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Abstract

In analysis of transverse relaxation (T2) time curves in a Carr-Purcell-Meiboom-Gill (CPMG) experiment in a multi-component system originating from measurements of oil and water in rock cores, where internal magnetic field gradients broaden the line widths significantly, there is very little direct information to be extracted of the different components contributing to the total T2 relaxation time curve. 

From the study of rock cores saturated with different amounts of crude oil and water, we show that with an optimized experimental set-up it is possible to extract information from the NMR response that is not resolved by any other methods. This set-up combines Pulsed Field Gradient (PFG) methods with the CPMG experiment utilizing data from both rock cores and bulk oil and water. Then it becomes feasible to separate the signals from oil and water where the two-dimensional Inverse Laplace Transform (2D-ILT) ordinarily seems to fail.

Introduction
In the oil industry one is frequently faced with the problem of making reliable measurements of various fluid phases confined in reservoir rocks, where NMR spectroscopy is one of the methods used. The problem is evident when analysing relaxation data from a Carr-Purcell-Meiboom-Gill (CPMG) experiment, where the contribution from oil and water is usually not resolvable, because the transverse relaxation times of the two phases are of the same order of magnitude. 

Assuming a continuous exponential decay for oil and water, the signal intensity of spin echo number n in a CPMG can be written as
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where ((T2) denotes the continuous distribution of T2 values within the oil and water portion of the signal, respectively, 2  is the time between echoes in the CPMG sequence; n denotes the echo number and 
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 is the experimental noise. 

If the characteristic T2 values of oil and water are of the same order of magnitude, it is difficult, if not impossible, to resolve the response from oil and water in the CPMG attenuation directly. The interpretation of the experimental results then becomes very dependent on the selection of the method for numerical treatment and the signal-to-noise (S/N) ratio in the raw data. Improvement of the S/N will increase the probability of resolving the signals at the expense of the experimental time used.

The separation of the oil and water signals before numerical treatment
The numerical inversion of Fredholm integrals with smooth kernels is ill posed, meaning that several and very different solutions may fit the experimental data equally well [1]. An experimental approach, where the distribution from oil and water could be separated before the numerical inversion, should make the inversion less prone to error. This is achieved using the combined PFG-CPMG method as proposed in [2] in which one may obtain the separate T2 contributions for oil and water in a porous system. Similar pulse sequences have been used by others [3-9]. However, the systems studied were all biological, and it was focused on the relaxation and diffusivity of water, where the T2 components could not be resolved due to their insufficient differences in mobility. Hürlimann et.al [10] have applied the fringe field of a 2 T superconducting magnet to generate and make use of constant magnetic field gradients in the study of oil and water simultaneously present in rock cores. Their approach differs from the one used here as their experimental set-up cannot fix the observation time (the time scale) while incrementing the gradient strength ( the diffusion scale). 

Our approach is based on the fact that water normally has significantly higher self-diffusion than oil (e.g. crude oil). Then the combined PFG-CPMG sequence is weighting the CPMG decay to such a degree that the water gradually will contribute less and less to the CPMG decay when increasing the gradient strength in the PFG-CPMG sequence. When the gradient strength is sufficiently high, the signal contribution from water becomes negligible, and the T2 attenuation is originating from the oil phase only. 

We use a combination of the PFG [11] methods with the CPMG experiment [12-13] as shown in Figure 1, for which the attenuation is written
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where ( is the gyromagnetic ratio, ( is the gradient pulse length, g is the gradient strength, D is the diffusion coefficient, and 2 (’ is the inter-echo spacing in the PFG-part of the experiment (Figure 1). The CPMG decay from both oil and water is assumed to be a sum of mono exponential decays. As the mobility of all components within the crude oil phase is significantly lower than the mobility of water, it is possible to subtract a scaled version of the CPMG decay from oil only, in a combined PFG-CPMG sequence with the pulsed field gradients set to zero. The resulting T2 attenuation will then originate from the water phase only. Following the procedure for separation of multi-component attenuation [2], we are able to measure the T2 contributions from oil and water separately in for example in a porous rock saturated with oil and water.

Experimental

All NMR experiments were performed at 25 oC, on a 0.047 Tesla Big-2 from Resonance Instruments. The 1.5” probe contained actively shielded gradient coils with which it was possible to achieve stable pulsed field gradients of strengths up to approximately 10 Tesla/m. In all experiments a  value of 150 s was used. In the combined PFG-CPMG experiment the gradient pulse length  was set to 3 ms together with a eddy current delay of 1.0 ms. By using the given settings in both the PFG part and the CPMG echo train the transient magnetic fields following the gradient pulses had no significant effect on the echo attenuation. A time interval of 0.1 ms was used between the initial /2 pulse and the following gradient pulse, giving a ' value of 3.1 ms, and a total time of 12.4 ms before the start of the CPMG measurement. 

