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Abstract

Magnetic Resonance Imaging (MRI) has been widely used for investigation of multiphase
flow in porous media. Currently, the main issue of MRI in the oil industry is the capability
to obtain a quantitative evaluation of petrophysical parameters and phase saturation during
core displacement experiments. While the 1D process has already been analyzed, further
research should be performed on the 2D (and 3D) problems. In this paper we present the
results of the post-processing conducted on MRI 2D acquisitions relative to drainage
experiments at different force regimes. The raw data from MRI are processed using an
interpolating model based on a continuous distribution of decaying rates. This allows the
determination of petrophysical parameters and dynamical quantities. We then compare
MRI saturation fronts with numerical simulations, initializing the dynamical model with
the petrophysical data from MRI. In this way we validate the consistency of the
experimental procedure with the data interpretation and, finally, with the numerical model.

Introduction

The investigation and simulation of the flow of two or more fluids in porous media is a key
issue in the oil industry for the improvement of reservoir performance. Until the
introduction of non-destructive imaging techniques (Magnetic Resonance Imaging, CT X-
rays) the observation of the fluid distribution in rock and its evolution as a function of time
could only be performed indirectly. Conventional methods provide only average values for
such properties as porosity, saturation and permeability. NMR-based methods, in
particular, have tremendous potential not only due to the capability for quantification of
fluids in porous media but also due to their sensitivity to pore structure which offers a
means to correlate flow properties to NMR data.

In NMR experiments, the intrinsic magnetization intensity is directly proportional to the
fluid content and can be used to determine saturation and porosity distribution (Ref. 1) . By
suitable modeling of the relaxation process, accurate estimates of the intrinsic
magnetization intensity can be made from magnetization intensity measurement at various
magnitudes of decay (Ref 2,3). Previously, multiexponential (Ref 2) and stretched
exponential (Ref 4) models have been used. These methods require use of non-linear
parameter estimation methods to estimate several discrete parameters. The algorithms to
solve these problems are computer intensive, require a good initial guess and may fail to
converge to a global minimum or at all. In imaging data analysis, where the parameter



estimation has to be carried out at a large number of pixels, such methods could prove
inconvenient. A continuous distribution has been used to model relaxation at each pixel
(Ref 5, 6). This provides a better representation of the relaxation process (Ref 7).
Furthermore, the parameter estimation is linear so that the global minimum can be
computed in a direct and robust manner. While quantitative properties, like porosity and
saturation, can be directly estimated from NMR relaxation data, flow properties such as
absolute permeability have to be estimated by correlation (Ref 8). These correlations relate
the flow properties to NMR relaxation parameters T1 and T2. This study can offer an
interesting development for scaling-up purposes, mainly in fields such as laminated
reservoirs, where it is well-known that small scale heterogeneity is important for making
decisions concerning ultimate recovery (Ref. 9).

Imaging Procedure
The NMR signal is proportional to the number of nuclei present in the analyzed region, and
it is upon this effect that the method for computing porosity using NMR is based. There are
several reasons that make NMR measurement and its quantitative analysis difficult. In the
first group (Ref. 4) we can identify the inhomogeneities in the static magnetic field B0, the
spatial variation in the amplitude of the applied radio-frequency field B1 and the probe
loading effect as the origins of possible problems. Other difficulties arise from the effect of
the relaxation processes, especially the spin-spin relaxation characterized by the time T2. In
our experiments we chose to measure a hydrogen density maps using a MRI sequence
based on the CPMG (Ref. 10) method, where the decay of the NMR signal is mainly a
function of T2 time.

Fig. 1: Relative permeability curves (left) and capillary pressure curves (right) obtained by mean of
steady state method and centrifuge method respectively.

