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ABSTRACT

Neutron Tomography — NT is a non-destructive technique, ideal for imaging hydrogen-rich substances even
when wrapped up by thick rock layers. In the present study, the NT was employed for investigating the oil
concentration and distribution in the mineral Dolomite, a natural oil reservoir. Two types of Dolomite
samples, one of which dry, and the second one in oil-saturated were prepared. The applied oil was
EMCApIlus® 070 usually employed in permeability experiments to reproduce conditions of natural oil
reservoirs. Three small fragments of the dry sample and three of the oil sample were inspected by NT and
the comparison between the obtained results enabled, to distinguish several regions in which the oil is stored,
to indicate that the oil is dispersed throughout the volume of the samples, and to quantify the storage
concentration. The obtained data for oil concentration, for the three fragments, were compared to each other
and to the one obtained by the conventional gravimetric technique, and they agreed within their
uncertainties, demonstrating the viability of the NT technique to inspect, either in a qualitative as in a

quantitative level, this oil reservoir mineral.
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1. INTRODUCTION

Unlike X-rays tomography technique, the neutron-matter interaction processes attribute unique
characteristics to the NT technique, from which it is possible to distinguish small amounts of
hydrogen-rich substances like water, oil, adhesives and others, even wrapped up by thick material
layers like, some metals and rocks. Thus, often the information obtained by NT and X-ray
tomography are complementary to each other. Therefore, the NT technique is highly desirable in
studying oil in mineral samples. Carbonate deposits are one of the main oil and gas reservoirs in
the world's most relevant petroleum systems, Calcite and Dolomite are the main constituent
minerals of carbonate rocks [1-10]. The objective of the present paper was investigating the
distribution and concentration of the oil EMCAplus® 070, usually employed in permeability
experiments to reproduce conditions of natural oil reservoirs [11], in Dolomite, using the NT
facility of the Brazilian Institute for Nuclear Technology IPEN-CNEN/SP. The obtained images
demonstrated the viability of the NT technique and of the present facility to investigate this natural

oil reservoir mineral.

2. EXPERIMENTAL

The NT facility of IPEN-CNEN/SP, showed in the Fig. 1, is installed at the Beam-Hole #14 of
the 5SMW pool type IEA-R1 Nuclear Research Reactor. Briefly, a tomography is obtained as
follows: the sample is positioned in an automated rotating table for irradiation; the intensity of
neutrons transmitted by the sample impinges a scintillator screen (NE-426) forming a two -
dimensional image of its internal structure; a mirror reflects this image to a video camera (Andor
Ikon-M), which is captured and stored in a computer (DELL precision 5500 work station); after
capturing the image, the sample is rotated 0.9° and another image is captured, until completing
360°. The file with these 400 images is processed by the software “Octopus” generating the
tomographs, and the 3D images are generated by the software “VG Studio” [12, 13]. The main

characteristics of the facility are: neutron flux at irradiation position 8x10° n.s*.cm; maximal
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spatial resolution (205+24) um; maximal beam diameter 16 cm; time spent per tomography 400 s
[14].
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Figure 1: NT facility of the IPEN-CNEN/SP.

The sample is a Silurian Dolomite, a sedimentary rock composed primarily by the mineral
Dolomite, with chemical composition CaMg(CO:s)2, found in sedimentary basins worldwide. Its
basic composition is dolomite 97.86%, calcite 1.58%, quartz 0.35%, others 0.22% [15]. For the
purpose of the present study, two samples were prepared. Firstly, both were kept for 24 hours in
an oven at 60°C, with relative humidity at 45%, for drying. After that, one of the dried samples,
Fig. 2a, was stored until the tomography is performed. The second sample in Fig 2b, was submitted
to an oil saturation process, known as Flow-Through, in which the Dolomite is inserted in a core
holder, and the oil is forced by pressure to penetrate into the sample [15]. The oil employed was
the EMCAplus® 070, an industrial and laboratorial oil with viscosity, density and oleic phase
similar to the hydrocarbon, usually used in permeability experiments to reproduce conditions of

natural oil reservoirs [11]. After this process, this sample was kept immersed in oil at atmospheric
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pressure, until the tomography is performed. The two samples are cylinders (¢ = 39.2mm; h =
53.8mm), with masses m(g) = 150.27, and m(g) = 157.59 for the dry and for the in-oil respectively.

