Chapter 3

Gas and Oil Properties and Correlations

3.1 Introduction

Chap. 3 covers the properties of oil and gas systems, their nomencla-
ture and units, and correlations used for their prediction. Sec. 3.2
covers the fundamental engineering quantities used to describe
phase behavior, including molecular quantities, critical and reduced
properties, component fractions, mixing rules, volumetric proper-
ties, transport properties, and interfacial tension (IFT).

Sec. 3.3 discusses the properties of gas mixtures, including cor-
relations for Z factor, pseudocritical properties and wellstream grav-
ity, gas viscosity, dewpoint pressure, and total formation volume
factor (FVF). Sec. 3.4 covers oil properties, including correlations
for bubblepoint pressure, compressibility, FVF, density, and viscos-
ity. Sec. 3.5 gives correlations for IFT and diffusion coefficients.
Sec. 3.6 reviews the estimation of K values for low-pressure ap-
plications, such as surface separator design, and convergence-pres-
sure methods used for reservoir calculations.

3.2 Review of Properties, Nomenclature, and Units

3.2.1 Molecular Quantities. All matter is composed of elements that
cannot be decomposed by ordinary chemical reactions. Carbon (C),
hydrogen (H), sulfur (S), nitrogen (N), and oxygen (O) are examples
of the elements found in naturally occurring petroleum systems.

The physical unit of the element is the atom. Two or more ele-
ments may combine to form a chemical compound. Carbon dioxide
(CO»), methane (CHy), and hydrogen sulfide (H,S) are examples of
compounds found in naturally occurring petroleum systems. When
two atoms of the same element combine, they form diatomic com-
pounds, such as nitrogen (N3) and oxygen (O3). The physical unit
of the compound is the molecule.

Mass is the basic quantity for measuring the amount of a substance.
Because chemical compounds always combine in a definite propor-
tion (i.e., as a simple ratio of whole numbers), the mass of the atoms
of different elements can be conveniently compared by relating them
with a standard. The current standard is carbon-12, where the element
carbon has been assigned a relative atomic mass of 12.011.

The relative atomic mass of all other elements have been deter-
mined relative to the carbon-12 standard. The smallest element is
hydrogen, which has a relative atomic mass of 1.0079. The relative
atomic mass of one element contains the same number of atoms as
the relative atomic mass of any other element. This is true regardless
of the units used to measure mass.

According to the SI standard, the definition of the mole reads “the
mole is the amount of substance of a system which contains as many
elementary entities as there are atoms in 0.012 kilograms of car-
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bon-12.” The SI symbol for mole is mol, which is numerically iden-
tical to the traditional g mol.

The SPE Sl standard! uses kmol as the unit for a mole where kmol
designates “an amount of substance which contains as many kilo-
grams (groups of molecules) as there are atoms in 12.0 kg (incor-
rectly written as 0.012 kg in the original SPE publication) of car-
bon-12 multiplied by the relative molecular mass of the substance
involved.”

A practical way to interpret kmol is “kg mol” where kmol is nu-
merically equivalent to 1,000 g mol (i.e., 1,000 mol). Otherwise, the
following conversions apply.

1 kmol 1,000 mol
1,000 g mol

= 2.2046 Ibm mol

1Ibm mol = 0.45359 kmol
= 453.59 mol
453.59 g mol

1 mol 1 g mol
0.001 kmol

= 0.0022046 1bm mol

The term molecular weight has been replaced in the SI system by
molar mass. Molar mass, M, is defined as the mass per mole
(M =m/n) of a given substance where the unit mole must be consis-
tent with the unit of mass. The numerical value of molecular weight
is independent of the units used for mass and moles, as long as the
units are consistent. For example, the molar mass of methane is
16.04, which for various units can be written

M= 16.04 kg/kmol

= 16.04 Ibm/Ibm mol
16.04 g/g mol
16.04 g/mol

3.2.2 Critical and Reduced Properties. Most equations of state
(EOS’s) do not use pressure and temperature explicitly to define the
state of a system, but instead they generalize according to corre-
sponding-states theory by use of two or more reduced properties,
which are dimensionless.?
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Fig. 3.1—Reservoir densities as functions of pressure and tem-
perature.

Dr = P/ Pcs oot (3.1b)
V= V/Ves o (3.1¢)
and O, = P/Per o (3.1d)

where p, = 1/V,. Absolute units must be used when calculating
reduced pressure and temperature. p., 7., V. and p.are the true
critical properties of a pure component, or some average for a mix-
ture. In most petroleum engineering applications, the range of re-
duced pressure is from 0.02 to 30 for gases and 0.03 to 40 for oils;
reduced temperature ranges from <1 to 2.5 for gases and from 0.4
to 1.1 for oils. Reduced density can vary from 0O at low pressures to
about 3.5 at high pressures.

Average mixture, or pseudocritical, properties are calculated
from simple mixing rules or mixture specific gravity.3# Denoting
amixture pseudocritical property by 0,., the pseudoreduced proper-
ty is defined 6, = 6/ 6,,... Pseudocritical properties are not approxi-
mations of the true critical properties, but are chosen instead so that
mixture properties will be estimated correctly with corresponding-
states correlations.

3.2.3 Component Fractions and Mixing Rules. Petroleum reser-
voir mixtures contain hundreds of well-defined and “undefined”
components. These components are quantified on the basis of mole,
weight, and volume fractions. For a mixture having N components,

i = 1,...,N, the overall mole fractions are given by
ni m;/M;
e 3.2)
Z n; Z mj/MJ
j=1 j=1

where n=moles, m =mass, M = molecular weight, and the sum of
z; 1s 1.0. In general, oil composition is denoted by x; and gas com-
position by y;.

Weight or mass fractions, w;, are given by

m; n;M;
w. = =

4 N N ’
m; Z n;M;
= j=1

where the sum of w; = 1.0. Although the composition of a mixture
is usually expressed in terms of mole fraction, the measurement of
composition is usually based on mass, which is converted to mole
fraction with component molecular weights.

For oil mixtures at standard conditions (14.7 psia and 60°F), the
total volume can be approximated by the sum of the volumes of indi-
vidual components, assuming ideal-solution mixing. This results in

j=1
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the following relation for volume fractions x,;, based on component
densities at standard conditions p; or specific gravities y;.

m;/p; ”iM,-/Pi x; Mi/p;
vi T N Y N
Z m;/p; Z nMi/p,; Z x;M;/p,
j=1 j=1 j=1
_ x; M,y

N
ij M;/y;
Jj=1
where the sum of x,; is unity.

Having defined component fractions, we can introduce some
common mixing rules for averaging the properties of mixtures.
Kay’s5 mixing rule, the simplest and most widely used, is given by
a mole-fraction average,

e (3.5)

This mixing rule is usually adequate for molecular weight, pseudo-
critical temperature, and acentric factor.® We can write a generalized
linear mixing rule as

where ¢, is usually one of the following weighting factors: ¢; = z,,
mole fraction (Kay’s rule); ¢; = w;, weight fraction; or ¢; = x,;
volume fraction. Depending on the quantity being averaged, other
mixing rules and definitions of ¢; may be appropriate.’-8 For exam-
ple, the mixing rules used for constants in an EOS (Chap. 4) can be
chosen on the basis of statistical thermodynamics.

3.2.4 Volumetric Properties. Density, p, is defined as the ratio of
mass to volume,

p =m/V,

expressed in such units as Ibm/ft3, kg/m3, and g/cm3. Fig. 3.1 shows
the magnitudes of density for reservoir mixtures. Molar density,
P gives the volume per mole:

pu = n/V.

Specific volume, v, is defined as the ratio of volume to mass and is
equal to the reciprocal of density.

V=V/im=1/p. 3.9
Molar volume, v, defines the ratio of volume per mole,
v=V/n=Mp=1/py, .. ... ... (3.10)

and is typically used in cubic EOS’s. Molar density, p,,, is given by

pu=1/v =p/M,

and is used in the formulas of some EOS’s.

According to the SI standard, relative density replaces specific
gravity as the term used to define the ratio of the density of a mixture
to the density of a reference material. The conditions of pressure and
temperature must be specified for both materials, and the densities
of both materials are generally measured at standard conditions
(standard conditions are usually 14.7 psia and 60°F).

— 14 (pxm Tsc)
pref(pxc, Txc) ’
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Fig. 3.2—Reservoir compressibilities as functions of pressure.

(3.12b)

Air is used as the reference material for gases, and water is used as
the reference material for liquids. Specific gravity is dimensionless,
although it is customary and useful to specity the material used as a
reference (air=1 or water=1). In older references, liquid specific
gravities are sometimes followed by the temperatures of both the lig-
uid and water, respectively; for example, y, = 0.823, /60° where the
temperature units here are understood to be in degrees Fahrenheit.

The oil gravity, v ,p;, in degrees API is used to classify crude oils
on the basis of the following relation,

yam = LS —ais (3.13a)
_ 1415
and y, = Tam d U315 (3.13b)

where y,, = oil specific gravity (water = 1). Officially, the SPE does
not recognize y ,p; in its SI standard, but because oil gravity (in de-
grees API) is so widely used (and understood) and because it is
found in many property correlations, its continued use is justified
for qualitative description of stock-tank oils.

Isothermal compressibility, ¢, of a fixed mass of material is de-
fined as

‘= _l<ﬂ) _ _l<6_9) _ _1(@)
V\dp ), v\ap/, v\dp),

where the units are psi LorkPa™!. In terms of density, p, and FVF,
B, isothermal compressibility is given by

czl(a_f)> :1(@)
P\dp ’ B\ dp ,

where B is defined in the next section. Fig. 3.2 shows the variation
in compressibility with pressure for typical reservoir mixtures. A
discontinuity in oil compressibility occurs at the bubblepoint be-
cause gas comes out of solution. When two or more phases are pres-
ent, a total compressibility is useful.8:9

3.2.5 Black-Oil Pressure/Volume/Temperature (PVT) Proper-
ties. The FVF, B; solution gas/oil ratio, R; and solution oil/gas ratio,
ry, are volumetric ratios used to simplify engineering calculations.
Specifically, they allow for the introduction of surface volumes of
gas, oil, and water into material-balance equations. These are not
standard engineering quantities, and they must be defined precisely.
These properties constitute the black-oil or “beta” PVT formula
used in petroleum engineering. Chap. 7 gives a detailed discussion
of black-oil properties.
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Fig. 3.3—Reservoir FVF’s as functions of pressure.

FVF, or simply volume factor, is used to convert a volume at ele-
vated pressure and temperature to surface volume, and vice versa.
More specifically, FVF is defined as the volume of a mixture at spe-
cified pressure and temperature divided by the volume of a product
phase measured at standard conditions,

Vmixlure (p’ T>
Vproduct (P scr T.v(‘)

The units of B are bbl/STB for oil and water, and ft3/scf or bbl/Mscf
for gas. The surface product phase may consist of all or only part of
the original mixture.

Primarily, four volume factors are used in petroleum engineering.
They are oil FVF, B,; water FVF, B,; gas FVF, B,; and total FVF
of a gas/oil system, B,, where

B =

B, = (Vo) Voo orrrrmrr (3.17a)

B, = (‘YM:;,VC = K—; .......................... (3.17b)

B, = (‘Zi = “;Z ............................ (3.17¢)
and B, = (V‘:SM. = VEV—:):g _Y ;_; Ve D (3.17d)
and the total FVF of a gas/water system is

B,, = %’)M = Vg%?Vw' ...................... (3.17e)

InEq.3.17, V, =oil volume atp and T'; V, =gas volume at p and
T;V, =water/brine volumeatpandT; V5 = (V,),. = stock-tank-
oil volume at standard conditions; V- = (V,,),, =stock-tank-wa-
ter volume at standard conditions; and Vz = (Vg)sc= surface-gas
volume at standard conditions.

Because gas FVF is inversely proportional to pressure, a recipro-
cal gas volume factor, b, (equal to 1/B,),is sometimes used, where
the units of b, may be scf/ft3 or Mscf/bbl. Fig. 3.3 shows FVF’s of
typical reservoir systems. Inverse oil FVF, b, (equal to 1/B,) is also
used in reservoir simulation.

Wet gas and gas-condensate reservoir fluids produce liquids at the
surface, and for these gases the surface product (separator gas) con-
sists of only part of the original reservoir gas mixture. Two gas
FVF’s are used for these systems: the “dry” FVF, B, and the “wet”
FVE, By, (or just By). B,, gives the ratio of reservoir gas volume to
the actual surface separator gas. B,,, gives the ratio of reservoir gas
volume to a hypothetical “wet” surface-gas volume (the actual sepa-
rator-gas volume plus the stock-tank condensate converted to an
equivalent surface-gas volume). Chap. 7 describes when B, and
By, are used. The standard definition of B, = (p,./Ts.)(ZT/p) (see
Eq. 3.38) represents the wet-gas FVE.
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When a reservoir mixture produces both surface gas and oil, the

GOR, Ry, defines the ratio of standard gas volume to a reference
oil volume (stock-tank- or separator-oil volume),
Ry = Vo, _ Vg (3.182)
0 T, TV .
\% V-
and R,, = Voo o Ve (3.18b)

Vo, o),

in units of scf/STB and scf/bbl, respectively. The separator condi-
tions should be reported when separator GOR is used.

