1

Issue 2

RESERVOIR FLUID

PROPERTIES

IS NOT
ROCKET SCIENCE
:

Nayef Alyafe

Special thanks:
Aldana Al-Naimi
Abdullah Shaat
Jerahmeel Bautista
Wajdi Alnoush
Photos credits:
Dr. Mehsin Alyafei

Contents

Conversion of units
2
Organic chemistry
3
Phase behavior
6
Hydrocarbon reservoir fluids
7
Equations of state
8
Gas-liquid equilibria
9
Properties of dry gases 10
Properties of wet gases 11
Properties of black oils 12
Surface separation
16
Gas hydrates and oilfield water 17

What is this magazine?
This magazine is a compiled effort of several students and the class instructor
to summarize the different reservoir fluids properties into a simple and easy-tofollow format with a one-page article covering each topic. The magazine highlights
each topic with a basic knowledge that intends to convey a general understanding
of the covered topics. The purpose of this magazine is to give a quick overview
and opinion on the fluid properties used in petroleum engineering and act as a
quick refresher to those who studied them before. This magazine should not be
used as a sole source of revising but more as complementary material to aid the
understanding of the reservoir fluid properties.
Why studying Reservoir Fluid Properties is important?
Reservoir fluids properties are part of reservoir engineering, which is the study of
fluid properties as a function of pressure, volume, temperature (PVT). Reservoir
fluid properties are essential aspects of understanding hydrocarbon reservoirs.
Those properties should help in estimating the amount of hydrocarbons in
reservoirs as well as understanding the production behavior of hydrocarbons.
Who should read this magazine?
Chemical and petroleum engineering students, chemical and petroleum engineers,
or any person interested in understanding reservoir fluid properties.

CONVERSION OF UNITS
Length

2

Area

1 ft = 0.3048 m = 12 in

1 ft2 = 0.092903 m2 = 144 in2

1 m = 3.281 ft = 39.37 in = 100 cm

1 m2 = 10.7649 ft2 = 10000 cm2

Mass

Force

1 lbm = 0.45359 kg

1 lbf = 4.44822 N = 32.2 lbm.ft/s2

1 kg = 2.2046 lbm = 1000 g

1 N = 0.2248 lbf = 1 kg.m/s2

Interfacial Tension

Permeability

1 N/m = 1000 mN/m = 1000 dyne/cm

1 D = 1000 mD = 9.869233 x 10-13 m2

Volume

Temperature

1 ft3 = 0.02831 m3 = 28.3168 L = 0.178 bbl = 0.178 RB

˚C = (˚F – 32) / 1.8

1 m3 = 35.29 ft3 = 1000 L

˚F = 1.8˚C + 32
˚R = ˚F + 460

Pressure
1 atm = 101.3 kPa = 1.013 bar = 14.696 lbf/in2 (psia)
1 psia = 6.89 kPa = atm/14.696
1 Pa = 1 N/m2 = 1 kg/m.s2 = 10-5 bar = 1.450 x 10-4 lbf/in2 = 10 dyne/cm2
psia = psig +14.7

Density

1 g/cc = 1000 kg/m3 = 62.427 lb/ft3 = 8.345 lb/gal = 0.03361 lb/in3

Viscosity

1 cP = 0.01 poise = 0.01 g/cm.s = 0.001 kg/m.s = 0.001 n.s/m2 = 0.001 Pa.s
= 0.01 dyne.s/cm2 = 6.72 x 10-4 lbm/ft.s = 2.09 x 10-5 lbf.s/ft2

Metric Prefixes
Prefix

Symbol

Multiplication
Factor

giga

G

109

mega

M

106

kilo

k

103

centi

c

10-2

milli

m

10-3

micro

µ

10-6

nano

n

10-9

Oilfield Prefixes
Prefix

Symbol

Multiplication Factor

Thousand

M

103

Million

MM

106

Billion

MMM or B

109

Trillion

T

1012

ORGANIC CHEMISTRY
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Types of Chemical Bonds
Two of the major types of bonds in chemistry:
• Ionic bond
• Covalent bond
Ionic bonds result from transfer of electron(s)
from one atom to another. Covalent bonds, on the
other hand, are a result of atoms sharing electrons.
Covalent bonds are the bonds of concern when
studying organic chemistry.
Organic Compounds
Naturally occurring hydrocarbons are composed of
organic fossil formed from organic compounds.
The term refers to any chemical compounds in
which one or more carbon atoms are covalently
linked to atoms of carbon or other elements.
Hydrocarbons are organic compounds that
contain only carbon and hydrogen atoms. Extracted
petroleum contains predominantly hydrocarbons
along with other organic compounds. The gaseous
and liquid phases of petroleum are referred to as
natural gas and crude oil, respectively.
Hydrocarbons

