosol MA B0-T TE-80% Sodium dihexyl sulfosuccinate 1.12 @ 25°C NA 24

(C1eHon O Nas) 5.0% isopropanol

Aerosal OT-100 =07% Sodinum dioctyl sulfosuccinate 1.1 NA 1.12
20Har OrNaS)

MNonionie

Triton X-45 =97% Polyethylene glyvcol octylphenyl ether 1.03%7 9.8 0.11

(C14Hap O{Caly Oln: = 3.0% Polyethylene glycaol

n=4-5)

Triton X-100 =979 Polyethylene glveol octylphenyl ether 1.067 13.5 0.24

(C1aHoa O{CaHy Oy = 3.0% Polyethylene glycol

n=90-10)

Triton X-114 =979 Polyethylene glveol octylphenyl ether 1.068 12.3 0.21

(C1aHoo O({CaHy O )y <3.0% Polyethylene glycol

n=7-8)

Tween 80 90-100% Polyoxyethylene {20) sorbitan monooleate 1.075 15.4 0.12

(CeaH124026) < 3.0% Polyethylene glycol
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Surfactant Screening

Optimal Surfactant

Does NOT precipitate out of solution in the presence of brine

Does NOT form a stable macroemulsion

Has arelatively short equilibration time (<24 hours)

Low microemulsion viscosity and interfacial tension with PCE

Avoids Winsor Type Il microemulsion, which serves as a surfactant sink

73

Movie shows a combination of surfactants, with some equilibrating in a short period of

time, others forming a stable macroemulsion.
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Surfactant Particle Behavior

Surfactant solutions with various concentration of surfactants, 3% isopropanol, 1.7%
CaCl,. In each set, right image also has 6% CaBr,.

Due to the presence of brine, anionic surfactants used in remediation of systems with
PCE have resulted in precipitation of surfactant out of solution as with Aerosol MA.

However, mixtures containing nonionic solutions such as Triton X-100 do not precipitate
out.
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Surfactant Phase Behavior

Phase behavior experiments resulted in highly stable macroemulsions forming with
solutions containing only Triton X-100

MAB8O solutions equilibrated quickly but resulted in aWinsor || microemulsion, which
serves as a surfactant sink

Mixture of MA8O0/Triton did not precipitate, equilibrated rapidly, and formed a high
solubilization Winsor I11 emulsion, with low interfacial tensions capable of mobilization
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Relative Concentration

1.00

e
3
a

o
o
=]

Q
N
a

Sor ption of Surfactant

« Dover sand
e Surfactant mixture of 1% MA 80-I,

1% Triton X-100, 3% IPA, and 1.7%
et CaCl,

e e Triton X-100 included to prevent

 Ton oo precipitation of the MA 80-I in the
e presence brine

e MA 80-1 and Triton X-100 do not
separate due to sorption during

2 s s transport through the Dover sand.

Pore Volumes

¢ Ratelimited sorption observed

* Retardation factors of 1.28 and 1.30
for MA 80-1 and Triton X-100,
respectively
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M obilization and Solubilization

 Dover sand
 PCE dyedred

e Surfactant mixtures of 1% MA
80-1, 1% Triton X-100, 3%
IPA, and 1.7% CaCl,

e Clean PCE mobilization front

* PCE front followed by
microemulsion phase
containing residual PCE

7
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Hydraulic Head at Effluent (cm)

-10
20 1
-30
-40 A
-50
-60
-70
-80

Effect of Surfactant on Drainage

 Dover sand

» Dranagerateto mimic a

10

k water table dropping at about
A 2 ft/day

% "= |« Rateof 3mL/hr for water and
W 4 mL/hr for surfactant

‘ ‘ ‘ » Surfactant flush had asmaller
e pressure gradient and more
extensive rebound due to
changesin IFT and drainage
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Effect of Brine on Clay Hydraulic

conductivity

conductivity (em day)

- o
R

datcy volacity fem/day)

Conductivity

Dover clay material, dried, hand
packed

De-aired, de-ionized water and
calcium bromide brine

Gas bubbles formed during brine
portion of experiments

Brine reduced effective hydraulic
conductivity

Hydraulic conductivity values are
significantly greater than reported by
Dames & Moore---due to clay
preparation
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Effect of Brine on Clay Permeability

EED9

SE09

& 4Em

meabilty jcn

IEMm

1E09

1E09

permeability

H 10 15
darcy velocity fem/day)

Dover clay material, dried, hand
packed

De-aired, de-ionized water and
calcium bromide brine

Gas bubbles formed during brine
portion of experiment

Brine reduced effectiveintrinsic
permeability

Intrinsic permeability values are
significantly greater than reported by
Dames & Moore---due to clay

preparation
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Conclusions

Standard remediation approaches are influenced
by slow mass transfer and/or uncontrolled
mobilization

Brine-barrier methods have been found to
overcome these limitations

High fractions of removal have been observed in a
wide range of laboratory studies

Field-scale testing is underway
Open issues remain to be resolved
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Thank You

After viewing the links to additional resources, please
complete our online feedback form.

Links to Additional Resources
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