Porosity and Permeability Estimation using MRI
A mass reference was used to convert the experimental MRI signal amplitudes into
porosity. This reference has the same proton density as the fluid in the rock, so the
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conversion was performed considering the porosity in the reference as 100%. Specifically,
the following formula was applied:
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for each pixel in the core image, where M is the magnetization and V the pixel volume. The
MRI porosity measurement can be considered as a direct measurement. However, when it
comes to absolute permeability (k), NMR, for the time being at least, is reliant on
calibration against independent measurements. The most practical approach is to attempt to
correlate the NMR parameters for the plugs with an independently measured permeability
figure. In choosing a functional relationship for the permeability of the form k = f (Φ, T2s),
we were guided by physical plausibility and some suggestions which have appeared in the
literature. If a porous medium has all its linear dimensions scaled by a factor of q then,
ceteris paribus, its porosity remains constant and its permeability changes by a factor of q2.
So, if we take T2s to be the representative number for pore size, and make the simplifying
assumption that our sands are changing their pore size distribution by such a simple scale
then, for plugs of the same porosity, we can expect that 2

2TK α . No equivalent simple
model exists for the dependence of k on porosity, since changing the porosity requires the
pores to change their relationship to each other (in particular, the pore to pore throat size
ratio will change). Combining the Kozeny model with Korringa's theory (Ref. 11) for
relaxation in confined systems provides a theory for linking the relaxation times with the
surface-to-volume ratio of the porous system. The following general relationship was
proposed:

CBTAK 2Φ= (2)

The parameters that are shown in the formula must be calibrated. A quadratic dependence
of permeability from T2 is usually found (Ref. 12). This expression is also used in
downhole log applications for absolute permeability estimations along the depth of the well
(Ref. 13), and is quite effective, especially for clastic rock, where there is a link between
throat dimension and pore size.

Mathematical Model – Inversion Methods
If we consider a fluid confined within a porous medium, the magnetization decay,
dependent on the spin-lattice relaxation can be better described if a continuous distribution
of T2 is assumed (Ref. 7). The particular behavior of the confined fluid is due to the
continuous distribution of pores inside the porous medium. The measured magnetization as
a function of time can be better described as:
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Fig. 2: Porosity Map (left) and Permeability Map (right) calculated from the NMR images.

where the distribution function P(τ) is normalized to obtain M(0) = M0, nacqu is the number
of acquisitions and ei is the unknown experimental noise. A finite dimension
approximation of P(τ) can be written, based on the assumption of the continuity of the
distribution of pores.

MRI acquisitions
Static and dynamic MRI experiments were conducted using a Bruker BIOSPEC 24/40
instrument equipped with a 40 centimeter bore superconducting magnet with a gradient
strength of up to 50 mT/m. A variety of MRI acquisition sequences can be used to obtain
spin density images of variably saturated core plugs. Sequences based on images acquired
with a single echo at increasing echo times (TE), in order to construct decay curves, have
the drawback of sensitivity to diffusion effects, and are usually quite difficult to manage. In
this study a multi-slice multi-echo (MSME) sequence, based on CPMG method, has been
used. A key factor in this kind of experiment is the constant TE, which must be kept as
short as possible. An optimal value for TE is the result of a compromise between the size
of the acquisition matrix and the resolution of the image. In our acquisitions the value of
TE was 4.8 ms. The static measurements consisted of the determination of the porosity
map of the sagittal slice of the sample and the calculation, by correlation, of the absolute
permeability map of the same slice. The dynamic study that allows one to visualize the
advancement of the front and determinate the saturation of the two phases as a function of
time. Every NMR image lasted 2 min. and the front may be approximated as being
stationary during this short time delay. The additional petrophysical parameters were
available, such as capillary pressures, and measured for the case of a “wetting” phase
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displaced by a “non-wetting” one. The image resolution was 700 µm/pixel and at the same
resolution were calculated the maps of the petrophysical parameters and the saturation
during the displacement. The thickness of the virtual sagittal slice was 5 mm. The
measurements were done using a plug of 3.9 cm diameter and 5.3 cm length.
Its porosity obtained by conventional core analysis methods was 29% and its permeability
with respect to air was 37 mD. The sample was selected as being homogeneous by doing
an initial qualitative NMR image. The average porosity calculated from a sagittal NMR
slice was 28.6%. In reality, as visible in the porosity and permeability maps (Fig.) a certain
heterogeneity exists even if not elevated. The water that saturates initially the sample had
the same salinity as the formation brine, of 60 g/l. In order to be able to distinguish
between the two liquid phases flooding the plug, a fluorated oil was used. Its viscosity was
20 cp. The substitution of the hydrogens with the fluorine atoms avoids the oil giving a
NMR signal at the proton Larmoor frequency. This way the only visible liquid inside the
plug, from the NMR part of view, was the water. The experiments were performed at
ambient conditions and consisted of the displacement of the water that initially saturated
the sample with the oil. The flow rate was constantly fixed at 0.05 cc/min (0.3m/g). The
breakthrough moment of the oil was detected to be after 175 min.