Aromatic
Aromatics

Aliphatic

with all single
bonds
Alkanes

with one
double bond
Alkenes

with one tripe
bond
Alkynes

No. of
Name of Name of
Carbon
Alkane
Alkene
atoms (n)

Name of
Alkyne

1

Methane

------

------

2

Ethane

Ethene

Ethyne

3

Propane

Propene

Propyne

4

Butane

Butene

Butyne

5

Pentane

Pentene

Pentyne

6

Hexane

Hexene

Hexyne

7

Heptane

Heptene

Heptyne

8

Octane

Octene

Octyne

9

Nonane

Nonene

Nonyne

10

Decane

Decene

Decyne

IUPAC Naming Rules of Hydrocarbons
IUPAC naming flowchart of non-cyclic aliphatic
hydrocarbons is provided in the following page.
Structural Formula
Structural formulas are given below where
element symbols are used for the atoms and solid
lines to represent bonds between them. Multiple
bonds are represented by multiple solid lines.
Additionally, below are 2D and 3D representations
of ethane (single bond), ethene (double bond), and
ethyne (triple bond).

arranged in
rings
Cyclic aliphatics

Homologous Series
Hydrocarbons can be grouped into families called
homologous series. These groups share similar
molecular structure and, thus, similar chemical
and physical properties. The following tables
include the names of aliphatic hydrocarbon
homologous series (alkane, alkene, and alkyne)
with their general formula and naming structure.
Alkanes

Alkenes

General formula

CnH2n+2

CnH2n

CnH2n-2

Prefix

# of carbon
atoms

# of carbon
atoms

# of carbon
atoms

Suffix

- ane

- ene

- yne

Bond

Single

Double

Triple

Non-Hydrocarbon Petroleum Components
Nitrogen (N2), carbon dioxide (CO2) and hydrogen
sulfide (H2S) are common non-hydrocarbon
components of petroleum fluids.

Alkynes

N2

CO2

H2S

Importance of Hydrocarbons
As of 2017, hydrocarbons (crude oil and natural gas)
supply up to 55% of the world’s energy demand. In
addition, several products can be produced from
hydrocarbons such as paint, rubber, plastic, etc.
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no

alkyl
group(s)
present?

1. methene
2. ethene
3. propene
...

1. methane
2. ethane
3. propane
...

no

Alkene

any
identical
alkyl connected in
the same
location

yes

1. methyl
2. ethyl
3. propyl
...

Identify c-atom
no. that contains
alkyl group

1. methyne
2. ethyne
3. propyne
...

Alkyne

with single bonds

(prioritize end closest to c ≡ c)

No. of carbon
atoms on parents
chain?

(prioritize end closest to c=c)

Number of atoms

No. of carbon
atoms on parents
chain?

alkane

2

Alkyne

1 c-c double bond
with single bonds

Contains at least
1 c-c triple bond

Contains at least

Deﬁne longest continuous chain (parent)

Alkene

No. of carbon
atoms on parents
chain?

Alkane

Contains all
single bonds

Aliphatic Hydrocarbons

1

IUPAC Naming Flowchart
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bond no.
containing
c=c/c≡c

c-atom no.
with alkyl
group

4

3

no

- alkane

3

5 - alkene and alkynes

2

(new)
parent
chain
name

new alkyl
group
name

COMPOUND NAME

no

alkane

yes

no

yes

more
than
1 c-c
double
bond?

yes

4

1. -Pentene
2. -Pentadiene
3. -Pentatriene

Identify no. of
bonds that are
double/triple

yes

5

more
than
1 c-c
triple
bond?

1. -Pentyne
2. -Pentadiyne
3. -Pentatriyne

2 and 
3
apply step 
and use parentheses to
separate, e.g.,(1 - methylpropyl)

number of bonds

alkene

List alkyl groups
and arrange in
alphabetical order

no

branched
chain
in alkyl
group?

any more
alkyl
groups in
other locations?

1 - di-methy
2 - di-ethyll
3 - tri-methyl
...

yes
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PHASE BEHAVIOR
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Phases of Matter
A phase is a physically distinctive form of matter.
A phase of matter is characterized by having
a relatively uniform chemical and physical
properties. The state in which an object is in,
depends on two physical attributes: pressure and
temperature. The most common, fundamental
states of matter are: solid, liquid, and gas.