Solution gas/oil ratio, Ry, is the volume of gas (at standard condi-
tions) liberated from a single-phase oil at elevated pressure and tem-
perature divided by the resulting stock-tank-oil volume, with units
scf/STB. R, is constant at pressures greater than the bubblepoint and
decreases as gas is liberated at pressures below the bubblepoint.

The producing GOR, R, defines the instantaneous ratio of the to-
tal surface-gas volume produced divided by the total stock-tank-oil
volume. At pressures greater than bubblepoint, R, is constant and
equal to R at bubblepoint. At pressures less than the bubblepoint,
R, may be equal to, less than, or greater than the R, of the flowing
reservoir oil. Typically, R, will increase 10 to 20 times the initial R,
because of increasing gas mobility and decreasing oil mobility dur-
ing pressure depletion.

The surface volume ratio for gas condensates is usually expressed
as an oil/gas ratio (OGR), r,.

_ (VO)A‘(' _ VE 1

Y =2 = O 3.19
Tog (Vg)m Vo Ry (3.19)

The unit for r,,is STB/scf or, more commonly, “barrels per million”
(STB/MMscf). To avoid misinterpretation, it should be clearly spe-
cified whether the OGR includes natural gas liquids (NGL’s) in
addition to stock-tank condensate. In most petroleum engineering
calculations, NGL’s are not included in the OGR.

The ratio of surface oil to surface gas produced from a single-
phase reservoir gas is referred to as the solution oil/gas ratio, r,. At
pressures above the dewpoint, the producing OGR, r,, is constant
and equal to r,at the dewpoint. At pressures below the dewpoint, 7,
is typically equal to or just slightly greater than rg; the contribution
of flowing reservoir oil to surface-oil production is negligible in
most gas-condensate reservoirs.

In the definitions of R, and r,, the total producing surface-gas
volume equals the surface gas from the reservoir gas plus the solu-
tion gas from the reservoir oil; likewise, the total producing surface
oil equals the stock-tank oil from the reservoir oil plus the conden-
sate from the reservoir gas. Fig. 3.4 shows the behavior of R, R;,
and 1/r, as a function of pressure.
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Fig. 3.5—Reservoir viscosities as functions of pressure.

3.2.6 Viscosity. Two types of viscosity are used in engineering cal-
culations: dynamic viscosity, ¢, and kinematic viscosity, v. The def-
inition of u for Newtonian flow (which most petroleum mixtures
follow) is

T8¢

"= Jdy' e (3.20)
where 7 = shear stress per unit area in the shear plane parallel to the
direction of flow, du/dy=velocity gradient perpendicular to the
plane of shear, and g, = a units conversion from mass to force. The
two viscosities are related by density, where u =v p.

Most petroleum engineering applications use dynamic viscosity,
which is the property reported in commercial laboratory studies.
The unit of dynamic viscosity is centipoise (cp), or in SI units,
mPa-s, where 1 cp=1 mPa-s. Kinematic viscosity is usually re-
ported in centistoke (cSt), which is obtained by dividing  in cp by
p in g/cm3; the ST unit for v is mm?/s, which is numerically equiva-
lent to centistoke. Fig. 3.5 shows oil, gas, and water viscosities for
typical reservoir systems.

3.2.7 Diffusion Coefficients. In the absence of bulk flow, compo-
nents in a single-phase mixture are transported according to gradi-
ents in concentration (i.e., chemical potential). Fick’s'0 law for 1D
molecular diffusion in a binary system is given by

u; = = D (dC;/dx), ...
where u; = molar velocity of Component i; D; = binary diffusion
coefficient; and C; =molar concentration of Component i = y;0,,,
where y; =mole fraction; and x = distance.

Eq. 3.21 clearly shows that mass transfer by molecular diffusion
can be significant for three reasons: (1) large diffusion coefficients,
(2) large concentration differences, and (3) short distances. A com-
bination of moderate diffusion coefficients, concentration gradi-
ents, and distance may also result in significant diffusive flow. Mo-
lecular diffusion is particularly important in naturally fractured
reservoirs! 12 because of relatively short distances (e.g., small ma-
trix block sizes).

Low-pressure binary diffusion coefficients for gases, Dy, are in-
dependent of composition and can be calculated accurately from
fundamental gas theory (Chapman and Enskog?), which are basical-
ly the same relations used to estimate low-pressure gas viscosity. No
well-accepted method is available to correct Df; for mixtures athigh
pressure, but two types of corresponding-states correlations have
been proposed: D; = Dif(T,,p,) and D; = Dy f(p,).

Atlow pressures, diffusion coefficients are several orders of mag-
nitude smaller in liquids than in gases. At reservoir conditions, the
difference between gas and liquid diffusion coefficients may be less
than one order of magnitude.

3.2.8 IFT. Interfacial forces act between equilibrium gas, oil, and
water phases coexisting in the pores of areservoir rock. These forces
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are generally quantified in terms of IFT, o; units of ¢ are dynes/cm
(or equivalently, mN/m). The magnitude of IFT varies from =50
dynes/cm for crude-oil/gas systems at standard conditions to <0.1
dyne/cm for high-pressure gas/oil mixtures. Gas/oil capillary pres-
sure, P, is usually considered proportional to IFT according to the
Young-Laplace equation P, = 20/r, where ris an average pore ra-
dius.13-15 Recovery mechanisms that are influenced by capillary
pressure (e.g., gas injection in naturally fractured reservoirs) will
necessarily be sensitive to IFT.

3.3 Gas Mixtures

This section gives correlations for PVT properties of natural gases,
including the following.

1. Review of gas volumetric properties.

2. Z-factor correlations.

3. Gas pseudocritical properties.

4. Wellstream gravity of wet gases and gas condensates.

5. Gas viscosity.

6. Dewpoint pressure.

7. Total volume factor.

3.3.1 Review of Gas Volumetric Properties. The properties of gas
mixtures are well understood and have been accurately correlated
for many years with graphical charts and EOS’s based on extensive
experimental data.!0-19 The behavior of gases at low pressures was
originally quantified on the basis of experimental work by Charles
and Boyle, which resulted in the ideal-gas law,3

where R is the universal gas constant given in Appendix A for vari-
ous units (Table A-2). In customary units,

_ psia X ft3
R = 10.73146OR S Ibm mol’ e (3.23)
while for other units, R can be calculated from the relation
R = 10.73146( i) ( 2R} (Yini (“’—m) ........ (3.24)
’ psia )\ Ty /\ 3 )\ unic

For example, the gas constant for SPE-preferred SI units is given by

R

kPa °R
10.73146 X | 6.894757T—— | X (1.8 —)
psia K

X

0.02831685 M) x (2204623 lbm
ft3 kg

83143 KPa m’
’ K - kmol

The gas constant can also be expressed in terms of energy units (e.g.,
R=8.3143 J/mol - K); note that J=N-m=(N/m?)m3=Pa-m3. In
this case, the conversion from one unit system to another is given by

_ Eni\[ K \(_ 8
R = 83143( ; )(Tum)(mm).

An ideal gas is a hypothetical mixture with molecules that are
negligible in size and have no intermolecular forces. Real gases
mimic the behavior of an ideal gas at low pressures and high temper-
atures because the mixture volume is much larger than the volume
of the molecules making up the mixture. That is, the mean free path
between molecules that are moving randomly within the total vol-
ume is very large and intermolecular forces are thus very small.

Most gases at low pressure follow the ideal-gas law. Application
of the ideal-gas law results in two useful engineering approxima-
tions. First, the standard molar volume representing the volume oc-
cupied by one mole of gas at standard conditions is independent of
the gas composition.

22

_ _ <Vg)sc _ RTsc

("g)u % T T T D
_10.73146(60 + 459.67)
= 147

= 379.4 scf/Ibm mol
= 23.69 std m?®/kmol.

Second, the specific gravity of a gas directly reflects the gas molecu-
lar weight at standard conditions,

_ (pg)sc _ Mg _ Mé’
Ve = ). My 2897

and M, = 28.97y,.

For gas mixtures at moderate to high pressure or at low tempera-
ture the ideal-gas law does not hold because the volume of the con-
stituent molecules and their intermolecular forces strongly affect the
volumetric behavior of the gas. Comparison of experimental data
for real gases with the behavior predicted by the ideal-gas law shows
significant deviations. The deviation from ideal behavior can be ex-
pressed as a factor, Z, defined as the ratio of the actual volume of one
mole of a real-gas mixture to the volume of one mole of an ideal gas,

_ volume of 1 mole of real gas at p and T

" volume of 1 mole of ideal gas at p and T’

where Zis a dimensionless quantity. Terms used for Z include devi-
ation factor, compressibility factor, and Z factor. Z factor is used in
this monograph, as will the SPE reserve symbol Z (instead of the rec-
ommended SPE symbol z) to avoid confusion with the symbol z
used for feed composition.

From Eqgs. 3.22 and 3.29, we can write the real-gas law including
the Z factor as

pV = nZRT,

which is the standard equation for describing the volumetric behav-
ior of reservoir gases. Another form of the real-gas law written in
terms of specific volume (v = 1/p)is

PV =ZRT/M ..o (3.31)
or, in terms of molar volume (v = M/p),

pv = ZRT. ... . (3.32)
Z factor, defined by Eq. 3.30,

Z=pV/aRT, ... .. i (3.33)

is used for both phases in EOS applications (see Chap. 4). In this
monograph we use both Zand Z, for gases and Z,, for oils; Z without
a subscript always implies the Z factor of a “gas-like” phase.

All volumetric properties of gases can be derived from the real-
gas law. Gas density is given by

Pe = PMGJZRT ... ... ... (3.34)
or, in terms of gas specific gravity, by
pe= 89T (3.35)

For wet-gas and gas-condensate mixtures, wellstream gravity, ¥,
must be used instead of y, in Eq. 3.35.3 Gas density may range
from 0.05 1bm/ft3 at standard conditions to 30 Ibm/ft3 for high-
pressure gases.

Gas molar volume, v,, is given by

v, = ZRT/p,

where typical values of v, atreservoir conditions range from 1 to 1.5
ft3/lbm mol compared with 379 ft3/Ibm mol for gases at standard
conditions. In Eqgs. 3.30 through 3.36, R =universal gas constant.
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Fig. 3.6—Standing-Katz* Zfactor chart.

Gas compressibility, c,, is given by

For sweet natural gas (i.e., not containing H,S) at pressures less than
= 1,000 psia, the second term in Eq. 3.37 is negligibleand ¢, = 1/p
is a reasonable approximation.

Gas volume factor, B,, is defined as the ratio of gas volume at spe-
cified p and T to the ideal-gas volume at standard conditions,

Psc
»= ()
For customary units ( py. = 14.7 psia and T, = 520°R), this is
ZT

V2
with temperature in °R and pressure in psia. This definition of B,
assumes that the gas volume at p and 7 remains as a gas at standard
conditions. For wet gases and gas condensates, the surface gas will
not contain all the original gas mixture because liquid is produced

ZT
5

B, = 0.02827
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after separation. For these mixtures, the traditional definition of B,
may still be useful; however, we refer to this quantity as a hypotheti-
cal wet-gas volume factor, B,,, which is calculated from Eq. 3.38.

Because B, is inversely proportional to pressure, the inverse vol-
ume factor, b, = 1 /Bg, is commonly used. For field units,

. 3 _ A
b, in scf/ft’ = 35.37 T (3.40a)
and b, in Mscf/bbl = 0.1985 ZLT .............. (3.40b)

If the reservoir gas yields condensate at the surface, the dry-gas

volume factor, B, is sometimes used.20

B = (P (Z_T) 1
& Tsc p F' ’

88
where F. = ratio of moles of surface gas, ng,to moles of wellstream
mixture (i.e., reservoir gas, n,); see Eqgs. 7.10 and 7.11 of Chap. 7.

3.3.2 Z-Factor Correlations. Standing and Katz* present a general-
ized Z-factor chart (Fig. 3.6), which has become an industry stan-
dard for predicting the volumetric behavior of natural gases. Many
empirical equations and EOS’s have been fit to the original Stand-
ing-Katz chart. For example, Hall and Yarborough2!-22 present an
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accurate representation of the Standing-Katz chart using a Carna-
han-Starling hard-sphere EOS,

Z=APpY, oo

where a@ = 0.06125¢ exp[— 1.2(1 — #)?], where t = 1/T,,.
The reduced-density parameter, y (the product of a van der Waals
covolume and density), is obtained by solving
y+Hy 4yl -y
a—-yy
— (14.76t — 9.761> + 4.581%)y>

f(}’) =0=— appr +

+ (90.7t=242.2¢% + 42483y 182820 L, (3.43)
With@=1+4y+4y2—4y3+y4
dy 1=yt
— (29.52t — 19.52*+ 9.168%)y
+ (2.18 + 2.821)(90.7t — 242.2¢* + 42.4¢%)
) pMIsR282e (3.44)

The derivative dZ/dp used in the definition of ¢, is given by

Z\ _ a |l _ ap/y*
(ap)T = P [y —df(y)/dy:|' ................... (3.45)

An initial value of y=0.001 can be used with a Newton-Raphson
procedure, where convergence should be obtained in 3 to 10 itera-
tions for [f(y) = 1 x 10785,

On the basis of Takacs’23 comparison of eight correlations repre-
senting the Standing-Katz* chart, the Hall and Yarborough?! and the
Dranchuk and Abou-Kassem?* equations give the most accurate
representation for a broad range of temperatures and pressures. Both
equations are valid for 1 = 7, = 3 and 0.2 = p, = 25 to 30.

