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INTRODUCTION

The response measured by NMR well logging tools is from the fluids in the
pore space. The initial amplitude is a function of the total porosity, fluid saturation
and the hydrogen index of the fluids. The relaxation of the response is a function of
the surface relaxation, bulk relaxation, and diffusion in a field gradient. Surface
relaxation is discussed elsewhere. Here we will discuss bulk fluid relaxation, self-
diffusion of bulk fluids and hydrogen index (HI).

The estimation of porosity usually assumes that the initial response in a NMR
well log is a measure of the total fluids in the pore space. However, if the wait time
of the pulse sequence is not long enough compared to the longest 7; of the fluids, then
the fluids will not be completely polarized and the initial amplitude will need to be
corrected for the effect of partial polarization. Also, a heavy oil may have a portion of
its relaxation time distribution shorter than the echo spacing and thus not be detected
by the CPMG echo sequence. This will result in an apparent HI that is less than the
actual HI. In such cases, the HI of the oil should be measured in the laboratory with
the same echo spacing as used in the well log.

The estimation of the bulk volume irreducible (BVI) requires that the 7,
distribution below the 7, cut-off be distinguished between that due to water and that
due to fast relaxing components of the crude oil. Also, estimation of the oil and/or
gas saturation and the oil viscosity require that the contributions of the different fluids
to the 75 distribution be distinguished. Water, oil and gas generally have different
diffusion coefficients and their contributions to the 7, distribution can be estimated by
performing a sequence of measurements with different echo spacing.

Laboratory measurements of fluid properties are often made at ambient
conditions. However, petroleum reservoirs are often at elevated temperatures and
pressures. The effect of reservoir temperature and dissolved gas on viscosity is
generally recognized. However, methane, even when dissolved in the oil, relaxes by a
different mechanism than the dead oil and thus it is necessary to account for the
gas/oil ratio in the estimation of the relaxation time. Also, dissolved gases can
significantly lower the HI of live oils.

RELAXATION

Mechanisms

NMR relaxation describes the return of the magnetization to equilibrium after
the Boltzmann population of oriented magnetic moments has been disturbed. A short
duration or "pulse" of electromagnetic radiation at the Larmor frequency usually
accomplishes the perturbation from equilibrium.

NMR relaxation processes can be categorized into two main classes: (i)
dispersion of irradiated energy (7)-relaxation), and (ii) the loss of phase coherence of
spin groups caused by local variations of the Larmor frequency (7»-relaxation).

The spin-lattice or longitudinal relaxation process (7;) depends on the
exchange of energy between the spin system and its surroundings to allow relaxation
of the spin system towards its thermal equilibrium state (given by a certain
temperature and magnetic field strength) after the population of the Zeeman energy
levels have been disturbed by radio-frequency pulses. This energy exchange is



realized through dynamics of the molecular lattice such as molecular rotation,
diffusion, or vibration.

In contrast to this, the spin-spin or transverse relaxation process (72) does not
require energy transitions but depends on local (on a molecular level) variations of the
magnetic field strength which in turn lead to variations of the Larmor frequency of
individual spins. The greater the dispersion of Larmor frequencies, the faster the
phase coherence of precessing spins disappears.

All NMR relaxation processes require electromagnetic fields that fluctuate
over molecular distances. For NMR relaxation, two types of fields are important: (i) a
time varying magnetic field that interacts with the nuclear magnetic dipole moments
and (i) a gradient of the electric field that interacts with the electric quadrupole
moment of the nucleus. In oil field applications, only the magnetic resonance effect
of protons is currently exploited. Therefore, this discussion needs only to focus on the
dipolar interaction caused by time varying magnetic fields, since protons do not
possess any quadrupole moment.

There are several possible sources for time varying magnetic fields. The
strongest magnetic fields (on a molecular level) are caused by unpaired electrons as
found in paramagnetic materials such as dissolved molecular oxygen and
paramagnetic ions such as iron and manganese. The latter are primarily responsible
for surface relaxation on the pore walls of rocks.

The tumbling motion of molecules is an additional source of time varying
magnetic fields. The superposition of the magnetic fields of individual spins leads to
interactions between magnetic moments and creates a randomly varying field at the
site of the nucleus.

For our discussion of the NMR response of reservoir fluids, two kinds of
interactions between magnetic moments are important. In liquids, the molecular
distances between spin groups are small enough such that short-range dipolar
interactions contribute significantly to spin relaxation. This process is known as a
dipole-dipole interaction. This includes both intramolecular and intermolecular
interactions. [Intermolecular dipole-dipole interactions are a very strong function of
the intermolecular distances i.e., the density. When the density of magnetic moments
is reduced, as in the case in gases, this interaction becomes less important.

For liquid systems, dipolar interactions between the spins are the main source
of the local magnetic field modifications that govern the 7, relaxation process.
Molecular rotation, diffusion, or vibrations of the lattice (that are the source for the T
relaxation process) also contribute to 7> relaxation. For low viscosity liquids, the fast
molecular tumbling averages out the dipolar fields from neighboring spins, the dipolar
contribution to the 7, relaxation process is minimized and the 7, relaxation process
will be as slow as the T; relaxation, i.e., 7;=7>. This process is often referred to as
motional narrowing.

However, for asphaltenes, resins and other structures of higher molecular
weight, the molecular motion might not be fast enough to average the dipolar field of
neighboring spin systems. This leads to a spin-spin relaxation time, 7>, which is
shorter than the spin-lattice relaxation time, 7.

For gases where small spherical molecules are relatively free to rotate, spin
rotation is another important interaction of the magnetic moments. This mechanism is



between the nuclear spin and the molecular magnetic moment that arises from
variations of the angular momentum of a rotating molecule.

Since any one of the various mechanisms can accomplish the relaxation to
equilibrium, the net relaxation rate can be expressed as the sum of the individual
rates:
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where 1,2 denotes either T or 7>, b denotes bulk fluid, d-dr denotes intra-molecular
dipole-dipole rotation, d-d¢ denotes intermolecular dipole-dipole translation, and sr
denotes spin-rotation.

Intra-molecular dipole-dipole interactions

Molecular collisions of a molecule with its neighbors result in a time
dependent change of the orientation of a pair of neighboring protons. This random
motion has a characteristic time, called the correlation time, z,. This random change

of orientation with time can also be described by a rotational diffusivity, D,. The

rotational diffusivity is a function of the viscosity of the medium, temperature and
molecular size. The relation between the relaxation times and the rotational
correlation time for intra-molecular, dipole-dipole interactions is as follows (Cowan,
1997),
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where @, is the Larmor frequency, g, is the magnetic permeability of free space, %
is Planck's constant divided by 27z, y is the gyromagnetic ratio for the 'H proton,
and r is the distance between the nearest protons in the molecule. Only the nearest

neighbors are considered because the coefficient, M), is a function of distance to the
inverse sixth power.

Liquids with fast motions (e.g., low viscosity, high temperature, and small
molecules) relative to the Larmor frequency have a relaxation rate that is proportional
to the rotational correlation time. We can see this by taking the limit of short
correlation time behaviour of the above equations:

1_1_10M, ., o1 <l. 3)
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This limit where 77 =7> is called the fast motion, adiabatic motional
narrowing, or extreme narrowing approximation.



It is helpful to express the rotational correlation time in terms of measurable
variables. This can be done by assuming that the molecule is a sphere undergoing
rotation by Brownian motion (McConnell, 1987).

