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Preface

The techniques of oil and gas recovery are under constant development. This is followed by an
increased demand to the accuracy of PVT simulation results. High quality simulation results are
dependent on accurate fluid compositions and PVT data. We wanted to cover experimental pro-
cedures in more detail in the second edition than in the first edition, so we asked our colleague,
Jawad Azeem Shaikh, to be a coauthor. Jawad has 12 years of experience from a commercial PVT
laboratory, and his experience includes sampling, compositional analyses, and measurements of
both routine and EOR PVT data. Chapters 2 and 3 provide a comprehensive review of experimental
procedures used to provide compositional data and PVT data.

The oil industry sees the PC-SAFT equation as a possible alternative or replacement of cubic
equations. The PC-SAFT equation is introduced in Chapter 4, and Chapter 5 on fluid characteriza-
tion includes a section on the characterization of the PC-SAFT equation. Chapter 7 shows simula-
tion results for PVT data obtained with the PC-SAFT equation.

Chapter 9 on regression has a section on how to recreate the original reservoir fluid composition
from a depleted gas condensate reservoir fluid sample. Chapter 12 on asphaltenes includes a section
on how to simulate the location of a possible asphaltene tar mat.

‘We have, since the first edition was published, had the opportunity to analyze numerous EOR PVT
data and have used this experience to make a thorough update of Chapter 15 on MMP calculations.

All other chapters are updated with new data material and new references.

Karen Schou Pedersen
Peter Lindskou Christensen
Jawad Azeem Shaikh
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‘I Petroleum Reservoir Fluids

1.1 RESERVOIR FLUID CONSTITUENTS

Petroleum reservoir fluids are multicomponent mixtures consisting primarily of hydrocarbons.
Methane (CH,) is the simplest of all hydrocarbons, and also the most common component in petro-
leum reservoir fluids. Because methane contains one carbon atom, it is often referred to as C,.
Similarly, the term C, is used for ethane (C,Hy), C; for propane (C;Hy), and so on. Hydrocarbons
with seven and more carbon atoms are called C,, components, and the entity of all C,, components
is called the C,, fraction. Petroleum reservoir fluids may contain hydrocarbons as heavy as C,,.
A particular C;, component will belong to one of the following component classes:

Paraffins: A paraffinic compound consists of hydrocarbon segments of the type C, CH, CH,,
or CH,. The carbon atoms are connected by single bonds. Paraffins are divided into normal
paraffins (n-paraffins) and iso-paraffins (i-paraffins). In an n-paraffin, the carbon atoms
form straight chains, whereas an i-paraffin contains at least one side chain. Paraffins are
sometimes also referred to as alkanes. Figure 1.1 shows the structure of methane (C,), eth-
ane (C,), and n-hexane (nC,), which are all examples of paraffinic compounds.

Naphthenes: These compounds are similar to paraffins in the sense that they are built of the
same types of hydrocarbon segments, but they differ from paraffins in that they contain
one or more cyclic structures. The segments in the ring structures (e.g., CH,) are connected
by single bonds. Most naphthenic ring structures contain six carbon atoms, but naphthenic
compounds with either five or seven carbon atoms connected in ring structures are also com-
mon in petroleum reservoir fluids. Naphthenes are also called cycloalkanes. Cyclohexane
and methyl cyclopentane shown in Figure 1.1 are examples of naphthenic components.

Aromatics: Similar to naphthenes, aromatics contain one or more cyclic structures, but the
carbon atoms in an aromatic compound are connected by aromatic double bonds. Benzene
(CHy), the simplest aromatic component, is shown in Figure 1.1. Polycyclic aromatic com-
pounds with two or more ring structures are also found in petroleum reservoir fluids. An
example of the latter type of components is naphthalene (C, Hy), whose structure is also
shown in Figure 1.1.

The percentage of paraffinic (P), naphthenic (N), and aromatic (A) components in a reservoir
fluid is often referred to as the PNA distribution.

Petroleum reservoir fluids may also contain inorganic compounds, of which nitrogen (N,), car-
bon dioxide (CO,), and hydrogen sulfide (H,S) are the most common. Water (H,0) is another impor-
tant constituent of reservoir fluids. As water has limited miscibility with hydrocarbons, most of the
waler in a reservoir is usually found in a separate water zone located beneath the gas and oil zones.

