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AssTRACT Reservoir fluid typing is one of the key parameters in reservoir evaluation
and field development planning. Nuclear magnetic resonance (NMR) is one
of the most effective and useful methods for fluid identification, based on the
petrophysical parameters. NMR determines the kind of hydrocarbon fluids
using the parameters obtained from the hydrogen nucleus polarization. A
novel algorithm is proposed employing the NMR dependent parameters and
thermophysical fluid properties. The NMR intensification index (/) is

defined as a function of NMR parameters (i.e. longitudinal relaxation time,
transverse relaxation time, and diffusion coefficient). This index can provide
effective separation boundaries within the reservoir fluids as the three major
classes, including gas, oil and brine phases. The boundaries between the fluid
zones are determined by computing the 3D gradient model of /,, . variable
against the temperature and viscosity. Using this gradient model, three major
fluids with two sharp drops and three transition zones are recognizable. The
gaseous phase has the highest value of /,, . while its lowest level is related
to the brine-bearing zone. The proposed model can effectively determine the
boundaries between different major and transition phases, such as gas, gas-oil,
oil, oil-water, water, water-brine and brine zones.
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1. Introduction

In the petroleum exploration process, the determination of the hydrocarbon type composition
plays a significant role in the reservoir characterization (Myers Jr. et al., 1975; Hsu, 2003). Well
logging techniques provide the petrophysical measurements to identify the type, volume and
potential of hydrocarbon reservoir (Darling, 2005; Ellis and Singer, 2008). Different analytical
methods are being used to provide sufficient information about the characterization of complex
fluids. These methods may include gas chromatography, optical and nuclear magnetic resonance
(NMR) spectrometry (Liu ef al., 2013). NMR tools are a well-known technique to measure the
carbon and hydrogen contents of petroleum samples (Durand ef al., 2008).

NMR logging is an open hole technique, which can be employed to evaluate the subsurface
hydrocarbon reservoirs and directly compute the signal from protons of the formation fluids in
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pores. Its applications ascertain the different formation characteristics, including rock porosity,
permeability, pore-size distributions, the relative saturations of various fluid types, and bound
water estimation (Coates et al., 1999; Xie et al., 2008; Zou et al., 2016). The first step of acquiring
borehole NMR logging data is to polarize (align) magnetic nuclear spin in the pore fluid with
imposing static magnetic field. These magnetic nuclei are, then, excited by the radio frequency
field to define the time period of returning them into balance. The response signal can be considered
independent of the matrix material, which is not necessary to calibrate with formation lithology
(Dunn et al., 2002).

The reservoir fluids are rich in hydrogen, which can possibly be distinguished against the
hydrogen in the pore space based on the relaxation times. The hydrogen NMR signal represents the
properties and fractions of fluid as a function of the relaxation times and diffusion rates (Hirasaki
et al., 2003; Hiirlimann et al., 2009; Edwards, 2011). There are many researches in the literature
dealing with interpretation of NMR measurements for hydrocarbon-typing applications. These
models have presented the reliable multidimensional relation between NMR measurements (i.e.
relaxation times and diffusion) and fluid properties (e.g. specific gravity, viscosity, temperature,
and gas-oil ratio) to identify the fluid types of the reservoir (Kleinberg and Vinegar, 1996; Lo et
al., 2002; Chen et al., 2004; Sun and Dunn, 2005a; Korb ef al., 2015).

In this paper, the reservoir fluids are modelled as three main types: oil, gas, and brine. The
different behaviours of the fluids are investigated considering the relationship between the
viscosity and temperature. To differentiate the hydrocarbon type contents, an intensifying index
is defined employing NMR dependent parameters (relaxation times and diffusion coefficient). A
three-dimensional model is proposed, where the NMR intensifying index interpolates into the
viscosity and temperature of the fluids to effectively determine the reservoir fluid distributions.

