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Natural gas

Hydrocarbon
Methane 7T0—-98%
Ethana 1—10%%:
Fropane trace—5%.
Butanes trace—2%%%
FPentanes trace—1°c
Hexanes trace—"<%
Heptanaes -+ trace—"%%
NMonhydrocarbon
MNitrogen trace—15%
Carbon dioxide™ trace—59:
Hydrogen sulfide* trace—3%:

Helium up to 5%, usually trace or nmnone

“Clccasionally natural gases are found which are predominately carbon dioxide or hydrogen suifide.

Gas from a well which also is producing petroleum liguid
Hydrocarbon

Methane
Ethanea
FPropane
Butanes
Fentanas
Hexanes
Heptanaes +

MNMonhydrocarbon

Mitrogen
Carbon dioxide

Hydrogen sulfide
Helium

4.5-92%
g4—21%s
1—15%%6
e e
trace—39c
trace—2%:
none—1%2%:

trace—up to 109
trace—a9%:
none—trace—S s
Nnone




Hydrocarbons
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Hydrocarbons

Alkynes are hydrocarbons
that contain a carbon-
carbon triple bond.

Alkynes

rC  Cr



Cycloalkanes

Carbon atoms that are joined in a

ring or circle

Simplest: Cyclopropane

Another: Cyclohexane






Aromatic

@ @ @

Chlorobenzene  Bromobenzene Mitrobenzene Ethylbenzene
Toluene Phenol Aniline Styrene

(Methylbenzene) (Hydroxybenzene) {Amimobenzens) (V |n_'|.'l|::-l. nZene)



Definition

Three phases of matter

» Solid: Definite shape and volume

» Liquid: Definite volume, shape of container
» Gas: Shape and volume of container

» A gas Is a collection of molecules that are very far apart

on average.
» In air, gas molecules occupy only 0.1% of the total volume.
» In liquids, molecules occupy ~ 70% of the total space



Definition

» (ases are highly compressible.
» \olume decreases when pressure is applied.

» Gases form homogeneous mixtures with each
other  regardless of the identities or relative
proportions of the different gases.

> Water and gasoline

« Heterogeneous mixture.
> Water vapor and gasoline vapor
« Homogeneous mixture.



Definition

» Four quantities are commonly needed to describe a gas:
» Amount of gas (n)

» Temperature (T)
» \Volume (V)
» Pressure (P)



Gas Pressure

» (ases exerted pressure on the objects
In their surroundings

» Pressure Is caused by collisions
between the gas molecules and objects
with which they are in contact.

> Pressure: the force exerted on a unit

area
> P = g

Pressure

Collision




Gas Pressure

» (Gas pressure units
(1 atm = 760 mm Hg)

» mm Hg
> in. Hg
> psi

» atm

> torr

> pa (Slunit) (

> kPa

(
(

(

(

=29.92 in. Hg)
=14.7 psi)

= 760 torr)
= 1.01325 x10° Pa)
= 101.325 kPa)

Pressure
of Hg

Atmospheric

I
!

760 mm

Pressure

{1
ey -

I:’sltm = PHg



Gas Pressure

» Atmospheric pressure: the pressure
exerted by gas molecules in the air on all
objects exposed to the atmosphere

» Atmospheric pressure varies with altitude.

Altitude (ft)
(above sea level)

Atmospheric Pressure

in. Hg | Torr psi
o) 29.92 | 760 14.65
5000 24.90 | 632.5 12.23
10,000 20.58 | 522.7 10.10

Altitude (km)
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L

Pressure (inches)
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1
200

400 600 800 1,000
Pressure (mb)

-62
56
:—50
[ 44
[ 37
[ 31
[ o5
L 19
[ 12

-6

-0
1,200

Altitude (miles)



Gas Temperature

> Always use absolute temperature (Kelvin) when working with gases.

OF | | |
-459 32 212

°Cl | :
273 0 100

Kl | :
0 273 373

(°C=3FF-32) K=0°C+273 ]




Kinetic Molecular Theory

> The behavior of gases can be described using
Kinetic Molecular Theory

»“Theory of Moving Molecules”

> Molecules Gases consist of large numbers of
that are in continuous, random motion.