For many petroleum engineering applications, the Brill and
Beggs? equation gives a satisfactory representation (+ 1 to 2%) of
the original Standing-Katz Z-factor chart for 1.2 < T, < 2. Also,
this equation can be solved explicitly for Z. The main limitations are
that reduced temperature must be >1.2 (=80°F) and <2.0
(=340°F) and reduced pressure should be <15 (=10,000 psia).

The Standing and Katz Z-factor correlation may require special
treatment for wet gas and gas-condensate fluids containing signifi-
cant amounts of heptanes-plus material and for gas mixtures with
significant amounts of nonhydrocarbons. An apparent discrepancy
in the Standing-Katz Z-factor chart for 1.05 < 7, < 1.15 has been
“smoothed” in the Hall-Yarborough?! correlations. The Hall and
Yarborough (or Dranchuk and Abou-Kassem?#) equation is recom-
mended for most natural gases. With today’s computing capabili-
ties, choosing simple, less-reliable equations, such as the Brill and
Beggs? equation, is normally unnecessary.

The Lee-Kesler,20:27 AGA-8,28 and DDMIX?? correlations for Z
factor were developed with multiconstant EOS’s to give accurate
volumetric predictions for both pure components and mixtures.
They require more computation but are very accurate. These equa-
tions are particularly useful in custody-transfer calculations. They
also are required for gases containing water and concentrations of
nonhydrocarbons that exceed the limits of the Wichert and Aziz
method.30:31

3.3.3 Gas Pseudocritical Properties. Z factor, viscosity, and other
gas properties have been correlated accurately with corresponding-
states principles, where the property is correlated as a function of re-
duced pressure and temperature.

Z = f(pl" Tr)
and u, g = f(p,, T)),
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gravity.

where p, = p/p.and T, = T/T.. Such corresponding-states rela-
tions should be valid for most pure compounds when component
critical properties p. and 7, are used. The same relations can be
used for gas mixtures if the mixture pseudocritical properties p.
and T),.are used. Pseudocritical properties of gases can be estimated
with gas composition and mixing rules or from correlations based
on gas specific gravity.

Sutton’ suggests the following correlations for hydrocarbon gas
mixtures.

Tpmc = 169.2 + 3495y e — T4.0V2c oo (3.47a)

and pc = 756.8 = 131yc — 360200 «onvnnnn.. (3.47b)

He claims that Egs. 3.47a and 3.47b are the most reliable correla-
tions for calculating pseudocritical properties with the Stand-
ing-Katz Z-factor chart. He even claims that this method is superior
to the use of composition and mixing rules.

Standing? gives two sets of correlations: one for dry hydrocarbon
gases (Y uc < 0.75),

Thuc = 168 + 325y ,yc — 12 SyﬁHC .............. (3.48a)
and p,c = 667 + 15.0y ¢ — 37.5)/§HC, .......... (3.48b)
and one for wet-gas mixtures (¢ = 0.75),

Thuc = 187 + 330y 5c — 71 SngC .............. (3.49a)
and p,pc = 706 — 517y — 11.1y§HC. .......... (3.49)

The Standing correlations are used extensively in the industry; Fig.
3.7 compares them with the Sutton correlations. The Sutton and the
Standing wet-gas correlations for 7, give basically the same results,
whereas the three p),. correlations are quite different at y, > 0.85.

Kay’s? mixing rule is typically used when gas composition is
available.

N
M = zyiMis
i=1

PHASE BEHAVIOR
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mended for reservoir gases (from Standing,33 after Matthews et
al.32),

N
and p,. = Zy,-pm
i=1

where the pseudocritical properties of the C7;. fraction can be esti-
mated from the Matthews et al.32 correlations (Fig. 3.8),3

T.c,, =608 + 364log(Mc, —712)
+ (2,450 log M — 3,800)1og ve,,

and p,c, = 1,188 — 431 log(Mc, —61.1)

+ [2,319 ~ 852 log(Mc,, — 53.7)]<yc7+— 08).

(3.51b)

Kay’s mixing rule is usually adequate for lean natural gases that
contain no nonhydrocarbons. Sutton suggests that pseudocriticals
calculated with Kay’s mixing rule are adequate up to y, = 0.85, but
that errors in calculated Z factors increase linearly at higher specific
gravities, reaching 10 to 15% for y, > 1.5. This bias may be aresult
of the C7; critical-property correlations used by Sutton (not Egs.
3.51a and 3.51b).

When significant quantities of CO, and H»S nonhydrocarbons
are present, Wichert and Aziz33-31 suggest corrections to arrive at
pseudocritical properties that will yield reliable Z factors from the
Standing-Katz chart. The Wichert and Aziz corrections are given by

Toe = T = €, o (3.52a)

Ppe = R B
Tpc + yHZS(l - szs)E

GAS AND OIL PROPERTIES AND CORRELATIONS

and € = 120[()’C02 + szs)O'q - ()’co2 + )’st)l'6]

+ 1530 = vis):

where 7 and pj,. are mixture pseudocriticals based on Kay’s mix-
ing rule. This method was developed from extensive data from natu-
ral gases containing nonhydrocarbons, with CO, molar concentra-
tion ranging from 0 to 55% and H»S molar concentrations ranging
from O to 74%.

If only gas gravity and nonhydrocarbon content are known, the
hydrocarbon specific gravity is first calculated from

Ye — (yNzMNz + yconco2 +yHZSMHZS)/Mair

1 - YN, T Yco, T YH,s

Yeuc =

Hydrocarbon pseudocriticals are then calculated from Egs. 3.47a
and 3.47b, and these values are adjusted for nonhydrocarbon con-
tent on the basis of Kay’s® mixing rule.

I’;c = (1 YN, T Yco, T szs)I’chC

N, Pen, T Yco,Peco, + VHySPet,s ooeeene (3.54a)
and T;c =(1- YN, T Yo, T yHZS)TpL'HC
+ yNzTC.N2 + YCozchoz + VH,s TCHZS. .... (3.54b)

T: and p; are used in the Wichert-Aziz equations with CO, and H,S
mole fractions to obtain mixture 7y, and pp.

The Sutton’ correlations (Egs. 3.47a and 3.47b) are recom-
mended for hydrocarbon pseudocritical properties. If composition
is available, Kay’s mixing rule should be used with the Matthews et
al 32 pseudocriticals for C7,. Gases containing significant amounts
of CO; and H3S nonhydrocarbons should always be corrected with
the Wichert-Aziz equations. Finally, for gas-condensate fluids the
wellstream specific gravity, y,, (discussed in the next section),
should replace y, in the equations above.

3.3.4 Wellstream Specific Gravity. Gas mixtures that produce con-
densate at surface conditions may exist as a single-phase gas in the
reservoir and production tubing. This can be verified by determin-
ing the dewpoint pressure at the prevailing temperature. If well-
stream properties are desired at conditions where the mixture is
single-phase, surface-gas and -oil properties must be converted to
a wellstream specific gravity, y,,. This gravity should be used
instead of y, to estimate pseudocritical properties.

Wellstream gravity r, represents the average molecular weight of
the produced mixture (relative to air) and is readily calculated from
the producing-oil (condensate)/gas ratio, r,; average surface-gas
gravity y; surface-condensate gravity, y; ; and surface-condensate
molecular weight M.

7, + 4,580 7,7;

Vw = 5 133,000, (p/M), T (3.55)
with 7, in STB/scf. Average surface-gas gravity is given by
Ngp
Z R,V
7. = :N‘p— .............................. (3.56)

2R
i=1

where R, =GOR of Separator Stage i. Standing33 presents Eq.
3.55 graphically in Fig. 3.9.

When M is not available, Standing gives the following correla-
tion.
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My = 240 — 2.22y .

This relation should not be extrapolated outside the range
45 < y,p < 60. Eilerts®* gives a relation for (y/M) ,

(y/M)_ = (1.892 X 107%) + (7.35 X 10 )y ,p,

o

— (4.52 X 107 %)y 20,

which should be reliable for most condensates. When condensate
molecular weight is not available, the recommended correlation for
M is the Cragoe?> correlation,

6,084
Varr — 5.9°

which gives reasonable values for all surface condensates and
stock-tank oils.

A typical problem that often arises in the engineering of gas-con-
densate reservoirs is that all the data required to calculate well-
stream gas volumes and wellstream specific gravity are not avail-
able and must be estimated.36-38 In practice, we often report only the
first-stage-separator GOR (relative to stock-tank-oil volume) and
gas specific gravity, R;; and y,,, respectively; the stock-tank-oil
gravity, y5; and the primary-separator conditions, p, and T,,,.

To calculate y,, from Eq. 3.55 we need total producing OGR, r,,
which equals the inverse of R, plus the additional gas that will be
released from the first-stage separator oil, R, ,

M; =

1
) o T e e e (3.60)
! (Rsl + Rs + )
R, canbe estimated from several correlations.37-39 Whitson38 pro-
poses use of a bubblepoint pressure correlation (e.g., the Standing#0
correlation),

Rop = AWes oo (3.61a)
1.205
and A, = [(lpéplz + 1.4)10(0.01257“)1O,OOOQITSFI)] ’
................... (3.61b)

with p, inpsia, T, in °F and R, inscf/STB. y, is the gas grav-
ity of the additional solution gas released from the separator oil. The
Katz*! correlation (Fig. 3.10) can be used to estimate Y¢+» Where a

best-fit representation of his graphical correlation is

Vet = AZ + A3RS+7
where A, = 0.25 + 0.02y,p; and Ay = — (3.57 X 10~ )y op;.
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Solving Egs. 3.61 and 3.62 for R, gives

Aide 3.63
Ryy = ——————— . .
T a4 (3.63)
Average surface separator gas gravity, Ve is given by
R, + 7.+ R,
oo Telos T Ve Ter . (3.64)

8 Rxl + RArJr

Although the Katz correlation is only approximate, the impact of a
few percent error in y, . is not of practical consequence to the cal-
culation of y,, because R;. is usually much less than R;.

3.3.5 Gas Viscosity. Viscosity of reservoir gases generally ranges
from 0.01 to 0.03 cp at standard and reservoir conditions, reaching
up to 0.1 cp for near-critical gas condensates. Estimation of gas vis-
cosities at elevated pressure and temperature is typically a two-step
procedure: (1) calculating mixture low-pressure viscosity (. at
Pse and T from Chapman-Enskog theory3:6 and (2) correcting this
value for the effect of pressure and temperature with a correspond-
ing-states or dense-gas correlation. These correlations relate the ac-
tual viscosity u, atp and T to low-pressure viscosity by use of the
ratio U,/ o or difference (u, — 4 as a function of pseudore-
duced properties p,,.and T, or as a function of pseudoreduced den-
Sity ppr

Gas viscosities are rarely measured because most laboratories do
not have the required equipment; thus, the prediction of gas viscos-
ity is particularly important. Gas viscosity of reservoir systems is
often estimated from the graphical correlation u,/uy. = (T, p,)
proposed by Carr et al.*2 (Fig. 3.11). Dempsey*3 gives a polynomial
approximation of the Carr et al. correlation. With these correlations,
gas viscosities can be estimated with an accuracy of about + 3% for
most applications. The Dempsey correlation is valid in the range
12=T7T,=3and | = p, = 20.

The Lee-Gonzalez gas viscosity correlation (used by most PVT
laboratories when reporting gas viscosities) is given by4*

Uy = A; X 10‘4exp(A2p?3), .................. (3.65a)
here A, — (9.379 + 0.01607M,)T"3

WhEre 21 = 72002 + 19.26M, + T °
A, = 3.448 + (986.4/T) + 0.01009M,,

and Ay = 2447 — 02224A,, .................... (3.65b)

with 4, incp, p,in g/cm3, and T'in °R. McCain!? indicates the ac-
curacy of this correlation is 2 to 4% for y, < 1.0, with errors up to
20% for rich gas condensates with y, > 1.5.

PHASE BEHAVIOR
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Lucas*3 proposes the following gas viscosity correlation, which
isvalidintherange 1 < T, < 40 and 0 < p, < 100 (Fig. 3.12)°:

1.3088
A lppr

fug/)ugu' = 1 +

Apys + (1 + Asppi) !
(1.245 x 10-3) exP(5.1726T,;0-3286)

where A, = T ,
pr

A, = A(1.6553T,, — 1.2723),

0.4489 exp(3.0578T;,775%2)

A bl
’ Tor
17368 exp(2.2310T;,76351)
A, = - ’
pr

and Ag = 0.9425 exp(— 0.18537%*%), ... ...
where £ = [0.8077058 — 0357 exp(— 0.4497,,)
+0.340 exp(— 4.0587,,) + 0.018],

GAS AND OIL PROPERTIES AND CORRELATIONS

(3.66b)

1/6
Tpc
£ =9,490 M R

pc

N
Zyizci
I=N] ,
Zyivri
i=1

with &incp ™!, Tand T, in °R, and p, in psia. Special corrections
should be applied to the Lucas correlation when polar compounds,
such as H»S and water, are present in a gas mixture. The effect of
HjS is always < 1% and can be neglected, and appropriate correc-
tions can be made to treat water if necessary.