2. NMR dependent parameters for fluid typing

In the NMR characterization, different parameters can be considered, including longitudinal
relaxation time (7)), transverse relaxation time (7',), diffusion coefficient (D), and hydrogen index
(HI). T, describes the energy exchange rate between the spin alignment and nuclear environment
with surrounding molecules, while 7, characterizes the decay processes of the nuclear spins to an
equilibrium state. D is the rate of movement of different substances across a unit area of a section
divided by the space gradient concentration. H/ is defined as the relative amount of hydrogen
atoms per unit volume of formation. These mentioned parameters are nearly different for each
fluid; hence, hydrocarbon typing can be performed using the integration of NMR dependent
parameters (Coates et al., 1999; Bliimich, 2005; Serra, 2008). Table 1 shows different NMR
properties of reservoir fluids.

For fluids in rock pores, there are three mechanisms controlling the relaxation times. The
bulk fluid and surface relaxation processes affect both 7, and T, relaxation, while the diffusion
in the presence of magnetic field gradients only affects 7, relaxation. All three processes are
independent and act in parallel according to the following equations:
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Table 1 - The qualitative descriptions of NMR parameters for different fluid types (Coates et al., 1999).

Fluid types . ) ) .
Light oil Heavy oil Brine Structural water Gas
Parameters
T, Long Short Medium-Long Very Short Long
T, Long Short Medium-Long Very Short Short
D Medium Slow Medium Slow Very fast
1 1 1 1
— = + + . 2)
TZ T2bulk T2surface TZdiffusionn

As with bulk relaxation, the diffusion coefficient is controlled by the various physical properties
such as viscosity, molecular composition, environmental conditions, temperature, and pressure.
Gas, oil, and water diffusion coefficients are given by Egs. 3 to 5:

0.9 2
D, =8.5x107| 1| %10 ™ 3)
2
L el2| L |x10EM (4)
2987 s
2
D,, =1.3|—5_|x10 <™ (5)
298n s

where T, = temperature (°K); # = fluid viscosity (cp); and p,= gas density (gm/cm?).

In the NMR study, one of the most important parameters is the data acquired from the
distribution function of the transverse relaxation time. In the relaxation time distribution, the
position and spread of the fluid signals depends on fluid viscosity and formation condition.
The water-wet formation provides an easier condition for hydrocarbon typing than mixed-wet
formations. 7, contrasts between the hydrocarbon and brine phases, while 7, contrasts between
the gas and oil phases. The contrast between the oil and water phases can be clearly identified
by employing diffusion coefficients. 7, function can also be analysed for determining the range
of fluid typing time based on the shapes of distribution functions of T, (wait time) and 7', (echo
spacing). However, 1D and 2D NMR models are the applicable techniques for detecting and
quantifying different types of fluids (Sun, 2007).

Hence, the enhanced T, relaxation rate in a magnetic field gradient (as the important physical
phenomenon) is applied to differentiate oil from water. On the coupling between the magnetic
field gradients (G) and 7, it can characterize the hydrocarbon types and water by comparing the
shifts on 7, spectra at different G-T, tracks. Another IDNMR method presents the simultaneous
inversion of multiple echo trains to find the T, distributions corresponding to various reservoir
fluids and formation properties (Prammer et al., 1995; Romero and Zhang, 2010). There are
basically two types of 2D NMR post-processing normally used in the industry: D-T, (diffusivity
- T, intrinsic) and 7 -T Jpp (@PPAreNt) models.
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Comparing with the traditional 1D approach, 2D NMR methods improve the discrimination
capability of different fluid contributions by simultaneously plotting proton density (a function
of the 7, relaxation time) at the first variable dimension and diffusion constant (or 7', relaxation
timeor 7,/T Sy 1110) At the second variable dimension and using forward modelling (Jerath et al.,
2012; Meridji et al., 2013).

3. Effective thermophysical parameter in fluid typing

NMR dependent measurements are not perfect to detect fluid types only by themselves. Hence,
they can be coupled with the thermophysical properties of fluid systems for effective fluid typing.
Temperature and viscosity are the most common variables in the related field of NMR studies
(Hirasaki et al., 2003). In the various models, the viscosity is generally predicted as a function
of temperature, fluid chemical composition, and some other physicochemical properties. Fluids
behave differently in terms of viscosity-temperature relationship. In general, viscosity decreases
with increasing temperature, but in the case of gas phase this is reversed (i.e. the viscosity of gases
rises as the temperature increases). In the reservoir, the highest viscosity is respectively observed
in the brine phase, liquid hydrocarbons, and gases (Zega, 1988; Perry and Green, 1999).

