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ABSTRACT

Magnetic Resonance (MR) is widely employed in the petroleum industry for down-hole
logging and for laboratory core analysis. Sensitivity of the magnetic resonance experiment
to fluid type and fluid environment makes it uniquely well suited to these applications. The
same advantages should accrue to Magnetic Resonance Imaging (MRI) measurements of
core flooding experiments. The ability of MRI to directly measure fluid saturation and fluid
environment in three dimensions, as a function of time, has to this point, not been fully
realized for core flood applications.

Bulk H relaxation time measurements are near universally undertaken at low magnetic
field to reduce magnetic susceptibility mismatch effects. These fields, typically 0.05 Tesla
(2 MHz for tH), are too low for MRI studies. Higher magnetic fields (3 Tesla and above)
are commonly employed for biomedical MRI studies with superconducting magnets.
Susceptibility mismatch effects at these field strengths can be severe for many core plug
samples and these higher field are generally inappropriate for rock core studies. What is
the best field for petroleum core plug MRI studies? It will be sample dependent as one
seeks to balance greater sensitivity at high field with susceptibility effects which decrease
the transverse signal lifetimes (T2 and T2*) as field increases.

New generation superconducting magnets, actively cooled rather than passively cooled,
are permanently connected to the magnet power supply and thus have the possibility of
variable field operation. We have recently installed a variable field superconducting
magnet MRI instrument which permits operation in the field range 0.01 Tesla to 3 Tesla.
This magnet permits one to maximize the sample magnetization for high sensitivity core
flooding MRI measurements, while controlling the effect of susceptibility mismatch on the
signal lifetime. Because of the elimination of liquid cryogens the new magnet is a fraction
of the size and weight of conventional superconducting magnets. The magnet can easily be
rotated, from horizontal to vertical, by one person.
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Variable field operation permits MRI measurement of other nuclei of interest and
importance in core flooding studies. The gyromagnetic ratio of sodium 2*Na and fluorine
19F are each less than that of hydrogen *H but one may increase the static field strength to
compensate for the decrease in gyromagnetic ratio such that the RF probe employed to
excite and detect the MRI signal has an unchanged frequency. This provides the
experimentalist an entirely new way to undertake multi-nuclear MRI studies of core plug
systems.

INTRODUCTION

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) are commonly
employed for rock core and petroleum studies. MRI resolves structure in rock core plugs
under study, as does X-ray CT. The MRI measurement is however a direct measurement
of the *H containing fluids in the core plug, unlike X-ray measurements where absorption
is principally due to the matrix [1]. In addition, the MRI measurement has the potential to
investigate different nuclei, for example sodium, but more importantly is sensitive to the
local dynamics and environment of the fluid. A very wide variety of MR measurements
may be spatially resolved with MRI, including measurements of fluid self-diffusion and
velocity. MR/MRI measurements may be interpreted to yield a wealth of petrophysical
information including fluid viscosity, fluid type, fluid saturation, rock wettability,
permeability, capillary pressure and the pore size distribution [2-11]

The fact that MR/MRI can measure so many different petrophysical parameters, with so
many different protocols, is a practical weakness when compared to the simpler X-ray CT
measurement. Which MR/MRI measurement should be executed, and how, is a common
question. This highlights the importance of expert advice and experience in petrophysical
MR/MRI studies.

There is considerable interest in monitoring oil displacement processes with Magnetic
Resonance Imaging (MRI) methodologies to understand and improve enhanced oil
recovery. The ability of MRI to directly measure fluid saturation and fluid environment in
three dimensions as a function of time has not been fully realized for core flood applications
because of long measurement times at low magnetic fields which can hamper monitoring
the displacement [12, 13]. 1D and 2D MRI measurements are instead often undertaken to
monitor the oil displacement since they are faster. Although these images may characterize
well the overall oil distribution in a homogeneous core sample, the image may be
misleading in a heterogeneous core plug, or for a process which is heterogeneous. Fast Spin
Echo (FSE) imaging methods have been applied to investigate the 3D fluid content in core-
plugs [2, 13].

'H relaxation time measurements are generally performed at low field to reduce magnetic
susceptibility mismatch effects. These fields, typically 0.05 Tesla (2 MHz for *H) with
permanent magnets, are too low for MRI studies. The shift to low-field is accompanied by
an essential reduction in signal-to-noise ratio. Biomedical MRI is usually conducted at
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higher magnetic field strengths with superconducting magnets. MR spectroscopy studies
of molecular structure are usually undertaken with high field superconducting magnets.

