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Petroleum Fluids
Phase Behavior and Basic Properties.

= |ntroduction.

= Petroleum reservoir fluids.

» Fluid phase behavior.

» Classification of reservoir fluids.
= Basic reservoir gas properties

= Basic reservoir oil properties.

Petroleum Geomechanics
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Approximate boiling range
Petroleum fraction Approximate hydrocarbon range “C

Light gases C3-Ca —90to1
Gasoline (light and heavy) Cs-Cyo -1-200
Naphthas (light and heavy) C4-Cyy -1-205
Jet fuel Co-Ciq 150-255
Kerosene Cn-Cia 205-255
Diesel fuel C-Cie 205-290
Light gas oil C1a=Cig 255-315
Heavy gas oil Ci3-Czs 315-425
Wax Cig-Cis 315-500
Lubricating oil >Cas >400
Vacuum gas oil Ca-Css 425-600
Residuum >Css >600
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Petroleum Fluids

= Reservoir fluids typically contains
hundreds or thousands of
hydrocarbon compounds and a
few non-organic compounds.

= The physical properties of a
reservoir fluid depends on
composition, temperature and
pressure.

= Natural gas is composed of mainly
low-molecular weight alkanes
(paraffins), CO,, H,S and N,.

= Most crude oils are composed of
higher-molecular weight hydro-
carbon compounds (Aromatic and
Naphthenes).

Example Compositions

Hydrocarbons

CnH2n+h

Hydrocarbons

I

Non-aromatic Aromatic
[
[ 1 \ |
Alkanes Alkenes Alkynes || Cyclo-Alkanes
(Paraffins (Naphthenes)

Petroleum Geomechanics
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Petroleum Fluids — Example Compositions
Gas Near-Critical
Component Dry Gas Wet Gas  Condensate Qil Volatile Oil Black Oil
CO, 0.10 1.41 2.37 1.30 0.93 0.02
N, 2.07 0.25 0.31 0.56 0.21 0.34
Cq 86.12 92.46 73.19 69.44 58.77 34.62
Cy 5.91 3.18 7.80 7.88 7.57 4.11
Cy 3.58 1.01 3.55 4.26 4.09 1.01
-Cq 1.72 0.28 0.71 0.89 0.91 0.76
n-Cy 0.24 1.45 2.14 2.09 0.49
i-Cs 0.50 0.13 0.64 0.90 0.77 0.43
n-Cs 0.08 0.68 1.13 1.15 0.21
Cé(s) 0.14 1.09 1.46 1.75 1.61
Crs+ 0.82 8.21 10.04 21.76 56.40
Properties
MC7 . 130 184 219 228 274
e, 0.763 0.816 0.839 0.858 0.920
ch7 12.00 11.95 11.98 11.83 11.47
GOR, scf/STB oo 105,000 5,450 3,650 1,490 300
OGR, STB/MMscf 0 10 180 275
7aPI 57 49 45 38 24
Vg 0.61 0.70 0.71 0.70 0.63
Psat, Psia 3,430 6.560 7,015 5,420 2,810
Bgat, ft3/scf or bbl/STB 0.0051 0.0039 2.78 1.73 1.16
P Iom/it® 9.61 26.7 307 38.2 51.4
Petroleum Geomechanics
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Alkanes (Paraffins)

Structure Formula

CnH2n+2
nen
n H=G—G—C—H
H—C—C—C—C—H
T T H H
H HHH H*(.‘T*H
H

n-C,H,, : normal-butane i-C4H,, : iso-butane

Petroleum Geomechanics

Alkenes (Olefins)

Structure Formula

CnH2n
H
H H H

C;Hg : propene

Alkenes are seldom found in reservoir fluids due to their unstable nature

Petroleum Geomechanics
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Alkynes

Structure Formula

CnHZn-Z

CH,
HC=c—c —CH,

CH,

CgH4o : Heksyne

Alkynes are seldom found in reservoir fluids due to their unstable nature

Petroleum Geomechanics

Cyclo-alkanes (Naphthenes)

Structure Formula

CnHZn

CH,

/N

C;Hg : cyclo-butane

Petroleum Geomechanics
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Aromatics
C‘H3
CH C
7\ 77\
CH CH CH CH
CH CH CH CH
\CH / \CH 4
Benzene Tuolene
Petroleum Geomechanics

Fluid Phase Behavior

All substances can occur in three
states (phases):

1.Vapor
2. Liquid
3.Solid

“Thermodynamic Equilibrium’:

= No net mass transfer between the
phases.

= Temperature and pressure of the
co-existing phases are the same.

= The chemical potential of each
component in each phase are
equal.

* The system attains it minimum
energy level.

Gibbs Phase Rule

F=n-P+2

Single-Component Systems.

Two-Component Systems.

Multi-Component Systems.

Retrograde Condensation.

Petroleum Geomechanics
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Gibbs Phase Rule

F=n—P+2

= F =Degrees of freedom (number of independent variables).

= n = Number of components.

= P = Number of phases.

extent of the system.

= [ntensive thermodynamic variables such as temperature,
pressure, composition, and density, do not depend upon the

= Extensive variables such as flow rate, total mass, or liquid volume
depends upon the extent of the system.

Petroleum Geomechanics

Single-Component Phase Behavior

F=1-P+2

PRESSURE 1 anmmlp>-

= Vapor curve (p-T diagram).

= Phase transition (p-V diagram).

= For a single-phase, single-component
system F = 2, and the phase behavior
is completely determined by pressure
and temperature (or pressure and
volume, at a given temperature).

= For a two-phase, single-component
system F =1, and pressure or
temperature needs to be specified to
determine the system.