Phase Diagram – Binary Mixtures
The behavior of a mixture of two components is
not as simple as the behavior of a pure substance.
Unlike phase diagrams for a pure component
where a single line represents the vapor-pressure
curve, in phase diagrams for binary mixtures there
is a broad region in which two phases coexist. This
region is called the saturation or phase envelope.
Vapor

Gas

Li
e
ur
ss
re
rP
po
Va

line

Pressure

sure
g Pres

ne

Liquid

Meltin

Solid

Vapor
Triple Point

Sublimation Pressure line

Temperature

Concept

Tc

Definition

Critical Point

A pointRQWKHSKDVH
GLDJUDPat which liquid and
gas phases coexist.

Boiling Point

The temperature at which
liquids start vaporizing at
vapor pressure equal to
surrounding pressure.

Triple Point

ble
Bu
b

Temperature

The two phase region is bounded on one side by
the bubble point line and on the other side by a
dew point line.

Critical Point

Pc

Dew

Phase Diagram – Pure Substance
Phase diagram: is a pressure-temperature plot
showing the conditions under which the various
phases of a substance will occur.

ine

Liquid

Poin
tL

Solid

Pressure

Po
in

t Li
ne

Liquid
Critical Point

• Bubble Point Pressure is the pressure (at a given
temperature) where the first bubble of vapor is
formed when heating a liquid consisting of two or
more components.
• Dew Point Pressure is the pressure (at a given
temperature) where an incipient liquid phase
condenses from a gas phase.
Ternary Diagram – Three Component Mixtures
Compositional phase diagrams for threecomponent mixtures must be plotted in such a way
that the compositions of all three components can
be displayed. Diagrams formed from equilateral
triangles are convenient for this purpose referred
to as ternary diagrams. Each apex of the triangle
corresponds to 100% of a single component.
100% Component A
(Lightest component)

$SRLQWRQWKHSKDVH
GLDJUDPDW which liquid,
solid, and gas phases
FRexist.

Melting Point

The temperature at which
solids start melting. The
melting-point line separates
solid and liquid phases.

SublimationPressure Line

A phase diagram line
separating gas and solid
phases.

Gas
Dew Point Line
T o Phase Region
gio
Two

Bubble Point Line
Liquid

100% Component C
(Heaviest component)

100% Component B

Conventionally, the lightest component is usually
plotted at the top while the heaviest at the lower
left apex.

HYDROCARBON RESERVOIR FLUIDS
What are the Types of Hydrocarbon Reservoir
Fluids?
Reservoir fluids are classified into dry gas, wet gas,
retrograde gas, volatile oil and black oil. Knowing
each type is important becuase they requires
different approaches by reservoir and production
engineers.
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Volatile Oil
The phase starts as liquid at initial reservoir
pressure and then the pressure drops below
the bubble point pressure in the reservoir were
both liquid and gas are produced. The surface
condition also contains liquid and gas.
Pressure path
in the reservoir

Pressure

Dry Gas
Dry gases are the simplest fluids as both reservoir
and surface conditions contain gas only.
Pressure path
in the reservoir

% Liquid

Pressure

Separator condition

Temperature

Separator condition

Temperature

Wet Gas
Wet gases are gases in the reservoir; however, tiny
amount of liquids appear at the surface.

Pressure path
in the reservoir

Pressure

% Liquid

Black Oil
Black oil is similar to volatile oil; however, the
liquid phase is further away from the critical
point indicating a heavier fluid. Also, the surface
condition produces smaller gas percentage when
compared to volatile oil.

Pressure

Pressure path
in the reservoir

% Liquid

Separator condition

Temperature
% Liquid

Separator condition

Temperature

Summary
A summary is given below to compare the five
hydrocarbon reservoir fluids in terms of phase
behavior and other properties.

Retrograde Gas (Gas condensate)
The reservoir initially start with one phase gas and
as the reservoir the pressure drops below the dew
point pressure, both gas and liquid production
from the reservoir are observed. In the surface gas
and liquid production are also expected.