Higher magnetic fields for MRI provides better SNR and therefore allows high sensitivity
and higher resolution imaging, in principle. However, the magnetic susceptibility
mismatch decreases the T>" in rock cores which hinders both resolution and contrast with
conventional high speed MRI methods. The Bo field distortion in the pore space due to
susceptibility mismatch creates so called ‘internal” magnetic field gradients. The strength
of the internal magnetic field gradients scales with Bo and the susceptibility mismatch (Ay).
It is important to know the best static magnetic field for petroleum core plug MRI studies
to balance greater sensitivity at high field with susceptibility effects which decrease the
transverse signal lifetimes (T2 and T>*) as field increases. A decrease in the T," lifetime
manifests as a less of signal intensity in pure phase encode SPRITE MRI images [14], as
shown below. A decrease in T2" and T, due to susceptibility contrast results in a loss of
signal intensity, loss of resolution and may lead to geometric distortion in frequency encode
measurements, such as the fast spin echo method employed below.

New generation cryogen free superconducting magnets, actively cooled rather than
passively cooled, are permanently connected to the magnet power supply and consequently
have the option of variable field operation. We have recently installed a variable field
superconducting magnet MRI Instrument which permits operation in the field range 0.01
Tesla to 3 Tesla. This magnet permits one to maximize the sample magnetization for high
sensitivity core flooding MRI measurements, while controlling the effect of susceptibility
mismatch on the signal lifetime. The cryogen free variable field magnet is a field changing
magnet, it is not a field cycling magnet. Fast field cycling is increasingly employed for T
dispersion measurements in petroleum systems [15, 16].

A cryogen free magnet with active cooling permits one to enjoy the benefits of a
superconducting magnet, which includes field homogeneity and temporal field stability
without employing liquid helium. Liquid helium is required as a cryogen for conventional
superconducting magnets. Helium cost and stability of supply are of increasing concern in
many parts of the word. Permanent magnet based MR/MRI instruments are well-known to
suffer from poor innate field homogeneity and temporal field instability due to ambient
temperature change.

Due to the elimination of liquid cryogens for cooling, the new magnet is a fraction of the
size and weight of conventional, liquid-based, superconducting magnets. The new magnet
is small enough and light enough to permit rotation. The ability to rotate the magnet is
advantageous for experiments in which the sample orientation matters, for example when
gravity and buoyancy are important [17]. Examples include gas injection in petroleum
systems, including two phase gas-liquid flow.

We show in this paper results from the variable field magnet in which nuclei (*H and °F)
were employed for core flood imaging. The °F resonance is ideally suited for MR imaging
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since it has a high gyromagnetic ratio, spin 1/2, and 100% natural isotopic abundance [18].
One pulse *H Free Induction Decay (FID) results are shown during magnet rotation. We
also show MR measurement of 2Na in a brine saturated rock core plug. The same RF probe
was employed for *H and 22Na experiments but the magnetic field was changed to maintain
the same resonance frequency.

EXPERIMENTAL

MR/MRI measurements were performed on a variable field magnet, maximum field 3T
(MR Solutions, Guildford, Surrey, UK) with a 17 cm bore. The RF probe was a birdcage
(Barthel HF-Technik, Aachen, Germany). The magnet is 325 kg, 66 cm in diameter and 80
cm in length. It was initially configured for operation at 0.79 T, 1.5 T and 3T. The 3D
gradient coil was driven by gradient amplifiers (Performance Controls, Inc., PA, US),
providing maximum gradient strengths of 66.4 G/cm, 64.9 G/cm and 87.8 G/cm in the X, y
and z directions. The magnet is permanently connected to a magnet power supply
(Cryomagnetics, Inc., TN, US).

3D Conical-SPRITE MRI measurements were undertaken on three different rock core
plugs (Bentheimer and Berea (Kocurek Industries, Caldwell, TX), and Wallace (Wallace
Quarries Ltd., NS, Canada)), length 5 cm and diameter 3.8 cm, at both 1.5 T and 3 T. All
three core plugs were fully saturated with 2% brine. SPRITE imaging parameters were:
signal averages = 2, field of view = 100x100x100 mm?, 64° k-space points were acquired
each with a phase encoding time of 100 us. The T1 recovery delays were 2s, 800 ms and
400 ms for Bentheimer, Berea and Wallace core plugs, respectively. The 90° pulse duration
was 63 ps at 1.5 T and 38 ps at 3 T. The RF flip angle was 10° for SPRITE measurements.