= Vapor-Liquid Equilibrium (VLE) occurs
only at the Vapor Pressure, which is a
unique function of temperature that
culminates at the Critical Point.

Petroleum Geomechanics
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Single-Component Vapor-Pressure Curve

= Along the vapor-pressure curve, the
two-phases are in thermodynamic

E F equilibrium.
:_ ______ = = The vapor-pressure curve ends at the
A Critical | critical point.
" : c Y = At the critical point the two phases are
' ] i indistinguishable.
% -+ o .
! G = Liquid and vapor cannot coexist at
i temperatures above the critical
A p
o H temperature, or for pressures above
a ! the critical pressure.
0 1
£ ‘.
o M )
! Quiz:
Temperature —* Te How to go from a liquid to a vapor

at nearly the same conditions,
without any abrupt phase change?

Petroleum Geomechanics

Single-Component Phase Transfer
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| Single-Component Pressure-Volume Curve

= In a single-component system, the
transition from vapor to liquid takes
place at a constant pressure.

Vapor Vapor
Liquid Liquid
v=Vv1 V< V1
T=T1 T=T1
P=P1 TPET
Po = p1  Po=?

Petroleum Geomechanics

" p-Tdiagram  gquilibrium K-Values
= p-V diagram
= p-x diagram

Two-Component Phase Behavior

F=2-P+2

Pressure, psia
IS @
S 3
8 3
b, ‘ 3
g
i
3

Two—phase
region

3
$
§
200 f

| |
100 200 300
Temperature, °F

= For a single-phase, two-component
system, F = 3, and the phase behavior is
completely determined by pressure,
temperature and composition.

= For a two-phase, two-component system,
F =2 and in addition to composition,
either pressure or temperature must to be
specified to determine the system.

= In going from a single- to a two-
component system, the saturated p-T
projection is now represented by a phase
envelope, rather than a single vapor-
pressure curve.

KiEyi/xi

Petroleum Geomechanics
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Two-Component Phase Envelope
1000 i -
gmdmmmn ‘_’:.S’f‘i"?}‘;"' 5, sl | * In'going from one to two (or more)
b b G jot 6 components, the P-T Diagram (at
800 fe i constant composition) goes from a
Vapor Pressure Curve to a Two-
Singie-phase T, Phase Envelope.
o so0 F rcendertherm) 4> e f{ > |« Two-phase envelopes always consist
7 $ e 6 of Bubble Point and Dew Point
g ; i Single_phase surfaces, which meet at Critical
a g i Points. At the critical point, the
o 400 2 o
& phases are indistinguishable.
Two—phase = Cricondentherm = The highest
A region g? .
& temerature at which two phases can
200 Q§ co-exist
. = Cricondenbar = The highest pressure
B 4 e Ghsy at which two phases can co-exist
0
100 200 300
Temperature, °F
Petroleum Geomechanics
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Phase Diagram for Various C;-C; Mixtures

Pressure

100% C1

= The shape of the phase
diagram is dependent on the
fluid composition.

= The critical temperature of the
mixture is always between the
critical temperatures of the
pure components

Locus of
critical points

30% C1 = The critical pressure of the
mixture is usually higher than
the critical pressure of the
pure components.

0,
0% C1 = In general, the bigger

(Pure C5)

>
.

Temperature

difference between the pure
components, the higher the
critical pressure will be.

Petroleum Geomechanics
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Phase Diagram of mixtures of methane and ethane

A IGT data ,/[?IFS L ;‘5; ‘:E\
633 | O IGT data 4 // a
06CH, %C:H, . i E\m’i
[ 1A 1000 i b ;’\ °
£ 492 } zg 97.20 2.50 : jg // - y{ a%o
= 30 9250 7.50 / /J ﬂ'
-~ | 40 85.16 1484 )1 / f ..
3 F 7
= 50 7000 30.00 /i ﬂ /y /
S 352 | 60 s0.02 4998 3 / pd 4 /
S B 7Y
= - L0 1
i [loncen I AN | A | A X
o . ! / / / / 7 Yy
= 90 500 95.00 / A 7%
5 211 T10a 100.0 // f// / yﬂ
5‘: === Locus of eritical point 1%’A ; /// :é
1% | efe T ob—<laa
-162.2 -140.0 -117.8 956 =733 -51.1 -289 6.6 15.6 378
Temperature,”C
Petroleum Geomechanics
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Two-Component p-V Diagram
50/50 Methane/Butane P-V Diagram at 50°C
1000 -
—Liquid
— Liquid+Vapor
E 100 4 — Vapor
2
e
H
]
& 104
1 T T T 1
10 100 1000 10000 100000
Molar Volume (cc/mol)
= At constant temperature and composition, the pressure of a two-phase, multi-component
system decreases as the volume increases (whereas, for a 1-component system, it stays
constant)
Petroleum Geomechanics
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Two-component p-x diagram

Methane/Butane P-X Diagram at 50°C

Pressure (bar)

0 01 02 03 04 05 06 o7 08 09
Mole Fraction Methane

Quiz:

- What is the equilibrium gas and
liquid composition for a 50-50
mixture of C1-C4 mixture at 50 C
and 60 bar?

= For a 2-component system at
constant temperature, the P-x
Diagram uniquely defines the two-
phase envelope of pressures and
compositions.

= Equilibrium Compositions are given
by the Tie Lines that connect bubble
points to dew points at constant
pressure.

Petroleum Geomechanics
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Equilibrium K-Values

K. =y /x

= y, = mole fraction of component i in the vapor phase
= x; = mole fraction of component i in the liquid phase

overall composition.