Reservoir temperature

Pressure

Volatile oil

Retrograde
Gas
Wet Gas
Black oil
Dry Gas

Pressure path
in the reservoir

Separator condition

Temperature

Pressure

% Liquid

Separator condition

Temperature

Property

Dry Gas

Wet Gas

Gas Condensate

Volatile Oil

Black Oil

GOR
(SCF/STB)

-

> 50,000

> 3300
< 150,000

> 2000
< 3300

< 2000

< 45

< 40

Brown, orange or
green

Black, brown or
dark green

API [˚]

-

≈ 65

> 45
< 60

Color

-

Water-white

Brown, green, or
water-white

EQUATIONS OF STATE
What is an Equation of State (EOS)?
An EOS is a mathematical formulation that relates
pressure, temperature, density, and composition
(in the case of a mixture) of a system. The most
simplified and widely used equation of state is
the ideal gas equation of state which is derived
by combining three laws; Boyle’s Law, Charles’
Equation, and Avogadro’s Law.
Boyle’s Law
Boyle’s law indicates that volume is inversely
proportional to pressure at a constant
temperature.

V ∝

1
P

Charles’ Law
Charles’s law indicates that volume is directly
proportional to temperature at a constant
pressure.

V ∝T

Avogadro’s Law
Avogadro’s law indicates that volume is directly
proportional to number of moles at a constant
pressure and temperature.

V ∝n

Combining the three laws above and the ideal gas
concept; which states the following assumptions:
• There are no attractive or repulsive forces
between molecules and/or container walls.
• Perfectly elastic collisions between molecules.
and consequently

P V = nRT
where n is the number of moles and R is a
universal constant known as “the universal gas
constant” . However, it is difficult to achieve
ideality, and most gases do not behave as an ideal
gas, therefore, a correction is generally made. The
gas compressibility factor (z) is added to the ideal
gas equation of state to account for deviation from
ideality, which makes the following compressibility
equation of state:

P V = znRT
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Estimating the Gas Compressibility Factor
• Pure Substance
The gas compressibility factor depends on the
gas composition. Correlations relating reduced
temperature (Tr), reduced pressure (Pr), and the
gas compressibility factor can be used.

T
Tc
P
Pr =
Pc
Tr =

where Tc and Pc are the critical temperature and
pressure of the pure substance and are constant
values. Once the Tr and Pr are found, the z factor
can then be found from a correlation chart.
• Gas Mixture
For a gas mixture, we have a pseudo critical
temperature (Tpc) and pressure (Ppc) instead of
a single critical point. The pseudo critical points
are calculated based on the gas mole fraction
of component j (yj), the critical temperature
of component j (Tcj), and critical pressure of
component j (Pcj). After obtaining the new reduced
temperature and pressure as displayed below, the
same correlation chart discussed above can be
used to find the z factor.

T
Tpc
P
Pr =
P
 pc
Tpc =
yj Tcj
Tr =

j

Ppc =



yj Pcj

j

Presence of Non-hydrocarbon Components
Presence of hydrogen sulfide (H2S), and carbon
dioxide (CO2), causes errors in quantifying the z
factor and thus corrections to the pseudocritical
temperature and pressure are required.

GAS-LIQUID EQUILIBRIA
Multiphase Systems
Essentially all oil and gas operations involve
multiphase systems or processes where materials
are transferred from one phase (solid, gas, or liquid)
to another. Gas-liquid systems are predominately
more present. A multiphase system can consist of
one, two (binary), three (ternary) or more chemical
species.
Phase Equilibrium
Phases are said to be in phase equilibrium when
the concentrations of all species in each phase
no longer change with time. The bounded area
between the curves of the dew and bubble points
on the phase diagram in a multicomponent
mixture defines the conditions for gas and liquid
to coexist in equilibrium.
Vapor pressure
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Dalton’s Equation
Is used to calculate the partial pressure exerted by
a component of an ideal gas mixture.

pj = yj p
where:
pj = partial pressure of component j [Pa]
yj = gas composition [-]
p = total pressure [Pa]
Calculation of Bubble-Point Pressure
The bubble point is the point at which the first
bubble of gas is formed. At this point, the quantity
of gas is negligible.

pb =



zj pvj

Phase transition

j

Gas
Liquid

What is an Ideal Solution?
An ideal solution is a solution for which:
• Intermolecular forces of repulsion and attraction
between all molecules are the same.
• Mutual solubility result when the components
are mixed.
• The molecular diameters of the components are
the same.
• No chemical interaction occurs upon mixing
Raoult’s Equation
Raoult’s law states that the partial pressure of a
component in the gas is equal to the mole fraction
of that component in the liquid multiplied by the
vapor pressure of the pure component. The validity
of the equation is limited to the assumption that
both gas and liquid mixtures are ideal solutions.