Fig. 3: The displacement experiment visualized by NMR imaging. An image was recorded
every 20 min. The “breakthrough” time was detected to be after 175 min.



The decay curves, at each pixel in the image, were fitted with both the least square
exponential (LSE) model and the TAMU model to obtain M0 and avgT2 . The porosity and
permeability maps were subsequently computed using Eqs. (1) and (2). Permeability MRI
maps were compared to minipermeameter (NER, Vermont, USA) data in order to validate
the reliability of the procedure. Low field NMR measurements were done with a MARAN-
2 (Resonance Instrument, Oxford, UK).

Simulations
In order to simulate the displacement, we applied the mathematical model ECLIPSE 100
(version 96A). As already pointed out, the application of a reservoir simulator to the plug
size needs some additional inputs particularly for the definition of the faces of input and
output of the fluid. The relative permeability curves, kr, and capillary pressure, Pc, are
presented on Fig. 1 and were calculated by means of classical methods: centrifuge method
for Pc and both steady state and unsteady state methods for kr. For the simulation the
steady state assumption was used. The porosity and permeability maps were obtained from
the Nuclear Magnetic Resonance-NMR images, the last one being calculated doing a
correlation similar to the one used for the calculation of the absolute permeability and
expressed on Eq. 2. The number of cells used for the simulation matches the number of the
pixels of the NMR image and was 79 on the x dimension and 54 on the y dimension. The
two dimensional assumption of the displacement was important for the numerical
simulation taking into account that all the process defining the shape of the front was
confined within the volume imposed by the virtual slice recorded by MRI.

Results and Discussion

The MRI technique is already certified as being capable to quantify the variation in fluid
saturation as function of time during a displacement experiment performed inside the
Magnetic Resonance Imager. In the case we are presenting here the advancement of the oil
phase was monitored in the sagittal slice of the plug initially saturated with water. The
saturation maps quantify the amount of water present in each cell and its variation with
respect to the initial situation. The volume of the cell was imposed by the MRI resolution
to be 0.7x0.7x5.0 mm. A quantitative control was possible in order to evaluate the error
induced by the calculation of saturation from MRI relative to the values obtained by
weighting methods and reported on Tab. 1. Unfortunately for the intermediary steps
characterized by a mixed phase at the exit face it was impossible to achieve the individual
detection of each phase. A phase type discrimination is possible under certain conditions
doing Chemical Shift Imaging – CSI. In our case the chemical shifts of the water and oil
being very close one to another makes the quantification of the two phases impossible. The
displacement experiment was monitored by recording an image of the same sagittal slice
every 20 min. In Fig. 3 is depicted the advancement of the oil front. It can be seen that the
front splits and advances more rapidly in the region for which the porosity and
permeability maps illustrated on Fig. 2 presents highest values (bottom left-hand side). At
the half time



Fig. 4: Water saturation maps at times 30, 60. 100, and 120 min. of displacement: a) calculated from NMR
images; b) simulation using for all the cells an identical set of Pc and kr. ; c) simulation using a scaled set of
Pc.; d) simulation of the same displacement experiment as in Fig. 5 using a scaled set of Pc and Swi.

a) b)

c) d)
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of the experiment this “fingering” effect related to the inhomogeneity of the rock is
attenuated and the displacement reaches a “piston” regime, affected by a mobility factor
smaller than unity.