20mm
—

Figure 2: Dolomite samples: (a) dry; (b) in-oil.

In order to minimize the neutron multiple scattering in the samples to be inspected by NT, that
would mask the resulting images, these samples were fragmented, and three samples of the dry,

and three of the immersed in-oil, with masses showed in the Table 1, were selected [16].

Table 1: Masses of the inspected samples.
Mass sample 1 sample 2 sample 3

M(g)—dry  7.97x0.02 653002  3.850.02
M(g)—in-0oil  6.18£0.02  4.06£0.02  6.00£0.02

3. RESULTS AND DISCUSSION

3.1. - Dry samples. The three dry samples were inspected by NT and from the obtained images,
it was possible to discern (see Fig. 3c), three distinct ranges of neutron attenuation coefficients,
differentiated by colors (red, yellow, green). The Figs. 3a, 3b and 3c show, one of the inspected
samples, a 3D general view, and a 3D image sliced in two distinct viewing planes, respectively.

Table 2 illustrates the quantitative results for the sample volume V(cm®) and for the volume
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fractions V(%) corresponding to each measured attenuation coefficient range, varying from
Td(cm™) < 0.22 (green) for the most transparent, to 0.29 < d(cm™) < 0.35 (red) for the most
attenuating region. Typically, attenuation coefficients vary from ~ 0 cm™ for absence of materials
to ~ 3.0 cm* for the highly attenuating materials [17]. These results, when compared to the image
obtained by Scanning Electronic Microscope (S.E.M.), see Fig. 4, indicate that these ranges
correspond to distinct porosities in the sample, which because of the spatial resolution limit of the
present NT facility, are not discernible in the images.

Jratirprprprrgtg
3 a

8 S
b dointoonl

c

Figure 3: Dry sample: a) One of the inspected samples; b) 3D general view; c) 3D sliced image
showing the three colored regions.

Figure 4: S.E.M. image (80x) for the dry sample.
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Table 2: Parameters evaluated from the tomographic images for the dry samples.
samplel sample2 sample3

volume V(cm?3) 3.526 2.743 1.614

Att. coef. Zd(cm™) V§(%0) V(%) V{(%)
>d <0.22 (green) 25 21 25
0.22 < =d < 0.29 (yellow) 60 59 51
0.29 < 2d <£0.35 (red) 15 20 24

3.2 - In-oil samples. The three in-oil samples were inspected by NT and from the obtained
images, it was possible to discern (see Fig. 5c), four distinct ranges of neutron attenuation
coefficients, differentiated by colors (red, yellow, green, light blue), in this case reflecting four
distinguishable densities in which the oil is stored. The Figs. 5a, 5b and 5c show, one of the
inspected samples, a 3D general view, and a 3D image sliced in two distinct viewing planes,
respectively. Table 3 shows the quantitative results obtained for the sample volume V(cm?), and
for the volume fractions V(%) corresponding to each measured attenuation coefficient range,
varying from Zo(cm™) < 0.57 (light blue) the most transparent to 1.07 < Zo(cm™) < 1.4 (red) the
most attenuating region [17]. The selected colored region in Fig. 6, obtained by Scanning

Electronic Microscope (S.E.M.) shows that the oil is distributed throughout the sample.

Figure 5: In-oil sample: a) One of the inspected samples; b) 3D general view; c) 3D sliced
image showing the four colored regions.
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Table 3: Parameters evaluated from the tomographic images for the in-oil samples.