The two samples selected for the study were from the Middle Jurassic, Brent Group, The North Sea sandstone reservoir with equal porosity (0.306 ( 0.001). A normal Amott test displacement cycle was performed on fresh samples using synthetic formation water and crude oil [14]. The Amott wettability index was found to be – 0.26 for the sample denoted PL11 and + 0.11 for the sample denoted PL39. Thus PL11 is slightly oil-wet while PL39 is slightly water-wet. 

In order to separate the oil and water signal without imposing any model onto the data, the signal from crude oil was subtracted from the crude oil and water signal within the rock core. This is achieved by running the PFGSE part of the experiment only, using gradients high enough to suppress the water signal. Then the contribution from oil and water can be separated due to significant differences in mobility, and one may quantify the amount of oil signal. This oil signal will correspond to the initial signal from the crude oil in the PFG-CPMG attenuation with all gradients set to zero. To get the scaling correct the PFG-CPMG attenuation, where the water signal is suppressed, is scaled to an intensity equal to the initial signal from the crude oil. When this scaled PFG-CPMG attenuation is subtracted from the PFG-CPMG attenuation with all gradients set to zero, we are left with the PFG-CPMG attenuation from water only [2].

To improve the S/N a smoothed version of the rescaled T2 attenuation of oil is used in the procedure for obtaining the resolved T2 attenuation of water. Then the S/N ratio of the T2 attenuation of water is minimized without any loss of information. This is obtained by fitting the data to a large number (50) of decaying exponentials and subtracting the fitted signal from the signals of interest. Such a procedure did not add any significant noise to the subtracted signal and the only assumption used was that the sum of a large (50) decaying exponentials could fit the signal properly.

The 2D inverse Laplace transforms (2D-ILT) were performed on the diffusion attenuated CPMG data. This failed to give the necessary resolution in the diffusion dimension. We therefore also performed a 2D-ILT on the separated oil and water signals. The results were then added together after the 2D-ILT We used 2D-ILT software developed by Sophie Godefroy, Brett Ryland and P. T. Callaghan, Victoria University of Wellington, Wellington, New Zealand.

Results and discussion

Before measuring on rock core samples, the method for separation of the T2 curves of oil and water was verified on samples containing oil and water in two unmixed phases. Both T2 curves were satisfactorily resolved and coincided with the T2 curves achieved from separate samples of oil and water only. When subtracting a rescaled version of the oil signal to achieve the water signal only in the two unmixed phases, a smoothed version of the oil signal is subtracted from the CPMG decay. Then the S/N is not increased by the procedure for achieving the water signal only, and thus keeps the noise level constant for the separated CPMG decays of oil and water. Figure 2 shows the PFG-CPMG decays with and without the use of magnetic field gradients, and the decay of water arising from the procedure as proposed in the previous section. With the present S/N there is no indication that the oil signal is not correctly subtracted from the PFG-CPMG decay arising from both oil and water. Thus we are confident that the method can be used to record the PFG-CPMG decays of oil and water separately.

The method was then applied on the rock core plugs either saturated with water only or with both crude oil and water. In Figure 3 the procedure is applied on a rock core containing crude oil and water. While the T2 distribution of the oil shows one broad distribution with a left shoulder, the T2 distribution from water contains two well-resolved peaks centered at 20 ms and 800 ms, respectively. The large difference in transverse relaxation times of the water is interpreted to be due to water found in two different regions; a water-wet region where the surface relaxivity is high and the T2 is short (surface region) and a region in which the water is not in contact with the surface of the porous rock.  In this bulk region the T2 is long compared to the surface region. The existence of such a clearly separated bulk region is only possible when there is oil present to wet the surface and thus prevent the bulk water to interact with the surfaces within the rock core. Hürlimann et.al [10] has also assigned such a bulk region of water to a non-wetting phase within the porous rock.

In Figure 4 we have compared the NMR response from water in a core plug (PL11) either as a single component or in the presence of oil. When water is present as a single component a broad distribution of T2 values is found, and there are no resolved peaks that could be assigned to a surface region and a bulk region, respectively. When oil is injected into the system, two regions appear, and there is a shift to larger T2 values compared to those in the plug with water only. Again, this trend supports the picture of the existence of a bulk region of water separated from the surface in the rock core.

