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Infiltration

A - Rainfall Rate
(M (depth/time)

When the rainfall rate is
greater than the
Capacity infiltration capacity, the
(depth/time) difference is the runoff.

Infiltration

Infiltration capacity tells
us how much of the
rainfall can be absorbed
by the ground without
running off.

©The COMET Program
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Preferential flow in during infiltration
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Groundwater contamination
Figure 1 ConNTAMINANT PLUME

Water Table ;

Direction of Groundwater Flow «ee>

(http://www.wrd.org/engineering/groundwater-contamination.php)
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Groundwater remediation

clean ¢ water treatment { Iding <

water system tank

ground surface

groundwater ?;’
level 5
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http://remediation.voices.wooster.edu/
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(Enhanced) Oil Recovery (EOR)
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http://www.snf-oil.com/ .
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Geologic Carbon Sequestration (GCS)

Physical
containment

x (Scf;zg?ock) under caprock

© sand _ Mineral
(storage unit) formation
ED Carbon dioxide reaction
@ Native groundwater « 0. di i
& Carbon-bearing mineral Trapping of “L, dissolving
separated into water
droplets
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EOR X GCS5

Univ. of Kansas
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Viscous Fingering flow

Producer

Fluid 2

Injector Habermann, 1960
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Residual NAPL Blob

’

* Expanded View of Residual NAPL
Trapped in Pores Between Soil &
Sediment Particles
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Residual NAPL blob

PRESSURE
INTERFACE POSITION CONDITIONS

(Dullien)
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NAPL trapping

o FLESEEAT . LI REERY I BLE



Mixing from fingering flow
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Mixing from fingering flow (GCS)

\—/— injection wells
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Capillary trapping (GCS)

\ CO, injection

eY
\oW penit 2

mobile gas
Tesidual gas
immobile)
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Flow visualization

von Karman vortex, Taneda (RE=105)
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Flow visualization

von Karman vortex (Tristan da Cunha island), NASA, 2010
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Outline

« 2D flow visualization
o 2D Sand box
o 2D monolayer glass beads (Hele-shaw cell)
o Micromodel

« 3D flow visualization

o Micro X-ray computed tomography
o Refractive index matching (RIM)
o Planar laser-induced fluorescence (PLIF) and RIM

« Applications
o Fingering flow
o Residual NAPL

® FLEGEEA: FLEUR EERYIBLAI S °



2D sand box (Darcy scale)
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2D glass-bead box (fingering)
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Smith, 2001
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2D Hele-Shaw cell

e _cp_pta?t paper

z
',.@iglas plawl\
porous medium clamps :

W,
pressure cushion
outlet s inlet i X
pressure cushio = % mylar film

light box

I 1

digital camera

CIIE].'{D

Lovoll, 2004
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2D fingering

5]

1(depth)x215(width) mm Lovoll, 2004
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Residual NAPL blob
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An oil ganglion in dynamic motion

sy, o >
-

Hinkley, 1981
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Residual CO, gas bubble

0.5-mm-diameter glass beads Szulczewski et al., 2012
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CO, gas bubble with pH indicator

([
LB EE A R FLFE R g A ) L FH Michael L. Szulczewski. 2012 (PNAS cover image)



Micromodel — oil/water
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Dong et al., 2007
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Micromodel - alkaline injection
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Dong et al., 2007
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Micromodel
— silicon wafer
o O ) U

o Nt

ot Magn  Det WD 200 pm
150% SE  10.2 flow _focus_inlet _9/18/06
| | -' *
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CaCO; precipitation

Zhang et al, 2010
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3D flow visualization

* Micro X-ray computed tomography

« Refractive index matching (RIM) + Planar
laser-induced fluorescence (PLIF)
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Organic Liquid Polymerization

500 microns

Conrad, 1992
Styrene monomer
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MH?21, Japan

CT: computed tomography
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http://www.cuijpers-imaging.nl/3d-imaging.html
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Medical X-ray CT (NAPL)

Slice Number 1 Slice Number 2 Slice Number 3

Slice Number 6

AL LIRS BB Goldste



Medical X-ray CT (NAPL)

n
<02 03 >04

Goldstein et al., 2007
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Micro X-ray CT

/

Res. : 10 microns Wildenschild and Sheppard, 2012
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Micro X-ray CT

SN — U
Meean (urvature
_ Wildenschild and Sheppard, 2012
® FLISEEAE: FLIE RS e B S B Res. : 10 microns °




PLIF and RIM

Camera

Background flow Q, ‘

Oscillatory flow $Q e

Z [mm]

X [mm]
PLIF: planar laser-induced fluorescence Hsu et al, 2012

» RIM: refractive index matching 4
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PLIF and RIM
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PLIF and RIM
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PLIF and RIM
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Haines Jump

Motealleh et al., 2010
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Haines Jump

FLBTEEAT AL FLES R LAY B B F



NAPL blob mobilization

DIRECTION OF
—>
WATER FLOW

(48 = Pa) = Pelim)

WATER
PHASE y 2

P.(dr/im) = W cos(Vgr/im)

dr/im: drainage/imbibition interfaces
VY4r/im: contact angle, Rarim: pore radius
~: interfacial tension

¥ constant ? " Contact angle hysteresis”

Li et al., 2005
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Contact angle hysteresis

(Pierce, Carmona, and Amirfazli, 2006)

® FLBSTEERTIR: LIS R R B B o



Pore doublet

FTube ]

P ( ) P

L} L 1]
blob

Ap = —2v[Hg4 — Him]

_r—?fy [cos(Par) — cos(Pim)]

ri/o: the radius of Tube 1 and 2
Hgr/im: mean curvatures
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Pore doublet

Q: = 0.00 ml/min

Q: = 0.09 ml/min

Q: = 0.20 ml/min
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PLIF tomography

y [mm]

0.73-

X [mm]
Q: = 0.00 ml/min

X [mm]
Q: = 0.20 ml/min
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Predicted and measured
pressure drops

40- :
Trapping + Mobilization
regime ' regime

30" '

,8' ;‘::"E

o 20 .