» The combined volume of all the molecules of
the gas is negligible compared to the total volume
In which the gas iIs contained.

> 1.e. the molecules are very far apart on average




Kinetic Molecular Theory

»Particles in an ideal gas...
» have no volume.
» have elastic collisions.
» are In constant, random, straight-line motion.
» don’t attract or repel each other.

» have an avg. KE directly related to Kelvin
temperature.

At any given temperature all molecules of a gas have
the same average kinetic energy.

* As T (in K) increases, KE increases.




Gas Laws

{CANNNNY

Frozen: Mass & Temp.



Boyle’s Law

The product of pressure and volume for a
gas Is constant for a fixed amount of gas at 3
fixed temperature.

Piston—

=
1 ——
P o« — > t o
V g o
PV = constant S
<« _ |
P;V; = PsV¢ (T, n are constant) V=4L

@
V=2L
P =2 atm



Boyle’s Law
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Charles Law

Volume of a gas varies directly
absolute temperature at constant pressure.

V T

d tant
— = constan
T

iV
T, T,
i _ T
v T

with the

1 atm

V=05L

T=200K

Heat

Cool

1 atm

T=400K

Volume, mL
100 —

90 —

10 —

| | 1 1

=50 0 50 100 150 200 250 300

Temperature, °C




Avogadro’s Law

At constant temperature and
pressure, the volume of a gas IS
directly related to the number of

moles. 1
atm
V «n
V
- = constant
Add gas
—_—
hW_hn [ V=448L
Remove gas
np, Ny
B =
V1 nq \\__/
V. 1. 1 =2mol



Gay-Lussac’s Law

At constant volume, pressure and
absolute temperature of a gas are
directly related.

P xT ff/ip:\\é\

\‘:‘\‘_’/;l’/

T
P ‘T
— = constant o >
T = - D —

D
Py P R
T, T, [}
P T
P, T, 7 — 200 K 7 = 400 K
P =1 atm P =2 atm

Copyright © 2009 Pearson Prentice Hall, Inc.



Combined Law

Bovle's Law

If a gasis held at a constant
temperature, the valume is
ihversely prapartional to the
pressyre, ComMpressing a gas
to half of its initial valume
daybles its pressure,

Charles’ Law

If a gasis held at a constant
pressure, the valume is
directly propartional ta the
absolute temperature, Heating
a gas to daouble its ariginal
temperature daoubles jts
volume,

Yalume in liters

Yalume in liters

Campressing
the gas

Increasing
The
= temmperatyre




Combined Law

Boyle’s Law V = kP 1 PV =10V,

“““ (at a fixed temperature)

Charles’ Law V = BT V,IV,=T./T,

(at a fixed pressure)

(at a fixed pressure

AV'DgEIdI'D V = an and temperature)
n = number of moles

PV = nRT an empirical

law

V = nRTP1

ideal gas law




Partial Pressure

» Pressure exerted by each individual gas within a mixed gas.

» Dalton’s Law: The total pressure of a gas mixture is the sum of the partial pressures of the
component gases.

Pt= P1+P2+P3+P4+ ........

7i1=1Pk:P



Partial Pressure

PV = nRT
p nRT
B 4
_ le RT
=y
Pk ng



Mole % and Volume %

» Based on Avogadro’s Law, volume% and mole% are equivalent.

>Vi X n; or Vizkni

0/ — Vi = kng _on . 0
» volume% = SV Skm X 100 = S X 100 = mole%
RMole
fraction,

Component Y|
G, 0.850
Cs 0.090
Cs 0.040
n-C, 0.020
| 1,000




|deal vs. Real Gas

Ideal Gas Real Gas

Obey PV=nRT Always | Only at very low
Pand high T
Molecular volume Zero Small but
nonzero
Molecular attractions Zero Small
Molecular repulsions Zero Small




Real Gas

» Real molecules do take up
space and do interact with each
other (especially polar
molecules).