1
T, =—
6D,
D, = kj; , spherical molecule
8ra’ n
dra’ (4)
T, = fran , spherical molecule
3kT
3
S = 1 = WOz M,an , o, 7, <1, spherical molecule
I, T, OkT

where a is the radius, 7 is the viscosity, k is the Boltzmann constant, and 7 is the

absolute temperature. The significant result here is that liquids of spherical molecules
in the fast motion limit ('motional narrowing') have 7} and 75 equal to each other and
inversely proportional to viscosity/temperature.

The dependence of the relaxation times on viscosity/temperature can be
visualized by expressing the equation for relaxation by intramolecular dipole-dipole
mechanisms in dimensionless variables.
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The results are shown in Fig. 1. The relaxation times, 7;p and T3p are equal to
each other for short correlation times compared to the Larmor period, e.g., for low
viscosity/temperature. When the correlation time is long compared to the Larmor
period, e.g., for high viscosity fluids, or for highly asymmetrical fluid molecules, 7;p
is larger than T>p.

Exceptions to the dependence of relaxation time on viscosity occur for liquids
at very high pressure (Benedek and Purcell, 1954). Benedek and Purcell’s
interpretation was, “If the free volume of the liquid is reduced by compressing the
liquid, it is plausible that the freedom to migrate will be more drastically affected than
the freedom to rotate.”

Inter-molecular dipole-dipole interactions

Inter-molecular dipole-dipole interactions are wusually less significant
compared to the intra-molecular dipole-dipole interactions because these interactions
depend on the distance between spins to the inverse sixth power. An exception is
when one of the spins is due to the electronic spins of a paramagnetic ion, free radical,
or oxygen molecule. Because the mass of an electron is much less than that of a
proton, the gyromagnetic ratio of an electron is about 10° greater than that of a proton
(McConnell, 1987). The spin-lattice or longitudinal relaxation rate of unlike spins in
the extreme narrowing approximation is (Hennel and Klinowski, 1993),
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where y, and N, are the gyromagnetic ratio and number concentration of the second

species of molecule. Since the gyromagnetic ratio is raised to the second power, the
contribution of a paramagnetic species may be significant even though its
concentration N, is small.

Since dipolar interactions dominate the NMR relaxation for gas-free reservoir
fluids, it is useful to combine the intra- and intermolecular contributions. For low
viscosity fluids and temperatures above ambient, the motional narrowing condition is
generally well fulfilled. Assuming further that intra- and intermolecular motions are
uncorrelated, the dipolar relaxation rate can be expressed as
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where a is the molecular radius and b is the distance between the nearest protons.

In reference to the first authors, the derivation of the above relation is often
referred to as Bloembergen, Pound, Purcell (1948) ("BPP") theory.

Spin-rotation interactions

Spin-rotation interaction becomes a significant contribution to the relaxation
of small molecules and/or gases where the motions are so fast that the dipole-dipole
relaxation rate becomes small. The molecular collisions in dilute gases are assumed
to be binary as the time between collisions becomes large compared to the time two
molecules are interacting with each other. The relaxation times within the extreme
narrowing approximation are as follows (Gordon, 1966):
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where, p, is the number density of the gas, v is the velocity of the gas, and o, is the

cross section for the transfer of angular momentum. The bracket represents the
average of the product. Kinetic theory can be used to approximate the ensemble
average molecular speed of a dilute gas.
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where m is the reduced mass of the collision pair. It is assumed that the average of
the product of speed and cross-section is equal to the product of the respective
average quantities. Thus the relaxation time can be expressed as a function of density
and temperature.
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where n is an empirical exponent equal to about 1.5 for methane (Jameson et al.,
1991).

(10)

An alternate derivation (Hubbard, 1963b) expresses the spin-rotation
relaxation rate in terms of viscosity and temperature.
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where thez are the various correlation times, C,

rotation coupling tensor, and / is the moment of inertia of the spherical molecule.

C, are the components of the spin-

The significance of this expression is that the relaxation rate for the spin-
rotation mechanism has a dependence on temperature, viscosity, and molecular size
that is the inverse of the relationship for intra-molecular dipole-dipole interactions.

Dead Crude Oils

Dead crude oils relax primarily by intramolecular dipole-dipole interactions.
Therefore, the direct correlation between NMR relaxation rates and fluid viscosity has
often been exploited in formation evaluation. The original correlation for the
relaxation time of dead crude oils and viscosity standards at ambient conditions was
expressed only as a function of viscosity (Morriss ef al., 1994). The correlation was
modified to express it as a function of viscosity and temperature:

T, v :1'—0_29 , at ambient temperature. Morriss et al.(1997) (12)
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In these equations, 7>y is the log-mean value (in seconds) of the transverse
relaxation time spectrum, 7 the viscosity in cp, and 7 the temperature in Kelvin.

Fig. 2 shows measured 7 1m and 7> v relaxation times as a function of fluid
viscosity over temperature for various alkanes, gas-free oils and viscosity standards.
Lo et al. (1999) showed that the approximation developed by Morriss et al.
underestimates the relaxation times of degassed normal alkanes. The NMR relaxation
of such fluids might be enhanced because of the additional paramagnetic relaxation
brought about by the dissolved oxygen. This effect is discussed in more detail below.
Experimentally, Lo et al. quantified the impact of the dissolved oxygen on the
relaxation behaviour of alkanes and derived the following correlation between the
relaxation time and viscosity of oxygen-free alkanes:

T = 0.00956- . (15)

n

This correlation was based on measured 7 v relaxation times. However, no
significant difference was found between 7)1y and 7>1m measurements for these
alkanes (Zega et al., 1989; Lo, 1999). This correlation was compared with the base
oil of an OBM as a function of temperature and pressure in Fig. 3. The experimental
data for 75 as a function of pressure show that temperature and pressure variations
affect the relaxation behaviour of the gas-free OBM in different ways. While the
variation of relaxation time with temperature at a given pressure can be adequately
described with the correlation for oxygen-free alkanes, pressure variation results in
different trends than that expected from the correlation. The reduction in relaxation
time is much reduced compared to the increase in viscosity. This experiment
illustrates the decoupling between viscosity and relaxation. The effect is related to
molecular free volume. As outlined in the section on intramolecular dipolar
interactions, increases in pressure will first reduce the free volume of the system, and
hence reduce the intermolecular motion, before it reduces the intramolecular motions,
i.e., the freedom of a molecule to rotate. Since the intramolecular term generally
contributes more to relaxation than the intermolecular one, and viscosity is governed
by intermolecular actions, pressure increases reduce relaxation time less than it
reduces viscosity. The above equations based on crude oils and on alkanes have been
widely used in formation evaluation. However, it needs to be emphasized that these
equations are only valid for gas-free liquids.

Differences between 77 and 7> measurements have been found for viscous
crude oils. This difference is a function of the Larmor frequency, Fig. 2, and may be
due to heavy components of the crude oil not being in the fast motion limit. Fig. 2
shows that 71/T5 is larger for larger viscosity (i.e., longer correlation time) and higher
Larmor frequency. The dependence of the 77 on Larmor frequency can be correlated
by normalizing the relaxation time and viscosity with the Larmor frequency in the
manner suggested by the section on intramolecular dipole-dipole interactions.
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The normalized 7'M relaxation time as a function of the normalized viscosity is
shown in Fig. 4. This normalization to 2 MHz collapses all 7} v data of crude oils to
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a single curve. For low viscosities, the measured 77 v data agree well with the
correlation between viscosity and 7 1m derived for gas-free crude oils, and therefore
illustrate the validity of the fast motion approximation for this viscosity range. At
higher viscosities, the measured 7;pm values depart from the 7>1m correlation.
Furthermore, the experimental 7;1m show a lower plateau value instead of the
theoretically expected increase of 7. In Fig. 4, a dashed line shows the theoretical
prediction for 7' of a system with a single molecular correlation time. Given that T}
will reach its minimum when the inverse of the Larmor frequency is equal to the
molecular correlation time, the observed lower plateau of the 7' data illustrates that
crude oils need to be characterized by a spectrum of molecular correlation times.

