/2
° IRAIamos

NATIONAL LABORATORY
- (31.194) ~ -

LA-UR-18-20274 (Accepted Manuscript)

Flow-through compression cell for small-angle and ultra-small-angle
neutron scattering measurements

Hjelm, Rex Paul Jr.
Taylor, Mark
Frash, Luke
Hawley, Marilyn E.
Ding, Mei

Xu, Hongwu
Barker, John
Heath, Jason
Dewers, Thomas

Provided by the author(s) and the Los Alamos National Laboratory (2018-11-05).
To be published in: Review of Scientific Instruments
DOl to publisher's version: 10.1063/1.5022678

Permalink to record: http:/permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-18-20274

Disclaimer:

Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.



E I P | This manuscript was accepted by Rev. Sci.Instrum. Click to see the version of record. |

PublishiR®w-Through Compression Cell for Small-angle and Ultra-small-angle Neutron Scattering
Measurements.

Rex P. Hjelm,** Mark A. Taylor,” Luke Frash,© Marilyn E. Hawley,? Mei Ding,© Hongwu Xu,°
John Barker,¢ Daniel Olds; Jason Heath,® and Thomas Dewersé

* Materials Science in Radiation and Dynamics Extremes, Materials Science and Technology
Division and the Los Alamos Neutron Science Center, Los Alamos Natiénal Laboratory, Los
Alamos New Mexico, USA. Present address: National Security Education"Center, Los Alamos
National Laboratory and the New Mexico Consortium, Los AlamosfNew, Mexteo, USA.
b Engineering Services, Los Alamos National Laboratory (retired) , kos' Alamos New Mexico,
USA.
¢ Earth Systems Observations, Earth and Environmental Scighces, Division, Los Alamos National
Laboratory, Los Alamos New Mexico, USA.
4 Engineered Materials, Materials Science and Technoldgy Divisien, Los Alamos National
Laboratory (retired, Los Alamos New Mexico, USA).
¢ National Center for Neutron Research, National Iystitute of.Standards and Technology.
I the Los Alamos Neutron Science Center, Los Alames Natiopal Laboratory, Los Alamos New
Mexico, USA. Present address: Neutron Sciences Birectgrate, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA.
& Geomechanics, Sandia National Laboratories, Atuqguerque, New Mexico, USA.
* Corresponding author: hjelm@lanl.gow

ABSTRACT
In situ measurements of geologicalgmaterials under compression and with hydrostatic fluid
pressure are important in understandingtheit behavior under field conditions, which in turn
provides critical information fotapplications-driven research. In particular, understanding the
role of nano- to micro-scale porosity, in subsurface liquid and gas flow is critical for high-fidelity
characterization of transport.and more‘efficient extraction of the associated energy resources. In
other applications, wheréparts are produced by consolidation of powders by compression, the
resulting porosity and€rystallite grientation (texture) may affect its in-use characteristics. Small-
angle neutron scattering (SANS) and ultra-small-angle neutron scattering (USANS) probe length
scales relevant to this domain‘of porosity. Here we show the design, realization and performance
of a novel neutron scattering sample environment, a specially designed compression cell, which
provides compressive stress and hydrostatic pressures with effective stress up to 60 MPa, using
the neutrondeam,fo probe the effects of stress vector parallel to the neutron beam. We
demonstrdte that théweutron optics is suitable for the experimental objectives and that the system
is highly stablg to the stress and pressure conditions of the measurements.

Introduction;

Understanding the effects of compressive stress and fluid pressure has important applications in
gasand liguid transport and in elucidating mechanical deformation behavior of porous geological
materials. While most considerations of the problems associated with geo-materials have been
placedion scales of centimeters to kilometers, it has become increasingly evident that smaller
length scales down through micrometer to nanometer are likely to be important determinants of
the properties of these complex systems. There are a number of experimental techniques that
have been traditionally used to characterize materials structures at these smaller length scales,
such as transmission electron microscopy (TEM), scanning electron microscopy (SEM) and x-
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Publishifag tomography, which are common techniques for probing pores, void structure and
connectivity, and element and mineral distributions in geo-materials. Each method has its
limitations, particularly for in situ measurements emulating conditions that are present in
reservoir porous media.