= Equilibrium K-values are a function of pressure, temperature and

= K-values can be estimated by correlations, or by satisfying the
equal-fugacity constraint with an Equation of State (EoS) model.

Binary Mixture Example

Figure

Petroleum Geomechanics
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Pressure, psia

Multi-Component Phase Behavior

F =n.-— P + 2 = Multi-component constant-
C composition P-T and P-V Diagrams
remain qualitatively similar to those
T T Criticai point = .
m~m{"[ ] ] 5o - of 2-component systems
00— 55 Gt /1IN
sl % / ] N . = Constant-temperature P-x Diagrams
=0 7 FT T also remain similar, but are no
2000 P / i longer unique and no longer define
1 AL LAY equilibrium tie lines. Also, the critical
T 7 113 point no-longer coincides with the
o JOL/ i BAmY cricondenbar.
1400 E P — A
€0 8¢ 100 120 140 160 180 200 220 240 260

Temperqture,‘F
PT-diagram for gas condensate fluid
(after Katz et. al) showing lines of
constant liquid percentage (quality lines).

’ Illustration: Pressure Depletion

Petroleum Geomechanics
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Multi-Component Phase Behavior
Illustration of Pressure Depletion (Ty, < T.)

Pressure

Tres = Constant For a given composition:

= The volume amount of each
phase inside the two-phase
region is given by the
pressure and temperature.

= Lines of constant liquid ratio
are called iso-volume or
quality lines.

= Liquid can be formed by an
isothermal decrease in
pressure — this is called
retrograde condensation.

Temperature

o bl

LS e q.p,:ﬁu;NL«;\,!,Q{LAW‘g,\,&)m,&m‘u;ﬂJ;,Jv'.J\.mu;@\sflfg;,nfffmja,u
.M,&rnq@lﬂbu;);q;b}u
26
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Multi-Component Phase Behavior

Retrograde Condensation

= Retrograde condensation:

Pressure

Tres = Constant

Formation of a liquid by
isothermal decrease in
pressure, (or alternatively by
an isobaric increase in
temperature).

For retrograde condensation to
occur the reservoir temperature
must lie between the critical
temperature and the
cricondentherm.

In reality the composition of the
overall reservoir fluid does not
remain constant. This result in
a shift in the phase envelope,
and leads to less

Temperature

revaporization at lower
pressures. (Example)

Petroleum Geomechanics
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Retrograde Condensation

“Constant Composition” Analysis

Pressure —

Cricondenbar

Cricondentherm

Temperature ———=
Reservoir

= Retrograde condensation: Formation
of a liquid by isothermal decrease in
pressure, (or alternatively by an
isobaric increase in temperature).

= For retrograde condensation to occur
the reservoir temperature must lie
between the critical temperature and
the cricondentherm.

= |In reality the composition of the
overall reservoir fluid does not
remain constant. This result in a shift
in the phase envelope, and leads to
less revaporization at lower

pressures. (Example)

Petroleum Geomechanics
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Retrograde Liquid Dropout

Constant Composition vs. Constant Volume

40 T T T T
— —— Constant Composition Expansion (CCE)

Constant Volume Depletion (CVD)

30 |- —-—— B
- ~
-7 S\
’
7’
/
/
2 |k ‘ CVD lower because of loss R
of C7 in early depletion stages

I
10 H \CCE has stronger revaporization at low
pressures because of greater (initial)
mass of gas remaining in cell

Qil Volume Relative to Dewpoint Volume, %

I L
0 1000 2000 3000 4000 5000

Pressure, psia

Petroleum Geomechanics
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Classification of Reservoir Fluid Systems

4000
Bubble point Dew point Single-phase
or dissolved gas or retrograde w gas reservoirs
reservoirs gas—condensate 8 . .
i reservoirs ~ ? ‘N
3500 " ) i ! &) JM 9#
% 1 5 5/"
- I 3 g
L Critical | = 51 o s et
3000 : E § ' : L Qb
B. e} il | . of . e =
= 3 : S 6k 3 g O35 Sbd 51
a2 o/ & 4 -
g 2500 LA ik Te O Jhw
F 2
§ 83 O3
o o
i S| . vl wd L e =
& £ Jlw Sl b 3l gl O P S 51
1500 ‘ b OB ; KWWY
| } O (5 93
|
|
1000 A
|
|
500 w |
0 50 100 150 200 250 300 350

Reservoir temperature, °F
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To the Gas Plant

Stock Tank

First Stage Second Stage Third Stage
Separation Separation Separation
Well Head Conditions:
P, and T
Produced Natural Gas, Crude Oil, and Water
Key
Reservoir Conditions: ju] oil
p.T, B Gas

W| s Ifddik uhh OVwdh AT dvR I6vhs dudvilr g #ud g

Wkh Ve fnfidgnisuhvuxih dgg Whp shudwih p dnhik s ##ihaghshgghgwivhwie i
fragMirqviz k k#thighuhup ghgik | #khisthvexihilgg#hp shudvcthificdwt
p d{p Lhvitkkh##rxp hir i#khisurgxthg# i
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x> Sbaslg
Volume Units:
4P P VWE @# 3331 VWEH# WhVWE @# 333 B33HWE
41 P eeo @# 3331 eeorutheeo @#t 833 333#%ke0
41 P VFI @# 3331 VFI#rufrunvFI @# 833 B33#FI
43p P #w @ 4334 #w Tt @ 433 4334w
41 P VWEd| |@# B33# VWE23d|#ﬁM?rL#1VWE23d|# @#l 333 A33HWE 4 |
4# P VFIgd| |@# B33+ VFIQAd|#uhVFIgd|# @# 333 B33HFInd|
bbl: Barrel 1 bbl = 42 gal (U.S.)= 159 litres

SCF: Standard Cubic Feet
STB: Stock Tank Barrel

Petroleum Geomechanics
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Classification of Reservoi

r Fluid Systems

Classifications:
1.Dry Gas.
2.Wet Gas.
3.Gas Condensate.
4.Volatile Oil.
5.Black Oil.