The relaxation time distribution of crude oils (Morriss et al., 1997) is typically
significantly broader than that of a pure hydrocarbon as illustrated in Fig. 5. Here the
T, distribution of a 23 cp, 30° API gravity crude oil is compared with that of n-
hexadecane. The shape of the distribution is important for fluid identification, e.g.,
for the distinction between crude oils and oil-based mud filtrates (Prammer et al.,
2001).

Heavy oils may have fast relaxing components that relax significantly before
the first echo occurs and thus are not fully detected. This will not only result in a
misinterpretation of the relaxation time distribution but also result in an
underestimation of the hydrogen index (LaTorraca et al., 1998 &1999; Mirotchnik et
al., 1999). In Fig. 6, the relaxation time distributions of a 302 cp, 19° API gravity oil
are shown that are measured at 30° C by inversion recovery and CPMG with echo
spacing of 0.24 ms and 2 ms. The 7, distribution is truncated for short relaxation
times at the longer echo spacing because of the loss of information. Also, the
difference between 7 and 73 is apparent even at a Larmor frequency of 2 MHz for this
viscous crude oil.

The viscosity and thus the relaxation time of heavy oils are very strongly
dependent on the temperature. Thus measurements at different temperature is a good
test of the correlation of 75,1 with the ratio of viscosity and temperature. Fig. 7
shows a plot of T,,um as a function of the ratio of viscosity and temperature for
measurements at 40°, 70°, and 100° C. These results show that the correlations which
were developed for alkanes at close to ambient conditions apply to viscous, heated
oils until 75,1 becomes close to the echo spacing of the measurement. It was
mentioned earlier that short relaxation times are truncated by lack of data shorter than
the echo spacing.

Live Crude Oils

Live oils differ from dead oils in that they contain dissolved gas components.
Methane is the primary, but not the only, dissolved component. Supercritical methane
and methane vapour relax by the spin-rotation mechanism. Cryogenic liquid methane
relaxes by intermolecular dipolar coupling. With decreasing viscosity, the
contribution from spin rotation to the relaxation process of methane successively
increases and leads to an opposite trend for the relaxation time-viscosity relation
compared to higher alkanes. In Fig. 8, the contributions to the proton relaxation time
of methane are plotted as a function of viscosity divided by temperature. In gaseous
methane, the relaxation time is mainly accounted for by spin-rotation. However, both
dipolar and spin-rotation interactions become significant with increasing viscosity. In



cryogenic liquid methane, the relaxation mechanism is dominated by intermolecular
dipolar coupling.

For formation fluids with a significant amount of solution gas, the relaxation
behaviour will be governed by both dipolar interactions and spin rotation. The
contribution from spin rotation increases with increasing gas-oil ratio and increasing
hydrogen index of the gas phase. This is illustrated in Fig. 9, which includes
methane-alkane mixtures, in addition to pure methane and pure higher alkanes.

Because of the opposite dependencies on the ratio of viscosity/temperature
between dipolar interactions and spin rotation, prediction of the NMR relaxation times
from PVT data for live oils is complicated. Generally speaking, live fluids will have
shorter relaxation times than gas-free fluids of similar viscosity because of the
additional contributions to the relaxation from spin rotation.

Figure 10 shows measured relaxation times for live reservoir fluids as a
function of viscosity divided by temperature. Gas-free oils and oils with a relatively
low solution gas-oil ratio are closely represented by the correlations developed for
dead oils and alkanes. In contrast to this, the experimental data show that the
relaxation times of oils with high solution gas-oil ratios are significantly shorter than
those predicted by the correlations developed for gas-free systems.  The
measurements indicate that the difference between live oil data and the dead oil
correlation can be greater factor of 2 for oils with solution gas-oil ratios larger than
about 825 Scf/STB (standard cubic feet/stock tank barrel) (or 150 m*/m’) and can
approach a factor of 5 for samples with as much as 2200 Scf/STB (or 400 m’/m®)
solution gas oil ratios.

A comparison of the NMR response of live crude oils with those of live and
dead oil-based mud filtrates (Fig. 11) illustrates that the relaxation times of both fluid
types cover a similar range. Therefore, when approximating the relaxation spectra
with a single relaxation time value, such as the logarithmic-mean value, it may be
difficult to unambiguously distinguish between native oils and invaded oil-based mud
filtrates. However, the measurements show that even live oil-based mud filtrates have
a significantly narrower relaxation time distribution than those of live and dead crude
oils. This effect should be exploited for downhole fluid identification (Prammer et
al.,2001).

Lo et al. (1999) have shown that the relaxation times of methane-alkane
mixtures show a significant deviation from the straight-line correlation for pure liquid
alkanes. This departure is not exclusively due to the system being a mixture, since the
log-mean relaxation of n-hexane and n-hexadecane mixtures followed the correlation
for pure liquid alkanes. The deviation of the methane-alkane mixtures from the
correlation for the liquid alkanes correlates with the methane content of the mixture or
the gas/oil ratio, GOR, (in m’/m’) (Lo et al, 2000). The correlation of the
measurements resulted in the following expression:

deviation=Log,, (T, .../ T,) =Log,,| f (GOR))]
Log,, (deviation) = Log,, {Loglo [f(GOR)]} (17)

=-0.127 Log,, (GOR)] +1.25Log,,(GOR)~2.80
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The relaxation of the live oil can thus be estimated from the correlation in the
absence of methane, denoted 7' jiseqr, and the function of the GOR:

_ Tl,linear

fi= 7(GOR) (18)

The correlation of the relaxation time as a function of viscosity/temperature
and GOR is shown in Fig. 9. The contour lines of constant GOR are straight lines that
are parallel to the line for dead oils.

The above correlation was developed from binary mixtures of methane and
higher alkanes. Fig. 12 shows the deviation of live oil and OBM 77 relaxation time as
a function of the GOR. The correlation of the deviation developed from methane-
alkane measurements is shown for comparison.

Effect of Dissolved Oxygen

The previous section explained that molecular oxygen is paramagnetic and
thus will contribute to the bulk relaxation of fluids even if it is present in small
quantities. The effect of dissolved oxygen is best demonstrated by comparing the
relaxation times of oils saturated with air with those of oils that have been degassed
by freezing and vacuum. Measured relaxation time for alkanes from n-pentane to n-
hexadecane are shown in Fig. 13. The relaxation time is clearly shorter for the
samples that had not been degassed. The line in the figure is the correlation (Morriss
et al., 1994) for crude oils that were not degassed. These results show that dissolved
oxygen has the greatest effect for light oils and is nearly insignificant for n-
hexadecane. Removal of oxygen is critical for measurements with hydrocarbon gases
(Johnson and Waugh, 1961, Sandhu, 1966).

Air dissolved in water affects the bulk relaxation time of water. The measured
relaxation time of air-saturated, deionized water at 30° C is in the range of 2-3

seconds. The measured 7 of carefully degassed, pure water at 30° C is 4.03 seconds
(Krynicki, 1966).

Brine and Water-Based Drilling Fluids

Whole water-based drilling mud will have a short relaxation time because of
the surface relaxation on the mud solids. If the mud filter cake is effective in filtering
out the solids, the bulk fluid relaxation time of the filtrate is primarily a function of
temperature and the dissolved components in the filtrate.