1.2 PROPERTIES OF RESERVOIR FLUID CONSTITUENTS

Table 1.1 shows selected physical properties of some constituents found in naturally occurring oil
and gas mixtures. By comparing, for example, the normal boiling points, it is evident that hydro-
carbons in petroleum reservoir fluids cover a wide range of component properties. At atmospheric
pressure, pure methane will be in gaseous form at temperatures above the normal boiling point of
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FIGURE 1.1 Molecular structures of some petroleum reservoir fluid constituents.

—161.6°C, whereas at the same pressure the temperature must be raised to 218.0°C before naph-
thalene evaporates. The properties of hydrocarbons with the same number of carbon atoms may
also differ substantially. n-Hexane (nC,), methyl cyclopentane (m-cCs), and benzene all contain six
carbon atoms. However, the properties of these three components are quite different. For example,
it may be seen from Table 1.1 that the density of nCg4 at atmospheric conditions is lower than that of
m-cCs, although the density of m-cCS5 is lower than that of benzene. This suggests that densities of
components with the same carbon number will increase in the order P — N — A. It is rare to see a
measured PNA distribution and, in the absence of experimental information about the predominant
molecular structures, the trend in component densities may be used to give an idea about the distri-
bution of P,N, and A components in a given C,, fraction.

The pure component vapor pressures and critical points (CPs) are essential in calculations of
component and mixture properties. The pure component vapor pressures are experimentally deter-
mined by measuring the corresponding values of temperature (T) and pressure (P) at which the
substance undergoes a transition from liquid to gas. Figure 1.2 shows the vapor pressure curves of
methane and benzene, both of which are common constituents of oil and gas mixtures. The vapor
pressure curve ends at the CP, above which no liquid-to-gas phase transition can take place. The CP
of methane is —82.6°C and 46.0 bar and that of benzene 289°C and 48.9 bar. The temperature at CP
is called T and the pressure Py..

As illustrated in the right-hand-side plot in Figure 1.3, the phase behavior of a pure component
at a given temperature, T|, may be studied by placing a fixed amount of this component in a cell
at temperature T,. The cell volume may be varied by moving the piston up and down. At position
A, the cell contents are in the gaseous state. If the piston is moved downward, the volume will
decrease and the pressure increases. At position B, a liquid phase starts to form. By moving the
piston further downward, the volume will further decrease, but the pressure remains constant until
all gas is converted into liquid. This happens at position C. A further decrease in the cell volume
will result in a rapidly increasing pressure. The left-hand-side curve in Figure 1.3 illustrates the
phase changes when crossing a vapor pressure curve. A pure component can only exist in the form
of two phases in equilibrium right at the vapor pressure curve. When the vapor pressure curve is
reached, a conversion from either gas to liquid or liquid to gas will start. This phase transition is
associated with volumetric changes at constant T and P. At the point B, the component is said to
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FIGURE 1.2 Vapor pressure curves of methane and benzene (full-drawn line). Phase envelope (dashed line)
of a mixture of 25 mol% methane and 75 mol% benzene calculated using the Soave—Redlich—Kwong equation
of state as presented in Chapter 4. Abbreviation: CP, critical point.

[=

FIGURE 1.3 Pure component phase behavior in PT and PV diagrams.

be at its dew point or in the form of a saturated gas. At position C, the component is at its bubble
point or in the form of a saturated liquid. At position A, the state is undersaturated gas, and at D it

is undersaturated liquid.
Another important property is the acentric factor, m, as defined by Pitzer (1955):