The viscosity of the gases is modelled at different ranges of temperature with increasing trend.
However, the gradient of this change is found to decrease with temperature (Fig. 1a). In the study
of the thermophysical parameters of liquids such as brine and oil, with rising temperature, the
reduction of viscosity is observed in Fig. 1b. As the density of the liquid hydrocarbons augments,
the gradient of the viscosity changes with respect to the temperature shows a reducing trend, e.g.
from pentane to octane this gradient is increasing (Fig. 1c). It is a common technique to designate
the fluid by the viscosity at a certain temperature range and also viscosity-temperature gradient.
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Reservoir liquid phase has an exceptionally flat temperature-viscosity curve, as the heavy oil slope
of the viscosity-temperature dependence is steeper than light oil. The viscosity of gases increases
slowly with rising temperature, and shows a nearly linear slope (Loskutov et al., 2014).

4. 3D modelling of the NMR parameters

Sun and Dunn (2005a) proposed a two dimensional model based on the two basic parameters:
i) secondary relaxation time and ii) the diffusion coefficient. The third axis expresses the proton
population as a function of two other independent variables. These models are shown in the form
of the contour map and three-dimensional surface plot. This approach employs the 7, relaxation
rate in a magnetic field gradient and the large contrast between diffusion coefficients of oil and
water to model a 2D NMR map, where the oil and water signals are clearly identified. The water-
containing zone is detected by its diffusion coefficient being about 3x10 cm?/s, whereas the oil
peak is found by its location being on a D-T, map with linear classifier. The peak points are related
to fluids and have a reducing trend from water to oil (Ernst et al., 1987; Sun and Dunn, 2005b;
Chen et al., 2016). In Fig. 2, the fluid type determination is modelled based on the changes in 7,
and diffusion rate with respect to the proton population.

Multidimensional NMR analysis significantly improves the accuracy of fluid typing and saturation
determination. These methods are particularly efficient to identify highly diffusive fluids (e.g. gas,
condensate, and light oil). 3D NMR logging provides multiple formation and the fluid parameters
such as porosity, oil and water saturation, oil viscosity, permeability, and wettability (Chen ef al.,
2016). The 3D NMR model includes diffusion coefficient, 7', and 7', relaxation times (D-T,-T') of
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Fig. 2 - The proton amplitude as a function of diffusion coefficient and 7, relaxation time in the form of: a) the contour
map plane, b) three dimensional surface plot (Sun and Dunn, 2005a).
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Fig. 3 - Three-dimensional models of the NMR
parameters (7,-T,-D) for different fluids: a) gas, b) oil,
and c) brine.

different fluids in rocks (Fig. 3). These models can actually separate the fluid phases combining the
pairwise NMR parameters, but the shape and pattern of models are approximately the same.

To improve the performance of the model, in addition to the NMR parameters (i.e. T, and 7,
relaxation times and diffusion coefficient), the thermophysical parameters such as temperature
and viscosity are also considered. Initially, the changes of the NMR dependent parameters can
be computed for the various types of fluids. In this paper, we introduced the intensification index
(Z,,.), which can provide effective separation among the fluids within a hydrocarbon reservoir

NMR
using the following equation:

Lk =Dx[§]x108 (6)

2

I, index employs different thermophysical and NMR parameters so that it is possible to

provide a suitable separation boundary between the different types of fluids within a typical
reservoir. For the homogenization of different parameters, the two thermophysical axes from
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the quantitative point of view are in the same range. The temperature range of 300 to 500 °K,
and the viscosity changes with respect to fluid types in centipoises unit. The third axis, which is
perpendicular to the other two, obeys the intensification function as Eq. 3.

After knowing the viscosity variation versus temperature in different reservoir fluids and
determining /,, . based on the major NMR parameters, it is now possible to find a proper model
for the probable reservoir fluids. In Fig. 4, the model is computed based on the three parameters
(i.e. temperature, viscosity, and 7, ). This model presents a surface trend for brine and oil, but
for gaseous phase has a more complex trend model considering the relation between the three
parameters at different states. These 3D models are separately calculated for gas, oil, and brine
and the corresponding evaluated outputs are shown graphically in Fig. 4.