Drilling mud contains a number of additives that can affect the relaxation time
of water. The effect of temperature on pure, degassed water is shown in Fig. 14.
Figure 15 and 16 illustrate the effect of some additives.

When estimating the residual oil saturation, it is convenient to add a
paramagnetic additive to make the relaxation time of water so short that it either will
not be measured by the logging tool or is short enough to be distinguished from the oil
signal. Horkowitz ef al., 1997 added manganese chloride to the drilling fluid to "kill"
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the water signal so that only oil was detected. MnCl; could be used in that application
because the formation was carbonate. Sandstone formations often have a significant
amount of clay that can retard the propagation of manganese ions into the formation.
Thus sandstone formations usually require the use of a chealated Mn-EDTA. The
relaxation times as a function of concentration of these two forms of manganese ions
are shown in Fig. 17.

Reservoir Gas

The primary component of natural gas is methane. Supercritical methane
relaxes by the spin rotation mechanism and the relaxation time can be correlated with
density and temperature. The relaxation time data of Gerritsma et al. (1970) and Lo
(1999) are shown in Fig. 18.

The data of Gerritsma et al. are given along five isochors (constant density)
and one isotherm. The data of Lo are at two temperatures and various pressures. The
density corresponding to Lo’s conditions were calculated with the NIST program,
SUPERTRAPP. The data were fitted by linear regression and the fit shown by the
heavy line. Also shown are the correlations reported by Prammer et al. (1995) and Lo
(1999). The correlation of Prammer appears to have been fitted to the data
corresponding to the highest density. The correlation of Lo and the linear regression
are hardly distinguishable. The correlations of 7 relaxation time with mass density
and temperature are given by the following equations:

5 M regression

p T1.45

T, 1.57x10°

;‘:W Lo (1999) (19)
T 2.5x10°

—L="——— Prammer,et al. (1995)

Although methane is usually the primary component of natural gas, other light
hydrocarbons and non-hydrocarbons are usually present. Pure ethane and propane gas
have relaxation times that are longer than that of methane, especially when correlated
with molar density (Fig. 19).

A mixing rule can be developed for 7) in the gas mixtures with n components
based on the kinetic model for spin rotation interaction (Bloom et al., 1967; Gordon,
1966). It is assumed that spin rotation interaction is dominant for all components in
the mixture. For an n-component gas mixture, there may be n contributions to 7;. The
logarithmic mean 77 may be described as

T,

1,logmean

S TS oo T (20)

where f; is the resonant nucleus fraction of the i-th component in the mixture and 77 ;
is the individual relaxation time of the i-th component in the mixture.
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The relaxation by the spin rotation interaction for the i-th component is caused by
the collisions of the i-th molecule with various collision partners in the mixture. It has
been empirically established that the contributions of various collision partners are
additive (Jameson and Jameson, 1990; Jameson et al., 1987a; Jameson et al., 1991,
Jameson et al., 1987b; Rajan and Lalita, 1975)

T, = Zp,[ﬂ] , @1)
=l P ij

where pj 1s the partial molar density of the j-th component. In addition, Gordon has
derived this additivity theoretically as a result of neglect of correlations between the
effects of successive collisions and the assumption of binary collisions (Gordon,
1966). By assuming that all components have the inverse temperature to the 1.5
power, the coefficients for the interactions between like and unlike molecules can be
estimated (Zhang et al., 2002).

(ﬁ} = i (22)
1.5
Pl T

The coefficient B;; describes the interaction between probe molecule i and molecule ;.
Natural gas is composed primarily of methane. In addition, ethane, propane, CO, and
N, are usually present. It is meaningful to calculate the coefficients B;; for various
collision partners in natural gas. The coefficients B;; for the gas mixtures containing
methane, ethane, propane, CO, and N, were calculated and summarized in Table 1.
The details of the calculation can be found in (Zhang, 2002). The calculations for the
pure components correspond to the dashed line in Figure 19.

Table 1: Values of the coefficients Bj; for proton relaxation in the gas mixture of CHy,
C2H6, C3Hg, COz, and N2

]_> CHy4 CzH(, C3Hg C02 I\I2
li
CH, 2.41x10°° 3.77x10° 4.06x10° 3.55x10° 1.90x10°
6b
2.52x10

CHe 1.06x10’ 1.58x10’ 1.66x10’ 1.45x10' 8.02x10°
C3Hg 3.09x10’ 44710’ 4.60x10' 2.84x10' 2.28x10°

co, 0 0 0 0 0

N, 0 0 0 0 0

* Estimated from experimental data of methane (Lo, 1999)

® Calculated from the theoretical equation for spin rotation interaction using the
molecular constants of methane

Carbon dioxide and nitrogen do not have protons but their presence in
mixtures with methane results in a reduction of the relaxation time of methane
compared to the correlation for pure methane based on mass density (Rajan et al.,
1975). However, if the molar density rather than the mass density is used in the
correlation, the methane relaxation in mixtures with CO, or nitrogen will
approximately correlate with that of pure methane. The symbols in Fig. 20 are the
relaxation times of methane in mixtures with either CO; or nitrogen compared with
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the correlation for pure methane. The departure is apparently due to the collision
cross-section of methane with these other gases being different from the methane-
methane collision cross-section.

The dependence of the relaxation time of methane as a function of temperature
and pressure (Kleinberg and Vinegar, 1996; Gerritsma et al., 1971) is shown in Fig.
21. It should be noted that the gas density was calculated for something slightly
heavier than methane but it is unlikely that the contribution of any component other
than methane to the relaxation time was included.

DIFFUSION

The subjects of viscosity and diffusion are parts of the general phenomena of
transport in gases and liquids. Viscosity is concerned with momentum transport and
governs both the motion of fluids and the motion of particles in a fluid under the
influence of external forces (e.g. shear or gravitational forces). However, molecular
migration can be observed even without the existence of external forces. This is the
subject of Brownian motion, i.e. the statistical movement of atoms or molecules.
Brownian motion has been extensively studied, beginning with the observations of
random incessant motions of dust pollen in solution by Robert Brown in 1853. In the
following section the basic principles of Brownian motion and its two major
categories, diffusion and self-diffusion, will be explained.

Continuum Transport: Fick's Laws of Diffusion

The term diffusion describes the process of molecular transport within systems
caused by the statistical movement of atoms or molecules. The relation between a
concentration gradient a particle flux can be described with Fick's first law.

Jji =—D;Vc;
1 1 1 (23)
The proportionality constant between the particle flux density, j;, and the
concentration gradient, Vc¢;, is the diffusion coefficient, D; of the ith component of a
mixture. Dj is a unit of measurement of the velocity of molecular rearrangement.

The time derivative of the concentration of a component 7 in a volume element
has to be equal to the total flux of this component through the surface of the volume
for conservation of particles.

dc, =
=V
Py Ji
(24)
Combining the last two equations, Fick's second law
4 _v.(D,Ve,)
ot
(25)

describes the time derivative of the concentration for systems that are not in their
equilibrium state. Generally speaking, the diffusion coefficient D; of a component is
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also a function of its concentration. This process might be also referred to as mutual
diffusion or transport diffusion.

Self-Diffusion

According to Fick’s first law, motion will always occur in systems that have a
concentration gradient. However, particles move even without the existence of such a
gradient. This process is called self-diffusion and is caused by the thermal energy of
the particles. The self-diffusion coefficient Dg is a unit of measurement of the

velocity of the Brownian movement under equilibrium conditions. Although no
macroscopic particle fluxes are possible under such conditions, Fick's first and second
laws can still be used to describe the process of self-diffusion. In this approach one
assumes that a portion of the molecules are labeled, making it possible to observe
their displacement within the system.