Given its wide range of applicability, the Lucas method is recom-
mended for general use. When compositions are not available, cor-
relations for pseudocritical properties in terms of specific gravity
can be used instead. Standing? gives equations for u gsc in terms of
Y, temperature, and nonhydrocarbon content,

and p,. = RT,

pc

:ugsc = (‘ugsc)uncorrected + A/"N2 + A/’tCO2 + AruHZS ’
.................... (3.68a)
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where (i) = (8.188 x 107?) + [(1.709 x 1079)

uncorrected

— (2,062 X 107)y,|T = (6.15 x 10} logy,.

AMNZ = yNz[(8.48 X 10’3)log Ve (9.59 X 1073)],
Mo, = Yoo, (9-08 X 107°)log v, + (624 x 107

and Aly,s = yH2s[(8~49 X 1073 log y, + (3.73 x 1073)].

(3.68b)

Reid et al.% review other gas viscosity correlations with accuracy
similar to that of the Lucas correlation.

3.3.6 Dewpoint Pressure. The prediction of retrograde dewpoint
pressure is not widely practiced. It is generally recognized that the
complexity of retrograde phase behavior necessitates experimental
determination of the dewpoint condition. Sage and Olds’4® data are
perhaps the most extensive tabular correlation of dewpoint pressur-
es. Eilerts et al.*748 also present dewpoint pressures for several
light-condensate systems.

Nemeth and Kennedy*® have proposed a dewpoint correlation
based on composition and C7 properties.

In pd:Al[ZC2+ Zco,T Zuys T et 2(Zc3'|' Zc4) + 2

ZCI

+ 0.4ZC1 +0.22N2:| + AZVC7++ A3 m
ZC7+ .

AT +(ASZC7+MC7+) + Aﬁ(ZCH]WCH)2
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Cr+

e e ) )

T+ '
) 3
Cr4

(ve,, + 0.0001)

Cr4

i (ve,, + 0.0001)

+ A

+ A,

where Aj;= —2.0623054, A;=6.6259728, A3z= —4.4670559
X 1073, A4=1.0448346 X 1074, A5=3.2673714 x 1072, Ag=
—3.6453277 X 1073, A7=7.4299951 X 1075, Ag= —1.1381195
X107 1, Ag=6.2476497 X 104, Ajg= —1.0716866 X 10 ™6, and
A1 =1.0746622 x 101.

The range of properties used to develop this correlation includes
dewpoints from 1,000 to 10,000 psia, temperatures from 40 to 320°F,
and a wide range of reservoir compositions. The correlation usually
can be expected to predict dewpoints with an accuracy of + 10% for
condensates that do not contain large amounts of nonhydrocarbons.
This is acceptable in light of the fact that experimental dewpoint pres-
sures are probably determined with an accuracy of only +5%. The
correlation is generally used only for preliminary reservoir studies
conducted before an experimental dewpoint is available.

Organick and Golding™? and Kurata and Katz3! present graphical
correlations for dewpoint pressure.

3.3.7 Total FVF. Total FVE3:1746 B, is defined as the volume of
a two-phase, gas-oil mixture (or sometimes a single-phase mixture)
at elevated pressure and temperature divided by the stock-tank-oil
volume resulting when the two-phase mixture is brought to surface
conditions,

B Vo +V, V,+V,
t (Vo)su B Vs '

0

B, is used for calculating the oil in place for gas-condensate reser-
voirs, where V, = 0 in Eq. 3.70. Assuming 1 res bbl of hydrocar-
bon PV, the initial condensate in place is given by N = 1/B, (in
STB) and the initial “dry” separator gas in place is G = N/r),
where r, =initial producing (solution) OGR.

For gas-condensate systems, Sage and Olds#® give a tabulated
correlation for B,.

where R, =producing GOR in scf/STB, B,isinbbl/STB, T'isin °R,
and p is in psia. Z" varies with pressure and temperature, where the
tabulated correlation for Z" is well represented by

. P pls
Z'=Ay+Ap+ Ap"S + AT+ A,

where Ag=5.050%x 1073, 4;= —2.740x 1076, A, =3.331 x 108,
A3=2.198x 1073, and Ay = —2.675 X 10~ 3 with p in psia and T
in °R. Although the Sage and Olds data only cover the range
600 < p < 3,000 psia and 100 < T'< 250°F, Eq. 3.72 gives acceptable
results up to 10,000 psia and 350°F (when gas volume is much larger
than oil volume).

When reservoir hydrocarbon volume consists only of gas, the fol-
lowing relations apply for total FVFE.

B, = B,R, = By, (R,, + Cag), ................. (3.73a)
C;, = 133,000(75/Mg), oo (3.73b)
Mz = 6,084/(Vapr — 5.9), ceriii (3.73¢)
and yup = 1415/(131.5 + 2, oo (3.73d)

where B,, =dry gas FVF in ft¥/scf, B, =wet-gas FVF in ft3/scf
(given by Eq. 3.38), C;, = gas equivalent conversion factor in scf/
STB (see Chap. 7), and R, =producing GOR in scf/STB.

PHASE BEHAVIOR
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Fig. 3.13—Effect of paraffinicity, K, on bubblepoint pressure.

Standing? gives a graphical correlation for B, using a correlation
parameter A defined as

where a = 2.9 x 107%%027Ry_Standing’s correlation is valid for
both oil and gas-condensate systems and can be represented with

47.4

log B = = 3202 = Ty g AT

96.8

where ]Og A = log A — (101 - m) .. (375b)

and A is given by Eq. 3.74. On the basis of data from North Sea oils,
Glasg 2 gives a correlation for B, using the Standing correlation pa-
rameter A (Eq. 3.74):

log B, = (8.0135 X 1072) + 0.47257 log A

+0.17351(log A™)%,

where A¥=Ap~ 1.1089,

Either the Standing or the Glasg correlations for B, can be used
with approximately the same accuracy. However, neither correla-
tion is consistent with the limiting conditions

(3.77a)

and B, = By R, for V, = 0. (3.77b)

B, correlations evaluated at a bubblepoint usually will underpredict
the actual B, by =0.2.

3.4 Oil Mixtures

This section gives correlations for PVT properties of reservoir oils,
including bubblepoint pressure and oil density, compressibility,
FVF, and viscosity. With only a few exceptions, oil properties have
been correlated in terms of surface-oil and -gas properties, including
solution gas/oil ratio, oil gravity, average surface-gas gravity, and
temperature. A few correlations are also given in terms of composi-
tion and component properties.

Reservoir oils typically contain dissolved gas consisting mainly
of methane and ethane, some intermediates (C3 through Cg), and
lesser quantities of nonhydrocarbons. The amount of dissolved gas
has an important effect on oil properties. At the bubblepoint a dis-
continuity in the system volumetric behavior is caused by gas com-
ing out of solution, with the system compressibility changing dra-

GAS AND OIL PROPERTIES AND CORRELATIONS

matically.® An accurate method is needed to correlate the
bubblepoint pressure, temperature, and solution gas/oil ratio.

Oil properties can be grouped into two categories: saturated and
undersaturated properties. Saturated properties apply at pressures at
or below the bubblepoint, and undersaturated properties apply at
pressures greater than the bubblepoint. For oils with initial GOR’s
less than =500 sct/STB, assuming linear variation of undersaturat-
ed-oil properties with pressure is usually acceptable.

3.4.1 Bubblepoint Pressure. The correlation of bubblepoint pres-
sure has received more attention than any other oil-property correla-
tion. Standing3:17:40 developed the first accurate bubblepoint cor-
relation, which was based on California crude oils.

p, = 182(A — 1.4), (3.78)

where A = (R,/y )" 10(0:000917-00125 sp1) with R, in scf/STB, T
in °F, and p, in psia.

Lasater>3 used a somewhat different approach to correlate bub-
blepoint pressure, where mole fraction y, of solution gas in the res-
ervoir oil is used as the main correlating parameter!”:

AT
Ps _Ayg’

with Tin °R and p,, in psia. The function A(y,) is given graphically
by Lasater, and his correlation can be accurately described by

A = 0.83918 x 10“‘7"64-V8y257246;yg =06 ........ (3.80a)
and A = 0.83918 X 101'°8°°°y'gy2'3“09;yg > 06, ..... (3.80b)
-1
133,000 (y/M),
where y, = [1 + #] TR (3.81)

with R; in scf/STB. In this correlation, the gas mole fraction is de-
pendent mainly on solution gas/oil ratio, but also on the properties
of the stock-tank oil. The Cragoe3? correlation given by Eq. 3.59 is
recommended for estimating M, when stock-tank-oil molecular
weight is not known.

Standing’s approach was used by Glasg>2 for North Sea oils, re-
sulting in the correlation

log p, = 1.7669 + 1.7447 log A — 0.30218(log A)?,

(3.82)

where A = (R,/y,)*®!0 (T“‘”/y%g?g) with p, in psia, T'in °F and
R; in scf/STB. Glasg’s corrections for nonhydrocarbon content
and stock-tank-oil paraffinicity are not widely used, primarily be-
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cause the necessary data are not available. Sutton and Farshad>*
mention that the API correction for paraffinicity worsened bubble-
point predictions for gulf coast fluids. Fig. 3.13 gives an explana-
tion for this observation.

Fig. 3.13 shows the effect of paraffinicity (which is quantified by
the Watson characterization factor, K,) on bubblepoint pressure;
the figure is based on calculations with a tuned EOS for an Asian oil
(solid circles). The oil composition is constant in the example cal-
culation. The 12 C7. fractions are each split into a paraffinic pseudo-
component and an aromatic pseudocomponent (i.e., 24 C7, pseudo-
components). The paraffinic fraction was varied, and bubblepoint
calculations were made. The variation in paraffinicity is expressed
in terms of the overall C7, Watson characterization factor. Also
shown in the figure are the variation in solution gas/oil ratio and the
oil specific gravity with ch7+.

The actual reservoir oil has a KWC7+ = 11.55, where the EOS
bubblepoint is close to the uncorrected Glasg bubblepoint predic-
tion. When the correction for paraffinicity is applied, the correction
gives a poorer bubblepoint prediction (even though the overall trend
in bubblepoints is improved by the Glasg paraffinicity corrections).

A quantitatively similar correction to the Glasg correction (but
easier to use) is based on the estimate for Whitson’s35-56 Watson
characterization factor, K, and yields

(Yo) corrected — (yn)measured(KW/l 1'9)1-1824'

The corrected specific gravity correlation is used in the Glasg bubble-
point correlation instead of the measured specific gravity. An estimate
of K,, for the stock-tank oil must be available to use this correction.

Vazquez and Beggsd’ give the following correlations. For
Vapr = 30,

. (—”-1727’Ap1) 0.9143

Py = 27.64(),—3')10 T+ 460 e (3.84)
gc
and, for y,p; > 30,

0.8425
R ( - 10,393yAPI)

Py = 56.06(V—S) 10\ T+460 S (3.85)

8¢

with p,inpsia, T'in °F and R; in scf/STB. These equations are based
on a large number of data from commercial laboratories. Vazquez
and Beggs correct for the effect of separator conditions using a mo-
dified gas specific gravity, Y., which is correlated with first-stage-
separator pressure and temperature, and stock-tank-oil gravity.

_ Ps
Vee = Ve |l + (05912 X 1074y sp T, log(ﬁ)],

with Ty, in °F and pg, in psia.

Standing’s correlation can be used to develop field- or reservoir-
specific bubblepoint correlations. A linear relation is usually as-
sumed between bubblepoint pressure and the Standing correlating
coefficient. This is a standard approach used in the industry, and the
Standing bubblepoint correlating parameter is well suited for devel-
oping field-specific correlations.

Sometimes the solution gas/oil ratio is needed at a given pressure,
and this is readily calculated by solving the bubblepoint correlation
for R,. For the Standing correlation,

Rs:yg

1.205
(0.055p + 1.4)10001257 5p )
100.000917 ;

similar relations can be derived for the other bubblepoint correlations.
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In summary, significant differences in predicted bubblepoint pres-
sures should not be expected for most reservoir oils with most of the
previous correlations. The Lasater and Standing equations are recom-
mended for general use and as a starting point for developing reser-
voir-specific correlations. Correlations developed for a specific re-
gion, such as Glasg’s correlation for the North Sea, should probably
be used in that region and, in the case of Glasg’s correlation, may be
extended to other regions by use of the paraffinicity correction.

3.4.2 Oil Density. Density of reservoir oil varies from 30 Ibm/ft3 for
light volatile oils to 60 Ibm/ft3 for heavy crudes with little or no solu-
tion gas. Oil compressibility may range from 3x 1076 psi~! for
heavy crude oils to 50 X 10~ ¢ psi ~ ! for light oils. The variation of
oil compressibility with pressure is usually small, although for vola-
tile oils the effect can be significant, particularly for material-balance
and reservoir-simulation calculations of highly undersaturated vola-
tile oils. Several methods have been used successfully to correlate oil
volumetric properties, including extensions of ideal-solution mixing,
EOS’s, corresponding-states correlations, and empirical correlations.
Oil density based on black-oil properties is given by

62.4y, + 0.0136y, R,
po = B,

with p, in Ibm/ft3, B, in bbl/STB, and R, in scf/STB. Correlations
can be used to estimate R, and B, from y,, y,, p,and T.

