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ABSTRACT

3D Laplace NMR can distinguish different components of confined fluid in sedimentary rocks, which is important to oil industry. However, the measurement time for
such experiments is very long, which hinders the application in some cases such as NMR well logging. In this research, we accelerated T;-D-T, experiment with
compressed sensing (CS) method at low-field NMR. Simulation was first performed to examine the CS reconstruction method. The experiments were subsequently
implemented on a 2 MHz spectrometer (Oxford instrument), which has a similar magnetic field strength to well logging tool. The T;, D and T, information are
obtained by the inversion recovery, pulsed field gradients and Carr—Purcell-Meiboom-Gill (CPMG) method, respectively. The subsampling is applied in T; and D
dimensions with pseudo-random sampling. The measurement time reduced from 3 h to 0.6 h with CS method and a relative error of around 5% is achieved for data
with signal-to-noise ratio of 28. The water and oil peaks are clearly distinguished in the correlation maps from subsampled data. The samples with different oil-water
ratio and glass bead volume fraction were measured to examine the sensitivity of this method. In addition, diffusion and relaxation properties of the correlation maps

are discussed.

1. Introduction

Nuclear Magnetic Resonance (NMR) technique has been applied to
petroleum industry more than 60 years [1-3]. Abundant information
can be acquired about the reservoir by NMR down-hole tool, such as
porosity, permeability and fluid saturation [4,5]. For instance, relaxa-
tion (T,, T;) measurement of sedimentary rock provides the pore body
diameter distribution [6,7]. Free water, capillary bound water and clay
bound water in rocks can be distinguished using T5 cutoff times [8].
Permeability can also inversed from T, distribution with proper model
such as the Timur-Coates and SDR models [9,10]. In laboratory, rock
core analysis was performed with NMR spectrometer [11,12]. Mitchell
et al. monitored oil recovery process in real time with low-field NMR
and discussed its application in core analysis [13]. Li et al. measured 3D
oil distribution with w-EPI MRI technique at 0.2T field strength for
glass-bead pack and Spynie core plug samples [14]. NMR and MRI
methods were also used to investigate low salinity waterflooding in-
fluence on enhanced oil recovery [15]. Since the fast 2D inverse Laplace
transformation algorithm was proposed by Venkataramanan in 2002,
2D and 3D Laplace NMR methods is booming in oil industry [16].
Hiirlimann et al. implemented diffusion (D)-T, correlation experiment
to identify different fluids in sandstone [17]. Song et al. utilized T;-T»
correlation spectra to characterize pore environment in sandstone [18].
Sun et al. obtained D-T;-T, correlation map using a global inversion

method to distinguish oil and water in sandstone [19]. To—D- internal
gradients correlation was also acquired with pulsed field gradient (PFG)
to examine wettability [20]. However, 3D Laplace NMR is time-con-
suming, which limits the application in petroleum industry, especially
in NMR well logging.

Nonuniform sampling has been widely used to accelerate NMR ex-
periments [21,22]. In this research, we speeded T;-D-T, correlation
with compressed sensing (CS) at 2 MHz core analyzer. Details about the
CS method were described in another paper [23].

2. Method

The T;-D-T, signal attenuation can be expressed as the following
equation:

M (t4, G, tacg)/ My = [ d(1/T)dDd(1/T:)f (1/, D, 1

IT)[1 — 2exp(—ta/ )]
exp[—Dy>G?6%(A — 1/36)] exp(—taeg/ o), [6))

where f(1/T4,D,1/T5) is the diffusion relaxation correlation function,
tacq = Mig, 8 is the duration of the pulsed field gradient, A is the dif-
fusion time, vy is the gyro-magnetic ratio, G is the amplitude of the
gradient pulse, and t, is the recovery time. The CS method is used to
accelerate this experiment, which is achieved by solving the [
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Fig. 1. (a) is the rearranged 3D data and (b) is the subsampling scheme, where the black lines represent sampled data.

180° teq/2
<+

90°

X
RX

90°

180°  180°

— t—>

—D—>

Ialé ﬁTg

Fig. 2. Pulse sequence for T;-D-T, experiment.

optimization problem:

argminy (IFM — bl + A I¥Ml},) @)

where F is the subsampled operator, b is the subsampled data, W is the
sparse basis (the two-dimensional six-level Daubechies-3 wavelet basis
in this research), A is the regularization number, and M is the re-
constructed fully sampled data. For the experiment mentioned above,
subsampling can be only realized in the indirect domain (T; and D),
which is shown in Fig. 1. The 3D data is rearranged to a 2D data before
applying the CS reconstruction. The F is shown in Fig. 1b and the
pseudo-random subsampling is employed in the T;, D dimensions [22].
The accuracy of CS reconstruction is evaluated by the normalized re-
lative error between original fully sampled data and reconstructed fully
sampled data.

The 3D inverse Laplace transformation is then applied for the re-
constructed data to obtain T;-D-T, correlation maps. The rearranged
2D matrix form of Eq. 1 is:

M = K, FK;, 3)

where KyeRN3* Nz,
FERMx*ND XNz and egRINI*ND*N3 g, = K3 ® Ko. K1, Ko, K3, F, and
M are the matrix form of [1-2exp(—tq/T;)], exp.[ —Dy>G*6%(A-6/3)],
exp.(—tacq/T2) and f(1/T1,D,1/T5) respectively. To suppress the data,
singular value decomposition is applied to the K;, and K3 matrices:
Ki2 = Uja 15 Vo and K3 = Uz 23 V3. Then the Eq. (3) can be rewritten

Mem(N] ><N2)><N3’ Klzem(NI ><N2)><(Nx><Ny),
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as:
M = K,FK, )
where M = U/,MUs, K, = U, K12, K= U;K;. With this reduced form of
matrices, fast 3D Laplace inversion can be achieved by the nonnegative
least square regularization method:

argming s o (I — RLFRS 1P + IM1P) (5)