Diffusion Equation

In homogenous systems, the Brownian motion is determined by the coefficient
of self-diffusion only. Since in such systems the self-diffusivity is independent of the
spatial position of the molecules, Fick’s second law simplifies to

oc (;7 , t)

=DV’c
ot ‘

(26)

In this equation c* is the concentration of labeled molecules, and therefore the
probability of finding a labeled particle in a certain position. The above equation is
commonly referred to as the diffusion equation since the differential equation gives
the probability of finding a molecule at time ¢ at position 7 , if it initially was located
at the position 7,. With the initial condition that the concentration of the labelled

molecules follows Dirac’s delta function, c*(F ,0)=6(F —7,), the solution of the
diffusion equation is found to be a Gaussian distribution of the form

i 1 (7-7) L
c\Fht)=—F———=expy——— " =P(F|iy,t
(27)

This equation is commonly referred to as the propagator, P(F,t), or the

fundamental solution of the diffusion equation since it allows the calculation of the
mean square value of molecular displacement during the observation time, t:

(7)) = T P(7,1)72dF = 6Dt

(28)

The above relation is referred to as Einstein’s equation of diffusion and
provides a straightforward definition of molecular diffusivity. In general, Einstein’s
equation depends on the dimension, k&, of molecular migration
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<x2(t) +2(1) + zz(t)> —2kDt
(29)

The expression above coincides with Einstein’s equation in isotropic systems
where <F2(t)> - <x2(t) 20+ Zz(t)> and the dimension of diffusion, &, is equal to
3.

The mean square displacement is thus found to be directly proportional to the
total observation (or diffusion) time. Molecular propagation which follows this
relation is generally called normal diffusion. Any confinements interfering with the
diffusion process lead to a correlation of subsequent elementary jumps, and the direct
proportionality between mean square displacement and diffusion time breaks down.
This process is called anomalous diffusion or restricted diffusion. Depending on the
nature of the confinement, different patterns of deviations from normal diffusion may
be observed.

The single most important relation between viscosity and diffusion in liquids
is the Stokes-Einstein equation. It has been found to be an accurate equation down to
the molecular length scale and it finds wide application in relating molecular diffusion
to fluid viscosity.

k,T
671R

D, = |{(U(0)U(t))dt =

S =y 8

(30)

According to the Stokes-Einstein equation, the self-diffusivity Dy is defined
via the velocity autocorrelation function, <U(0)U(?)>, and is related to the thermal
energy, kgT, and the viscous drag on a sphere of radius R.

Measurement Techniques - Diffusion and Self-Diffusion

Diffusion Measurements

In systems that are not in their equilibrium state, concentration gradients lead
to particle fluxes that can be observed macroscopically. According to Fick's first law,
a determination of the diffusion coefficient of a certain species of molecules can be
based either on measurements of both the flux density and the gradients of the
concentration or on measurements of the particle distribution at different times.

Molecular concentrations can be determined by chemical as well as various
physical methods, since numerous properties such as weight, refraction index,
birefringence, radioactivity, spectral absorbance, and transmittance depend on the
composition of the system. Consequently, a wide variety of experimental techniques
for determining the diffusion coefficient of systems have been developed.

Self-Diffusion Measurements by NMR

As an alternative to the tracer techniques, there are several methods that allow
the direct observation of the diffusion path, i.e., the mean square displacement of the
random walk of the diffusing molecules. Based on Einstein’s equation, the coefficient
of molecular diffusion can be calculated knowing the mean square displacement of

16



the particles within a given diffusion time. However, the displacements of the
molecules must be much larger than the mean length of the elementary steps of
diffusion. Nuclear Magnetic Resonance Pulsed Field Gradient Technique ("PFG
NMR") is currently the only method that gives a direct measurement of molecular
displacements over such large distances. Unfortunately, current NMR logging tools
are not capable of performing PFG NMR measurements. However, diffusion, self-
diffusion, and fluid flow can also be indirectly determined from relaxation
measurements in a static field gradient.

Pulsed Field Gradient NMR (PFG NMR)

The principle of measuring molecular diffusivity using PFG NMR is that the
spatial position of each spin (and hence, each molecule) is marked by its specific
Larmor frequency within a spatially inhomogenous magnetic field. PFG NMR
spectrometers are equipped with additional coils that create a switchable, well-defined
magnetic field. This additional magnetic field is often referred to as the ‘magnetic
field gradient’ because it creates a gradient of the effective magnetic field over the
sensed volume when superimposed onto the background magnetic field. Since the
Larmor frequency of precessing spins is directly proportional to the magnetic flux
density effective at the position of the respective spin, a magnetic field gradient over
the sensed volume will result in a variation of the Larmor frequency and tag the
position of each magnetic moment with respect to the direction of the magnetic field
gradient.

Experimentally, during the radio frequency (RF) pulse sequence used to create
a spin echo (like the Hahn, or the stimulated echo sequence), the magnetic field
gradient pulses are switched on for a short duration (typically up to a few
milliseconds). The sequence of RF- and magnetic field gradient pulses is chosen such
that the variation of the Larmor frequency brought about by an individual field
gradient pulse is exactly compensated for by a subsequent field gradient pulse if the
spins have not changed their positions during the time interval between the two
gradient pulses. However, if the spins have moved, a net variation of the Larmor
frequency will remain after all RF- and magnetic field gradient pulses have been
applied. Therefore, diffusion of spins will result in a measurable attenuation of the
NMR signal. The effect is proportional to the intensity of the magnetic field gradient
pulses, g, duration, 6, the diffusion time (time between subsequent field gradient
pulses), A, and the self-diffusion coefficient of the molecules, D (Stejskal and Tanner,
1965):

M 2 2¢2

V= exp(-y’g’0°D(A-5/3)) . 31)

The spin-echo attenuation, ¥, is the ratio of the amplitudes of the spin echoes
with and without the application of magnetic field gradient pulses, M and M,,
respectively. In this way, additional attenuation of the spin echoes due to relaxation
processes during the diffusion time will be cancelled out. During a PFG NMR
experiment, the amplitude of spin echoes is measured as a function of the area of the
field gradient pulses, gxo, at a given diffusion time. The slope of this echo
attenuation curve is proportional to the self-diffusion coefficient.

It has been shown (Mitra, 1992; Fleischer, 1994; Cowan, 1997) that the PFG
NMR experiment can be interpreted in terms of a generalized scattering experiment.
This approach implies the possibility of defining a "generalized wave vector"
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,k=y0g, and, therefore, of determining the space scale probed in the experiment.

Using the strong field gradients of the stray field of a cryomagnet, the NMR field
gradient technique can provide a maximum spatial resolution of about 100 A. Since
the accessible diffusion times can vary between milliseconds up to seconds, a broad
range of diffusion coefficients can be determined. Hence, it is possible to apply PFG
NMR to determine the diffusivity of gases and liquids, including crude oils.

Self-Diffusion Measurements by CPMG with Constant Magnetic Field
Gradients.