Neutron scattering techniques, specifically small-angle neutron scattering (SANS) and ultra-
small-angle neutron scattering (USANS), provide an additional means of measuring pore
structure in metamorphic rocks, '* sandstone,* > shale, ®'? coal ® and élay<!> !* from the
nanometer through to the micrometer length scales. Because of the penetrability of neutrons,
samples can be probed in situ under conditions emulating those prevalent in the field using
robust pressurized sample environments. In addition, the differenee in neutron scattering length
from deuterium verses hydrogen is extremely useful in assesgingyporéand void connectivity by
discriminating fluid accessible pores and voids from those that arednaccessible %12 1518 and
provides a measurement of fluid accessible surface areast®*!> ""[he general form of the method
in SANS, contrast matching and contrast variation, has been defqonstrated to have broad
applications for studies of phase morphology in geos¢iences, 5 ’#'° materials '> %! and
biological sciences. 2> 2

Here we describe the design, realization, and performance-ot a novel fluid flow through
compression cell with optics suitable for useqvith(SANS and USANS neutron beams. The device
simultaneously applies uniaxial compressive (overburden) stress, oux, and hydrostatic fluid
(pore) pressure, p, with effective stress, oe =<.gax =p-up to 60 MPa. In this design the incident
neutron beam is parallel to the effective stress; thus, providing structural information
perpendicular to the stress direction In thisg&eemetry the sample may be mounted on various
substrates, used as support and for distgibuting fluids to and from the entry and exit faces of the
porous sample and allowing samiples te@ beunade as thin as needed to avoid multiple scattering. A
control and data acquisition program, Bisco, 2* provides programmable, automated control and
data output of stress and pore pressuresas a function of time. This sample environment is
complementary to an earlier one, where the beam direction is perpendicular to the applied
uniaxial stress, provididg stryctural information along the stress direction.!®* The design of that
pressure cell holds seme similarities with the cell described here, as it is also a device allowing
for flow through of fluids undér hydrostatic pressure and compressions. However, that device is
an oedometer; the sides of the sample are constrained, whereas those in the device described here
are not. Furthefmore, the\geometry of the oedometer requires thicker samples along the beam
direction, whereasfthere is greater latitude for sample thickness with the compression stress
parallel to/the beamidirection, mitigating the complications from multiple scattering.'®?* Finally,
because thewgbustmechanical design of the compressing ram requires a long channel for the
incident beam (Kigs.1 and 2), greater attention must be paid to the device acceptance angles and
neutron opticsithan in the oedometer, which has significantly fewer optical constrains.

Background:

Gas'and liquid transport in porous media and the effects of stress and fluid pressure on the fluid
flow.and media mechanical properties are important in several areas of primary concern in
energy and environment and in other areas of practical geological interest, such as nuclear
nonproliferation. The transport of gas and liquid in each of the relevant lithological formations
requires detailed characterization of pore and pore connectivity and fluid accessibility under field
conditions as inputs to the validation of transport models from pore scale (nm to pm) 26-2
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Publiship@perties to larger length scales, such as the core scale (cm) upward to field scale (m to km)
transport models.?*-*

In a broader context pore structure is also important to materials science, where structure and
connectivity of voids and pores are critical to understanding in-use properties of porous materials
parts, such as metals, ceramics and other materials, produced by sintering,!%-!17: 33-38

Hydrocarbon recovery rates using the existing “horizontal drilling and hwdraulic fracturing”
(fracking) methods in shale oil/gas production, for example, are extrémely low, less than 10% for
oil and approximately 20% for gas.>* Apparently this is related to the small porosity, from nm’s
to sub um’s and the low permeability (107°-102° m?) of tight shale formations.*’ The
accessibility of water to shale nano pores and their interactionswith*water; the common media
used in fracking operations, largely determine the permeability of intact'shale matrix. Currently
these aspects of shale are poorly understood, driving key, scientific questions on the shale
characteristics and how these affect behavior of the confined hydroearbon fluids. SANS and
USANS offer additional tools for measuring this accessible,pore/space over the nano- to micro-
scales, providing better estimates of the amount of dccessible reservoir oil and gas and enabling a
fundamental understanding of permeability of tight rocks. Both aspects are needed to assess
potential for multiphase flow and to optimize @perattepal*parameters for maximized hydrocarbon
recovery.