Standing-Katz Method. Standing3!7 and Standing and Katz>8
give an accurate method for estimating oil densities that uses an ex-
tension of ideal-solution mixing.

Po = Ppo T+ App - ApTv

where p, is the pseudoliquid density at standard conditions and the
terms Aprand Ap, give corrections for temperature and pressure,
respectively. Pseudoliquid density is calculated with ideal-solution
mixing and correlations for the apparent liquid densities of ethane
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Fig. 3.14—Apparent liquid densities of methane and ethane
(from Standing33).
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Fig. 3.15—Chart for calculating pseudoliquid density of reservoir oil (from Standing?33).

and methane at standard conditions. Given oil composition x;, 0,
is calculated from

where Standing and Katz show that apparent liquid densities p; of
C; and C; are functions of the densities p,, and p,,, respectively
(Fig. 3.14).

pe, = 153 +03167pc,
pe, = 0312 4 045050, oo (3.91)
Cr4
Z x;M;
i=C
where pe | = c7+2— .................... (3.92)
Z(xiMf/Pi>
i=C2

GAS AND OIL PROPERTIES AND CORRELATIONS

with p in Ibm/ft3. Application of these correlations results in an ap-
parent trial-and-error calculation for p,,. Standing33 presents a
graphical correlation (Fig. 3.15) based on these relations, where p,,
is found from Pc,, and weight fractions of C; and C; (wc2 and wc »
respectively).

Figs. 3.16 and 3.17 show the pressure and temperature correc-
tions, Ap,and Ap , graphically. Ap,is afunctionof p,,, and Ap
is a function of ( Ppo T App). Madrazo®® introduced modlﬁed
curves for Ap, and Ap that i 1mprove predictions at higher pressur-
es and temperatures. Standmg gives best-fit equations for his origi-
nal graphical correlations of Ap, and Ap  (Egs. 3.98 and 3.99),
which are not recommended at temperatures >240°F; instead, Ma-
drazo’s graphical correlation can be used. The correction factors can
also be used to determine isothermal compressibility and oil FVF at
undersaturated conditions.

The treatment of nonhydrocarbons in the Standing-Katz method
has not received much attention, and the method is not recom-
mended when concentrations of nonhydrocarbons exceed 10 mol%.
Standing3 suggests that an apparent liquid density of 29.9 Ibm/ft3
can be used for nitrogen but does not address how the nonhydrocar-
bons should be considered in the calculation procedure (i.e., as part
of the C34 material or following the calculation of p_and pc ).
Madrazo indicates that the volume contribution of nonhydrocar-
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Positive Correction for Compressibility, Ibm/ft3

Density of System at 60°F and 14.7 psia, lbm/ft3
Fig. 3.16—Pressure correction to the pseudoliquid density at 14.7 psia and 60°F (from Ref. 59).

bons can be neglected completely if the total content is <6 mol%.
Vogel and Yarborough® suggest that the weight fraction of nitrogen
should be added to the weight fraction of ethane.

Using additive volumes and Egs. 3.91 and 3.92, we can show that
Pe,, and p,, can be calculated explicitly. Thus, the following is the
most direct procedure for calculating p, from the Standing-Katz
method.

1. Calculate the mass of each component.

m; = x;M;. o (3.93)
2. Calculate VC’H—'
c
Ve = f Z (3.94)
Chy T ’ Dy e .
=3

where p; are component densities at standard conditions (Appen-
dix A).
3. Calculate Pc,, -

— b + Vb? — 4dac
2a ’

Pc,, =

32

where a = 03167V, , b = me —03167Tme  + 153Ve,

and ¢ = — 15-3mc2+-
4. Calculate V_ .
2+
_ Mc,
Gy = Ve, pc,
=Ve,, + e 3.96
= Ve, Y133 +0~3167Pc2+' ............ (3.96)
5. Calculate p,,
S A L 4a_c 3.97
Ppo = o e (3.97)
where a = 0,45VC2+, b = me, = 0.45mCI+ + 0.312VC2+,and
c= —0312m¢ .

6. Calculate thel:+pressure effect on density.
Ap, = 1072[0.167 + (16.181 x 1070%2%p0)| p

— 108 [0.299 + (263 X 10—0-0503/’170)]172. ..... (3.98)
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Fig. 3.17—Temperature correction to the pseudoliquid density at pressure and 60°F (from Ref. 59).

7. Calculate the temperature effect on density.

Apy = (T — 60) [0.0133 + 152.4(p, + Ap,,)’“j]
- (T - 60)2[(8.1 X 107°)

— [0.0622 x 10*0-0764mpo+App)]]_

8. Calculate mixture density from Eq. 3.89.

In the absence of oil composition, Katz*! suggests calculating the
pseudoliquid density from stock-tank-oil gravity, y,, solution gas/
oil ratio, Ry, and apparent liquid density of the surface gas, p 4, tak-
en from a graphical correlation (Fig. 3.18),

624y, + 0.0136 R, ,
P T 0.0136(R, 7o/pw)

.................. (3.100)

Standing gives an equation for o ,.

GAS AND OIL PROPERTIES AND CORRELATIONS

Pea = 38.52 X 1070003267 apy

+ (94.75 — 33.93 log v spp) lOg ., (3.101)

with p,, in 1bm/ft3 and Ry in scf/STB.

Alani-Kennedy®%! Method. The Alani-Kennedy method for cal-
culating oil density is a modification of the original van der Waals
EOS, with constants a and b given as functions of temperature for
normal paraffins Cj to C1g and iso-butane (Table 3.1); two sets of
coefficients are reported for methane (for temperatures from 70 to
300°F and from 301 to 460°F) and two sets for ethane (for tempera-
tures from 100 to 249°F and from 250 to 460°F). Lohrenz et al.%2
give Alani-Kennedy temperature-dependent coefficients for non-
hydrocarbons N, CO,, and H;S (Table 3.1). The Alani-Kennedy
equations are summarized next. Eqs. 3.102b and 3.102c are in the
original van der Waals EOS but are not used.

............................ (3.102a)
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s — where log ac, = (3.8405985 X 107°)Mc_
l : M,
% 40 e — (95638281 x 10~#)5—+ + 261.80818
4 : - Yep T
o, - ‘
§§ s ‘ ' + (73104464 x 107
2 : el
a3 : B + 10753517 oo (3.103a)
S~ 3 =
zs = = - -2 _
3 o e = : and be, = (3.499274 X 107%)M¢, — 7.2725403yc_
Se o2 : e M
53 i : 4T — 7)1
58 : +(2.232395 x 10 74T — (1.6322572 x 1072+
<& : Ye,,
- 2 F6.2256545, i (3.103b)
= £ ] : : 3 i 3 in o ; : — v
1595 = = — = -Hig::ﬁ-‘--;‘; = - with p inlbm/ft>, v in ft>/Ibm mol, T'in °R, p in psia, and R = univer

Gas Gravity, air = 1

Fig.3.18—Apparent pseudoliquid density of éeparator gas (from
Standing,33 after Katz41).

sal gas constant=10.73.

Solution of the cubic equation for volume is presented in Chap.
4. Density is given by p =M/v, where M is the mixture molecular
weight and v is the molar volume given by the solution to the cubic
equation. The Alani-Kennedy method can also be used to estimate

R2T? oil compressibilities.
.= % B P (3.102b) Rackett,®3 Hankinson and Thomson,®* and Hankinson er al.%3
“ give accurate correlations for pure-component saturated-liquid den-
| RT, sities, and although these correlations can be extended to mixtures,
b, = 3 7P i (3.102c)  they have not been tested extensively for reservoir systems. Cullick
et al .66 give a modified corresponding-states method for predicting
N density of reservoir fluids, The method has a better foundation and
a= Z Xil s oo (3.102d)  extrapolating capability than the methods discussed previously
— (particularly for systems with nonhydrocarbons); however, space
- does not allow presentation of the method in its entirety.
Either the Standing-Katz or Alani-Kennedy method should esti-
b= ul b 3102 mate the densities of most reservoir oils with an accuracy of +2%.
- Z Hilis e (3.102¢) The Alani-Kennedy method is suggested for systems at tempera-
i=1 tures >250°F and for systems containing appreciable amounts of
nonhydrocarbons (>5 mol%). Cubic EOS’s (e.g., Peng-Robinson
ag o or Soave-Redlich-Kwong) that use volume translation also estimate
ap = Hlogay; i # Copy oo (3-102)  jiquid densities with an accuracy of a few percent (e.g., the recom-
mended characterization procedures in Chap. 5 or other proposed
and b; = by T+ by; i #Cqpy v (3.102g)  characterizations67-68),
TABLE 3.1—CONSTANTS FOR ALANI-KENNEDY®1 OIL DENSITY CORRELATION
Component ay ap byx 104 by
N2 4,300 2.293 4.49 0.3853
CO, 8,166 126.0 0.1818 0.3872
HoS 13,200 0.0 17.9 0.3945
Gy
At 70 to 300°F 9,160.6413 61.893223 —3.3162472 0.50874303
At 300 to 460°F 147.47333 3,247.4533 —14.072637 1.8326695
Ca
At 100 to 250°F 46,709.573 —404.48844 5.1520981 0.52239654
At 250 to 460°F 17,495.343 34.163551 2.8201736 0.62309877
C3 20,247.757 190.24420 2.1586448 0.90832519
i-Cy 32,204.420 131.63171 3.3862284 1.1013834
n-Cy 33,016.212 146.15445 2.902157 1.1168144
i-Csg 37,046.234 299.62630 2.1954785 1.4364289
n-Cs 37,046.234 299.62630 2.1954785 1.4364289
n-Cg 52,093.006 254.56097 3.6961858 1.5929406
n-Cy 82,295.457 64.380112 5.2577968 1.7299902
n-Cg 89,185.432 149.39026 5.9897530 1.9310993
n-Cg 124,062.650 37.917238 6.7299934 2.1519973
n-Cqo 146,643.830 26.524103 7.8561789 2.3329874
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3.4.3 Undersaturated-Oil Compressibility. With measured data
or an appropriate correlation for B, or p,, Eq. 3.14 readily defines
the isothermal compressibility of an oil at pressures greater than the
bubblepoint. “Instantaneous” undersaturated-oil compressibility,
defined by Eq. 3.15 with the pressure derivative evaluated at a spe-
cific pressure, is used in reservoir simulation and well-test inter-
pretation. Another definition of oil compressibility may be used in
material-balance calculations (e.g., Craft and Hawkins®®)—the
“cumulative” or “average” compressibility defines the cumulative
volumetric change of oil from the initial reservoir pressure to cur-
rent reservoir pressure.

Pi

W[QM@

P

Voi(pi - 17)

V.-V,
- (Vi)[?p(p)] ................ (3.104)

The cumulative compressibility is readily identified because it is
multiplied by the cumulative reservoir pressure drop, p; — pg. Usu-
ally ¢, is assumed constant; however, this assumption may not be
justified for high-pressure volatile oils.

Oil compressibility is used to calculate the variation in undersatu-
rated density and FVF with pressure.

Po = Poyexpledp = py)]

=~ Pl = clpy = p)| (3.105a)
and B, = B,, explc,(p, — p)]
=Byl —clp = py)]s oo (3.105b)

where consistent units must be used. These equations are derived
from the definition of isothermal compressibility assuming that c,, is
constant. When oil compressibility varies significantly with pressure,
Egs. 3.105a and 3.105b are not really valid. The approximations
Po = pub[l - Co(ph - P)] and Bu = ng[l - Cu(p - pb)] are
used in many applications, and to predict volumetric behavior cor-
rectly with these relations requires that ¢, be defined by

— 1 Vo(p) — Vob
cfp) = — (V_oh> [1’——1717] ............... (3.106)

Strictly speaking, the compressibility of an oil mixture is defined
only for pressures greater than the bubblepoint pressure. If an oil is
at its bubblepoint, the compressibility can be determined and de-
fined only for a positive change in pressure. A reduction in pressure
from the bubblepoint results in gas coming out of solution and, sub-
sequently, a change in the mass of the original system for which
compressibility is to be determined. Implicit in the definition of
compressibility is that the system mass remains constant.

Vazquez and BeggsS’ propose the following correlation for
instantaneous undersaturated-oil compressibility.

c, = A/p,

where

A= 107°(5R,, + 17.2T — 1,180y, + 12.61y ,p— 1,433), with
c,inpsi— 1 R, in scf/STB, T'in °F, and p in psia. With this correla-
tion for oil compressibility, undersaturated-oil FVF can be calcu-
lated analytically from

BO = Bob(pb/p)A-

If measured pressure/volume data are available (see Sec. 6.4 in
Chap. 6), these data can be used to determine A (e.g., by plotting
V,/V,, Vs. p/p, onlog-log paper). Constant A can then be used to
compute compressibilities from the simple relation ¢, = A/p.