Current NMR logging tools are not equipped with switchable magnetic field
gradients. However, information about fluid diffusivity can be obtained with the
static field gradient of the logging tool and changing the echo spacing. The
underlying concept is that the NMR response for fluids confined to the pore space is
given by:

1 1 1 1 S
— + = +0 =
TI ]—i,bulk ]—I,stt(face ];,bulk V
> (32)
11 1 1 1 S (ygTE) D
—= - + = +p, =t
TVZ TvZ,bulk ]; ,surface E,d{[ﬁs‘[nn ]-'2 ,bulk V 1 2

In these equations, the pore fluid has a diffusion coefficient, D, and is confined
to pores with a surface-to-volume ratio, S/V. The surfaces of these pores have a
surface relaxivity of p, which is effective either for the longitudinal or the transverse
relaxation process, p, and p,, respectively. The transverse relaxation time is
measured with a CPMG pulse sequence using an inter-echo spacing, 7E, and a
constant magnetic field gradient, g. yis the proton gyromagnetic ratio.

Based on the above equations, it is possible to calculate an averaged diffusion
coefficient of the pore fluids. However, several assumptions need to be fulfilled:

One approach is to measure both the 77 and 7, of the system and look for the
difference. The relaxation times 7; and 7 for the bulk fluids must be equal, i.e., the
NMR relaxation must be governed by the motional narrowing process. In order to
cancel surface relaxation effects, the surface relaxivities for both the 7 and the T»
relaxation process also need to be equal. Naturally, there is no contribution from
surface relaxation if bulk fluids are measured under laboratory conditions.

Under these assumptions, a clear difference between the measured 7; and 7>
relaxation times will be observed if the diffusion term dominates the relaxation
response. That is generally the case only for fluids with low viscosities (which also
satisfy the motional narrowing requirement), measured as a bulk sample or as a non-
wetting phase. An additional complication is that the calculated diffusion coefficient
is an ‘apparent’ diffusivity. The difference between 77 and 7> does not reveal whether
the diffusion has become restricted because the propagation of molecules has been
hindered by the geometry of the pore network.

Alternatively, the estimation of the diffusion coefficient of the pore fluids can
be based on 7> measurements only. If the transverse relaxation time is measured with
a CPMG technique at various inter-echo spacings, 7F, the diffusivity of the fluids can
be calculated from the observed shift of the relaxation spectra towards shorter
relaxation times with increasing 7E’s. Similar to the 77/7> method mentioned above,
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this approach will only work if the relaxation response is dominated by the diffusion
term. Experimentally, the available range of inter-echo spacings, and, therefore,
detectable diffusion coefficients is limited. Finally, it has to be verified that the
calculated relaxation time distribution is not shifted because of different sampling
interval with the change in echo spacing, even in the absence of any field gradients.
The recently introduced, “diffusion editing” sequence (Hurlimann et al., 2002,
Prammer et al., 2002)) partially overcomes this limitation by using variable duration
echo spacing only for the first echo and using short echo spacing for the subsequent
echos.

Self Diffusion of Hydrocarbon Systems

The self-diffusion coefficient of super critical methane correlated as a function
of density and temperature is shown in Fig. 22. The data shown here is correlated
with data in the range of 273° to 454° K. The temperature dependence is correlated
with temperature raised to the inverse 0.7 power. The exponent was reported to range
from 0.6 to 0.9 for data that included saturated vapor along the coexistence curve
(Oosting and Trappeniers, 1971; Harris, 1978). The inverse square root temperature
dependence is appropriate for a smooth hard sphere fluid in the low-density limit
(Reid, Prasunitz, and Poling, 1987, pg. 595-6). The correlation curve in Fig. 22 is
fitted to a quadratic function of density.

0.7 —

106§—D—2.64+1.26p—11p2 (33)

where p is the density in g/cm’, D is the diffusion coefficient in cm?/s, and T is the

temperature in K. The Chapman-Enskog theory predicts that the curve should have a
zero slope as density approaches zero. A plot of the methane diffusion coefficient as
a function of pressure and temperature is shown in Fig. 23 (Kleinberg and Vinegar,
1996).

The self-diffusion coefficients of alkanes, including methane, ethane, propane,
and mixtures of methane and higher alkanes, are shown as a function of
viscosity/temperature in Fig. 24. The correlation indicates that the Stokes-Einstein
relationship is followed. The relaxation time is shown as a function of the self-
diffusion coefficient in Fig. 25. While the self-diffusion coefficient and relaxation
time are proportional for the higher alkanes, methane, ethane, propane and mixtures
of methane with higher alkanes depart from the linear relationship because methane
relaxes by the spin-rotation mechanism, even when dissolved in the liquid phase.

Figure 26 shows the distribution of self-diffusion coefficients for a 33° API
live crude oil with about 825 Scf/STB dissolved gas. Similar to their relaxation
response, crude oils have a broad distribution of diffusivities compared to that of pure
alkanes. While the diffusivity of a gas-free system is relatively insensitive to
pressure, a clear shift of the diffusion coefficient towards smaller values with
increasing pressure can be observed for the live oil. This trend is also illustrated in
Fig. 27, which also compares the diffusion coefficients of live oils with those at
ambient conditions after the solution gas has been depleted.

Figure 28 shows the diffusivities of various live and dead oils and oil-based
mud filtrates as a function of fluid viscosity. The diagram also illustrates the
correlation that has been developed from measurements on pure higher alkanes and
dead crude oils. Experiments have shown that live oils have a better correlation
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between self-diffusion coefficient and fluid viscosity than between NMR relaxation
time and viscosity. This trend makes sense because both diffusion and viscosity are
governed by the same underlying physical principle, i.e., molecular migration.

Constituent Viscosity Model

Interpretation of NMR well logs is often complicated by the relaxation time
distributions of hydrocarbons that overlap the relaxation time distribution of the
water. The water has a distribution of relaxation times because of surface relaxation
by pore walls. Several methods have been introduced to distinguish between the oil
and water [Akkurt (1999), Looyestijn (1996), and Slijkerman et al. (1999)]. These
methods rely on the magnetic field gradient of the logging tool and the difference in
diffusivity (diffusion coefficient) between the oil and water. Freedman et al. (2001)
introduced the constituent viscosity model (CVM) to distinguish oil and water. “In
the CVM, each hydrocarbon molecule in the mixture is assumed to relax and diffuse
like it would in the pure-state liquid except the macroscopic pure-state viscosity is
replaced by the microscopic constituent viscosity.” This implies that the relaxation
time distribution and diffusivity distribution are coupled through a common
“constituent viscosity.” The expressions for the mixture’s and the constituent’s
relaxation time, diffusivity, and viscosity are as follows.

aT aT N
TZ,LM = > Tz,k =" T2,LM :HTzf/A(
n k k=1
bT bT N -
Dy =—, D, =—, D,y = D/;/k
n up k=1
D D
LM :_k:é (34)
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N
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k=1 Tz,LM Dy,

The parameter, f,, is the proton fraction of the k-th molecular constituent.
The parameters, a and b, were determined from the measurements of the relaxation
time and diffusivity of pure components and the mean value of the mixture. It has
been established that for the alkanes the ratio of b/ais equal to 5.28x10° (cm?’/s?)
while for dead crude oils b/a is approximately 1.26x10” (cm?*/s®). This model
assumes that relaxation time and diffusivity distributions are coupled with each

constituent having a common proportionality constant, »/a. A correction for the
GOR should be made for live oils (Freedman et al., 2001).

The relation between the relaxation rate and viscosity of n-hexane and n-
hexadecane mixtures was investigated by Zega et al. (1990). They found the mole
fraction weight-average relaxation rate to be proportional to the viscosity as in pure
fluids. The proton fraction average relaxation rate was not exactly proportional to
viscosity. Lo et al. (2000) found that the individual-component relaxation times of 7-
hexane and n-hexadecane mixtures were quite different but the proton-fraction-
weighted geometric mean relaxation time was a good approximation to the relaxation
time — viscosity relation for pure alkanes. The diffusivity distribution of n-hexane and
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n-hexadecane mixtures overlapped too much to determine if the diffusivity
distribution corresponded to the relaxation time distribution. Freedman et al. (2001)
studied mixtures of n-hexane (C¢Hj4) and squalene (CsoHsp) and demonstrated the
relation between the relaxation time and diffusivity distributions for these mixtures.