pj = xj pvj
where:
pj = partial pressure of component j [Pa]
xj = liquid composition [-]
pvj= vapor pressure of a pure component j [Pa]

where:
pb = bubble point pressure [Pa]
zj = mole fraction [-]
pvj = vapor pressure of a pure component j [Pa]
Calculation of Dew-Point Pressure
The dew point is the point at which the first liquid
droplet is formed. At the dew-point, the quantity
of liquid is essentially negligible. The expression
becomes:

pd = 

1
(z
j /pvj )
j

where:
pd = dew point pressure [Pa]
zj = mole fraction [-]
pvj = vapor pressure of a pure component j [Pa]
Nonideal Solutions
Expressions derived from Dalton’s and Raoult’s
laws are based on the assumption that the gas
behaves as an ideal solution of ideal gases which
is a limiting assumption. Several theoretical
methods to overcome these limitations have
been suggested. An accurate way to predict gasliquid equilibria is through correlations based on
experimental observations. These correlations
typically involved the equilibrium ratio (Kj) defined
as:

Kj =

yj
xj

where xj and yj are the liquid and vapor
compositions, respectively.

PROPERTIES OF DRY GASES
Overview of Dry Gases
Dry gases are the simplest reservoir fluids to deal
with as both reservoir and surface conditions
contain one phase only. This also means that for
dry gases, the composition of gas in the reservoir
is the same as the composition of gas on the
surface. From the gas composition, we can obtain
useful parameters such as the z-factor from which
we can get the gas formation volume factor and
gas compressibility. Also, the viscosity of gas can
be found using correlation charts.

Pressure

Pressure path
in the reservoir
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The gas formation volume factor can be used, for
instance, in calculating the gas initially in place (G)
and it is used in order to quantify the change in
volume the gas will undergo from the reservoir
to the surface. Gas is compressed in the reservoir
but it expands significantly in the surface.

G=

Ahφ(1 − Sw )
Bg

where
G = gas in place [SCF]
A = area of the reservoir [ft2]
h = reservoir thickness [ft]
ϕ = porosity [-]
Sw = water saturation [-]
Bg = gas formation volume factor [ft3/SCF]

% Liquid

Separator condition

Temperature

Gas Formation Volume Factor (Bg)
Gas formation volume factor is the volume of
gas in the reservoir divided by the volume of
gas in the surface. The unit of gas formation
volume factor is ft3/SCF. The volumes of gas in the
reservoir and surface can be substituted using the
compressibility equation of state to yeild:

Bg = 0.0282

zTres
Pres

Gas Compressibility (cg)
Gas compressibility is the fractional change in
gas volume as a function of increase in pressure.
The unit of gas compressibility is psia-1. Gas
compressibility can be measured in the lab using
the following equation:

cg = −

1 dVg
Vg dP

where Vg is gas volume [ft3], dVg is the difference is
gas volume [ft3], and dP is difference in pressure
[psia].
or using the z-factor concept to result in:

The constant value in the equation (0.0282) is
representative of atmospheric conditions. Below
is a diagram showing Bg as a function of reservoir
pressure. The diagram shows increasing trend and
that because as pressure decreases the volume
of gas increases. At higher reservoir pressures,
the volume of gas in the reservoir is the smallest
giving the lowest Bg value.

where Ppc is the pseudocritical pressure [psia],
Ppr is the reduced pressure [-], ∂z is the change
in z-factor [-], ∂Ppr is the change in reduced
pressure [-], and Tpr is the reduced temperature [-].

Gas Formation Volume
Factor [ft 3/scf]

where:
Bg = gas formation volume factor [ft3/SCF]
z = gas compressibility factor [-]
Pres = reservoir pressure [psia]
Tres = reservoir temperature [R]

0

Reservoir Pressure [Psig]

1
1
cg =
−
Ppc Ppr
Ppc z



∂z
∂Ppr



Tpr

Gas Viscosity (µg)
Gas viscosity is an important parameter when
characterizing the gas flow rate. The gas viscosity
can either be measured in the lab or using
correlation charts including gas composition,
pressure and temperature conditions. The unit of
gas viscosity is cP.