As long as we are able to distinguish between surface and bulk region of water within a rock core, consequentially we can quantify the amount of bulk water and relate it the total amount of water, whereby we should be able to quantify the wettability. Figure 5 shows the water distribution arising from two rock core plugs with different wettabilities, but where the total amount of water in the plugs is the same within a fraction of ( 0.01. Due to the PFG part of the PFG-CPMG sequence, the first measuring point in the echo decay is at 12.4 ms. During this time significant amounts of water stemming from the surface region has decayed and thus made it difficult to quantify that amount of water. However, NMR signal from the bulk region where the T2 distribution is found at approximately 800 ms, will not be significantly affected by the finite duration of the PFG part of the experiment. As the total amount of water is known through a controlled injection of water into the plug, a quantification of the bulk region yields an indirect measure of the wettability in the system. Taking into account the total amount of water in the two plugs one may therefore conclude that the bulk water is less present per unit pore volume in PL39 than in PL11. Due to the larger amount of water stemming from the surface region, one can conclude that PL39 is more water-wet than PL11. This is in accordance with the Amott wettability index results revealing that PL39 is truly more water-wet than PL11.

Instead of presenting the result as one-dimensional distributions, one may apply a two-dimensional Inverse Laplace Transform (2D-ILT) on the experimental data as a function of observation times (# of echoes) and the applied gradient strength. In Figure 6a we show a 2D-ILT performed on the experimental data without resolving the NMR response from crude oil and water prior to analysis. Using the same experimental data set, but resolving the response from crude oil and water before doing the 2D-ILT, the results are given in Figure 6b. As seen in Figure 6a the resolution of the crude oil and water yields a result where the oil and water is well separated in the diffusion direction while mainly overlapping in the T2 direction. Surprisingly it was not possible to resolve any peaks in the diffusion direction even though the mobility of the crude oil and water differed with at least a factor of 20. This is most likely due to the poor S/N that is obtained at 2 MHz, the number of scans used, and the fact that the ln(I/Io)-attenuation of the crude oil was only down to approximately -1. A resolved signal in the diffusion direction would therefore require more scans and/or use of higher applied magnetic field gradients. However, by using the resolved experimental data (Figure 6b) such an improvement is unnecessary.

Even though it has been possible to quantify a bulk region that returns information on the wettability of the system, the impact of the internal magnetic field gradients during the PFG part of the experiment has not been accounted for [15]. At an operating field of 0.05 Tesla one may argue that the strength of this internal gradient is usually small. Still, Hürlimann et.al found large internal magnetic field gradients in a variety of systems at comparable operating magnetic fields [16]. To account for loss of bulk signal due to the existence of internal magnetic field gradients during the PFG part of the experiment, one may vary the (-value in the PFG-part of the experiment, and determine a value for the bulk quantity as a function of (. Such a data set may be used to find a fitted bulk quantity at ( = 0, which will correspond to the bulk quantity that is unaffected by the presence of internal magnetic field gradients [17].

Conclusion

In the study of rock cores saturated with different amounts of crude oil and water, we have shown that with an optimized experimental set-up where we combine PFG methods with the CPMG experiment, it is possible to extract information from the NMR response, that is difficult to achieve by other methods.

We have also shown that, at least in our hands, a 2D-Inverse Laplace Transform (2D-ILT) on our NMR data directly fails to extract the same information as is found using a less elaborate, yet more powerful approach.
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Figure captions

Figure 1: A combined bipolar Pulsed Field Gradient Spin Echo (PFGSE) Carr-Purcell-Meiboom- Gill (CPMG) experiment.

Figure 2: Combined PFGSE-CPMG measurements on a sample containing oil and water in two unmixed phases, with (light grey) or without (black) water suppression. The attenuation in medium grey corresponds to the CPMG-attenuation arising from water only. First measuring point is at 12.4 ms.

Figure 3: T2-distributions obtained from combined PFGSE-CPMG measurements on a porous rock sample containing oil and water, oil+water unresolved(○), oil resolved((), and the resolved NMR response from water(().

Figure 4: T2 distribution of water in PL11 containing water only(() and in the presence of oil(○).
Figure 5: T2 distribution of water in PL11(○) and PL39(() in the presence of crude oil 

Figure 6a; 2D-ILT performed on the experimental data from rock core plug PL11 without resolving the NMR response from oil and water prior to transformation.

Figure 6b; 2D-ILT performed on resolved experimental data from rock core plug PL11.
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Figure 2: 
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Figure 3: 
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Figure 4: (blue) and PL39 (red) in the presence of crude oil
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Figure 5: 

NMR response from water in PL11(blue) and PL39 (red) in the presence of crude oil
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Figure 6 a-b; 
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