(3.107)

(3.108)

GAS AND OIL PROPERTIES AND CORRELATIONS

20

N
il

ibility at
V —Bunepeint 1
\\\

N \
Bubblepoint \

5LL__Plus 2,000 psia \\\
Q

35 Lo 3 50 55 60 65
Bubblepoint Qil Density, Iom/ft3

n

e

b
s

ubblepoint
Plus 1,000 psia

Oil Compressibility x 108, 1/psi

=
o

117

Fig. 3.19—Undersaturated-oil-compressibility correlation (from
Standing33).

Constant A determined in this way is a useful correlating parameter,
one that helps to identify erroneous undersaturated p-V, data.

Standing33 gives a graphical correlation for undersaturated c,
(Fig. 3.19) that can be represented by

10-6 P,y + 0.004347(p — p,) — 79.1
C() = 9
(7.141 x 10-4(p — p,) — 12.938

(3.109)

with ¢, in psi ~!, p,, in Ibm/ft3, and p in psia.

The Alani-Kennedy EOS can also be solved analytically for oil
compressibility, and Trube’Y gives a corresponding-states method
for determining oil compressibility with charts.

Any of the correlations mentioned here should yield reasonable
estimates of ¢,. However, we recommend that experimental data be
used for volatile oils when c, is greater than about 20 X 10 ~©psi ~ L.
A simple polynomial fit of the relative volume data, V,, = V,/V,,,
from a PVT report allows an accurate and explicit equation for un-
dersaturated-oil compressibility.

Vi = A+ A+ Agp oo (3.110a)
L _L 8Vm
and o= Vr()( ap )T
“(rp) (3.110b)

T Ayt Ap+Ap”

where Ag, A1, and A; are determined from experimental data. Alter-
natively, measured data can be fit by use of Eq. 3.108.

3.4.4 Bubblepoint-Qil FVF. Oil FVF ranges from 1 bbl/STB for
oils containing little solution gas to about 2.5 bbl/STB for volatile
oils. B, increases more or less linearly with the amount of gas in
solution, a fact which explains why B, correlations are similar to
bubblepoint pressure correlations. For example, Standing’s3-17:40
correlation for California crude oils is

B,, = 0.9759 + (12 x 107°)A'?,
where A = Ry(y,/y,) **+ 1.25T.

............... (3.111)
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Glasg’s2 correlation for North Sea crude oils is
log(B,, — 1) = — 6.585 + 2.9133 log A — 0.2768(log A,
.................... 3.112)

where A = R, (y,/7,) **2°+ 0.968T.
The Vazquez and Beggs37 correlation, based on data from com-
mercial laboratories, is

B,, = 1+ (4.677 X 1074)R, + (0.1751 x 10~*(T — 60)

Yapr) _ -8 _ Yapr
X(ygc) (1.8106 x 1078)R(T 60)(3%)

.................. (3.113a)

for y,p; = 30 and

- (0.1337 x 107 8)R(T — 60)(%’;‘) ......... (3.113b)

for y,pr > 30, where the effect of separator conditions is included
by use of a corrected gas gravity y,. (Eq. 3.86).

The Standing and the Vazquez-Beggs correlations indicate that a
plotof B, vs. Rgshould correlate almost linearly. This plot is useful
for checking the consistency of reported PVT data from a differen-
tial liberation plot. Eq. 3.114,7! which performs considerably better
for Middle Eastern oils, also suggests a linear relationship between
B,, and R,.

B,,= 1.0+ (0.177342 x 1073 R, + (0.220163 X 1077)
X Ry(ye/vo) +(4.292580 X 10~)R(T — 60)(1 — y,)

+(0.528707 X 1073)(T = 60). ...ovvvevnnnn.. (3.114)

All three B,, correlations (Eqgs. 3.113a, 3.113b, and 3.114)

should give approximately the same accuracy. Sutton and Far-
shad’s54 comparative study of gulf coast oils indicates that Stand-
ing’s correlation is slightly better for B, < 1.4 and that Glasg’s
correlation is best for B,, > 1.4.
3.4.5 Saturated-Oil Compressibility. Perrine® introduces a defini-
tion for the compressibility of a saturated oil that includes the
shrinkage effect of saturated-oil FVE, aB,,/ dp, and the expansion
effect of gas coming out of solution, B,(dR,/dp),

_l(aB(,) L1 %(aRs)
B,\dp ), ~5615B,\dp ).
¢, is used in the definition of total system compressibility, c,.

.............. (3.116)

......... (3.115)

CO =

c=c¢p + Sy + oSy + ¢Sy,

where ¢, =rock compressibility. B, has units ft3/scf. R, is in scf/
STB, and B,in bbl/STB = saturated-oil FVF at the pressure of inter-
est, at or below the original o0il’s bubblepoint pressure (where both
gas and oil are present).

3.4.6 Oil Viscosity. Typical oil viscosities range from 0.1 cp for
near-critical oils to > 100 cp for heavy crudes. Temperature, stock-
tank-oil density, and dissolved gas are the key parameters determin-
ing oil viscosity, where viscosity decreases with decreasing stock-
tank-oil density (increasing oil gravity), increasing temperature,
and increasing solution gas.

Oil viscosity is one of the most difficult properties to estimate,
and most methods offer an accuracy of only about 10 to 20%. Two
approaches are used to estimate oil viscosity: empirical and corre-
sponding-states correlations. The empirical methods correlate
gas-saturated-oil viscosity in terms of dead-oil (residual or stock-
tank-oil) viscosity and solution gas/oil ratio. Undersaturated-oil
viscosity is related to bubblepoint viscosity and the ratio or differ-
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Fig. 3.20—Beal dead-oil (stock-tank-oil) viscosity correlation in-
cluding data in Frick (from Standing33).

ence in actual and bubblepoint pressures. Corresponding-states
methods use reduced density or reduced pressure and temperature
as correlating parameters.

3.4.7 Dead-Oil (Residual- or Stock-Tank-Qil) Viscosity. Several
correlations for dead-oil viscosity are given in terms of oil gravity
and temperature. Standing,? for example, gives best-fit equations
for the original Beal’? graphical correlation,

032 4 18X 107 (

— 360 \a
Uop = 453 ) ’
PI

T3 000) 0 e (3.117)
where A = 10[0'43+(8‘33/VAPI)].

A somewhat modified version of the original correlation is given
in Fig. 3.20 by Standing.33 Beggs!3 and Beggs and Robinson’? give
the following equation for the original Beal correlation,

typ = — 1+ 107 " Bew(oomu-omessy )] (3.118)

Bergman” claims that the temperature dependence of the Beggs and
Robinson correlation is not valid at lower temperatures (< 70°F)
and suggests the following correlation, based on viscosity data, for
pure compounds and reservoir oils.

InIn(u,p + 1) = Ay + A, In(T + 310), ......... (3.119)

where A, = 22.33 — 0.194y,p; + 0.0003373%,, and A; = — 3.20
+ 0.0185 9 zpr-

Glasg 2 gives arelation (used in the paraffinicity correction of his
bubblepoint pressure correlation) for oils with K,, = 11.9.

Uop = (3141 X lolO)T—3.444(log yAPI)[IO.SIS(Iog T)—36.447].
................... (3.120)

Al-Khafaji et al.’* give the correlation

149563 —0.00488T
Yapr T T/30 — 14.29)2709°

(3.121)

/uoD=<

with T'in °F and u,p in cp for Egs. 3.117 through 3.121.

*Personal communication with D.F. Bergman, Amoco Research, Tulsa, Oklahoma (1992).
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ing paraffinicity (from Ref. 33).

Standing”" gives a relation for dead-oil viscosity in terms of dead-
oil density, temperature, and the Watson characterization factor.

1
log(u,, o) = —-2.17,
&lttap /o) AjK, —(8.24/y,)] + 1.639A,—1.059

................... (3.122a)
where A, = 1 + 8.69 log L2460 (3.122b)

560

= T + 460
Ay =1+ 0554 logT2002 (3.122¢)
A, = 01285(2'87A1 — W 3.122d
3 = . Wl_yﬂ, ............... ( . )

Yo

and Po = s e (3.122e)

1 + 0.000321(T — 60)100004627 p;°

with u in cp, T'in °F, and p in g/cm3 for Egs. 3.117 through 3.122.
Egs. 3.122a through 3.122e represent a best fit of the nomograph for
viscosity in terms of temperature, gravity, and characterization fac-
tor. Eq. 3.122¢ (at standard pressure and temperature) is a best fit of
thermal expansion data for crude oils.

Dead-oil viscosity is one of the most unreliable properties to pre-
dict with correlations primarily because of the large effect that oil
type (paraffinicity, aromaticity, and asphaltene content) has on vis-
cosity. For example, the oil viscosity of a crude oil with K,, = 12
may be 3 to 100 times the viscosity of a less paraffinic crude oil hav-
ing the same gravity and K,, = 11. For this reason the Standing cor-
relation based on the Watson characterization factor is recom-
mended when K,, is known. Using an incorrectly estimated K,,
however, may lead to a potentially large error in dead-oil viscosity.
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Fig. 3.21 shows dead-oil viscosities calculated at 100°F for a range

of paraffinicities expressed in terms of K, together with the Berg-
# 48 ;

man and Glasg™® correlations.

3.4.8 Bubblepoint-Qil Viscosity. The original approach by Chew
and Connally’® for correlating saturated-oil viscosity in terms of
dead-oil viscosity and solution gas/oil ratio is still widely used.

Hop = Ay p)*2.

Fig. 3.22 shows the variation in u,, with u,; as a function of R;.
The functional relations for A and A; reported by various authors
differ somewhat, but most are best-fit equations of Chew and Con-
nally’s tabulated results.

Beggs and Robinson.”3

(3.123)

Ay = 10.715(R, + 100)~0%15 oo (3.124a)
and A, = 5.44(R, + 150)703 L (3.124b)
Bergman.”
In A, = 4768 — 0.8359 In(R, + 300) .......... (3.125a)
_ 133.5
and A, = 0.555 + 22255 oo (3.125b)
Standing.3
A, = 10-(4x 107 Re22xa0= TR, (3.126a)
_ 068 0.25 0.062
and 4, = 10(862x105)Rs — (1.1x1073)Ry  1(3.74x1073)Ry
.................. (3.126b)
Azizetal.”?
Ap =020 + (0.80 x 100008IR) (3.127a)
and A, = 043 + (0.57 x 107000072k (3.127b)

*Personal communication with D.F. Bergman, Amoco Research, Tulsa, Oklahoma (1992).
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Al-Khafaji et al.’* extend the Chew-Connally’® correlation to high-
er GOR’s (up to 2,000 scf/STB).

A, = 0.247+0.2824Ay+ 0.5657A2

— 0.4065A3 + 0.0631A% ................... (3.128a)
and A, = 0.894 + 0.0546A, + 0.07667A2
— 0.0736A3 + 0.01008A%, .............. (3.128b)

where A, = log(R,) and R, = 0.1 yields A, = A, = 1. R, is
given in scf/STB for Egs. 3.124 through 3.128. Chew and Connally
indicate that their correlation is based primarily on data with GOR’s
of < 1,000 scf/STB and that the scatter in A, at higher GOR’s is
probably the result of insufficient data. Eqs. 3.128a and 3.128b are
based on additional data at higher GOR’s. Egs. 3.127a and 3.128b
appear to be the most well behaved.

An interesting observation by Abu-Khamsin and Al-Marhoun’8
is that saturated-oil viscosity, u,,, correlates very well with satu-
rated-oil density, p ;.

Inu,, = — 2.652294 + 8.484462 p*, (3.129)

with p,, in g/cm3. This behavior is expected from the Lohrenz et
al %2 correlation discussed later. Although Abu-Khamsin and Al-
Marhoun do not comment on the applicability of Eq. 3.129 to under-
saturated oils, it would seem reasonable that their correlation should
apply to both saturated and undersaturated oils. In fact, the correla-
tion even appears to predict accurately dead-oil viscosities, u ,p, €x-
cept at low temperatures for heavy crudes. Simon and Graue give
graphical correlations for the viscosity of saturated CO5/0il systems
(see Chap. 8).7°

3.4.9 Undersaturated-Qil Viscosities. Beal’2 gives the variation of
undersaturated-oil viscosity with pressure graphically where it has
been curve fit by Standing.2

Mo — Upp

——2 % = 0.024ul0 + 0.038u%C. .. ...... 3.130

0.001(p — py) Hob Hob G-130)

The Vazquez and Beggs>/ correlation is

Uo = Uop(DIPO) s o (3.131)
where A = 2.6 p"1¥7 exp[ — 11.513 — (8.98 x 10~7)p].

A more recent correlation by Abdul-Majeed ez al.80 is

o = i,y + 10[A5208 + Liies(p=py)] (3.132a)
where A = 1.9311 — 0.89941(In R,) — 0.001194 92,

+ 0.0092545y apr(In Ry). oo (3.132b)

Eq. 3.132 is based on the observation that a plot of log(u, — ;)
vs. log(p — p,) plots as a straight line with slope of =1.11. Be-
cause this observation appears to be fairly general, it can be used
to check reported undersaturated-oil viscosities and to develop
field-specific correlations.