PROPERTIES OF WET GASES
Overview of Wet Gases
Wet gases are different than dry gases since in
the surface, gas, and slight liquid production are
expected which is contrary to dry gases where
only gas is produced as shown in the phase
diagram below. This means that the composition
on the surface does not equal the composition in
the reservoir. Moreover, knowing the composition
of the gas in the reservoir can help us estimate the
gas flow rate as only gas is flowing in the reservoir.
Luckily, there are two calculation methods to find
the reservoir’s gas properties: (1) if the surface
composition is known and (2) if the surface
composition is unknown.
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For three stages of separation, we know that X
splits into A and B and then B splits into C and D
and then D splits into E and F, and thus:
X=A+B
B=C+D
D=E+F
X=A+C+E+F
Then a weighted average using molar gas-oil
ratio is used to find the composition of gas in the
reservoir:
X=

A+C +E+F
MGOR,SP 1 + MGOR,SP 2 + MGOR,ST + 1

=

Pressure

Pressure path
in the reservoir

% Liquid

Separator condition

Temperature

Surface Composition is Known
The included schematics show two and three
stages of separation, and we are interested in
finding the reservoir gas composition (X). We
know for two stages of separation that X splits into
A and B and then B split into C and D, and thus we
can say:
X=A+B
B=C+D
X=A+C+D
Then a weighted average using molar gas-oil ratio
(MGOR) is used to find the composition of gas in the
reservoir:

yi,sp1 MGOR,SP 1 + yi,sp2 MGOR,SP 2 + yi,st MGOR,ST + xi,st ∗ 1
MGOR,SP 1 + MGOR,SP 2 + MGOR,ST + 1

where
A = yi,sp1MGOR,SP1 = the gas composition of component
i in separator 1 multiplied by the molar GOR of
separator 1 [lb mol gas/lb mol liquid]
C = yi,sp2MGOR,SP2 = the gas composition of component
i in separator 2 multiplied by the molar GOR of
separator 2 [lb mol gas/lb mol liquid]
E = yi,stMGOR,ST = the gas composition of component
i in the stock tank multiplied by the molar GOR of
the stock tank [lb mol gas/lb mol liquid]
C = xi,st*1 = the liquid composition of component
i in the separator multiplied by 1 which the liquid
ratio [lb mol gas/lb mol liquid]
(Two-Stage Separation)

X

where
A = yi,spMGOR,SP = the gas composition of component
i in the separator multiplied by the molar GOR of
the separator [lb mol gas/lb mol liquid]
B = yi,stMGOR,ST = the gas composition of component
i in the stock tank multiplied by the molar GOR of
the stock tank [lb mol gas/lb mol liquid]
C = xi,st*1 = the liquid composition of component
i in the separator multiplied by 1 which the liquid
ratio [lb mol gas/lb mol liquid]

C

A

Well Stream

To pipeline/tanker

D
B

Stocktank (Pst, Tst)

Separator (Psp, Tsp)
(Three-Stage Separation)
1st stage gas

A

yi,sp MGOR,SP + yi,st MGOR,ST + xi,st ∗ 1
A+B+C
=
X=
MGOR,SP + MGOR,ST + 1
MGOR,SP + MGOR,ST + 1

Vent

gas (processing)

X

2nd stage gas

Vent

C

E

D

F

Well Stream

To pipeline/tanker

B

1st stage Separator (Psp1, Tsp1)
Gas

2nd stage Separator (Psp2, Tsp2)

Stocktank (Pst, Tst)

Oil

Surface Composition is Unknown
When the surface composition is unknown data
from the separator is used to find the reservoir’s
specific gravity. Then, a correlation is used to relate
the gas specific gravity and reduced pressure and
temperature. Finally, the z-factor is obtained and
the desired properties can be calculated.

PROPERTIES OF BLACK OILS: PART 1
Overview of Black Oils
Black oil starts initially as a single phase oil;
however, as the pressure drops below the bubble
point pressure, two phases appear in the reservoir
(oil and gas). There are several fluid properties
that should be studied when covering black oils
including oil formation volume factor, solution
gas-oil ratio, total formation volume factor,
isothermal compressibility for oil, viscosity of oil,
and interfacial tension.
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Soultion Gas Oil Ratio (Rs)
Solution gas oil ratio is the amount of gas
dissolved in oil. The unit of solution gas oil ratio
is SCF/STB. The diagram below shows Rs as a
function of reservoir pressure where two trends
are observed. Above the bubble point pressure,
a constant Rs is observed and that is because the
amount of gas dissolved in oil is constant (it can
expand but it is still the same amount). Below the
bubble point pressure, the gas now leaves the oil
which makes Rs decrease.