The unique capability of USANS/SANS in characterizing pore structures has been
recognized and used increasingly inghe last$ years as the only efficient technique widely
applicable in characterizing shale reservoirs.6 The present work and our other work on a
similar device probing structure pefpendicular to the neutron beam !* extends current
USANS/SANS experimental aceess t@ pere €haracterization under compressive stress and fluid
hydrostatic pressure extending cuirent.capabilities for pore characterization under static
conditions.

In clay-bearing rocks, sueh as shale, small pore sizes and high specific surface areas result in low
permeability and high/Capacitigs for aqueous contaminants that contribute to desirable sealing
behaviors in geologicwaste storage.*! Much of the porosity in clay rocks and engineered clay
barriers is less thafi, 1 0 nmuinize.'$ 4243

In the arena of natipnal Security and nuclear non-proliferation, detection, location, and
identification ofiguspected nuclear explosions are United States security priorities. Pore scale
properties} the geometric variation and the mechanical responses to explosion shock waves, are
important 1massessing and modeling underground nuclear explosion (UNE) events and how this
affect§ the time=dependent environmental release of the products that are the direct physical
signatuges of UNEs. The prompt and delayed UNE product release depends on two interrelated
agpects: thesmicromechanics of lithological formations and how pore scale structure affects
larger scale fractures 2’ and prompt and delayed transport properties of UNE radiological
proditets® at the pore through the induced fracture scale 20284547 to the field level.*3

Because of the limitations of traditional techniques, most current knowledge of fluid behavior in
shale nanopores has been obtained from computer simulations *>° with few experimental data
available. SANS/USANS data can thus provide a required validation of these modeling efforts
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Publishiagl will serve as input parameters for simulation of fluid flow behavior at reservoir stress,
pressure, and temperature conditions.

In many materials, particularly those of interest in defense applications, consolidated parts are
formed from powders into required shapes by high stress compression. The latent voids and
crystallite orientation (texture) of the compressed materials impact the properties and
performance of the consolidated part.!* 3% 37 I situ studies of the materiél voids and texture
changes during compression and the stress-strain behavior during the €ompression process will
serve as input and validation for constitutive modeling * and perfofmance characteristics
important in predicting age awareness and the influence of environmental factors on the safety
and performance. These studies, thus, allow addressing current inadequagies in these essential
predictive capabilities.

Compression Cell Description:

The assembled compression cell and its components are shown 1h cross section view in Figure 1
and an exploded assembly diagram in Figure 2. Thefsample is*eompressed along the incident
neutron beam (Figs. 1 & 2) by a 2 inch (50.8 mm,) diameter tam assembly fitted with a neutron
window retainer. The retainer holds a 1 inch (25.4 tn) diameter, 0.394” (10 mm) thick neutron
transparent window. The assembly compresses ‘the saniple against the static window retainer.
Mechanical constrains requires that the incidentnettron beam enters the sample chamber
through a 0.45 inch (11.4 mm) diameter, 2.354nch (59.7 mm) long channel in the ram assembly
with a neutron window upstream fromythe sample chamber. A cadmium aperture no larger than
s inch (6.3 mm) diameter is placed at the ineident beam entrance to meet the requirement that
the SANS or USANS incident beafy divergence is matched to the cell incident beam acceptance
angle of 2.66°. The length of the incidentbeam channel required suppression of internal
reflections using 0.125 nm thick"Gd“fail as a liner. The acceptable angle of the scattered beam is
set by a 10° chamfer down stream frem the scattered beam. Fluid pressure is applied through the
fluid ports at the side of the sample chamber.