In the vector map (shown in Fig. 5), the gradient arrows show the paths of steepest descent at
different points. The direction and length of the arrow depend on the magnitude and the steepness
of the slope at each grid node. With the rapid decline along the vertical axis, the breakpoints
usually occur at the boundary between the classes through the x-y space in 3D surface. The
gradient model of /,, , variable against the temperature and viscosity can be used to determine the
effective separation among the fluids within a hydrocarbon. To unify the ranges of x and y axes,
the transformation log(viscosity(cP)'") is applied to the viscosity variable.

3D surface is calculated in the form of z=F(x,y) with constant coefficients (w), where x as
"log(viscosity(cP)'")", y as "Temperature", and z as "I, .". These functions of gas, oil, brine, and
hydrocarbon fluids in general are expressed as Eqs. 7 to 10:
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Fig. 4 - Three-dimensional models of temperature,

viscosity and [, for different reservoir fluids: a)

gas, b) oil, and c) brine.
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Z, =w0+w1x+w2/y+w3x2+w4/y2+w5x/y+w6x3+w7/y3+w8x/y2+w9x2/y (7)
2, = Wy + WX+ WX +wix +wxt +w +w [y +w [y Ew [y ew [y Ew, [y (®)
7, =Wy + WX+ wyx” + wox’ + wxt +wox +w,y )

z,= [w, +w, 1n(x)+w2y+w3y2 + w4y3]/{1+w5 ln(x)+w6[1n(x)]2 +w7y+w8y2} (10)

Fig. 5 shows the general fluid variations in the reservoir under the influence of 7, , and
based on the changes of the thermophysical parameters. This illustration uses the vector map
representation to distinguish the boundary of the typical fluids within the reservoir and clearly
shows the changing border from one phase to another.

Finally, a comprehensive model is proposed to assess NMR dependent 7, . as a function of
temperature and viscosity criteria. In this model, the approximate zone of each reservoir fluid is
based on the gradient of /,, , parameter. There are three major fluid limitations, including gas,

oil, and brine phases. The gaseous phase has the highest value of /, ., and another sharp drop

is observed between the oil and water (brine) phases. However, the boundaries of transition
phases are not sharply distinct in the 3D model. The proposed model can provide distinguishable
boundaries between different phases, respectively, including the gas, gas-oil, oil, oil-water, water,
water-brine and brine. In Fig. 6, the gas-phase has the highest value of 7, and the lowest level of
is related to the brine-bearing zone.

INMR

Fig. 5 - Vector map showing the general fluid variations in a reservoir under the influence of 7, .
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Fig. 6 - Three-dimensional representation of the boundaries between different reservoir fluids based on the
thermodynamic characteristics and /.

5. Discussion and practical application

To design an optimal fluid typing, the multiple effective features are selected to achieve
the maximum discrimination among the fluid classes. NMR driven parameters incorporate the
formation attributes and fluid characteristic. On the other hand, the viscosity of a fluid is highly
temperature-dependent measurement to classify and identify the type of fluid. The optimal
model of reservoir fluid typing can be considered in terms of trade-off between complexity and
performance of input features. The simplest and most efficient model is defined based on 7, , and
viscosity/temperature. In the complex and exact model, six dimensional input space is designed,
including T, and 7, relaxation times, and diffusion coefficient with the temperature, pressure,
and viscosity of the fluids. In this paper, we proposed a model that can balance between the
complexity and accuracy using the 7, . and viscosity temperature dependence.

In the form of geological and fluid attributes, the reservoirs can be classified into the
homogeneous and heterogeneous types. Geological heterogeneities relate to the spatial variations
of facies, porosity, permeability, relative-permeability curves, fracture distributions, etc. Fluid
heterogeneities define the spatial distributions of the fluid composition and its properties such as
viscosity and density. In reservoir modelling, the distribution of live oil phase viscosity should be
considered heterogeneous along the depth. The homogeneous reservoirs with constant viscosity
can be considered for highly permeable media. The homogeneous viscosity is equal to the average
of the distribution of heterogeneous viscosity versus depth (Chopra et al., 2010).