Example compositions

The classification of fluid reservoir
systems is determined by:

= The location of the reservoir
temperature with respect to the
critical temperature and
cricondentherm.

= Location of the first-stage
separator pressure and
temperature with respect to the
phase diagram of the reservoir
fluid.

Petroleum Geomechanics

33

Liquid

Pressure ———

.Separafor

Gas

- ~  Pressure Depletion at
/ \ Reservoir Temperature

Dry Gas

= Mainly composed of C; in
addition to non-HC components
such as N, , CO,and water

= The gas remains single-phase
from the reservoir to surface
conditions (no condensate drop-
out).

Temperature ——

Phase diagram for a dry gas.
(After Clark, N.J. Elements of Petroleum Reservoirs, SPE, 1969.)

= system having a gas-oil ratio
greater than 100,000 scf/STB is
considered to be a dry gas

Petroleum Geomechanics

scf/STB: standard cubic feet per Stock Tank Barrel
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Dry Gas

(A) Phase Diagram for a Dry Gas Reservoir

(T..P) (Te . Pe)
-
g
o
S
o ®
o (T.,P,)
o
2
3 5
“a £
4 7 single-Phase
E _.-" Gas
' ’ >
Ped S E em
Srlqwii, Ab ¢ ,hs dudwr uifr gg e g vidiwik h#zxuid fh
Temperature (°R or °K)
B 'mpermeable Rock
B Gas Bearing Rock
Gu| J dvi# B Oil Bearing Rock
Uhvhuyr v B water Bearing Rock

Under Burden

STIgqvli A SThvh

(B) Reservoir at Original Temperature, T,
and Original Pressure, P_

SrlgwiWg Ak, Aedagrgp h Ldr gy

(C) Reservoir at Original Temperature, T,
and Abandonment Pressure, P,

Petroleum Geomechanics

Vrxuth+4F thjru|#N L]
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Wet Gas

Pressure Depletion at
Reservoir Temperature

Liquid

Pressure ——»

Separator

Temperature —— B

Phase diagram for a wet gas.
(After Clark, N.J. Elements of Petroleum Reservoirs, SPE, 1969.)

Wet Gas

= Mainly composed of light HC
components (C,, C,, C; and C,).

= Wet gas will not drop out
condensate at reservoir
conditions, only at surface
conditions.

= Producing GOR typically higher
than 50,000 Scf/Stb and will
remain constant throughout
depletion.

Petroleum Geomechanics

GOR : Gas-Oil Ratio

36
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b 8

(A) Phase Diagram for a Wet Gas Reservoir

=
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Temperature (°R or °K)

[ ' mpermeable Rock
B Gas Bearing Rock
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Z hwiJ dv# B water Bearing Rock

8
Uhvhuyr luv e

Petroleum Geomechanics

(B) Reservoir at Original Temperature, T,
and Original Pressure, P_

(C) Reservoir at Original Temperature, T_,
and Abandonment Pressure, P.‘

Pressure ——»

| Gas Condensate

Upper Dew-point Curve
c1

Two-phase Region
P o | Lower Dew-point Curve

‘—,I/

14

|

|

1

|

|

| |
lTn le

A typical p-T diagram for gas condensate.

Temperature —»

Gas Condensate

= Presence of heavier components
(C4-C5,) expands the phase
envelope, so that the reservoir
temperature lies between the critical
point and cricondentherm.

= Liquid drops out during depletion due
to retrograde condensation, further
condensation also occurs at surface
conditions.

= Liquid drop out in the reservoir will
generally lead to lower condensate
recovery (immobile oil phase) and
may result in poor well
deliverabilities.

= Typical GOR range between 3000 to
150,000 Scf/Stb

Petroleum Geomechanics
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1 (A) Phase Diagram fora Gas Condensate Reservoir

(B) Reservoir at Original Temperature, T,
and Original Pressure, P_

Uhvhuyr v

=

o

E-

-

o

‘@

K-

g

3

b

“

o

2

a

Temperature (°R or °K)
[l 'mpermeable Rock
B Gas Bearing Rock
B Oil Bearing Rock
Jd rqghgvdvih# [ water Bearing Rock

Under Burden (C) Reservoir at Original Temperature, T,
and Abandonment Pressure, P,

Petroleum Geomechanics
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Volatile Oil

Liquid

Pressure———

100% /
Liquid /i T\A;'o-phase R
A / / / / /

/
50%
Separator
Condition > * &

70% goog

egion
/
!

F

L

"\

Critical Point

Temperature———»

p-T diagram for a volatile oil (High-shrinkage).

Volatile Oil

= Typically have more heavy
components than a gas condensate,
which makes the fluid more oil-like.

= Large shrinkage of oil volume with
pressure, due to gas vaporization as
the pressure drops below the bubble-
point.

= Typical GOR range between 1000 to
3000 Scf/Stb

= The equilibrium gas is relatively rich,
and the amount of liquid produced
from the reservoir gas is significant
(dry-gas BO models cannot be
used!).