% Liquid

Solution Gas-Oil
Ratio [scf/STB]

Pressure

Pressure path
in the reservoir

Separator condition

0

Temperature

Oil Formation Volume
Factor [bbl/STB]

1.8

1.0
0

Pb
Reservoir Pressure [Psig]

Pb
Reservoir Pressure [Psig]

Total Formation Volume Factor (Bt)
Total formation volume factor accounts for the
changes of volume for both oil and gas as displayed
in the following equation:

Bt = Bo + Bg (Rsb − Rs )
where Rsb is the solution gas oil ratio at the bubble
point pressure. The unit of total formation volume
factor is bbl/STB. The diagram below shows Bt as
a function of reservoir pressure where two trends
are observed. Above the bubble point pressure,
a slight increase of Bt (does not show because
of the scale) is observed and that because the
gas dissolved in oil is expanding. Note that Bt =
Bo above the bubble point pressure as no gas is
present in the reservoir. Below the bubble point
pressure, the gas now evolves which now includes
Bg in the equation. The changes of gas volumes are
more significant than oil which explains the sharp
increase of Bt below the bubble point pressure.

Total Formation Volume
Factor [bbl/STB]

Oil Formation Volume Factor (Bo)
Oil formation volume factor is the volume of oil in
the reservoir divided by the volume of oil in the
surface. The unit of oil formation volume factor is
bbl/STB. The diagram below shows Bo as a function
of reservoir pressure. There are two distinctive
trends. Above the bubble point pressure, Bo is
increasing as the dissolved gas in the oil expands
giving the oil its maximum volume at the bubble
point pressure. Below the bubble point pressure,
Bo is decreasing and that is because gas is now
leaving the oil which makes the oil shrink. Oil
formation volume factor is always equal or greater
than 1 since the oil volume at the surface is the
smallest oil volume.
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0

Pb
Reservoir Pressure [Psig]

Oil Viscosity [cP]

Oil Viscosity (µo)
Oil viscosity is the oil resistance to flow. The unit of
viscosity is cP. Below is a diagram of µo as a function
of reservoir pressure. The behavior above the
bubble point pressure shows a decrease in µo as
reservoir pressure decreases towards the bubble
point pressure. This is because gas is expanding
making the oil at its lightest state at the bubble
point pressure. As the reservoir pressure drops
below the bubble point pressure, gas starts to
leave the oil leaving the heavy part of oil behind
which explains the increase in oil viscosity.

0

The Five Main Black Oil Tests
• Composition Measurement
The composition of oil samples is usually
measured using a gas chromatography where an
oil sample is passed through a tube that separates
the components. Each peak will be compared to a
library of existing reference components to detect
the fraction of each composition.
• Flash Vaporization
Flash vaporization is mainly used to identify the
bubble point pressure. The black oil in placed in
chamber and pressurized to a very high pressure.
The pressure is gradually reduced in the cell and the
volume of fluids is monitored. Once the trendline
deviates, it indicates the bubble point pressure (Pb)
as shown in the diagram at the bottom.
•

Differential
Vaporization
(Differential
Liberation)
Differential vaporization is conducted from the
bubble point and below and is used to find many
black oil properties displayed in the following
page.
• Separator Test
The separator test is mainly used to find the
optimum separation conditions for the studied
oil before the implementation of the actual
separation unit.
• Oil Viscosity Measurement
Oil viscosity can be measured using rheometers at
different experimental conditions. Oil viscosity is
used to study the flow of oil from the reservoir to
the surface.

Pb
Reservoir Pressure [Psig]

Interfacial Tension (σ)
Interfacial tension is the imbalance of molecular
forces across the interface between two fluids.
The unit of interfacial tension is N/m or dynes/cm.
Interfacial tension is an important property when
studying wettability and multi-phase flow.
Gas

Imbalanced
attractive
forces

Pressure [psig]

Coefficient of Isothermal
Compressibility [psi-1]

Oil Compressibility (co)
Oil compressibility is the fractional change in oil
volume as a function of increase in pressure. The
unit of oil compressibility is psia-1. The diagram
below shows co as a function of reservoir pressure.
Above the bubble point pressure, a very slight
increase in co is observed because oil is slightly
compressible. Below the bubble point pressure,
the gas leaves the oil, making the oil shrink which
cases a rapid change in the oil volume and thus oil
compressibility.
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SURFACE SEPARATION
Phase Separation
Once crude oil or natural gas reaches the surface,
it commonly passes through a phase separation
step. The purpose of the separation is to separate
the phases into streams (the main product stream
and utilizable side streams) that are treated and
processed differently. Phase separators also
protect downstream equipment designed to
process a single phase.
Separator Conditions
The two parameters that control the separation
process are temperature and pressure. The
temperature of the separator can be controlled
by heating or refrigerating. Normally, separator
temperature is decided based on the feed
and ambient temperatures. The pressure of a
separator is regulated by a pressure regulating
device.
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Two-stage separation
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Gas

Gas

Oil

Oil

Gas

Oil

Oil

Oil

Water
First stage separator

Second stage separator

Third stage
(Stock tank conditions)

Three-stage separation
What is the Optimum Operating Pressure?
In order to determine the optimum operating
pressure to process a particular hydrocarbon
mixture, the following are needed
• Composition of produced gases
• Gravity of the stock-tank oil
• Producing gas-oil ratio
• Formation volume factor of oil
These parameters are used in a series of
calculations to determine the pressure that
produces the largest amount of stock-tank liquid.