Materials:

The cell design required that it be operated at total stresses up to 69 MPa. Finite element analysis
(FEA) of 4340 ste€l, annealed at 865°C, having a yield strength of 470 MPa, was found suitable
for the fabrication of the cell body, ram and neutron window retainers to meet these
specifications{ with a safcty factor greater than three, while minimizing neutron activation of
these parts,AViton™ O-rings placed in the grooves along the edges of all internal parts and
neutron windows (Figs. 1 and 2) were used to pressure seal all internal parts. We used 25.4 mm
diameter.and< 0 mn thick cylindrical neutron windows, either sapphire with C-plane orientation
or titanium-zirconium alloy, both materials, having yield strengths of 400 MPa, were found by
FEA analysis to be suitable for use under the required specifications with a safety factor of six.

Procedukes:

Lresswie system:

A diagram of the pressure system, shown in Figure 3, uses two ISCO series 100DM syringe
pumps for the application of the compressive stress (ISCO B) and hydrostatic fluid pressure
(ISCO A). The inert gas cylinder allows for purging of the system before refilling with sample
fluids and provides a pressure source for activation of the ISCO solenoid valves. The valve
configurations allow for isolation of the inert gas cylinder, sample fill system, the pore pressure
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Publishifrgi the ISCO B and the stress from ISCO A from each other during various stages of operation.
i'ne plumbing system incorporates burst disks with values below the maximum allowable
working pressure (MAWP) of the pressure system components positioned to protect against
failure of any isolated pressure source. The system is assembled on a moveable cart (Fig. 4) for
ease of setup at the beam lines with /2" (13 mm) polycarbonate personnel barriers to provide
protection from the pressurized system with easy access to all valves and ready visibility of
pressure gauges. The compression cell was connected to the pressure system with flexible tubing
to enable mounting of the pressure cell on beam lines NGB 30 M SANS orBT5 USANS at the
National Center for Neutron Research (NCNR), National Institutes/of Standards and Technology
(NIST), Gaithersburg, Maryland. All tubing was rated to 103 MRa.

The compression cell and its pressure system was tested to 125%of itsmaximum design
pressure (86 MPa) and held for at least 10 minutes in compltance'with the Los Alamos National
Laboratory (LANL) and NIST pressure safety requiremefits:

Neutron Scattering Measurements:

SANS measurements were done on NGB 30 m SANS atNCNR,! using an incident neutron
wavelength, A, of 5 A, with AA/A = 0.14 fwhm. The scattering angle, 26, allowed by the chamfer
of the cell was limited to less than 10°; thus, the SANS instrument was configured for
measurements of scattering intensity, dX(Q)AQ, uging sample to detector distances of 3 and 12
m, giving a useable measurement Q rangefor the scattering intensity of 0.0023 to 0.167 A-!'. The
neutron wavelength was chosen to reduce multiplesscattering prevalent in geomaterials. This and
acceptance angle of the cell preclude thewsge of¥enses to access the lower Q-values that
otherwise would be available on tissSANS ifistrument.>? Here, Q = (4n/4)sin@is the scattering
wave number. As the length scales probed in a scattering measurement go as Q°!, these values
correspond to length scales between approximately 43 and 0.6 nm.

USANS measurements were performed on the BT5 instrument at NCNR.> using the same
samples as for SANS. BT5 USANS uses a pair of three bounce, channel cut, perfect silicon
(2 2 0) crystals, one as a menochromator, the other as an analyzer. The incident neutron
wavelength was 2.38A with a'wavelength-spread AZ/Z of 0.059. The usable O-range of the
measurements wasdrom3 =107 to 3x107* A, which corresponds to length scales from
approximately 3.8 {m to 33xim.

USANS data4yas corrected for slit smearing using the Lake algorithm incorporated in the NCNR
data reduction softyare. 3* > However, as the desmearing algorithm requires azimuthally
isotropic Seattéring,>* 3¢ which is not the case in the particular samples we chose for this
demonstrationy the desmearing is corrected from the resulting distortion by rescaling Q by the
squard root of the aspect ratio of the SANS data.>®

The SANSand USANS data were placed on an absolute scale of differential scattering cross
section per unit volume, dZ(Q)/dQ (cm™!), using the direct beam method in the NCNR data
reduction package >, after subtraction of a similarly reduced background of the cell containing a
quartzsslide coated with the epoxy adhesive used to mount the samples.