Petroleum Geomechanics
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Volatile Oil

(A) Phase Diagram for an Undersaturated Volatile Oil Reservoir

Single-Phase
Liquid

Pressure (psi or bar)

Temperature (°R or °K)
thvhuyr bvie Wc#girulj idat g impermeable Rock

whp shudwethithalvlyhd # B Gas Bearing Rock
farvhir ik h#fulifdgs r gw B 0il Bearing Rock
Undersaturated Volatile Oil Bl Water Bearing Rock
Under Burden

(High Shrinkage Oil) Reservoirs

(B) Reservoir at Original Temperature, T,
and Original Pressure, P_

(C) Reservoir at Original Temperature, T_,
and Abandonment Pressure, P,

Petroleum Geomechanics

| Black Oil

Critical Point

Pressure —»

F 5% oo B
Temperature ———

A typical p-T diagram for an ordinary black oil.

Black Oil

= The oil is typically composed of more
than 25% C,.

= The oil has a relatively low shrinkage
when produced.

= Typical GOR less than 1000 Scf/Bbl.

= The equilibrium gas is relatively dry,
and the amount of liquid produced
from the reservoir gas is usually
negligible (a dry gas BO model is
reasonable).

Quiz:
Sketch K-values for light and heavy
component vs. upper saturation
pressure.

Petroleum Geomechanics
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Black Oil

(A) Phase Diagram for an Undersaturated Black Oil Reservoir

Single-Phase |
Liquid 7

Pressure (psi or bar)

Temperature (°R or °K)

Impermeable Rock
Gas Bearing Rock
B OilBearing Rock

vhs dudwruffr gg Wlr g vifiwidk h
vxuld fhi ST IgwhiNg Ab g,

@ water Bearing Rock
(p>py) .

Under Burden
X gghuwdwxudwhgtEafniR It
Orz Wkulgndjh Hhvhuyr v

‘ (B) Reservoir at Original Temperature, T,

and Original Pressure, P,

=

(C) Reservoir at Original Temperature, T
and Abandonment Pressure, P,

Petroleum Geomechanics
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‘ (B) Reservoir at Original Temperature, T,

and Original Pressure, P,

e

(C) Reservoir at Original Temperature, T
and Abandonment Pressure, P,

Black Oil

[A) Phase Diagram tor a Saturated Black Oil Reservoir

Uhvhuyr Idb r Igwitig #

wz rskdvh#hijlr
| single-Phase
g nfnquid
S
‘@
2
2
=
ﬂ
fd
a

Temperature (°R or °K)
[l 'mpermeable Rock
B Gas Bearing Rock
(P <Py B Oil Bearing Rock
Vd\nl}{;imhg#ﬁloﬂfn#? B water Bearing Rock
der Burd
Orz #kulgndih Mhvhuyrhy oo e
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Composition of Several Reservoir Fluids
Table 1. Composition (in mol %) of Several Reservoir Fluids
Component Gas )
or Property Dry Gas Wet Gas Condensate Volatile Qil Black Qil
co, 0.10 1.41 2.37 1.82 0.02
N, 2.07 0.25 0.31 024 0.34
C, 86.12 32.46 73.19 57.60 34.62
C, 5.91 3.18 7.80 7.35 4.11
Cq 3.58 1.01 355 4.21 1.01
iCy 1.72 0.28 0.71 0.74 0.76
nCy — 0.24 1.45 2.07 0.49
iCs 0.50 0.13 0.84 0.53 0.43
nCs - 0.08 0.68 0.95 0.21
Ces — 0.14 1.09 1.82 1.16
G — 0.82 8.21 22.57 56.40
GOR (SCF/STB) o 69,000 5965 1485 320
OGR (STB/MMSCF) 0 15 165 680 3125
Tapl o 5.0 48.5 36.7 236
My, — 132 184 240 274
T — 0.750 0816 0.864 0.920

Petroleum Geomechanics MMSCF: million standard cubic feet
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Gas PVT Properties The Ideal Gas Law

Gas Properties: p V=nRT

= Compressibility factor, Z.

Ideal gases:

i Y, O = No interacting forces between the
) Dens_lt_ 4 ) molecules. ’
= Specific gravity, Yq. = The volume of the molecules are
= Gas volume factor, Bg_ negligible compared to the total
: gas volume.

= Solution oil-gas ratio, r,,

The deviation from ideal behavior is

= Viscosity, p, expressed by the Z-factor.

The Real Gas Law
pV =2ZnRT

Petroleum Geomechanics
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The Ideal Gas Law
pV =nRT

p = Absolute Pressure

V =Total Fluid Volume

n = Number of Fluid Moles
T =Temperature

R = Universal Gas Constant

~8314.472 Pa-m’/kmol - K (1998 CODATA)
~0.08314472 bara - m*/kmol -K
~10.73159 psia - ft*/Ibmol - R

Most gases show ideal behavior at low pressure
and temperatures

Petroleum Geomechanics
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The “Real” Gas Law
pV =2ZnRT

p = Absolute Pressure

V' =Total Fluid Volume

n = Number of Fluid Moles

Z = Compressibility Factor or Z - Factor

T =Temperature

R = Universal Gas Constant
~8314.472 Pa -m’/kmol - K (1998 CODATA)
~0.08314472 bara - m*/kmol - K
~10.73159 psia - ft*/Ibmol - R

The Z-factor corrects for the deviation from ideal
behavior.

Petroleum Geomechanics
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Compressibility Factor (Z-Factor)

ACfZ/lCll Vg = The Z-factor gives accurate gas

volumetric properties (Bg, pg, Cq)

Ideal V = The Z-factor is particularly important for
g estimating initial gas in place (IGIP =
HCPV/B,) and gas depletion recovery

20 factors.

1.8 1 = Z-factor is a function of pressure p,

16 temperature T, and gas composition y.