For flooding measurements Fluorolube oil MO-10 (Gabriel Performance Products, OH,
United States) was utilized as the oil phase. The viscosity of the fluorinated oil was 50 mPa
s at 25 °C. H20 brine, 1 wt% NaCl, was employed for core plug saturation. A Bentheimer
core plug (Kocurek Industries, TX, USA) was employed with length 5.1 cm, diameter 3.8
cm, pore volume 13 cm® and a porosity of 23%. The pore volume was calculated
gravimetrically. An ISCO pump (Teledyne ISCO, Lincoln, NE, US) was employed for
fluid injection. A homemade low pressure core holder was employed for flooding
experiments.

The Bentheimer core plug was dried at 100 °C to a constant weight and then saturated with
1 wt% NaCl H20 brine. The pore volume of the core plug was calculated gravimetrically.
FID, 3D conical SPRITE [19] and 3D Fast Spin Echo (FSE) MRI measurements were
undertaken at 1.5 T for 1H.

To establish the initial oil saturation, fluorinated oil was injected into the core plug with a
syringe until no water production was observed at the outlet end. The initial oil volume
inside the sample was 10.2 ml which provides an initial oil saturation of 0.79. FID and 3D
FSE measurements were performed at both 1.5 T for *H and 1.6 T for '°F. 3D SPRITE
MRI was undertaken at 1.5 T for *H. Change of nucleus was achieved by changing the
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static magnetic field strength with the resonance frequency constant at 63.5 MHz (no
change in RF probe).

H20 brine, 1 wt% NaCl, was employed to displace the fluorinated oil. FID and 3D FSE
measurements were undertaken at 1.6 T for 1°F to monitor the oil displacement. The sample
and the magnet were horizontal. The flooding measurement ceased when the FID signal
intensity was constant. After displacement of the oil with H2O brine, approximately 4.3 ml
oil remained inside the sample. Water flooding was undertaken at ambient temperature.
The water flooding flow rate was 0.045 ml/min.

2D slice-selective FSE measurements were undertaken to monitor the progression of
flooding. The FSE measurement required 16 signal averages with a total imaging time of
12 minutes. The acquisition is sufficiently fast to permit observation of the flooding front
displacement. 34 slices (Figure 4) were acquired in the x direction to give a 3D data set.
The slice thickness was 1.2 mm. 16 k-space frequency encode lines (spin echoes) were
acquired per excitation. The echo time was 8 ms. The center of k-space was acquired with
the first echo. The field of view was 7 cm in the frequency and phase encode directions.
The repetition time between each excitation was 2s. The 2D images were 128x128 pixels.

Preclinical scan software (MR Solutions, Guildford, Surrey, UK) was employed to execute
the FSE MRI images. A home built MATLAB program (MathWorks, Natick, MA, USA,
written in MATLAB) was employed to visualize 3D FSE images. GIT system software
(Green Imaging Technologies, Inc., NB, Canada) was employed to execute FID, CPMG
and double-half-k SPRITE [19] measurements.

RESULTS AND DISCUSSION

Variation of By to control sensitivity and susceptibility mismatch effects

The variable field superconducting magnet MRI Instrument permits operation in the field
range 0.01 Tesla to 3 Tesla. This permits one to maximize the sample magnetization for
high sensitivity core flooding MRI measurements, while controlling the effect of magnetic
susceptibility mismatch on T2"and T,. Chen and Balcom have shown [14] that the internal
magnetic field distortion is proportional to the external magnetic field strength (Bo) and the
susceptibility difference (Ay). The single exponential T, behavior observed arises from an
effective Lorentzian distribution of the internal field, induced by the large susceptibility
contrast and an intrinsic disordered pore structure. The linewith (1/(nT2")) measured at
different magnetic field strengths (Bo) for a Chatsworth Formation sandstone, water
saturated Berea and a carbonate are shown in Figure 1. The slope differs for each sample
due to a different susceptibility mismatch (Ay). The new data point corresponds to a new
brine saturated Berea plug measured with the new magnet set to 3T.