> Need to add correction factors
to the ideal gas law to account
for these.

> ldeally, the volume of the
molecules was neglected

at 1 Atmosphere Pressure |

>

at 10 Atmospheres Pressure |

at 30 Atmospheres Pressure

>

>




Real Gas

But since real gases do have volume, we need:

Volume Correction

» The actual volume free to move in is less because of particle size.

» More molecules will have more effect.

» Corrected volume V’=V —nb

> “b” is a constant that differs for each gas.



Real Gas

But since real gases do have volume, we need:

Pressure Correction

» Because the molecules are attracted to each other, the
pressure on the container will be less than ideal.

» Pressure depends on the number of molecules per liter.

» Since two molecules interact, the effect must be squared

N
Pobserved =P —a (V)Z




Van Der Waal’s Equation

|P

0)

+a (%)2] (V —nb) =nRT

Corrected Pressure Corrected Volume

» “a”and “b” are determined by experiment

» “a” and “b” are different for each gas

» bigger molecules have larger “b”

> “@” depends on both size and polarity



Real Gas

> PV, =RT

PVp .
> — = 1 (ideal gas)

PVm _
> o =7 (real gas)

» Whatis V,,?

> PV, = ZRT
> PV = ZnRT



Compressibility Factor

The deviation from ideal-gas behavior can be properly accounted for by using the compressibility
factor Z, defined as:

.Vﬁctual

7 =

I/ideal




Compressibility Factor




Compressibility Factor
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Compressibility Factor

»What is it really doing?

» It accounts mainly for two things
» Molecular structure
> intermolecular attractive forces

» Still we have a problem?
» Universal Z factor chart. (How?)

» The compressibility factor Z is approximately the same for all gases at the same
reduced temperature and reduced pressure.

Z = Z(Pg, Ty) for all gases



Compressibility Factor
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Carbon dioxide
Water —]

Average curve based on data on
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| | |
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Compressibility Factor

» P = (reduced pressure)

» Tp = (reduced temperature)

P
> Pr= o
T
> T = o

» What about gas mixture?
» Pseudo-critical pressure (B,)

» Pseudo-critical temperature (T,)

P
pc i=1Yi ci pr Poc
T

>T,.= Y. v: T, T, = —
pc i=1Yi Lci DT Tpe
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Compressibility Factor

> Example:

A gas reservoir has the following gas composition: the initial reservoir
pressure and temperature are 3000 psia and [80°F, respectively.

Component ¥i
CO; 0.02
N3 0.01
C, 0.85
C, 0.04
C; 0.03
i-C, 0.03
n-Cy 0.02

Calculate the gas compressibility factor under initial reservoir condi-
tions.



Compressibility Factor

Solution:
Component Yi TR Yila Pei Yi Pei
CO, 0.02 547.91 10.96 1071 21.42
N, 0.01 227.49 2.27 4931 493
C, 0.85 343.33 291.83 666.4 566.44
C, 0.04 54992 22.00 706.5 28.26
C; 0.03 666.06 19.98 616.4 18.48
1-Cy 0.03 734.46 22.03 527.9 15.84
n-C, 0.02 765.62 15.31 550.6 11.01
T, = 383.38 Py = 666.38
3000
666.38
1804460
> T, = )= 1,67
383.38

» Z=0.85



Gas Density

» PV = ZnRT

ZRT

> P My = — ZRT = p ZRT
PMy,
ZRT

> What about mixture?

_ PM,
>,0g— ZRT

>1wa — ?=1yi M;




Gas Density

Example:

Use the data given in the previous example to estimate the gas mixture density.