= Accuracy of Z-factors from the Standing-

5§14 Katz chart (YH Correlation) should
£ usually be 1-3%.
N 1.2 4

1.0 4

0.8

0.6 : : :

0 200 400 600 800 1000
Pressure, bara

Petroleum Geomechanics bara (Absolute Pressure), barg (Gauge Pressure)
51

Z-factor Correlation
(Standing & Katz Z-factor Chart)

=Z-factor is usually expressed as function
of pseudo-reduced pressure and
temperature, Z(p,,,,T,,)

Py :L Ppe :Z_l',PU
Py i=1

pr e i
i=l

T.=i T,.=) vT,
T‘m.

= Pseudo-critical properties p,, and T,
are functions of gas composition y;. Molar
averages of the component critical
properties, p., and T, are normally used.

(Mixing Rules)

Psoudo reduced prossure

Petroleum Geomechanics
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Physical properties of gases

= Physical properties of hydrocarbon gases
Gases Molecular v\hvl\\ul--r Boiling ‘( nitical ‘l itical Acentric
formula weight point pressure, py temperature, factor
(0.1 MPa)y (MPa) T (K)
°C)
Methane CHy 16.043 161.50 46408 190.67 0.0115
7I thane .l He A‘vml‘n 1 88.61 ‘«Ihh“-‘ ‘:ui%n 0.098
Propane = [2a.097 42.06 4256 [37000 0.1454
.IwP-nI,m\‘ ..{ WHy 'is 124 11.72 | 3.6480 '.40.\ 1 0.1756
Normalbutane .n( aHy -ﬂ 124 0.50 | 3.7928 .45 30 0.1928
Isobutane -ni sH "1 151 27.83 | 36 .40!"\" 0.2273
Normalpentane i"( sH a2 1 151 36.06 770 [ 470.11 0.2510

=  Physical properties of nonhydrocarbon gases

Gases Molecular \ Molecular | Boiling point Critical Critical Acentric
formula | weight (0.1 MPa) pressure, temperature. factor, o
°C) P (MPa) | T, (K)
Carbon dioxide CO, | 44.010 78.51 73787 04,17 0.2250
Helium He [ 4.003 26893 02289 | 5278
Hydrogen H, 2016 25287 13031 | 0.2234
! H.S 34.076 60.31 9.0080 | 0.0949
Na | 28.013 195.80 3.3936 126.11 00355
Oxygen 0, | 31.999 182.96 5.0807 154.78 0.0196
Agueous vapor HO | 18.015 100 22.1286 _M‘ 33 0.3210
Petroleum Geomechanics
53
.
Z-factor Correlation
- — Pseudo-Critical Properties of Natural Gases
a
g Miscellaneous gases
. foao| | oo
In cases where the composition of a 8 s
. . -8 S
natural gas is not available, the 3 Limitations:
s . K g 60 Max. 5% N; |
pseudocritical properties, i.e., p.cand Ty, S 2% COs |
. -] 14
can be estimated from the 3 =0 2% HsS
specific gravity of the gas. &
500
[ 4
g
£
B 450
g
According to van der Waals, § 400
(theorem of corresponding states) £
: Q
all fluids, when compared at the same reduced g .
3
temperature and reduced pressure, have & -
approximately the same compressibility factor. 05 08 07 08 09 10 11 12
Specific Gravity of the Gas
°R = °F + 459.67
R . 0 K (-273.15 °C; -459.67 °F)
(°F) Fahrenheit scale
(°R) Rankine scale 1K=9/5°R
Petroleum Geomechanics
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Calculation of Average Mixture Properties

Having defined amounts and
properties for each individual
component, we can calculate average
mixture properties by a simple mixing
rule:

Where the weight factors ¢, may be a
combination of mole fraction (z)),
mass fraction (m;) or volume fraction

(v))

N,
(1) pc :Zzipci
i=l

Same mixing rule also applies
to T,and M,

NC NC
Zmi m,

_ =l _ =l

(2) P= N, N,
Sos
V. —

1

i=1 i=1 P

Same mixing rule applies to y

| Example: p, T, |

Petroleum Geomechanics
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| Relative Gas Density

(P, )se

(pair )SC

g

M M
i —
M. 2897

air

= Specific gravity is the ratio of
the gas density to the density
of air, both at standard
conditions.

= Specific gravity is
dimensionless number that
reflects the molecular weight
of the gas.

= The specific gravity of a gas
is a function of the molar
composition, and is normally
calculated by a linear mixing
(averaging) of the individual
component molecular
weights.

= The specific gravity can be
used in Z-factor correlations.

Petroleum Geomechanics
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Density, Ibm/ft3

| Gas Density

70 T T T T

60 -

Brine m

50

0 _\,/_‘_ Volatile Oil

Black Oil

Real Gas Law:

Near-Critical Oil

Gas Condensate P V M
Wet Gas

Dry Gas ZR T

L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Pressure, psia

Typical units:
lbm/ft3, kg/m3, g/cc

Petroleum Geomechanics
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| Gas (Formation) Volume Factor

Vgg’ ngg

Process

Res gas

V., n

og’ og

V,, n

g’ g

(W3 )3 o 252

B — (Vg,re‘s)
¢ V sC

g?

Dry gases:

p. ZT Z(273+1)
B, = (T )| " B =030,
SC p
p: MPa

Wet gases & Gas condensates:

ZT n
(’;ﬂf) (—%)
p ngg

sc

B, =

= Gas volume factor is defined as the ratio
between gas volume at p and T to the
ideal gas volume at standard conditions.