Experimental Time
(min.)

Average Water Saturation By
MRI
(%)

Average Water Saturation by
Weighting

(%)

Error
(%)

30
60
100
120

300 (final Sw)

94
88
78
73
37

91
83
72
66
35

3
6
8
11
6

Tab. 1: Water saturation calculated at different times and the error estimation of the values obtained from
MRI with respect to the classical weighting method.

Responsible for this effect is the homogeneity in porosity and permeability of the region
spatially situated in the middle of the sample as visible on Fig. 2. We can conclude that
small differences in permeability and porosity have an important impact on the
advancement front. Fig. 4a represents the 2D maps of the water saturation calculated from
MRI for the four steps mentioned on Tab. 1. In order to match the numerical simulations
with the experimental results obtained from MRI several inputs were used on three
different simulations. Fig. 4b shows the results of the simulation where for all the cells
were used an identical set of flow functions (Pc and kr). We should note that the front has a
flat shape slightly curved on the areas of equal saturation. The “breakthrough” time is
anticipated to be 160 min. It seems that with these inputs the simulator cannot simulate the
reality in an accurate way. In order to improve the results we repeated the simulation
allocating this time a local value of capillary pressure for every cell. The Pc values were
scaled to the local values of permeability and porosity treating the initial capillary pressure
curve using the “J – function” approach (Ref. 16). The result is reported on Fig. 4c
showing that the oil front simulated reproduce accurately the experiment even if it doesn’t
have the same behavior on its left-hand side. The “breakthrough” time matched the
experimental one being calculated at 175 min. The final situation after 5 hours of
displacement is shown in Fig. 5. On the left-hand side is depicted the water saturation
calculated from NMR images while on the right-hand side is visible the simulation of the
same situation. The two saturation maps have a similar shape, a fact that validates the
simulation inputs. It should be noted that for the simulation was used a single value of Swi

equal to 16% calculated by way of classical methods. The average water saturation Sw

simulated was 33% while the measured value was 35%. The last step of our simulations
consisted of a scaling of Swi together with the Pc in order to describe the local variation in
Swi. The final water saturation map obtained by MRI after 5 hours of displacement were
used as a reference. The shape of the front was similar to the one obtained previously by
scaling only the local Pc; however the “breakthrough” time was simulated to be at 150 min.
This may confirm the fact that, after 5 hours of displacement, the sample was not at Swi

condition. The result of this simulation is shown of Fig. 4d.



Also the simulation of the average water saturation give values higher than the
experimental reality (38%). In conclusion the important contribution to the improvement of
the simulation of displacement experiments was the allocation of local values for the
capillary pressure Pc.

Conclusions

Magnetic Resonance Imaging allows the computation of two-dimensional maps of
petrophysical properties. Millimetric scale porosity can be determined once precise values
for intrinsic magnetization intensity have been computed. The integration of the great
potential of the NMR imaging into simulations may improve the understanding of the
influence of the petrophysical parameters on fluid dynamics inside the porous media.

Permeability is estimated from the correlation that exist between the relaxation times and
the pore size distribution. This requires a calibration process, such as that performed for
downhole logs. We have observed that the T2 effect, in terms of the improvement of the
permeability estimation in relation to the usual K-Φ cross plots, is not as evident as at low
field. The availability of this huge quantity of data on the core scale allows us to produce
histograms and semi-variograms of the parameters being investigated. This way the
statistical approach, which is usually applied in the field, can be transferred to a lab scale to
investigate any similarities.

Fig. 5: The final water saturation maps calculated from NMR image (left) and simulated with ECLIPSE
(right).
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