In the reservoirs, the variations of vertical viscosity show four behaviours: i) the reservoir
rapidly fills to an underseal and degradation stops as a result of nutrient transport deficiency to the
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oil-water contact (OWC) or charging stops and lighter oil column slowly mixes; ii) the slightly
more viscous and degraded hydrocarbon is found at the top of the reservoir, the viscosity-depth
profile of the lower zone shows the mixing of oil column after the main charge stops; iii) the
profile indicates an extensive degradation continues after the charging stage stops with a lower
burnout zone; iv) in the stacked reservoirs, the upper horizon fills first completely and degradation
stops, while degradation continues for a longer time in the lower zone (Gates et al., 2008).

Temperature of formation reservoir is assumed to follow the regional or local geothermal
gradient. In most cases of petroleum system modelling, the bottom-hole temperature (BHT) is
an important parameter to determine the temperature of formation. The changes of temperature
around a wellbore are greatly affected by drilling process and fluids. The most reliable sources of
formation temperature are provided by drill stem test (DST), modular dynamic test (MDT) and
log recorded temperature. Various empirical and theoretical methods of temperature corrections
have been presented, which can be applied to the BHT value to model true formation temperature.
These corrections are usually performed considering the time since circulation (TSC) recorded
with the BHT reading, or the empirical calibration based on the depth of the measurement. In
practice, the log recorded temperatures are calibrated to true temperatures derived from DST and
MDT considering the depth and TSC (Kutasov and Eppelbaum, 2005; Zare-Reisabadi ez al., 2015).

In the hydrocarbon reservoir, the fluid phases are not completely separated, and the boundary
between them is very fuzzy as the transition zone. To define this depth interval, the presented model
and petrophysical properties are integrated by applying the fuzzy supervised and unsupervised
learning algorithms. Each depth section is allocated and shared to different fluid types with the
corresponding fuzzy membership degrees. The regions have almost the same membership degree
of two fluid types, representing the transition zone (Wong et al., 2002; Hossein Morshedy et al.,
2017).

6. Conclusions

Hydrocarbon fluid typing is a crucial step for reservoir characterization, for which NMR
logging techniques provide the petrophysical measurements on the properties of fluids, and the
sizes of the pores containing these fluids. In this paper, the novel model is proposed to combine
the NMR dependent parameters (i.e. longitudinal relaxation time, transverse relaxation time, and
diffusion coefficient) with thermophysical fluid properties (i.e. temperature and viscosity). In the
study of the thermophysical parameters of brine and oil, the reduction of viscosity is observed
with rising temperature, however the viscosity and temperature of gas phase has an inverse
relationship. 1D and 2D NMR models cannot perfectly detect and discriminate the different types
of fluids existing in the reservoir, hence /,, , is defined as the function of NMR parameters (i.e.
T, T,, and D), which can provide effective separation among the hydrocarbon fluid typing. The
3D gradient model of /,, , variable against the temperature and viscosity as logarithmic scale can
be applied to determine the boundary between the fluids. In the gradient model, three major fluid
zones with two sharp drops are recognizable, including gas, oil, and brine phases. The gaseous
phase has the highest value of /| . and its lowest level is related to the brine-bearing zone. The
proposed model can detect distinguishable boundaries between different major and transition

phases such as gas, gas-oil, oil, oil-water, water, water-brine and brine zones.

104



3D modelling of reservoir fluid typing by NMR Boll. Geof. Teor. Appl., 59, 95-106

REFERENCES

Bliimich B.; 2005: Essential NMR: for scientists and engineers. Springer-Verlag, Berlin Heidelberg, Germany, 243 pp.,
doi:10.1007/b138660.

Chen S., Shao W. and Balliet R.; 2016: New approaches of 3D nuclear magnetic resonance inversion for improving
Auid typing. Interpretation, 4, SF67-SF79.

Chen S., Zhang G., Kwak H., Edwards C.M., Ren J. and Chen J.; 2004: Laboratory investigation of NMR crude oils
and mud filtrates properties in ambient and reservoir conditions. In: Proc. Annu. Tech. Conf. Exhibition, Soc. Pet.
Eng., Houston, TX, USA, Paper 90553.