For' SANS measurements the cell was mounted on a Huber goniometer (Fig. 5) for positioning in
the neutron beam. The cell is mounted with a 2 inch (12.6 mm) polycarbonate personnel
protection barrier (Fig. 5). The sample was manually positioned on USANS BT-5. In both SANS
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Publishiagl USANS the empty cell was aligned with the aid of a laser coincident with the instrument
opucal axis. The alignment was then confirmed with a beam measurement with the empty cell.

Samples:

The samples used to demonstrate the pressure capabilities and optics of the cell were 300 um
thick shale specimens mounted on 24.5 mm diameter quartz discs. The samples were imbedded
in fluid, typically a mixture of D2O/H20 under vacuum for several hougs until bubbles were no
longer seen to emerge from the sample. The saturated samples were placed, in the cell sample
chamber for SANS and USANS measurements.

Controls and Data Acquisition:

The compression cell stress and pressure are controlled by andautomated programmable IDL
application called, “DIsco”, available from Los Alamos NatignalLaboratory.?* The application’s
graphical user interface (GUI, Fig. 6) provides informatign.gn the states of the ISCO pumps and
cell pressure and stress readouts. It also provides remoteicontrols to*operate the pressure system.
The application reads comma delimited text scripts for.autemated control and data acquisition.

Results:

Pressure and stress performance:

Figure 7 shows a graph of data generated by DIsco for a typical pressure and stress protocol on
the compression cell. Scripted automation contiols the pumps to maintain a specified pressure, p
and axial stress, oux, set points that were synchrenized with the neutron scattering measurements.
Each pump data readout is time stampgd by the data acquisition system, allowing for
coordination of the times to each of the meutron scattering measurements, R#, indicated by the
thick black bars in Figure 7. The dataghow_ that the system was extremely stable once the set
points were reached, with the exceptign ef brief, transients in the applied axial stress, typically
lasting a few but no more than 30.s€eends. Once the set points were reached the root mean
square standard deviations were typieally 100 Pa for oax and 4 Pa for p.

Optics

The incident and scattér beamiacéeptance angles of the compressive cell, 0.45° and 10°, the
former of which is dictated by the mechanics of the cell, must be matched to the available
configurations forSANSand'USANS. For SANS these conditions limits the closest sample to
detector distange of 3'm and precluded the use of collimating lenses. The length of the cell
required that the crystal analyzer of the BT5 USANS be moved farther away from its usual
position froin thesample.

Figure 8 illustratesithe background measurement of the empty USANS camera in its normal
configuration and a 5/8” (16 mm) beam aperture compared to the camera with the compression
cell with no sample with the crystal analyzer moved down stream to accommodate the cell and a
Y4 inch (6.3'mm) aperture. The detected primary beam intensity, which dominates the signal at
low, O, was reduced by a factor of 0.16 with the cell and 4 inch (6.3 mm) aperture compared to
that measured with USANS in its normal configuration with 5/8 inch (16 mm). This value is
completely consistent with the difference in aperture sizes; thus, moving the analyzer crystals
down stream to accommodate the cell had no affect on measurement performance. More
important is the comparison of the intensity over the higher O wings, where the data shows
identical intensity, with only a small increase in the intermediate O-domain in the presence of the
cell as a result of a small amount of scatter from the sapphire windows. As instrument
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Publishibgkground scatter dominates the higher Q domain, this result demonstrates that the optics of the
ceil is well matched to that of the USANS, contributing very little to the instrument background.
The USANS background measurement is a highly sensitive test of the cell optics.

A significant issue in the analysis of scattering data is possible multiple scattering. This effect
distorts the scattering curve,? particularly with USANS,?? significantly complicating the
analysis.”” In the absence of neutron absorption, the measured beam traiSmitted by the sample
without scattering is a key indicator of the presence of multiple scattefingsThe transmission of
the empty cell for USANS was greater than 0.995, consistent with the"above ebservations, and
0.968 for SANS. These results give considerable latitude in meeting«the'total sample plus cell
transmission of greater than 0.90 to assure negligible multiple scatter.