E. =, r

<

— 101 & Measured

-X-Ave. 2D
0- AAve. 3D
. |{=Curvature
0 005 01 015 0.2 0.25

Qt [ml/min]

(Hsu, Glantz, and Hilpert, 2012)
Ave. 2D: D r jim=(Ig)im + Vo yim) /2
Ave. 3D: 19dr/im - E(dr/im)
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Response of a frapped blob to
INncident waves

_
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Interfacial resonance

n M .

=> large residual NAPL blob
oscillations



Enhanced oll recovery
(Seismic Stimulation)
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Blob displacement and oscillatory pressure drop
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* Navier-Stokes equation
* Young-Laplace equation
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Frequency response
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Blob in a capillary tube

Observation
Pressure

Flange Flow Cell Transducer
% /7 Mounting Hole
O-Ring \‘ !

\I7
A\
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Blob in a sphere packing

Pressure

Transducer
| Mounting Hole
O-Ring o Spring
. .
Flange % O-Ring
.
%7
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Machine

Liquid Reservoir Screw

Column
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Frequency response

Capillary tube system

0.016
':‘. O Measured
0.014—, | ---Pre
\ - - - Pre—-modified
0.012— '.‘ — Fitted
001 %
20008
0.006 —
0.004 —
0.002 —
0 \ | I BpeBeld
0 10 20 30 50 60
f[Hz]
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Sphere packing system
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— Fitted

(Hsu and Hilpert, 2012)



Hydrocarbon reservoir
detection

4 4 Available online at www.sciencedirect.com
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Spectral modification of seismic waves propagating through solids
exhibiting a resonance frequency: a 1-D coupled wave
propagation—oscillation model

Marcel Frehner,! Stefan M. Schmalholz' and Yuri Podladchikov?

! Geolegical Institute, Department of Earth Sciences, ETH Zurich, Switerland. E-mail: marcel frekner@erdw ethz.ch
*Physics of Geological Processes (PGP), University of Oslo, Norway

Seismic background noise
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Blob mobilization

,/—Tube 1

Pore doublet
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Interfacial movement

Sliding Fingering

Hilpert, 2000 Cueto-Felgueroso and Juanes, 2012
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Nonwetting and Partial
wetting in microfluidics
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Flow patterns inside mobilized
blob (PLIF+PIV)
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PIV: particle image velocimetry
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Blob mobilization with
oscillatory flow
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Dynamic capillary pressure
(Infiltration)

i A
Ho — hy(]) + 1
Ho ivarﬂow q — K 0 7( ) +
LUUQC?UOC
e~ W where
% q: Darcy velocity
S K: hydraulic conductivity
SO
P
o o l _hp(/) — _C
P8
Is capillary pressure P. dynamic ?

® FLBSTEERTIR: LIS R R B B o



Dynamic capillary pressure

0.4 ! L 1 ) 4 0.1
— N —
0.3 4 Lo 3
()
LEGEND; 1.2
0.2 ‘
.'E STATIC FQUIT! I3KILIM i
Q STEADY STATE &
4 30 MIN. =
C UNSTEADY STATE 237 MIH. -
100 MIN.
Qo STATIC + UNSTEADY ©
O UNSTEADY 4 STATIC o .
0.1 - L0 ]
L .
Q
]
éo
0 . — 2 — . . 0
—40 )| =N =10 3

60 - 90

Topp et al. (1967)
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Dynamic contact angle

“

-

[l

e AR
Equilibrium Low velocity High velocity

Hoffman (1975)

Dynamic contact angle: ¥ = 9¥(Ca)

oS Jeq — cos ¥ = aCa’

2
Pore scale: p. = % (cos Veq — ozCa'B)
Capillary number: Ca = v
Y

(Cox, 1986; Mumley et al., 1986; Joos et al., 1990; Schaffer and Wong, 2000)
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Dynamic capillary pressure

R
Pore scale: Pe® _ COS Veq — aCa?
8
D
Darcy scale: Pe” = &(e,0;) cosBeqg — E(e,6;)aCa’
Y \ ~ 7\ ~~ o
Peq Pneq

@;: initial water content
€ . porosity

Hsu and Hilpert (2010)
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Modified Green Ampt model

gl=K(H,-h (Ca)+I)

x 10

O exp. data
3 |[—Classic GA
- = = Modified GA

3.5

0 0.1 0.2 0.3 0.4 0.5 0.6
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Gravitaty-driven fingers
& saturation over shoot

saturation

>

DiCarlo, 2004
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Dynamic contact angle &
saturation over shoot

g-Vo>0 | g-Vo <0

piston flow film swelliné

© LIS LIS R R AT S e Hilpert, 2012
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Introduction to porous media flow
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Thank you!

Camera ‘
-
-

Background flow Q,

Oscillatory flow 8Q ™!

Laser

y [mm]
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