Chopra S., Lines L.R., Schmitt D.R. and Batzle M.L.; 2010: Heavy-oil reservoirs: their characterization and
production. In: Chopra S., Lines L.R., Schmitt D.R. and Batzle M.L. (eds), Heavy Oils: reservoir characterization
and production monitoring, Soc. Expl. Geophys., Geophys. Dev. Series n. 13, Tulsa, OK, USA, pp. 1-65.

Coates G.R., Xiao L. and Prammer M.G.; 1999: NMR logging: principles and applications. Halliburton Energy Serv.,
Houston, TX, USA, Publ. H02308.

Darling T.; 2005: Well logging and formation evaluation. Elsevier, Amsterdam, The Netherlands, 336 pp.

Dunn K.J., Bergman D.J. and LaTorraca G.A. (eds); 2002: Nuclear magnetic resonance: petrophysical and logging
applications, Vol. 32, 1 edition. Elsevier, Amsterdam, The Netherlands, 312 pp.

Durand E., Clemancey M., Quoineaud A.A., Verstraete J., Espinat D. and Lancelin J.M.; 2008: /H diffusion-ordered
spectroscopy (DOSY) nuclear magnetic resonance (NMR) as a powerful tool for the analysis of hydrocarbon
mixtures and asphaltenes. Energy Fuels, 22, 2604-2610.

Edwards J.C.; 2011: A review of applications of NMR spectroscopy in the petroleum industry. In: Nadkami K. (ed),
Spectrosc. Anal. Pet. Prod. Lubr., ASTM International, West Conshohocken, PA, USA, Monograph 9, chapter 16.

Ellis D.V. and Singer J.M.; 2008: Well logging for earth scientists, 2" edition. Springer Netherlands, 708 pp.,
doi:10.1007/978-1-4020-4602-5.

Ernst R.R., Bodenhausen G. and Wokaun A.; 1987: Principles of nuclear magnetic resonance in one and two dimensions.
Int. Ser. Monogr. Chem., Clarendon Press, Oxford, UK, Vol. 14.

Gates 1., Adams J. and Larter S.; 2008: The impact of oil viscosity heterogeneity on production from heavy oil and
bitumen reservoirs: geotailoring recovery processes to compositionally graded reservoirs. Can. Soc. Expl.
Geophys. Recorder, 33, 42-49.

Hirasaki G.J., Lo S.W. and Zhang Y.; 2003: NMR properties of petroleum reservoir fluids. Magn. Reson. Imaging, 21, 269-277.

Hossein Morshedy A., Torabi S.A. and Memarian H.; 2017: A hybrid fuzzy zoning approach for 3-dimensional
exploration geotechnical modeling: a case study at Semilan dam, southern Iran. Bull. Eng. Geol. Environ.,
doi:10.1007/s10064-017-1133-1.

Hsu C.S. (ed); 2003: Analytical advances for hydrocarbon research. Kluwer Academic, Dordrecht, the Netherlands,
484 pp., doi:10.1007/978-1-4419-9212-3 11.

Hiirlimann M.D., Freed D.E., Zielinski L.J., Song Y.Q., Leu G., Straley C., Boyd A. and Minh C.C.; 2009: Hydrocarbon
composition from NMR diffusion and relaxation data. Petrophys., 50, 116-129.

Jerath K., Torres-Verdin C. and Merletti G.; 2012: Improved assessment of in-situ fluid saturation with multi-dimensional
NMR measurements and conventional well logs. In: Extended abstracts, 53 Annu. Logging Symp., Soc. Petrophys.
Well-Log Anal., Cartagena, Colombia, 16 pp.

Kleinberg R.L. and Vinegar H.J.; 1996: NMR properties of reservoir fluids. The Log Anal., 37, 20-32.

Korb J.P., Vorapalawut N., Nicot B. and Bryant R.G.; 2015: Relation and correlation between NMR relaxation times,
diffusion coefficients, and viscosity of heavy crude oils. J. Phys. Chem. C, 119, 24439-24446.

Kutasov I.M. and Eppelbaum L.V.; 2005: Determination of formation temperature from bottom-hole temperature logs:
a generalized Horner method. J. Geophys. Eng., 2, 90-96.