Figure 2 shows, 2D planes extracted from the 3D SPRITE images for Bentheimer, Berea
and Wallace core plugs at both 1.5 T and 3 T. The image intensity for Berea and Wallace
core plug images is decreased at higher field. Short T," lifetimes of water in the Berea and
Wallace core plugs at 3 T diminish the sensitivity of the SPRITE measurement [14].
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However, for the Bentheimer core plug with substantially longer T2" the image intensity
increases when the By field increases from 1.5 T to 3 T. The image intensity is a balance
between sample magnetization which increases with By field strength, sample porosity
which varies between the three samples, and T>" which varies with the sample and
decreases with field strength.
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Figure 1. The linewidth (1/(xT2")) measured at different magnetic field strengths (Bo) for a Chatsworth
Formation sandstone, water saturated Berea sandstone and a Carbonate. The measurements at frequencies
other than 125 MHz were performed on other MRI instruments in the UNB MRI center. There is a linear
relationship between the linewidth and the product of the Ay and Larmor frequency (fo). The best fit line for
a Berea sandstone is given by Av =0.26 Ay fo.
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Figure 2. 2D slice images of Bentheimer, Berea and Wallace core plugs from 3D SPRITE images at 3 T and
1.5 T. For each sample a slice from the centre of the 3D core plug image is displayed. There is a probe
background signal apparent in all images. Measurement time was 8.5 minutes, 7 minutes and 6 minutes for
Bentheimer, Berea and Wallace core plugs, respectively. In each case, 2 signal averages were acquired; the
difference in measurement time is due to the T recovery delay. The signal-to-noise ratio (SNR) varies due
porosity differences between the core plugs, but also due to sample magnetization change with field, and
with the field dependent T,* lifetime variation of water in the pore space.
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Magnet rotation

The cryogen free magnet is small enough and light enough to permit rotation. Measurement
at different orientations is very advantageous for petroleum flooding measurements in
which gravity and buoyancy may be important. The one pulse *H FIDs from a doped water
phantom were measured during magnet rotation at 3 T. The FID results with different
magnet orientations are shown in Figure 3. When the magnet rotates from horizontal to
vertical, as shown in Figures 2a-2c, the FID goes off resonance but the field homogeneity
in the sample space (T2") is unchanged. When the magnet is horizontal, the earth’s field
(0.5 gauss) is at right angles to Bo (30,000 gauss) and thus there is no effect on the
resonance frequency. When the earth’s field and the static field Bo are co-linear, in the
vertical orientation, the addition of the two fields changes the Larmor frequency. The
predicted change is an increase in frequency of 2 kHz. An increase of 1.95 kHz was
observed.
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Figure 3. FIDs from a doped water sample acquired during magnet rotation. The Gifford-McMahon (GM)
cryocooler permits vertical or horizontal operation (indeed any orientation) unlike a pulse tube cryocooler.
The magnet may be easily rotated by one person.

Multi-field, multi-frequency operation

Switch from *H at 1.5 T to *°F at 1.6 T with fixed 63.5 MHz frequency RF probe
Figure 4 shows the oil saturation distribution in 2D FSE slices for a Bentheimer core plug
during water flooding. The average initial oil saturation was 0.79 in the core plug.

Water flooding displaced oil to an average residual oil saturation of 0.33. A non-piston like
displacement was apparent. High intensity oil signal was observed at the interface of the
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PEEK distributor and the core plug. The oil signal intensity is proportional to oil saturation.
An inhomogeneous initial oil saturation was observed.

Higher water saturation is observed at one end of the core plug (Figure 4). This may be due
to a capillary end effect for the short sample [20]. The *H images of the fully brine saturated
Bentheimer, before flooding and after flooding are shown in Figure 4. Change of nucleus
to 'H was achieved by changing the static magnetic field strength. The resonance frequency
was constant at 63.5 MHz. The same RF probe was used for both *H and °F imaging
measurements.

If the sample T2 is longer than tens of ms, and T is not less than 1 ms, frequency encode
spin echo MRI measurements, such as the 2D slice-selective FSE, are suggested for rapid
fluid saturation imaging in core flooding studies. The measurement time of 12 minutes
ensured high quality images in our studies. The measurement time may be reduced to 5
minutes with a decrease in SNR. If the T- is less than tens of ms, or the T is less than 1
ms, then a Centric Scan SPRITE method is recommended for fluid saturation imaging,
although the imaging time will increase.