* The classical definition of B, assumes that
all the reservoir gas is produced as gas at
the surface. However, for wet gases and
gas condensates this is not the case,
since liquid will be produced after
separation.

= If the reservoir gas yields condensate, the

“dry gas volume factor” B, is often used.

Petroleum Geomechanics
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VQQ’ nQQ
Process
Vog! nog
Res gas
Vg, Ng
Inverse OGR N

106 : - - T r - ry Gas
7>\ Wet Gas

3 gas Condensate
Near-Critical Qil

Volatile il

Black Ol

Solution GOR, scf/STB
3

102 _/

100 | | srine

L L L ! L L L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

A

Pressure, psia

| Solution Oil Gas Ratio (OGR)

Solution oil-gas ratio:

”
r,=(==
=60

4

= The solution oil gas ratio is
defined as the volume of gas at
standard conditions to the stock
tank oil volume. Common units
are Stb/Mscf, or Sm3/Sm3.

= For a wet gas reservaoir, the
solution OGR is more or less
constant (well stream composition
does not change).

= For gas condensates the solution
OGR changes, due to liquid drop-

out in the reservoir.

59

Gas Viscosity

Lee-Gonzalez gas viscosity correlation

Uy = A X 10‘4exp(A2p‘;3)

(9.379 + 0.01607M,)T"5
209.2 + 1926M, + T °

where A =

A, = 3.448 + (986.4/T) + 0.01009M,,
and Ay = 2447 — 022244, .........

U, in cP, p,ing/em?, and Tin °R

= Dynamic viscosity is a measure
for the fluids “internal resistance
to flow”.

= Dynamic viscosity is measured in
centipoise (cP) or pascal-seconds
(Pa-s)

= Gas viscosities are a function of
composition, pressure and
temperature.

= Gas viscosity increase with
pressure. At high pressure, the
gas viscosity approaches that of
an liquid.

= Gas viscosities typically range
between 0.01 cP for dry gases up
to 0.1 cP for near critical gas
condensates.

= Gas viscosities are seldom
measured, but usually estimated
based on correlations.

Petroleum Geomechanics
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Oil PVT Properties

Oil Properties:

= \/olume factor, B2

= Solution gas-oil ratio, R§

= Density, p,

= Viscosity, Lo

= The description of volumetric
properties oil properties are
divided into two categories:

1
H

= Saturated oil. )

L
~

o |2

= Under-saturated oil.

= The volumetric behavior at
the bubble-point is highly
dependent upon the amount
of solution gas.

Petroleum Geomechanics

Inverse Dry Gas FVF, bg, scf/ft3

Oil Volume Factor

400 T T T T T T 30

@
8
S

425

™
3
S

q20

Volatile il
100 - 115

Black Oil

o - Brine

" " n n n n n 10
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Pressure, psia

Oil Volume Factor

B, =<VVO)

00

il FVF, Bo, RB/STB

= For an under-saturated oil (p > py),
B, decreases with pressure due to
expansion of the oil. The oil
expansion is given by the
compressibility factor, C,:

B,=8,(1-C,(p-p,)

= For a saturated oil (p=p,), Bo
increases with pressure due to oil
shrinkage as gas comes out of
solution.

Petroleum Geomechanics
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Solution GOR, scf/STB

Solution Gas-0Oil Ratio

%
R, = (=%
=0

00

)

Dry Gas

Wet Gas

105 |

104 £

Mol &l

Gas
Near-Critical Oil

3 Volatile Oil

Black Ol

102 |

100 ! ! L L

Brine

L L
0 1000 2000 3000 4000 5000 6000 7000 8000 8000 10000

Pressute, psia

= R, is constant for under-saturated
oil (p > py)-

= For a saturated oil (p=py), Rs
decreases with pressure as gas
comes out of solution.

Petroleum Geomechanics

Oil Density

go, Yg

00, Yo

Density, lbm/ft3

70

60 -

50 |

40

Black Oif

Volatile Oil

MNear-Critical Oil
Gas Condensate

| wet Gas
Dry Gas

0 . s s . L " . L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Pressure, psia

1000 +Rspgo
B

o

= ( )

In common field units:

0.074

1
— L 624y + 29
P =, O29, 45 R

(A
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Oil Density in stock tank

The density of oil at standard condition (stock
tank oil) is evaluated by API gravity.

apr=212_1315

Yo

by American Petroleum Institute

141.5
API = I - 131.5 =10 For water v =1

141.5
API = W— 131.5 = 25 For heavy oily =09

141.5 . .
AP] = 5 131.5 = 45 Forlightoil vy =08

Because of gas content, density of oil is
pressure dependent.

Post
Py

Vo=

p,.. = density of stock tank oil
p,, = density of freshwater

Petroleum Geomechanics

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 amount
are they key parameters
determining the oil viscosity.

Viscosity of gas-free crude oil, cp

L
0 2 % 0 0
ol gravty,
°API 2t 60°F and atmospheric pressure

Dead oil viscosity chart
The viscosity of crude oil at atmospheric pressure
(no gas in solution) and system temperature

= Live oil viscosities are often

estimated from correlations which
account for the effect of dissolved
gas and pressure on viscosity.

= QOil viscosity increase with
increasing STO density,
decreasing temperature, and
decreasing solution gas amount.