Liu H., Xiao L., Guo B., Zhang Z., Zong F., Deng F., Yu H., Anferov V. and Anferova S.; 2013: Heavy o0il component
characterization with multidimensional unilateral NMR. Pet. Sci., 10, 402-407.

Lo S.W.,, Hirasaki G.J., House W.V. and Kobayashi R.; 2002: Mixing rules and correlations of NMR relaxation time
with viscosity, diffusivity, and gas/oil ratio of methane/hydrocarbon mixtures. Soc. Pet. Eng. J., 7, 24-34.

Loskutov V.Y., Yadrevskaya N.N., Yudina N.V. and Usheva N.V.; 2014: Study of viscosity-temperature properties of
oil and gas-condensate mixtures in critical temperature ranges of phase transitions. Procedia Chem., 10, 343-348.

Meridji Y., Hursan G., Eid M. and Balliet R.; 2013: Fluid identification in complex clastic reservoirs using 2D NMR
maps: a case study from Saudi Arabia. In: Annu. Tech. Symp. Exhibition, Soc. Pet. Eng. Saudi Arabia Sect., Al-
Khobar, Saudi Arabia, 9 pp.

105



Boll. Geof. Teor. Appl., 59, 95-106 Hossein Morshedy and Fatehi Marji

Myers Jr. M.E., Stollsteimer J. and Wims A.M.; 1975: Determination of hydrocarbon-type distribution and hydrogen/
carbon ratio of gasolines by nuclear magnetic resonance spectrometry. Anal. Chem., 47, 2010-2015.

Perry R.H. and Green D.W.; 1997: Perry's chemical engineers' handbook, 7™ edition. McGraw-Hill Professional, New
York, NY, USA, 2640 pp.

Prammer M.G., Mardon D., Coates G.R. and Miller M.N.; 1995: Lithology-independent gas detection by gradient-
NMR logging. In: Proc. Annu. Tech. Conf. Exhibition, Soc. Pet. Eng., Dallas, TX, USA, pp. 325-336.

Romero P. and Zhang Q.; 2010: Fluid typing from NMR logging with a gradient magnetic field. Rio Oil & Gas Expo
and Conf., Rio de Janeiro, Brazil.

Serra O.; 2008: Well logging handbook. Editions Technip, Paris, France, 609 pp.
Sun B.; 2007: In situ fluid typing and quantification with 1D and 2D NMR logging. Magn. Reson. Imaging, 25, 521-524.

Sun B. and Dunn K.J.; 2005a: Two-dimensional nuclear magnetic resonance petrophysics. Magn. Reson. Imaging, 23,
259-262.

Sun B. and Dunn K.J.; 2005b: 4 global inversion method for multi-dimensional NMR logging. J. Magn. Reson., 172,
152-160.

Wong P., Aminzadeh F. and Nikravesh M. (eds); 2002: Soft computing for reservoir characterization and modeling. Ser.
Stud. Fuzziness and Soft Comput., Phys. Verlag, Springer, Heidelberg, Germany, Vol. 80, 586 pp., doi:10.1007/978-
3-7908-1807-9.

Xie R., Xiao L., Wang Z. and Dunn K.J.; 2008: The influence factors of NMR logging porosity in complex fluid reservoir.
Sci. China Ser. D: Earth Sci., 51, 212-217.

Zare-Reisabadi M., Kamali M.R., Mohammadnia M. and Shabani F.; 2015: Estimation of true formation temperature
from well logs for basin modeling in Persian Gulf. J. Pet. Sci. Eng., 125, 13-22.

Zega J.A.; 1988: Spin lattice relaxation in pure and mixed alkanes and their correlation with thermodynamic and
macroscopic transport properties. Doctoral dissertation, Rice University, Houston, TX, USA, 85 pp.

Zou Y.L, Xie R.H. and Arad A.; 2016: Numerical estimation of choice of the regularization parameter for NMR T,
inversion. Pet. Sci., 13, 237-246.

Corresponding author: ~ Amin Hossein Morshedy
Department of Mining and Metallurgical Engineering, Yazd University, Yazd, Iran
Phone: +989133568907; e-mail: morshedy@yazd.ac.ir, morshedy82@gmail.com

106




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /FRA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ITA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([Alta risoluzione])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