3. Experiments and simulations

Glass-bead sample with diameter of 100 um was measured, which
was saturated with water and two kinds of oil (peanut and salad oil). To
examine the sensitivity of this method, the oil-water mixture ratio is set
to 1:1 and 1:2, and the volume proportion of glass beads is set to 0.56
(loose packing) and 0.64 (dense packing). The dense packing is
achieved by the following procedure: the glass-bead container is va-
cuumed 2h and then water is filled with 5MPa pressure. The experi-
ments were implemented on a 2MHz spectrometer (Oxford instru-
ment). The pulse sequence is shown in Fig. 2. The T; information is
encoded with the inversion recovery method and ¢, is increased loga-
rithmically from 1 ms to 2s in 30 steps. The diffusion information was
acquired by stimulated echo with pulsed field gradients. The strength of
applied gradients was varied linearly from 0 to 0.5 T/m in 30 steps. The
T, relaxation was measured by Carr-Purcell-Meiboom-Gill (CPMG)
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Fig. 3. Simulation results: (a)-(d) inversed from fully sampled data. (e)—(h) inversed from subsampled data.
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Fig. 4. Experimental results (a)-(d) spectra from fully sampled data. (e)-(h) spectra from subsampled data. The SNR is 28. The oil-water mixture ratio is 1:2 and the

glass bead volume fraction is 0.56.
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Fig. 5. Experimental results (a)-(d) spectra from fully sampled data. (e)-(h) spectra from subsampled data. The SNR is 29. The oil-water mixture ratio is 1:1 and the

glass bead volume fraction is 0.56.
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Fig. 6. Experimental results (a)-(d) spectra from fully sampled data. (e)-(h) spectra from subsampled data. The SNR is 23. The oil-water mixture ratio is 1:1 and the

glass bead volume fraction is 0.64.
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sequence with 100 us echo time to minimize internal magnetic field
effects. The recycle delay, § and A are set to 3s, 5ms and 100 ms, re-
spectively. The fully sampled data takes 3 h measurement time and the
subsampled data only takes 0.6 h. To further verify the algorithm, si-
mulations were also done. Gaussian noise was used to achieve a signal-
to-noise ratio (SNR) of 30. The size of the simulated data is
32 X 32 X 64, which is similar to experimental data. The ratio of am-
plitude of the two simulated peak is 1:1. The D, T; and T, for simulation
is 2.5 x 10" 2m?/s, 0.15, 0.1 and 5 x 10~ m?/s, 0.6, 0.4, respec-
tively. This is similar to the experimental conditions.

4. Results and discussion

Fig. 3a-d and e-i show the simulation results from fully sampled
data and subsampled data, respectively. The T;—-D-T, correlation map
from fully sampled data (Fig. 3) agrees well with the correlation maps
(Fig. 3e) reconstructed from subsampled data with an accelerated ratio
(AR) of 5. A relative error of 5.2% is obtained, which means high
quality CS reconstruction is achieved. The projected 2D correlation
maps from Fig. 3a and e are presented in Fig. 3b-d and f-I respectively
to further examine the CS reconstruction. The main pattern of the three
projected 2D maps from fully sampled data is also similar to the maps
obtained from subsampled data, which confirms the validity of the
method.

Subsequently, Figs. 4-6 presents the experimental results. Three
peaks are clearly observed in Fig. 4a, one can be attributed to water
(with large D) and two others are from oil (with small D). Fig. 4b-d
shows the projected D-T,, D-T, and T;-T, correlation maps, respec-
tively. The peak from water indicates restricted diffusion due to a
smaller D (around 1 x 10~°m?/s). The two oil peaks have similar
diffusion coefficient but different relaxation time. This may be due to
the different components of two kinds of oil. Diffusion and relaxation
are sensitive to different molecule motions: for diffusion translational
motion is important and for relaxation rotational motion is important.
So the two oil molecules could have similar translational motion ability
but different rotational motion ability. The high T;/T5 ratio for the peak
with smaller T3, T, also suggests that rotational motion of this molecule
is slow. Fig. 4e-i presents the results inversed from subsampled data
with a relative error of 5.8%. These maps are consistent with the cor-
relation maps from fully sampled data (Fig. 4a—-d). In Fig. 4i, the peak
with smaller T;, T, shows a positive shift along T; direction compared
to Fig. 4d, this means that weak peak could be distorted by the CS
reconstruction method. The results for oil-water ratio of 1:1 are shown
in Fig. 5. The strength of oil peaks in Fig. 5 increases compared to these
in Fig. 4, which agrees with the varied oil-water ratio. The glass beads
sample with dense packing was also measured (Fig. 6) to examine the
sensitivity of this method. Lower SNR is obtained due to lower void
volume, which leads to a lower accuracy of CS reconstruction. The
correlation map shift to shorter relaxation direction, this may be due to
that lower void volume results a higher surface-to-volume ratio.

5. Conclusion

T1-D-T, correlation maps were obtained with the CS reconstruction
method to save measurement time. Simulation and experiment were
implemented to verify this method. An AR of 5 is achieved with a re-
lative error of around 5% for low SNR NMR data. Three water and oil
peaks are clearly distinguished in both fully sampled and subsampled
results. This suggests high quality CS reconstruction is obtained. The
samples with different oil-water mixture ratio and volume fraction were
measured to examine the sensitivity of this method. The potential
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diffusion and relaxation information are also discussed. It is worth
noting that the pseudo 2-D relaxation model can also be used to reduce
the measurement time of multidimensional Laplace experiment, which
should be compared with CS method in the future to find that which is
the proper way in different situations [24,25].
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