= Qil viscosities are difficult to
estimate — typical accuracy only
about 10-20%

Live oil viscosity chart

the viscosity of the oil before removal of solution gas

Petroleum Geomechanics
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Oil Viscosity

Viscosity of gas-free crude oil, cP

F\ 3
F\ ]
[\ . i
A Reservoir

109 e\ Y temperature E
L\ 100° F ]
AW 130° F 1

102 EXN

P
-

160° F

-

LY o
A\ 190° F
10 -
1 3
0.1 S N NN (N TR N U N S|
10 20 30 40 50 60
Crude oil gravity,
°API at 60°F and atmospheric pressure
The viscosity of crude oil at atmospheric pressure Dead oil Viscosity chart
(no gas in solution) and system temperature
Petroleum Geomechanics
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Oil Viscosity
v
Vi
A A4
- pAr i
% /’I 4
2< A )
o8 i £l
- i
2
g4 A
44 A
»
3 2 ,/ io, sc/ST8 -H
% 424
zE 727 o
BEo o P
g0 e
Ny e
% LA N
(|
oal—
‘&J 04 0o iO.Illl 2 6 & W 0 00

the viscosity of the oil before removal of solution gas

N
Viscosity of Gas-Free Qil, cp
{At Reservoir Temperature and Atmosphaeric Pressure)

Live oil viscosity chart
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Calculation of Hydrocarbon Properties

physical properties of Hydrocarbon:

— 2 3
f=a,ta,n+a,n"+a,n" + (as/n)

where
q = any physical property
n = number of carbon atoms,

a1-ab5 = coefficients of

6 L+ )] ay as [+ I} Qs

M 131.11375 24.96156 0.34079022 24941184 % 107 468.32575

T.°R 01553747 41.421337 07586859 5.8675351 % 10 -1.3028779x 10°
P..psia 27556275 ~12.522269 0.29926384 ~2.8452129 % 1073 17117226 107
Ty "R 43438878 50.125279 -0.9097293 7.0280657 x 10  —601.85651

T -0.50862704 8.700211 x 102 ~1.8484814 % 107 1.4663890 x 10-° 18518106

¥ 0.86714949 34143408 x 100 2830627 < 105 2.4943308x 10-®  —1.1627984

V.. fi¥flb 5223458 x 102 787091369 x 104 -1.9324432x 105 1.7547264 x 1077 44017952 x 102

Ahmed (1985)

Example: p,, T,

Petroleum Geomechanics
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Calculation of Reservoir Hydrocarbon Properties

predicting the physical properties of
pure compounds and undefined
hydrocarbon mixtures:

where 0 = any physical property
a—f = constants for each property as ;
v = specific gravity of the fraction
M = molecular weight

0=aM)"¥EXP[d(M)+ecy+f(M)y]

T,= critical temperature, “R

P_ = critical pressure, psia (Table 1-4)
T, = boiling point temperature, °R

V. = critical volume, ft*/Ib

0 a b c d e f
T.°R 5444 0.2998 1.0555 13478 x10%  -061641 0.0
P, psia 45203 100 08063 L6015 —1.8078x 10  —0.3084 0.0
V. ilb 1206 107 0.20378 1.3036 2657x 107 0.5287 26012 x 10
T;. °R 6.77857 0401673  -1.58262  377400x 10 2984036 425288 % 107

Riazi and Daubert (1987)

Example: p, T,

Petroleum Geomechanics
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Example

Calculate the gas compressibility factor (Z) under initial reservoir pressure and

temperature are 3000 psia and 180°F

Reservoir component

Component Yi
CO, 0.02
N, 0.01
C, 0.85
C, 0.04
C; 0.03
i-Cy 0.03
n-C, 0.02

Petroleum Geomechanics
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Example

gas compressibility factor?

Solution
Component Yi TaR ¥l Pd Yi Pei
cO, 0.02 547.91 10.96 1071 21.42
N, 0.01 22749 2.27 493.1 4.93
C, 0.85 343.33 291.83 666.4 566.44
C, 0.04 549.92 22.00 706.5 28.26
Cy 0.03 666.06 19.98 616.4 18.48
i-Cy 0.03 734.46 22,03 527.9 15.84
n-C, 0.02 765.62 15.31 550.6 11.01
Tpe = 383.38 Ppe = 666.38
T.=> T, Poe =2 ViPu
=1 =1
3000 .
Pe=t py = =4.50
P 666.38 From graph
z=0.85
. T 640
T, =T Tpr = =1.67
g 383.38

Petroleum Geomechanics
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Example

Calculate the formation volume factor of a dry
gas(B,) with a relative density of 0.70 at
reservoir temperature of 100 °C and reservoir
pressure of 30 MPa.

PSEUDOCRITICAL PRESSURE psia

At 7:,=0.70 we have
Te= 389 °R =389/1.8= 216 K and
pr= 663 psia=663/14.22= 45.1 kg/cm?= 663/145=4.57MPa

Pe

-
8

g

PRESSURE COMECTION, Bt

s
IEEEEEEEEEEER

E

5t
550 [— :,, oy 4
13 e
: 273 + 100 3 H -
Toe I = = 0! 173 and  py P '_> 6.56 o —% i
T 216 Ppe 457 w ol ] § FFEHEET 1
2 I SoldT I -+
g [ i ]
So, from Graph, we read Z = 0.943 : i
£ aso
Second, calculate B, z
v
s m
Z(273+1)  0.943 x (273 + 100) 0.004 E Z ]
£293p 293 x30x10 7 ! 3 B
s
T T Ty
0s 08 o7 L] os 0 u 2
GAS GRAVITY AIR:=]
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Example
< Fluid Contents
% Oil Gas | Water
15 40 45
- | |
g% i
Gas eigonsion g § g
el o " @
x c =
& o 2
L a =N
= 3 ]
00 wv wi -
o
LYY
fi <o | | R A
= r—i
in barrel || |[E3 || After flushing 20 0 \;3’77
Fed] .
In reservoir % Original fluids 70 0 30
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