The relaxation time and diffusivity distributions are shown in Figs. 29 and 30,
respectively, and are summarized in Table 2. The values in the tables are the bi-
exponential fit results. The light vertical line on each plot is the relaxation time
estimated by fitting the CPMG response to a bi-exponential model. H(C6) is the
proton fraction of hexane in the mixture. A(C6) is the fraction of the area attributed
to hexane. There is good agreement between H(C6) and A(C6). The peaks of the
diffusivity distributions are broader than those of the 7, distributions. This can be
explained by the difference in signal/noise for the two measurements. Figure 31 plots
constituent and log mean relaxation time and diffusivity as function of composition.
There is about an order of magnitude change in the relaxation time and diffusivity of
squalene. The change for n-hexane is less. Figure 32 is a plot of the ratio of
diffusivity and relaxation time for squalene and n-hexane. The dashed line is the
ratio, b/a, determined for pure and mixtures of alkanes. The average absolute
deviation of the ratio, D/T,, from the independently determined value of b/a is 27%.
It is clear that the deviation could be reduced if »/a was determined specifically for
the n-hexane and squalene mixture. Figure 33 is the correlation between the pure and
constituent diffusivity and relaxation time for the n-hexane and squalene systems.
The measured points compare well with the correlation that was independently
developed from pure alkanes and mixture of alkanes.

Table 2 Relaxation time and diffusivity of n-hexane and squalene mixtures
H(C6) T,(C6),s | T(C30),s | D(C6), cm’/s | D(C30), cm?/s
0.00 0.294 1.01E-06

0.38 4.59 0.90 1.27E-05 3.47E-06

0.50 5.75 1.18 1.70E-05 4.94E-06

0.69 7.52 1.69 3.02E-05 9.89E-06

1.00 9.78 4.60E-05

The measurements of relaxation time and diffusivity for the pure materials and
mixtures of n-hexane and squalene verify the coupling between the relaxation time
and diffusivity of constituents in a mixture. The area fractions in the distributions
correspond to the proton fraction of the corresponding constituent.

HYDROGEN INDEX

Definition of Hydrogen Index

The amplitude of the response of the NMR logging tool is calibrated with
respect to that of bulk water at standard conditions. Thus the amplitude of the
magnetization before attenuation by relaxation processes, My, is expressed as:
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M, < ¢(S, HI, +S, HI,+S, HI,) (35)

where ¢ is the porosity, S, is the saturation of phase p, and HI, is the hydrogen index
of phase p, where p = brine, oil, or gas. The HI is defined as follows,

Amount of hydrogen in sample

HI =
Amount of hydrogen in pure water at STP

_ moles H/em’
0111
PN, M
~0.111

(36)

where p,  is the mass density of the fluid in g/em’ | Ny is the number of hydrogen in

the molecule, and M is the molecular weight. The denominator of the last expression,
0.111, is the moles of hydrogen in one cubic centimeter of water at standard
conditions. The numerator is the number of moles of hydrogen in the same volume of
the bulk sample at the conditions of the measurement.

The HI of a fluid sample can be measured in the laboratory by measuring the
response of the sample of known volume at the conditions of interest:

HI = (M”’-ﬂ“id / Vﬂ”id )at conditions of interest (3 7)

(M0 Vo)

at standard conditions

M, can be determined either by the extrapolation of a CPMG or FID response
to zero time to recover any signal losses that might have occurred during the dead
time of the spectrometer. Alternatively, the cumulative distribution of relaxation
times after inverting the measured signal decay can be used to determine M,.
However, when using the latter procedure, errors brought about by oscillations in the
early echoes might be harder to detect.

M, , o 1s the respective magnetization of water at standard conditions. When

determining the HI experimentally, the decreasing sensitivity of the spectrometer with
increasing temperature according to Curie- and Boltzmann effects needs to be
considered.

HI of Brines

Recall that the HI is relative to pure water at ambient conditions. Thus brine
that contains a large quantity of salts may have a HI that deviates significantly from
unity (Fig. 34).
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HI of Gas
The HI of gas mixtures can be determined by extending the definition of HI:

_ moles H/cm’®

0.111
e Ny , for single component
0.111
AN, 39
=~ for mixture
0.111
_pzi:yiN””' 5N, _ p(moles/liter) N,
C0111 0011 111

where p, p, and p, are molar density, partial molar density, and average molar
density, respectively. The final expression has the density expressed as moles/liter,
the units commonly used in PVT calculations. y,, N, ,, and N, are mole fraction,
number of hydrogen per molecule of component 7, and the average moles of hydrogen

per mole of mixture, respectively . Table 3 is an example calculation for the average
moles of hydrogen for a typical separator gas.

The HI of the gas can be computed by multiplying the molar density from
PVT calculations with the average number of hydrogen per molecule, Fig. 35.

Table 3. Example calculation for the average moles of hydrogen
in a mole of a typical separator gas mixture

Component Mole fraction, y, Ny
Carbon dioxide 0.0167 0
Nitrogen 0.0032 0
Methane 0.7102 4
Ethane 0.1574 6
Propane 0.0751 8
i-Butane 0.0089 10
n-Butane 0.0194 10
i-Pentane 0.0034 12
n-Pentane 0.0027 12
Hexanes 0.0027 14
Heptanes plus 0.0003 16
Total or average 1.0000 4.785

Correlations for Hydrogen Index

Gaymard and Poupon (1968) introduced a correlation of HI for hydrocarbons
as a function of the mass density. Their correlation is based on the assumption that
the hydrocarbons can be represented by alkanes.
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Vinegar et al. (1991) and Kleinberg and Vinegar (1996) introduced a
correlation based on the measurements of stock tank crude oils at ambient conditions.
Their correlation has the HI equal to unity for oils lighter than 25° API and decreasing
for heavier oils. These two correlations are illustrated in Fig. 36 along with the
calculated HI for some pure hydrocarbons at ambient conditions and methane at
elevated pressures.

Figure 36 shows that the correlation of Gaymard and Poupon is satisfactory
for methane at high pressures and for the pure liquid alkanes at ambient conditions.
Thus one can expect that the correlation will also be satisfactory for the gas phase or
methane dissolved in a liquid phase containing only higher alkanes, such as gas
condensate. The correlation of Kleinberg and Vinegar appears to capture the
reduction in HI that is observed for aromatic or polyaromatic hydrocarbons.
However, the correlation is for stock tank oil and thus may not adequately represent
live oils with a high GOR.

HI of Heavy Oils

LaTorraca et al. (1999, 2000) pointed out that the measured HI values of
heavy crude oils may be less than actual values because of information lost due to
finite echo spacing time. Thus the authors defined an apparent H/ that depends on the
inter-echo spacing and emphasized that the HI of heavy oil should be measured at the
same echo spacing as the logging tool if the information is to be used to interpret logs.
They also claim that the actual HI, based on geochemical analysis, should be within
5% of unity. While the apparent HI can be used to estimate the viscosity of the heavy
oil, measurements of the HI of crude oils and pure hydrocarbons have shown that
samples with 7> much greater than the echo spacing had measured HI of about 0.9,
Fig. 37. Also, 1-methylnaphthlene and toluene, both of which have T, greater than 1
second, have measured HI less than 0.7. Mirotchnik et al. (1999) demonstrated the
increase in apparent HI with increased temperature for bitumen. Increasing
temperature shifted the 7> distribution towards longer times, and more of the
distribution could be measured for a given echo spacing.