In principle an alloy of titanium (neutron scattering length, 43.44 fin) and zirconium (neutron
scattering length, 7.16 fm) > will have zero average scattering length density with small residual
fluctuations in Ti and Zr content over the length scale damains (greater than 1 nm) and thus very
small to negligible SANS or USANS scattering for an alloy, with' volume faction 0.32 Ti.
However, the Ti-Zr fabricated windows showed sighificant scattering in SANS and USANS
measurements. Given the large difference in scattering length there will be significant scattering
with even a small amount of phase separation pf the'egniponents. This evidently this was the
case with the material we used here.

The next step in the data reduction and the¢ffects of the optics of the cell are shown in Figure 9,
where the raw background data is plotted along with the raw sample data to show the Q-
dependent signal to background from the cejl. The values where the raw sample intensity falls
below that of the background is a ré€sult ofidirect beam contamination of the scatter and the fact
that the sample must transmit less of'the'diréct beam than the background. As a result, data over
these Q-values is not useful.

SANS data taken at the 12sm.sample to detector position in Figure 10 of a shale sample mounted
in the odometer for data faken under measurement R8 in Figure 5. The data, which is
characteristic of all sué¢h samples/mounted in the cell with an extremely clean background over
higher scattering angles. As shale is a sedimentary rock it has a flattened structure parallel to the
bedding plane, which shows dnisotropic scatter for samples cut perpendicular to the bedding
characteristic of thesé'samples. '% 3

Combined tedueed radial-averaged SANS and reduced and desmeared USANS data are shown in
Figure 114The,/USANS Q-values have been rescaled by (b/a)!?, where b/a is the aspect ratio of
the long to short axes in the SANS intensity, given in Figure 10B.%° This procedure corrects for
the distortion frem desmearing azimuthally anisotropic data and to bring the USANS data, which
in this'ease sampled along the b axis of the scatter, onto the same bases as the radially averaged
SANS data2%The final reduced data illustrates that the optics of the cell is sufficient to provide
high quality low-Q and ultra-low-Q scattering data under elevated stress conditions to give
usefildata from the cell over the Q-domain from 3 107 to slightly greater than 0.1 AL,

Gonclusion:
This new capability provides for in sifu measurements needed to explore directly the responses
of geo-material pore structure and the effects of pressurized fluids under field conditions. The
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Publishiegpability will provide new information to address issues in gas and oil production, latent nuclear
product release and carbon sequestration among other high value applications.
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PublishiRgure Legends:

Figure 1: Compression cell assembly in cross section.

The ram assembly, containing a sapphire neutron window, applies stress on the sample that is
placed between the ram and a fixed plate, which holds a second neutron window. Hydrostatic
fluid pressure is applied through the fluid ports. The incident neutron fam passes through a
channel in the ram assembly, sapphire window and sample. The scattéredbeam exits the sample
chamber through the second neutron window. A gadolinium foil linin %ﬁ reflections from
the channel walls and the beam size is matched to the compression %;)Jeam acceptance angles
using a Y4 inch (6.3 mm) cadmium incident beam aperture.

Figure 2: Compression cell exploded assembly diagram. ‘) ~

Figure 3: Compression cell pressure system. g‘;u?
Figure 4: Compression cell pressure system in placg:rB wWUSANS.
Figure 5: Compression cell mounted on NGB 30'm.S. S.‘)ore pressure fluid is injected from

the left and overburden pressure fluid from the right. cither line is connected to the pressure
system in this picture.

Figure 6: DIsco GUI showing the graphi igital data output, manual controls and
programmable, script—generated controls.

Figure 7. Compression cell axial stress,
output file of DIsco. Data: blue lines,

lines, effective stress, Oe, = Oux -1
each p and oux set point.

£ .

id pressure and effective stress plotted from the

fluid pressure, p,; black lines, axial stress, oux,, red
thick black bars indicate SANS measurement durations at

Figure 8: USANS back;
configuration using a®/8”

tﬁre. /

and a %" (6.3 m?

Figure 9: USAN. FW rrected sample data. Data: O, raw background with an empty
compression gell and a Vwinch (6.3 mm) aperture, as in Fig. 8; [] raw shale sample data; ®,
empty cell bac und subtracted sample data after each has been corrected for transmission.