Sutton and Farshad>* and Khan et al.3! present results that indicate
that the Standing equation gives good results and that the Vaz-
quez-Beggs correlation tends to overpredict viscosities somewhat.
Abdul-Majeed er al.80 indicate that both the Standing and Vaz-
quez-Beggs correlations overpredict viscosities of North African
and Middle Eastern oils (253 data), and that their own correlation per-
formed best for these data and for the data used by Vazquez
and Beggs.

3.4.10 Compositional Correlation. In compositional reservoir
simulation of miscible-gas-injection processes and the depletion of
near-critical reservoir fluids, the oil and gas compositions may be
very similar. A single viscosity relation consistent for both phases
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is therefore desired. Several corresponding-states viscosity correla-
tions can be used for both oil and high-pressure gas mixtures; the
Lohrenz et al.%2 correlation has become a standard in compositional
reservoir simulation. Lohrenz ez al. use the Jossi et al.32 correlation
for dense-gas mixtures (0,,> 0.1),°

1/4
[(w — uEr + 10747 = 0.10230 + 0.023364p,,

+ 0.058533p2, — 0.04075803,

+0.00933240%, . (3.133a)
. 1/6
where £, = 535 =) ., ... (3.133b)
M3p3,
O =f% - Z%V,,(., ........................ (3.133¢)
N
ZZM:’\/M
and pu® = S——— (3.133d)

N
Zzi\/ﬁi
i=1

Pseudocritical properties 7).,
Kay’s mixing rule.

Component viscosities, u;, can be calculated from the Lucas*’
low-pressure correlation Eq. 3.67 or from the Stiel and Thodos$3
correlation (as suggested by Lohrenz et al.62).

Ppe» and v, are calculated with

ik = (34 X 10770 (3.134a)
for 7,; =1.5, and

wikp = (17.78 x 107°)(4.58T,; — 1.67)°/%
)1/6

(3.134b)

for T,; > 1.5, where &;; = 5.35(T ;M3 /p?,
Lohrenz et al.% give a special relation for Vee,, of the C7, fraction.

Vee,, = 21.573 + 0.015122M_ = 27.656yc,

................ (3.135)

+ 0070615Mc yc,

with g in cp, Eincp~ L, p in Ibm/ft3, v in ft3/lbm mol, T'in °R, p
in psia, and M in Ibm/Ibm mol. The Lohrenz et al. method is very
sensitive to mixture density and to the critical volumes of heavy
components. Adjustment of the critical volumes of heavy (and
sometimes light) components to match experimental oil viscosi-
ties is usually necessary.

3.5 IFT and Diffusion Coefficients

3.5.1 IFT. Weinaug and Katz34 propose an extension of the Ma-
cleod®3 relationship for multicomponent mixtures.

N P 0
1/4 _ o _ 8
ot = Z“(’Cim yng)’

i=1

with ¢ in dynes/cm (mN/m) and p in g/em3. P; is the parachor of
Component 7, which can be calculated by group contributions, as
shown in Table 3.2. For n-alkanes, the parachors can be expressed by

(3.137)

(3.136)

P, =252 + 2.86M, .

Several authors propose parachors for pure hydrocarbons that devi-
ate from the group-contribution values. For example, PCl =1771s
often cited for methane instead of the group-contribution value of
P. =71.Likewise, PNz =41 is often used for nitrogen instead of
the group-contribution value of PNz =35. Fig. 3.23 plots parachors
vs. molecular weight for pure components and petroleum fractions.
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TABLE 3.2—PARACHORS FOR PURE COMPONENTS AND
COMPOUND GROUPS
Pure Component
Cq 71
Co 111
Cs 151
Cy4 (also i-Cy) 191
Cs (also i-Cs) 231
Cs 271
C; 311
Csg 351
Co 391
Cio 431
No 35
CO», 49
HoS 80
Group
C 9.0
H 15.5
CHs 55.5
CHa [in (CHo)p] 40.0
N 17.5
O 20.0
S 49.1
Example: For methane, CHy. Po1=Pc+4(Py)=9+4(15.5)=71.

Nokay30 gives a simple relation for parachors of pure hydrocarbons
(paraffins, olefins, naphthenes, and aromatics) with a normal boiling
point between 400 and 1,400°R and specific gravity <1,

(3.138)

0.5937
1

T..
log P, = — 4.20895 + 2.29319 log(%),

with T, in °R.

Katz and Saltman37 and Katz et al.38 give parachor data for C7,
fractions measured by Standing and Katz,38-8% which are approxi-
mately correlated by

P, = 35 + 2.40M,. (3.139)

The APl recommended procedure for estimating petroleum fraction
IFT’s is based on an unpublished correlation.2” The graphical cor-
relation can be expressed by

_602(1 — T,
o =—7%

wi

(3.140)

where K,, = T'/3/y, with T, in °R. The parachor can be estimated
with the Macleod relation,

M.
= gl =L
Pi = o (Pst)’

where p; > p,, is assumed. The saturated-liquid density can be
estimated, for example, with the Rackett®3 equation.

M.p. - VY
Psti = —RlTpfl ZRI.[H(1 ) ]

ci

(3.141)

(3.142)

where Zy; =~ Z,; = 0.291 — 0.08w, (3.143)

and R =universal gas constant. The parachors predicted from Egs.
3.140 through 3.143 are practically constant for a given petroleum
fraction (i.e., the temperature effect cancels out).
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Firoozabadi et al.%0 give an equation that can be used to approxi-
mate the parachor of pure hydrocarbons from C| through Cg and for
C7, fractions,

P, =114 + 323M; — 0.0022M?. (3.144)

They also discuss the qualitative effect of asphaltenes on IFT and
suggest that the parachor of asphaltic substances generally will not
follow the relations of lighter C7,. fractions.

Ramey?! gives a method for estimating gas/oil IFT with black-oil
PVT properties. We extend the method here to include the effect of
solution oil/gas ratio, r,. Considering stock-tank oil and separator
gas as the “components” (o and g) making up reservoir oil and gas,
respectively, the Weinaug-Katz84 relation can be written

yo Lo P Po P
ok = eal) i) oli) ()|

................... (3.145a)
1
here x- = S e 3.145b
e T T (752 x 10-9R Mo/ (3.1450)
Xp =l —xp, (3.145¢)
s = 1 e (3.1454d)
71+ (7.52 X 1079)(M/y5)r,
e e S (3.145¢)
62.4y; + 0.0136y;R,
o = 6348, e (3.145F)
pe = 0.0932(pM,/ZT), .......... ..., (3.145g)
My = x;Ms+ x;Mg, ... (3.145h)
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My = yaMy+ yiMz, oo (3.145i)
My = 6,084/yap — 59, ooiiiiiii (3.145))
My=289Ty, oot (3.145k)
P; = (2376 + 0.0102 up) /M5, .o (3.1451)

and P; = 252 + 2.86Mz, .........oiiii.. (3.145m)

with p in g/cm3, R;in sct/STB, B,inbbl/STB, T'in °R, and p in psia
and where x; and x;=mole fractions of the surface-oil and -gas
components, respectively, in the oil phase, and y; and yz=mole
fractions of the surface-oil and -gas components, respectively, in the
gas phase. In the traditional black-oil approach r; = 0, simplifying
the relations to those originally suggested by Ramey.”!

Eq. 3.145 is useful in black-oil reservoir simulation and when
compositional data are not available. The black-oil approach gener-
ally is not recommended for predicting gas/oil IFT’s unless the sur-
face-oil parachor has been fit to experimental IFT data (or to IFT’s
calculated with compositions and densities from an EOS character-
ization by use of Eq. 3.136).

3.5.2 Diffusion Coefficients. Molecular diffusion in multicompon-
ent mixtures is a complex problem. The standard engineering ap-
proach uses an effective diffusion coefficient for Component i in a
mixture, D,,, where D,,, can be calculated in one of two ways: (1)
from binary diffusion coefficients and mixture composition or (2)
from Component i properties and mixture viscosity. The first ap-
proach uses the Wilke®2 formula to calculate D,,.

1 — v,
Dy = 2 (3.146)
j=1
JjEi

where y; =mixture mole fraction and D; = D), is the binary diffu-
sivity at the pressure and temperature of the mixture.

Sigmund?? correlates the effect of pressure and temperature on
diffusion coefficients using a corresponding-states approach with
reduced density.

PuDj
PiD;

= 0.99589 + 0.096016p,, — 0.22035p2,

....................... (3.147)

+ 0.032874p},,

where D; =diffusion coefficient at pressure and temperature,
ppr=pseudoreduced density = 04,/0spe = (0/M)Vpe, = mix-
ture molar density, pj, D} =low-pressure density-diffusivity prod-
uct, and v,. =pseudocritical molar volume calculated with Kay’s®
mixing rule. Note that the ratio p MDU/p”DZ. is the same for all
binary pairs in a mixture because p,, is a function of only mixture
density and composition.

da Silva and Belery!?2 note that the Sigmund correlation does not
work well for liquid systems and propose the following extrapola-
tion for p,,.> 3.

0~ 0.18839 exp(3 — p,), (3.148)

which avoids negative D, for oils at p,,>3.7 as estimated by the
Sigmund correlation.

Low-pressure binary gas diffusion coefficients,® D, can be esti-
mated from

T3(1/M) + (1 /M].)]O'5

Dg = 0.001883 prp o (3.149a)
gy
1.06036 0.193
where Q; =
T T exp(0.47635T)
ij
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1.03587 1.76474

+ :

exp(1.52996T;)  exp(3.89411T)
.................. (3.149b)

T
T, = e 3.149¢
T ey (149
(e/k) = [(e/k)le/m ]2, oo (3.149d)
(€/k); = 653T,ZI%°, ... (3.14%)
05 =050, +0), ... (3.1491)
Vl,/3

and 0; = 0186675, oo (3.149g)

ci

with the diffusion coefficient, D;., in cm?2/s; molecular weight, M,
in kg/kmol; temperature, 7, in K, pressure; p, in bar; Lennard Jones
12-6 potential parameter, 0, in A; Lennard-Jones 12-6 potential
parameter, £/k, in K; and critical volume, v,., in m3/kmol and where
Z. =critical compressibility factor and i andj = diffusing and con-
centrated species, respectively.

To obtain the low-pressure density-diffusivity product, we use the

ideal-gas law, p9, = p°/RT, to get

T(1/m) + (1 /Mj)]'/2

Dipy, = (22648 x 1077)

(3.150)

where p and p,, have units g mol/cm3.

The accuracy of the Sigmund correlation for liquids is not known,
but the extension proposed by da Silva and Belery (Eq. 148) for
large reduced densities does avoid negative diffusivities calculated
by the Sigmund equation.9* Renner?> proposes a generalized cor-
relation for effective diffusion coefficients of light hydrocarbons
and COy in reservoir liquids that can be used as an alternative to the
Sigmund-type correlation.

D 1079#;04562 M[70A6898p1A7_06p

—1.831 174.524
Mi T ’

im T

(3.151)

with D in cm?/s and where 1, = oil viscosity in cp, M; = molecular
weight, p,,; =molar density of Component i at p and 7'in g mol/cm?,
p=pressure in psia, and 7'=temperature in K. This correlation is
based on 141 experimental data with the following property ranges:
02< u,<134 cp; 16 < M;<44; 0.04< p,,;<7 kmol/m3; 14.7<p
<2,560 psia; and 273 < T<333 K, where i =CO,, Cy, Cy, and Cs.

Renner also gives a correlation for diffusivity of CO, in water/
brine systems.

Dcoz—w = (6.392 X 103)# 6911y ~0.1584

co, (3.152)

with D in cm?/s and u in cp.

3.6 K-Value Correlations

This section covers the estimation of equilibrium K values by cor-
relations and the calculation of two-phase equilibrium when K val-
ues are known. The K value is defined as the ratio of equilibrium gas
composition y; to the equilibrium liquid composition x;,

K; = yi/x;. (3.153)

K; is a function of pressure, temperature, and overall composition.
K values can be estimated with empirical correlations or by satisty-
ing the equal-fugacity constraint with an EOS (see Chap. 4).

Although the increasing use of EOS’s has tended to lessen interest
in empirical K-value correlations, empirical methods are still useful
for such engineering calculations as (1) multistage surface separa-
tion, (2) compositional reservoir material balance, and (3) checking
the consistency of separator-oil and gas compositions.
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Fig. 3.24—General behavior of a K value vs. pressure plot on log-log scale.

Several methods for correlating K values have appeared in the
past 50 years. Most rely on two limiting conditions for describing
the pressure dependence of K values. First, at low pressures,
Raoult’s and Dalton’s laws? can be used to show that

K; = Pw‘(T)/P,

where p, =component vapor pressure at the system temperature.
The limitations of this equation are that temperature must be less than
the component critical temperature (because vapor pressure is not de-
fined at supercritical temperatures) and that the component behaves
as an ideal gas. Also, the equation implies that the K value is indepen-
dent of overall composition. In fact, the pressure dependence of low-
pressure K values is closely approximated by Eq. 3.154.

The second observation is that, at high pressures, the K values of
all components in a mixture tend to converge to unity at the same
pressure. This pressure is called the convergence pressure®® and, for
binaries, represents the actual mixture critical pressure. For multi-
component mixtures, the convergence pressure is a nonphysical
condition unless the system temperature equals the mixture critical
temperature.®7-98 This is because a mixture becomes single phase at
the bubblepoint or dewpoint pressure before reaching the conver-
gence pressure.