HI for Hydrocarbon Mixtures and Live Oils

The HI of live oils, i.e., oils with a certain amount of solution gas, can
significantly deviate from unity. Although live oils often occur as undersaturated oils,
a significant amount of solution gas can be dissolved in the oil phase especially in
high temperature, high pressure reservoirs. As a result, the density of the formation
fluid is reduced while thermal expansion coefficients and compressibility are
increased compared to stock tank conditions. Therefore, the HI of live oils are
reduced and more pressure-dependent than those of gas-free oils.

When representative samples of the formation fluids have been preserved, the
measurement of their NMR response at reservoir conditions can significantly reduce
the uncertainty in the interpretation of wireline NMR data. The correct determination
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of the HI of the hydrocarbon phase directly impacts crucial reservoir parameters such
as porosity and hydrocarbon saturation. Indirectly, uncertainties in the estimation of
the HI are carried forward to the calculation of formation permeability based on NMR
logging data since the ratio of bound- and free fluids also depends on the HI. Figure
38 illustrates the impact of wrongly determined HI on the calculation of porosity and
permeability. Since typically only movable hydrocarbons show HI smaller than unity,
the error is increased for smaller ratios of bound fluids to total porosity. This
calculation is based on the assumption that the error in hydrogen index determination
affects all movable fluids. This situation represents the NMR measurements acquired
in an undrained reservoir well above the transition zone.

Experimentally, the hydrogen index of live oils can be measured by comparing
their NMR response to that of water at standard conditions. The experimental setup
needs to address the decreased sensitivity of the spectrometer with increasing
temperature. Care needs to be taken to ensure that the formation fluid can be
transferred from a pressurized storage cylinder to the NMR probe without falling
below either the bubble point or the onset pressure of asphaltene precipitation. The
pressurized fluid sample needs to be carefully equalized prior to the NMR
measurement to ensure that no changes in the chemical composition have occurred.

Figure 39 illustrates the results of the HI measurements on live oils and
mixtures of oil-based mud filtrates and methane at various conditions. Gas-free oil-
based mud filtrates have HI very close to unity. With increasing GOR, the HI
continuously decreases, related to changes in fluid density. The lowest values of
around 0.8 were obtained for undersaturated oils with solution gas-oil ratios of about
2000 Scf/STB. If a 25% porosity formation was saturated to 80% with this oil, and an
HI of unity was wrongly assumed in the interpretation of NMR log data, the NMR-
determined porosity of this formation would be undercalled by about 4 porosity units.

Calculation of the HI of Live Oils

The HI of a hydrocarbon mixture can be calculated exactly from the mass
density and hydrogen: carbon ratio (H:C), R, if contributions to the NMR signal
arising from the hydrogenated compounds of heteroatoms, like sulphur compounds
(mercaptans or thiols) or oxygen compounds (organic acids in immature crude oils)
can be neglected. (Zhang et al., 1998)

sy - Pm[R/(12.011+1.008R)]
0.111

(40)

This formula is convenient for pure hydrocarbons or mixtures for which the
density and R can be determined. However, H:C is generally not known for crude oils
and complete geochemical analysis might not always be available. Because there are
only three parameters in the above relation, the value of R can be determined for a
stock tank oil if the HI and density are measured at ambient conditions.

1.333HI g70)
Pm.sto —0.112HI g7

Rgro = (41)
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If one has the usual PVT data, the mass density and R can be determined for
the live oil. A PVT report expresses the volumetric data and composition such as the
oil formation volume factor, Bo, and the solution gas:oil ratio, R, as a function of
pressure at reservoir temperature.

The mass density can be determined as follows,

Rs p m,gas

o = %+ 0.178 (42)

0 BO
Here R; has the units of Scf/STB and p,, . 1s the gas density at standard

conditions. The H:C for a live oil can be determined with the following formula.

R, Py (11.9+Rg,)

Psio(11.9+R,,,)

R P (11.9+Ry;,)
Psio(11.9+R,,,)

The composition of the separator gas yields its H:C ratio, R,u. As a result, the

HI of the live oil can be calculated using the mass density and H:C ratio determined
from the previous two equations.

R’IIS
Ry +0.178 %
R=

(43)
1+0.178

The HI of two live GOM crude oils were calculated at reservoir conditions.
One is a 30° API crude oil with a solution gas/oil ratio of 749 Scf/STB at a bubble
point pressure of 4150 psia. The other is a 38° API gravity crude oil with a solution
gas/oil ratio of 1720 Scf/STB at a bubble point pressure of 4575 psia. The results are
shown in Fig. 40 along with the G&P and K&V correlations.

At stock tank oil condition, the HI value of the 30° API crude oil is 0.959,
which is close to the default value of unity. However, when pressure increases, more
gas (mostly methane) dissolves in the crude oil, causing decreasing density and
increasing H:C ratio. When pressure reaches the bubble point pressure, HI reduces to
the lowest value of 0.857. As pressure continues to increase above bubble point, no
more gas dissolves in the crude oil, but instead the oil is compressed. Since the
composition does not change, the H:C ratio of the reservoir fluid remains constant.
HI then linearly increases with increasing density above the bubble point. The 38°
API crude oil has a HI of 0.983 at stock tank conditions but the HI reduces to about
0.806 at the bubble point pressure of 4575 psi. The higher solution gas/oil ratio of the
38° API crude causes its HI to deviate from unity more significantly than for the 30°
API crude. Both oils show significant deviation from the G&P and K&V
correlations.
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Fig. 23: Methane diffusion coefficient (Kleinberg and
Vinegar, 1996)
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Fig. 24: Diffusion coefficient dependence for alkanes on viscosity/temperature (Y.
Zhang, 2001).
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Fig. 26: Distribution of self-diffusion coefficients of a 33° API live crude oil
with 825 SCF/STB GOR as function of pressure. The PFG NMR

measurements have been made at 75°F.
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Fig. 27: Diffusivities of a 825 SCF/STB GOR live oil as function of
pressure. The measurements were taken at two different temperatures and are
compared to the diffusivity of the same oil after the solution gas has been

depleted.
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Fig. 28: Diffusivities of various live and dead oils and oil-based mud filtrates as
function of fluid viscosities over temperature.
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Fig. 29: Relaxation time distributions of n-hexane and squalene mixtures.

Thin line is estimate from bi-exponential fit. (Freedman et al., 2001)
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Fig. 30: Diffusivity of n-hexane and squalene mixtures. (Freedman et
al., 2001)



10.0

»
= 1.0 -
=
0-1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Proton fraction of C6
- -k - T2(C6)- - - T2 (C30) ——T2,LM

1.E-04 -
7 ]
g
A
2 1.E-05 -
> n
2 ]
)
=
o

1.E-06

0.0 0.2 04 0.6 0.8 1.0
Proton fraction of C6

- A= D(C6) = M= D (C30) =>—D,LM
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Fig. 32: Ratio of constituent diffusivity and relaxation
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Fig. 34: HI as a function of salinity,
(Kleinberg and Vinegar, 1996).
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in Table 2.
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Fig. 36: HI from correlations and for pure hydrocarbons (Zhang, et al. , 1998).
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Fig. 38: Impact of the uncertainty in the determination of the hydrogen index on
porosity and permeability for 10% and 60% BVI.
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Fig. 40: Calculated HI for two live crude oils (Q. Zhang, 2001).
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