%Surement. Data: O, raw empty camera background in normal

) aperture; @, raw background with empty compression cell

Figure 10: dta: ;Z/ raw SANS data taken at 12 m sample to detector distance of shale cut
perpefidicular e bedding plane showing the expected asymmetry. Numbers on the left and
bottor%cli ector pixel indices. Numbers on the right and top are Q-values. Here pore
pressure MPa and effective stress = 8.1 MPa. B: trace of the SANS intensity over the
angular ﬁjng, 0 =0.02 A, shown in A, as a function of azimuth, .

\ﬁ'g»ure : Combined reduced SANS and desmeared USANS data of a shale sample in D20, for
10 kPa and o = 45 MPa.
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PRV

1800 psi

SZ1L :
LSample fluid vessel ]%

N, or Ar
Cylinder w/
regulator

£
X<

“2:way valve,

3-way valve,
v1 (for bleed)

ISCO A

P)= Pressure Indicator

“RD = Rupture disc

PRV = pressure release valve
R = Regulator (pressure)

Tl = Temperature Indicator
V = Valve

F = Filter

V2 (for
isolation)

Sample }

fluid port
Sample

Ram
hydraulic

2-way valve, V4
fluid port

(for isolation)

3-way valve,
V3

RD6

2-way valve,

V6 (for A‘

isolation

Pl

2-way valve,

fluid port
V7 (for bleed)

3-way valve,
V5 (for bleed)

Oedometer
(detailed in Fig. 2)

ISCO B
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Publishing Output panel

B DIsco_Main.vi

CALL ‘A/UX Units: Time (min); Date (days); P (kPa); Q (mL/min); V (mL)
. 9 C:\Users\299494\ :J 0:Time | 1:Date |2: PO 3: Q0 4: VO S: P1
° LOS Alamos LUK Documents\Research 2.12E+0 | 4.24E+4 | -L6SE+1 | -3.71E+0 | 2.24E+1 | 110E+1
. . Engineering & Design\
NATIONAL LABORATORY iPr rams\Dlsco, v1.16.13\ 211E+0 | 4.24E+4 | -16SE+1 | -3.71E+0 [ 223E+1 | LIOE+1
.99 WARN COM 9 A 2.09E+0 | 4.24E+4 | -L52E+1 223E+1 | LIOE+L
EST.1943 O 0 data\Sys_DIsc.lvm
| 12/24/15 19:56:48.00 UTC
Select Pump
Index Letter Call ID Type
30 A 0 65DM
Setpoint Actual Value
Pump Name  Charlie ld’la’ie*
Pressure
(Fk‘:a)me 4999 -16.5474 g 0) ——
- s
(mLimin) 1E-5 -3.71284 T m
Volume (mL)  Pump Status :
F: Filing Pump | Wait | Passing String & |
R: Remote Control -2Y| VARIABLE= FlowRange=5.1
: -1l VARIABLE= FlowPeriod=0.!
-: OK (No Problem) 0. [ VARIABLE= Pi=4atan(1)
=T [ S L
2 | cFMODE [0
22.3858 _ D ER 3 | VARIABLE= StartTime=Time
y Y _ Name P(kPa) | Q(ml/min) |V(mL) | Status 4 | VARIABLE= SinFlow=FlowR|
0 | Charie [-17 3712840 | 22386 |F R 5 | sq= 0 SinFlow
1| Anna 11 0.000000 40.646 R = 6 RUN 0
Fa ) I 7 | VARIABLE= SinFlow =FlowR!
8 |[sQ= 0 SinFlow
Valve Control N s |[coTo 100 | -003[Time|>=]
Ho  convol )| ntemal | setvees —— >
IV Match Pump Index (On) | satv y h +
B e e s N —
5]
L L L - E - - \Z = : Set custom variable value (can —
SH|L|[6H]|L|[ZH 8 H|L ¥ incorporate functions and mathematics). Format:
fJoml ol :—‘; | |
Pump control panel Monitering panel Advanced control panel

N

4
>
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