sat
m=—l—log,(,[P—) (L.1)
PC
T=07T,

where P* stands for vapor pressure (or saturation pressure). The idea behind this definition is
outlined in Figure 1.4. A plot of the logarithm of the reduced pure component vapor pressure,
P = P*/P,_, against the reciprocal of the reduced temperature, T, = T/T,, will for most pure sub-
stances give an approximately straight line. Figure 1.4 shows plots of log,, P& versus 1/T, for
argon (Ar) and n-decane (nC,). For T, = 0.7 (1/T, = 1.43), log,, Prs‘“ =—1.0 for argon and —1.489 for
nC,,. Argon is used as a reference and assigned an acentric factor of 0. In general, the acentric fac-
tor of a component equals (log,,P:™") 1.-07 for argon and —( log,oP:™) 1.-07 for the actual substance.
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FIGURE 1.4  Acentric factor of nC,, from vapor pressure curves of Ar and nC,,,. Abbreviations: P, reduced
saturation point (P5/P)); T, reduced temperature (T/T,).
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FIGURE 1.5 Vapor pressure curves of component with same T, and P, as nC,; and acentric factors of 0.0,
0.5, and 1.0.

With this definition, the acentric factor of nC,, equals [-1 — (—1.489)] = 0.489, which is consistent
with the acentric factor given for nC,, in Table 1.1.

The acentric factor has got its name because the acentric factor of n-paraffins increases with
carbon number. Methane (C,) has an acentric factor of 0.008, ethane (C,) 0.098, propane (C,) 0.152,
and so on. With increasing carbon number molecules of this component class get more elongated
(less spherical) with increasing carbon number. More fundamentally, the acentric factor can be
seen as a measure of the curvature of the pure component vapor pressure curve. Figure 1.5 shows
the vapor pressure curves of three hypothetical substances, all having the same critical tempera-
ture and pressure as nC,, (344.5°C and 21.1 bar), whereas the acentric factors are 0.0, 0.5, and 1.0,
respectively (the acentric factor of nC,; is 0.489). With the CP locked, the vapor pressure curves are
bound to end at the same point, whereas the bend on the curve is determined by the acentric factor.
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For an acentric factor of 1.0, the vapor pressure curve is relatively flat at low temperatures and then
increases steeply when approaching the critical temperature. If the acentric factor is lower, a more
even increase is seen in vapor pressure with temperature. The vapor pressure curves in Figure 1.5
have been calculated using the Peng—Robinson equation of state presented in Chapter 4.

1.3 PHASE ENVELOPES

Petroleum reservoir fluids are multicomponent mixtures; therefore, it is of much interest to find a
mixture equivalent of the pure component vapor pressure curve. With two or more components
present, the two-phase region is not restricted to a single line in a PT diagram. As is illustrated in
Figure 1.2 for a mixture of 25 mol% methane and 75 mol% benzene, the two-phase region for a
mixture forms a closed area in P and T. The line surrounding this area is called the phase envelope.

Figure 1.6 shows the phase envelope for a natural gas mixture with the composition given in
Table 1.2. The phase envelope consists of a dew point branch and a bubble point branch meeting
at the CP of the mixture CP. On the dew point branch, the mixture is in gaseous form and in equi-
librium with an incipient amount of liquid. Under these conditions, the gas (or vapor) is said to be
saturated. At higher temperatures and the same pressure, there is no liquid present. By contrast, the
gas may take up liquid components without liquid precipitation taking place. The gas is therefore
said to be undersaturated. On the bubble point branch, the mixture is in liquid form and in equilib-
rium with an incipient amount of gas, and the liquid is said to be saturated. At lower temperatures
and the same pressure, the liquid (or oil) is undersaturated. At the CP, two identical phases are in
equilibrium, both having a composition equal to the overall composition. At temperatures close to
the critical temperature and pressures above the critical pressure, there is only one phase present,
but it can be difficult to tell whether it is a gas or a liquid. The term super-critical fluid is often used.
Phase identification in the super-critical region is discussed in more detail in Chapter 6. The highest
pressure at which two phases can exist is called the cricondenbar and the highest temperature with
two phases present is called the cricondentherm.

The phenomenon called retrograde condensation is illustrated in Figure 1.6 as a dashed vertical
line at T = -30°C. At this temperature, the mixture is in gaseous form at pressures above the upper
dew point pressure, that is, at pressures above approximately 75 bar. At lower pressures, the mixture
will split into two phases, a gas and a liquid. Liquid formation taking place as the result of falling
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FIGURE 1.6 Phase envelope of natural gas in Table 1.2. CP stands for critical point. The phase envelope has
been calculated using the Soave—Redlich—-Kwong equation of state as presented in Chapter 4.