A
B
D
Vortex breaker

Liquid

Multi-stage Separation
Sometimes several separators are operated
in series at successively lower pressures. This
ensures the separation of maximum amount of
liquid. When the pressure of the last separator, in
a multi-stage separation scheme, has a pressure
greater than atmospheric pressure, the stock
tank acts as a stage separation. Flash separators
in series (where the gas is removed at each stage)
simulate a differential vaporization process.

Effect of Separator Pressure on Gas-oil Ratio
When the operating pressure of a separator is
increased, the separator gas-oil ratio decreases.
Higher pressures in the separators force light
molecules into the liquid before the stock tank.
When the liquid, eventually, reaches the socktank and the pressure is reduced to atmospheric,
molecules leave the liquid; Thus resulting in a high
stock-tank gas-oil ratio.
850
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400

40
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GAS HYDRATES AND OILFIELD WATER
What are Gas Hydrates?
They are crystal frameworks resulting from the
combination of liquid water and hydrocarbon
gas to form snow-like solids. The formation
temperatures of hydrates are above the freezing
point of water. Flow assurance is a field of
technology that ensures unimpeded hydrocarbons
flow that can otherwise cause pipeline blockage.
Gas Hydrates Frameworks
Water molecules form the main crystal
framework of the hydrate. Void spaces within
the water molecules framework are occupied by
hydrocarbon molecules. The nature of a hydrate
formation is physical rather than chemical.

Oilfield Water
Oilfield water, or brine, is the type of water that
is associated with the produced hydrocarbons.
Oilfield water is usually measured in parts per
million (ppm), milligram per liter, weight percent
solids, or milliequivalents per liter. Total solid
concentration in formation water ranges from
200 - 300,000 ppm (sea water usually has around
35,000 ppm). Oilfield water comes from the
rock pores and migrates due to the hydrostatic
pressure.
Added chemicals to the produced fluids alter
the water properties and makes them difficult to
predict. It is important to study oilfield water to be
able to predict how much water will be produced,
which must be treated before injecting it back to
the reservoir. It is also important to understand
the oilfield water properties because it makes the
driving force that pushes oil to the surface.
Several dissolved cations and anions are found in
oilfield water.
Commonly dissolved cations:
Na+, Ca2+, Mg2+, k+, Li+, Ba2+

Gas molecules

Commonly dissolved anions:
Cl-, SO42-, HCO3-, CO32-, NO3-, Br-

Water molecules

Hydrates Inhibitors
Usually inhibitors are introduced to the flow
to minimize hydrate formation temperature.
They are typically added at the wellhead and at
booster stations. These inhibitors are mainly
liquid hydrocarbons and their presence along with
the hydrocarbon gas lowers hydrate formation
temperatures. Ethylene Glycol and Methanol are
the most used thermodynamic inhibitors. These
inhibitors remain with the water phase due to
their hydrophilicity.
Hydrocarbon liquid
+
Water
Hydrate
+
Ice

Hydrate
+
Water

Pressure

Q2

Water
+
Hydrocarbon gas
Q1
Ice
+
Hydrocarbon gas

Temperature

C

Nomenclature and units for concentration of
dissolved solids in formation water are provided
in the table below.
Term
Symbol
Definition
Molality
Cm
(g mole solid/1000 g pure water)
Molarity
CM
(g mole solid/1000 ml brine)
Normality
CN
(eq wt solid/1000 ml brine)
Millequivalents per liter
Cmeq/l
(meq solid/1000 ml brine)
Weight percent solids
CW
(g solid/100 g brine)
Parts per million
Cppm
(g solid/106 ml brine)
Milligrams per liter
Cmg/l
(g solid/106 ml brine)
(grains solid/gal brine)
Grains per gallon
Cgr/gal

Oilfield Water Resistivity
Unlike freshwater, oilfield water conducts
electricity as it has dissolved salts. The resistivity
of oilfield waters is typically measured by the
inverse of conductivity. Estimating the oilfield
water resistivity is important in reservoir analysis
as it helps analyzing well logs and detecting water
productions zones.

17

This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