Switch from 'H at 0.79 T to ?°Na at 3 T with fixed 33.7 MHz RF frequency
Variable field operation also permits MR measurement of 2Na with the same RF probe
employed for *H measurements. *H and #*Na FID signals, 1D double-half-k profiles and
T, distributions for a fully 2% brine saturated Bentheimer sample are shown in Figure 5.

The T2 was approximately 1.6 ms for both 2Na and H (Figures 4a and 4b). As expected,
for the same measurement time (2.5 minutes), the *H and 2Na measurements signal to
noise ratios differ by a factor of 100. The *H signal has higher SNR.

The T2 distribution for H in the Bentheimer core plug has two peaks, Tzpeak = 400 ms and
28 ms. The 2®Na T, distribution was unimodal, Tapeak = 44 ms. CPMG experiment
parameters for *H T. measurement were: echo time = 2.6 ms, number of echoes = 1541,
number of averages = 32 and recycle delay = 6 s. The CPMG parameters for 2>Na T>
measurement were: echo time = 2.6 ms, number of echoes = 193, number of averages

128 and recycle delay = 2 s. The measurement time for CPMG measurement was
approximately 5.5 minutes. For the same measurement time for *H and 2Na measurements
the SNR for the *H signal is 160 time larger than that for 2Na signal. The 90° pulse length
and magnetic field gradient strengths employed for *Na measurements were
approximately four times greater than that for 'H measurement (y23na/y1in = 3.8).
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Figure 4. (a-f) The oil saturation distribution '°F, 2D FSE image slices, superimposed on a cut 3D image
background for a Bentheimer core plug during water flooding. The observed signal is solely from oil. The
flooding is from —z to z. The average initial oil saturation in (a) was 0.79. Water flooding displaced the oil
(b-f) to a residual oil saturation of 0.33 in (f). The oil saturation is directly proportional to the signal intensity.
The water saturation distribution from 'H 2D FSE image slices, is shown in (g-i) superimposed on a cut 3D
image background for the same Bentheimer core plug before and after the same flooding experiment. Image
(g) shows the sample fully saturated with brine; the signal is solely from water, (h) shows the sample saturated
with brine and oil (before flooding) while (i) shows the sample after flooding has ceased. Images (b) and (h)
correspond to the commencement of flooding. The water and oil saturation distribution is inhomogeneous in
these two images. The measurements were done at 1.5 T for 'H, 1.6 T for °F. Change of nucleus was
achieved by changing Bo. The resonance frequency was constant at 63.5 MHz.

2Na MR/MRI can be employed as a complementary approach to conventional *H MR/MRI
for shale fluid typing, taking advantage of the fact that sodium ions are only present in the
aqueous phase. 2>Na can also be used for investigating brine salinity effects in porous media
including conventional rocks, clays, and shale, and may be employed to differentiate
hydrocarbon and aqueous phases [3, 21-25].

CONCLUSION

A cryogen free superconducting magnet system is introduced for petroleum MR/MRI
studies. The small size and light weight of the magnet (by comparison to conventional
superconducting magnets) permits one to rotate the magnet. The cryogen free
superconducting magnet permits Bo field change because the magnet power supply is
permanently connected. The ability to change the static magnetic field makes it possible to
control susceptibility effects in rock core plugs and to resonate different nuclei (*°F, 2°Na)
by employing a constant frequency RF probe.
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The new magnet was employed for core flooding MRI measurements at 1.5 T for *H and
at 1.6 T for ‘°F. It also permits one to perform 2®Na measurements for a brine saturated
Bentheimer sandstone at 3 T with a resonance frequency of 33.7 MHz. Variable field
operation is very advantageous for samples with susceptibility driven inhomogeneous
broadening since one can readily control the experimental line width 1/(xT,") [14].
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Figure 5. FID signal of brine saturated Bentheimer core plug (2% NaCl) for (a) *H and (b) %Na,
the red lines are the fitted plots. (c) *H T distribution, (d) 2Na T distribution. The *H T distribution
has two components reflecting the pore size distribution. The Na T distribution is unimodal. 1D
double half-k SPRITE profile for (€) *H (proton density profile) and (f) 2Na in Bentheimer core
plug (salinity profile). FOV is 10 cm with phase encoding time of 400 us.
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