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Outline of Presentation

Nanoscale experiments — objectives

Progresses
+ Experiments
* Phase behavior modeling

Plan forward

* Condensation in porous media

» Flash calculation procedure with pore size distribution
»  Osmotic pressure and filtration
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Objectives of Nanofluidic Studies

Objectives

+ Make (direct) observations and measurements

» Provide experimental data needed for the development
of phase behavior and transport models

Approach

» Fabricate nanopores of a controlled size and surface
properties

* Measure hydrocarbon gas condensation and build flash
calculation models

* Measure single- and multiphase mobility and develop
transport models
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Nanofluidic Chips

Nanofluidic models are fabricated using silicon and
pyrex — direct observation is possible

The channel depth can be made to 30nm

A1, A2, B1, B2 are connected to fluid injection /
production ports Al

Nanochannels
P1

e

Microchannels

Microchannels
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Status of Nanofluidic Studies

Experiments
» Alab space is being set up in MZ 214
» Condensation of iC4/nC4 mixture observed (Parsa)

Modeling
» Vaporization of oil in pores with a size distribution (Wang)
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Why Nano-Scale Effect is Important?

Pore =40 nm

Methane ~ 0.4 nm

Octane ~ 0.8 nm

Asphaltene ~ 2 nm

Gas-solid interface = 1 nm (orange)
Liquid-solid interface = 1 nm

Gas L (yellow)
Methane qullld Liquid-gas interface = 3 nm (gray)

With decreasing pore size:
Octane * Significant fraction of
- Asphaltene molecules will be in the
interface
* Continuum assumption may
become a problem
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Effect on Phase Behavior — Strong Capillarity

When pore size versus molecule
size is about O(10-100), capillary
pressure needs to be considered
in the phase equilibrium.

1[-S

= M Effect of capillary pressure on VLE:

H + Brusilovsky (1992)
» Shapiro and Stenby (2001)
» Firincioglu et al. (2012)

Black Oil model:
» Firincioglu et al. (2013)
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Phase Behavior (contd.) — Change in Fluid Prop.

Density Density

1- Distance from pore wall Distance from pore wall

1t Layer of Liquid density fluctuation can
Adsorbed Gas extend far from the wall into the
Thickness ~ d bulk

When pore size versus molecule is O(1) (a few nanometers),
confined fluids (esp. liquid) will develop internal structure

» Critical property — Singh et al. 2009

» Viscosity
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Status of Modeling — Pore Size Distribution

» Pores are always of
different sizes
Pore size
determines the
location and
sequence of phase
change
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Experimental Observations

SUBBEBERENARANS

Vaporization took place first in large channels
Vaporization changes the composition of the liquid
Liquid in the nanochannel becomes heavier and

vaporization stopped
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Modeling Effort - Flash Vaporization

Initial state:

* All liquid
* Liquid composition x0 = z0 in both pores
* Pressure of the liquid is at the bubble point pressure
Large of the large pores
pores (1)

All pores are interconnected

All pores have access to the outside of porous medium
Gas can leave the porous medium

Liquid remains imbibed
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Flash Vaporization with Nanopores

State 1:
Volume is expanded — pressure is reduced
Vapor is in the headspace and in the large pores
Vapor composition =y
Liquid composition = x — heavier than x0
Pressure of the vapor (Py,) = Pressure of the liquid
(P,) + Capillary pressure (IFT + pore size 1)

State 2:
Pressure is further reduced by expanding the volume
All liquid in large pores is vaporized
Vapor composition = y1
Liquid composition = x1
Py, =P, + Capillary pressure (IFT + pore size 2)

! Y UNCONVENTIONAL RESERVOIR ENGINEERING PROJECT 12
’ Project Meeting, May 2, 2014, Golden, Colorado




Flash Vaporization with Nanopores

State 3:

* Pressure is further reduced by expanding the volume
All liquid in large pores is vaporized

* Liquid in small pores starts to get vaporized

Result from this simulation:

Significant pressure reduction is needed for vapor to be generated
inside the nanopores — much more than what’s expected based on
a single pore size

Original bubble point = 1836 psi
For vapor to be generated in 10 nm pores, pressure must be
reduced to 190 psi
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When Large Pores Are Not Connected

Initial state:
e All liquid
* Liquid composition x0 = z0 in both pores
* Pressure of the liquid is at the bubble point pressure
Large of the large pores
pores (1)

State 1:
*  Volume is expanded — pressure is reduced
* Vapor is formed in the large pores but cannot leave
(_‘ the porous medium
Liquid is produced
Large Produced ° Vapor composition =y
pores (1) Liquid * Liquid composition = x — heavier than x0
* Py =P, + Capillary pressure (IFT + pore size 1)

Assumption: Only liquid leaves the pore because gas cannot overcome
the interfacial tension pass through the smaller pores
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When Large Pores Are Not Connected

State 2:
* Pressure is further reduced by expanding

the volume
All liquid in large pores is vaporized

Vapor composition =yl

Pro_duC_ed Liquid composition = x1
Liquid Py, = P, + Capillary pressure (IFT +
pore size 2)

Assumption: Gas can only leaves the pore after all of the liquid in the
large (and unconnected) pores is vaporized
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Filtration and Osmotic Pressure of HC

In very small pores, transport of Dike=d/3 VBRT /=M
HC can become size-dependent,
e.g. Kundsen diffusion

Gas
Chromatography

Gas Core or Collection
Mixture Membrane Chamber

Will gas collected in the collection chamber always
has the same composition as the original mixture?
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Filtration and Osmotic Pressure of HC

If the shale core or membrane only allow selective
molecules to pass, there will be pressure and
compositional differences at equilibrium

Gas
Chromatography

Gas Core or Collection
Mixture Membrane Chamber
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Osmotic Pressure — Comparison with Model

AFugacity Ratio vs AP

Objectives:

* Investigate
osmotic pressure
for hydrocarbon
mixtures
Study the

mechanisms and
compare with
model (Geren)
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Plan Forward (UREP 2" Phase)

Tasks & Deliverables

Phase Measure condensation of pure hydrocarbon gas in nanopores
Behavior Measure condensation of hydrocarbon mixtures
Experiments Comparison with flash calculation model

Phase Model pore connectivity

Behavior Model condensates & other compositions

Modeling Research a flash calculation procedure with capillary pressure
and pore size distribution

Osmotic Create a simple setup to measure compositional variation across
pressure and a nano-membrane
filtration Investigate phase equilibrium across the membrane

Compare with model to establish membrane efficiency
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Students

Graduated
Feng Xiao (PhD): Lattice Boltzmann flow simulation

Current

Lei Wang (PhD): Lattice Boltzmann flow simulation and phase
behavior modeling

Elham Parsa (PhD): Phase behavior experiments in nanofluidics

Yuefeng Gao (MS): Multiphase flow experiments in nanofluidics

Jingwei Huang (MS): Multiphase flow simulation

Support
UREP, ACS PRF, UNGI, DOE, RPSEA
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