The log-log plot of K; vs. pressure in Fig. 3.24 shows how the
ideal-gas and convergence-pressure conditions define the K-value
behavior at limiting conditions. For light components (where
T > T,.), K values decrease monotonically toward the conver-
gence pressure. For heavier components (where 7' < T;), K values
initially decrease as a function of pressure at low pressures, passing
through unity when system pressure equals the vapor pressure of a
particular component, reaching a minimum, and finally increasing
toward unity at the convergence pressure.

(3.154)

GAS AND OIL PROPERTIES AND CORRELATIONS

For reservoir fluids, the pressure where K values reach a mini-
mum is usually > 1,000 psia (Fig. 3.25), implying that K values are
more or less independent of convergence pressure (i.e., composi-
tion) at pressures < 1,000 psia. This observation has been used to
develop general “low-pressure” K-value correlations for surface-
separator calculations.

3.6.1 Hoffman et al. Method. Hoffman et al.%° propose a method
for correlating K values that has received widespread application.

10(A0+A1Fi)
orlog Kip=Ay) + A\F;, oo, (3.155)
1/T,; — 1/T
here F; = —————— 1 ; P 1
where F = 1t loglpalpad; (3.156)

T, = critical temperature; p, = pressure; 7, = normal boiling point;
Dsc = pressure at standard conditions; and A; and A, = slope and in-
tercept, respectively, of the plot log(K;p) vs. F;.

Hoffman et al. show that measured K values for a reservoir gas
condensate correlate well with the proposed equation. They found
that trend of log(K;p) vs. F is linear for components C through Cg
atall pressures, while the function turns downward for heavier com-
ponents at low pressures. Interestingly, the trend becomes more lin-
ear for all components at higher pressures.

As Fig. 3.26 shows, Slope A, and Intercept A, vary with pres-
sure. For low pressures, K; = p,/p. With the Clapeyron vapor pres-
sure relation,® log(p,) = a — b/T results in A, = log(p,.) and
A, = 1. These limiting values of A, and A, are close to the values
found when Ay(p) and A,(p) are extrapolated to p = p,. Because

41



1000 [
800 ——— Binary system
Gi— Cy Ca —nCy
600 ' Ci=nCq  Cp—nCy
400 ‘ | Gr=nls
—m = Korz ond Hockmuth
300 < ; Natural gas - crude oif
N ———— Roland, Smith, and Kaveler
200 ’\;"’, Natural gos - distillote
I T B e e e ey ey o R Stonding ond Katz
N Natural gos - crude oif
100 T T
80 ]
60 =
\\ >
a0 —>—
<
30 2, B
NG, Ao\ Temperarure 120°F
20 - \\
\ N \\\
N
! \‘ o R %Q\\\
10 N \‘c \\ SV
S 8 N ¢a N N,
R d N N
”n 6 S
g N N NN \\\\\
QO 4 N 06 \\ \ N, N 3
s AN WARYASHNY
E 3 ?p¢ \\‘ NEAVNER Y
3 N, \\ \\\\::
5 : NI WEED NI
= b . N N NENSASENA
U < \ > N ‘\ ‘h‘
W 2, h AN \N“\ \ ARk
1 %, J Y N i1l
BN * AT B T 1 KT = > ne
.8 - < \\\ - T~ y AN
N i 7 v
0.6 % < — S I Z A SR
04 7S, ) = ~--‘m -Z d
. P4 VARWANAV: 3 T4V4
03 N N 4 NN J4 20
= \‘\‘ N LSS YA,
0.2 e, LN SNl ] LY
\@J\ AN \\ ShL - / 7
\ N DY . /¥l
Ny N A T
o1 | '
. S 7417
0.08 [,l "
006 SV \\ d / "/ L —
3 77 T
0.04 SN A :
003 AL WL S 2554 i - :
‘ - — =
002 { =17 L
]
| N
0.01 [l 1 [ | |
10 20 320 40 60 BO10O 200 300 400 600 1000 2000 4000 10,000

Pressure, psia

Fig. 3.25—K values at 120°F for binary- and reservoir-fluid systems with convergence pressures
ranging from 800 to 10,000 psia (from Standing?3).

K values tend toward unity as pressure approaches the convergence
pressure, pg, itis necessary that A, = log(pg)and A; — 0. Several
authors have noted that plots of log(K;p) vs. F; tend to converge at
a common point. Brinkman and Sicking!9! suggest that this “pivot”
point represents the convergence pressure where K; = 1 and
p = px The value of F; at the pivot point, Fy, is easily shown to

equal log(pK/p sr)~
Itis interesting to note that the well-known Wilson102.103 equation,

exp5.37(1 + w)(1 — T ')

! Pri ’

is identical to the Hoffman et al.% relation for A, = log(p,.) and
A, = 1 when the Edmister!%* correlation for acentric factor equation,
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T../T.
w[_:é hl/ ci

1
71— Tbi/ T, ’

(3.158)

1Og<pz‘i/psc) -

is used in the Wilson equation. Note that 5.37 =(7/3)In(10).
Whitson and Torp!90 suggest a generalized form of the Hoffman
et al.%® equation in terms of convergence pressure and acentric factor.

pci A171 exp[537Al(l + wl)(l - T'Tl):|
ki = (PK)

(3.159)

where A, =a function of pressure, with A, = 1 at p = p,. and
A, = Oat p = pg The key characteristics of K values vs. pressure

PHASE BEHAVIOR
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and temperature are correctly predicted by Eq. 3.159, where the fol-
lowing pressure dependence for A, is suggested.

(3.160)

where A, ranges from 0.5 to 0.8 and pressures p and pyare given
in psig. Canfield!95 also suggests a simple K-value correlation
based on convergence pressure.

3.6.2 Standing Low-Pressure K Values. Standing 1% uses the Hof-
fman e al.%9 method to generate a low-pressure K-value equation
for surface-separator calculations ( py < 1,000 psia and
T,, < 200°F). Standing fits A, and A in Eq. 3.155 as a function
of pressure using K-value data from an Oklahoma City crude oil. He
treats the C,, by correlating the behavior of K~_ as a function of
“effective” carbon number ne, - The Standing equations are

k= Lyoltorri) (3.161a)
173]
Fi=0b{1/Ty — 1/T), oo, (3.161b)
b; = 10g(pu/Psc)/(1/Tpi = 1Ty oo, (3.161c)
Aop) = 1.2 4 (45 x 107%)p + (15 x 10~%)p?,
.................. (3.161d)
Ay(p) = 0.890 — (1.7 X 107*)p — (3.5 x 107%)p?,
................... (3.161e)
ne,, =713 +0.0075T + 0.0016p, ............. (3.161f)
be,, = 1,013 + 324n.  — 4.256né7+, ....... (3.161g)
and Ty, = 301 + 59.85nc, — 0.971né7+, ..... (3.161h)
with T'in °R except when calculating n_ (for n_ , Tisin °F) and

pin psia. Standing suggests modified valtles of b; and T, for nonhy-
drocarbons, methane, and ethane (Table 3.3). Glasg and Whitson!107
show that these equations are accurate for separator flash calcula-
tions of crude oils with GOR’s ranging from 300 to 1,500 scf/STB
and oil gravity ranging from 26 to 48°API. Experience shows, how-
ever, that significant errors in calculated GOR may result for lean
gas condensates, probably because of inaccurate C,; and

GAS AND OIL PROPERTIES AND CORRELATIONS

TABLE 3.3—VALUES OF b AND T, FOR USE IN
STANDING LOW-PRESSURE K-VALUE CORRELATION
b b
Component, i (cycle-°R) °R
No 470 109
CO, 652 194
H,S 1,136 331
C; 300 94
Co 1,145 303
Cs 1,799 416
Cy4 2,037 471
n-Cy 2,153 491
i-Cs 2,368 542
n-Cs 2,480 557
Cg (lumped) 2,738 610
n-Cg 2,780 616
n-C; 3,068 669
n-Cg 3,335 718
n-Cg 3,590 763
n-Cqo 3,828 805
For C7, fractions, see Egs. 3.161f through 3.161h

C,, Kvalues. The Hoffman et al. method with Standing’s low-pres-
sure correlations are particularly useful for checking the consisten-
cy of separator-gas and -oil compositions.

3.6.3 Galimberti-Campbell Method. Galimberti and Camp-
bell108.109 syogested another useful approach for correlating K val-
ues where

log K; = Ay + AT? (3.162)

is shown to correlate K values for several simple mixtures contain-
ing hydrocarbons C, through C, at pressures up to 3,000 psia and
temperatures from — 60 to 300°F.

Whitson developed a low-pressure K-value correlation, based on
data from Roland,!10 at pressures < 1,000 psia and temperatures
from 40 to 200°F, for separator calculations of gas condensates.

Ay = 4276 — (7.6 x 1074)T

+[— 118 + (5675 x 107 4T]log p, ........ (3.163a)

A = 10*6{(— 4.9563 + 0.00955T) + [(1.9094 x 1073)

— (1235 x 107%)T + (3.34 x 10-8)T2]p}, ... (3.163b)
Too, =343 = 0.04p, ... (3.163¢)
and T,e;, = 1,052.5 — 0.5125T + 0.0037572, .... (3.163d)

with p in psia, T'in °F, and 7. in °R.

3.6.4 Nonhydrocarbon K Values. Lohrenz et al.!! reported non-
hydrocarbon K values as a function of pressure, temperature, and
convergence pressure.

4

0.8
s = (1= ) [oasomizy 4 1352208

Pk T

18.2150521n p

— 0.76885112 In p — T

- %] ..................... (3.164a)

]"2
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0.4
InKy, = (1 - ,,%) (11.294748 - L1820
= 0.90459907 In p), ................... (3.164b)
P\ 152.7291
anC02 = ( — P_K) (7.0201913 — T — 1.8896974

X Inp +

1,719.2956Inp  644,740.69 Inp
T T2 ’

................... (3.164c)

with p in psia and 7'in °R. For low-pressure K-value estimation, the
first term in Eq. 3.164 simplifies to unity (assuming that
1 — p/px = 1) and the K values become functions of pressure and
temperature only. However, these equations do not give the correct
low-pressure value of d(In K;)/d(Inp) = — 1

3.6.5 Convergence-Pressure Estimation. For correlation pur-
poses, convergence pressure is used as a variable to define the com-
position dependence of K values. Convergence pressure is a func-
tion of overall composition and temperature. Whitson and
Michelsen!!2 show that convergence pressure is a thermodynamic
phenomenon, with the characteristics of a true mixture critical point,
that can be predicted with EOS’s.

Rzasa et al.!13 give an empirical correlation for convergence
pressure as a function of temperature and the product (My). .
Standing? suggests that convergence pressure of reservoir fluids va-
ries almost linearly with C,, molecular weight.

Convergence pressure can also be calculated with a trial-and-er-
ror procedure suggested by Rowe.97:98.114 This procedure involves
the use of several empirical correlations for estimating mixture criti-
cal pressure and temperature, pseudocomponent critical properties,
and the K values of methane and octane. The Galimberti and Camp-
bell108.109 K_value method is used to estimate K values of other
components by interpolation and extrapolation of the C; and Cg3 K
values. This approach to convergence pressure is necessary if the K
values are used for processes that approach critical conditions or
where K values change significantly because of overall composition
effects. The method cannot, of course, be more accurate than the
correlations it uses and therefore is expected to yield only qualita-
tively correct results.

For reservoir calculations where convergence pressure can be as-
sumed constant (e.g., pressure depletion), a more direct approach to
determining convergence pressure is suggested. With a K-value cor-
relation of the form K; = K(pg,p,T) as in Eq. 3.159, the conver-
gence pressure can be estimated from a single experimental satura-
tion pressure. For a bubblepoint and a dewpoint, Eqs. 3.165 and
3.166, respectively, must be satisfied.

N
Flp) = 1= > 2K(ppy T) = 0 (3.165)
i=1
N
&4
i=1 Ki(pK’ Py T)

where z;, p,, or p,and T are specified and py is determined.
The two-phase flash calculation, with K values given, is dis-
cussed in Chap. 4 in the Phase-Split Calculation section.

and Flpg) = 1 — (3.166)
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Sl Metric Conversion Factors

o

A X1.0% E—01 =nm
APl  141.5/(131.5+ °API) = g/cm3
bar X 1.0* E+05 =Pa
bbl X 1.589 873 E—-01 =m?
Btu/lbm mol X 2.236 E+03 =J/mol
cp X 1.0* E—03=Pa-s
¢St x 1.0% E—06 =m?/s
dyne/cm X 1.0%* E+00 =mN/m
ft X 3.048* E—-01 =m
ft2 X 9.290 304* E—02 =m?
ft3 x2.831 685 E-02 =m?
ft3/1bm mol X 6.242 796 E —02 =m3/kmol
°F  (°F—=32)/1.8 =°C
°F  (°F+459.67)/1.8 =K
in.2 x6.451 6% E+00 =cm?
Ibm X 4.535 924 E-01 =kg
Ibm mol X 4.535 924 E—01 =kmol
psi X 6.894 757 E +00 =kPa
psi~! x1.450 377 E—01 =kPa~!
°R X 5/9 =K
*Conversion factor is exact.
PHASE BEHAVIOR