I sample 1 sample 2 sample 3
volume V(cm?3) 2.232 1.535 2.209
Att. coef. Zo(cm™) V(%) V1(%) V1(%)
S0 < 0.57 (light blue) 17 15 14
0.57 <Z0<0.83 (green) 74 62 74
0.83<Z0 < 1.07 (yellow) 7 20 10
1.07 < X0 < 1.4 (red) 2 2 2

Figure 6: S.E.M. image (1000x) for the in-oil sample.

A very important parameter also evaluated in the present study, was the oil concentration in
the studied samples, here defined by the ratio (moil/M) where moi is the oil mass stored in a sample
with mass M.

The oil mass - moi for each sample, was evaluated by (1)

Moil = f.p.V @
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where p = 0.82g/cm? is the density of the pure EMCAplus® 070 oil [11]; V(cm?) is the volume of
each respective sample (Table 3), and “f” is the ratio between, the oil density within the samples
and the pure oil density. This parameter was evaluated by expression (2), derived from the neutron
transmission law by matter [16], and f = 0.16+0.04. The uncertainty in “f” was evaluated according

the standard propagation rules, applied to (2) [18].

2D(avg) = 2M(avg) + f. 20l avg) )

where Zo@g(cm™) = 0.81+0.12 is the average neutron attenuation coefficient measured
throughout the volume of the in-oil samples; Zd@g(cm™) = 0.30+0.03 is the average neutron
attenuation coefficient measured throughout the volume of the dry samples; Zoil@ag(cm™) =
3.10£0.02 is the average attenuation coefficient for the pure EMCAplus® 070 oil. The
uncertainties in £0(vg), Zd@vg) and Xoil@vg) are the standard deviation of their respective means
[18].

The obtained values for the oil concentration (moei/M) were 0.049+0.011, 0.052+0.012 and
0.050+0.012 for the samples (1), (2) and (3) respectively, and they agreed within their
uncertainties, demonstrating the reproducibility of the NT method. The uncertainties were
evaluated according the standard propagation rules [18], taking the uncertainty in VV(cm?®) ~ 0 [13].
Furthermore, these results also agreed with the one obtained by the conventional gravimetry

technique (Mgrav./M) = 0.046+0.005 applied to the original in-oil sample.

3.3 - Induced radioactivity to Dolomite. This study was carried out because in performing
the tomography, the samples are irradiated in an intense neutron beam and radioactive activation
of some of their chemical elements is expected [19, 20]. In order to determine the period, after
irradiation, for which the induced radioactivity becomes negligible [21], a small piece of the dry
sample with mass = 0.8 g was powdered, and inserted in an aluminum holder. This holder was
positioned in the rotating table of the NT facility and irradiated for 400 s, the same required time

to obtain the tomography [14]. The powder was analyzed in a high sensitivity Ludlum (mod. 2929
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dual scaler) counting system, which is able to detect alpha, beta and gamma radiations. The
obtained result showed that approximately 24 h after the end of the irradiation, the counting level
of the irradiated sample became insignificant, reaching the background level of the counting

system.

4. CONCLUSIONS

The presented results demonstrate the potential of the NT technique as well as of the present
NT facility to evaluate the storage capability, and distribution of oil in the reservoir mineral
Dolomite, and the following conclusions can be drawn:

1 - The smallest attenuation coefficient, for the in-oil samples (Table 3), is greater than the greatest
one for the dry sample, (Table 2), indicating that the oil is distributed throughout the volume of
the samples and in four distinct densities. This is corroborated by the Scanning Electronic
Microscope image in the Fig. 6.

2 - The greatest measured neutron attenuation coefficient for the in-oil samples was >o(cm™) =
1.4 (Table 3), while the one measured for pure oil is Zoil(cm™) = 3.1, indicating that within the
sample, the oil is dispersed in densities, smaller than in its natural form.

3 - The obtained values for the oil concentration, in the three in-oil samples, agreed within their
uncertainties. Furthermore, these three values have also agreed with the result obtained by the
conventional gravimetry technique, demonstrating the consistency of the results and reflecting the

viability of the NT to inspect the oil in Dolomite reservoir mineral, in a quantitative level.
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