Solution:

Input: P = 3000 psia, 7= 180 °F, Z = 0.85 (estimated from the z-factor chart)
PM,

> Pg = ZRT

> Mg = Xis1yi M;

» M, =20.23

> p, = (3000)(20.23) — 104 b/t

(0.85)(10.73)(180+460)



Critical Properties Correlation

> Natural gas systems
Tpe = 1684325y, —12.5,°
Py = 677 +15.0y, — 37.5y,>

» Condensate systems
T, =187+ 330y, — 71.5 ygz
P,c =706+ 51.7y, —11.1y,*




1.2

Pseudo-critical Properties of Matural Gases

Critical Properties Correlation
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Non-HC Component effect on Z-factor

N,, CO,, and H,S

HC
Sour (1 gm of H,S/100 ft3)
Sweet

Both sour and sweet gases contain CO,, N, or both.
No significant effect for concentration < 5%
10% error for higher concentration.

Pseudo-critical properties need adjustment
Wichert-Aziz correction method



Non-HC Component on Z-factor

Whichert-Aziz correction method
Why we need correction?

, —
!/
P r Pchpc

PC " Tyc+B(1-B)e

B = mole fraction of H,S

& = pseudo-critical temperature adjustment factor
e =120 x (4°° — A¥®) + 15 x (B®> — B%)

A = sum of CO, and H,S mole fraction



Non-HC Component on Z-factor

Example:
A sour gas (sp. gr. 0.7) contains 5% CO, and 10% H,S.
Calculate the density of the gas at (3500 psia and 160 °F)

Solution:
Tpe = 168 + 325(0.7) —12.5(0.7)* =389.38 °R
P,c = 677 + 15(0.7) — 37.5(0.7)% = 669.1 psia

e =120 % (0.15%° — 0.15%°) + 15 x (0.1°° — 0.1%) = 20.735 °R

T

»e = 389.38 —20.735 = 368.64 °R

r_ (669.1)(368.64)
PC¢ "~ (389.38+0.1(1-0.1)(20.735)

=630.44 psia



Non-HC Component on Z-factor

Example:
A sour gas (sp. gr. 0.7) contains 5% CO, and 10% H,S.
Calculate the density of the gas at (3500 psia and 160 °F)

Solution cont.:

3500

PT T 63044 3.33

_ (160+460) _
Tpr = 368.64 1.68
Z=0.89

Ma = (28.96)(0.7) = 20.27

_ (3500)(20.27)
P9 = (089(10.73)(620)

=11.98 Ib/ft3



Van der Waals’ equation

One mole of single pure gas (not applicable for gas mixture) | .. presswre  High Pressure
(P+%)(V—b)=RT |
%

For n moles
2

(P+%)(V—nb) — nRT

a and b constant (different for each gas)

a .
vz accounts for the attraction forces between molecules

b represents the volume of the molecules \[Excluded vokane '/

At low pressure and high temperature the volume V is large and the above equation can be
reduced to the general gas law (perfect gas behavior)

PV = nRT



Van der Waals’” equation

For the units P (atm.), V (liters), T (°K), and R (0.08205) a and b are as follows:

or, from critical data:

A

Ve

3

: critical volume

a
b
Ve

P. : critical pressure

Gas ) b
(atm liters2) (liters)
CH, 2.253 0.04278
C,H, 5.489 0.0638
C,H, 4.471 0.05714
C,H, 4.39 0.05136
Co, 3.592 0.04267




Van der Waals’” equation

Which gas has the lowest

value of d? why?

Which gas has the largest

value of b? why?

d b Pc Tc
Substance
(J'm*/mole?) (m3/mole) (MPa) (K)
Air -5
0.1358 3.64x10 3.77 133 K
Carbon Dioxide (CO2)
0.3643 4.27x10° 7.39 304.2 K
Nitrogen (N2) 0.1361 3.85x10° 3.39 126.2 K
Hydrogen (H2) 0.0247 2.65x10° 1.3 33.2K
Water (H20) 0.5507 3.04x10° 22.09 647.3 K
Ammonia (NH3) 0.4233 3.73x10°° 11.28 406 K
Helium (He) 0.00341 2.34x10° 0.23 5.2 K
Freon (CCl2F2) 1.078 9.98x10° 4.12 385 K




The Five Reservoir Fluids

Types of Reservoir Fluids:
» Black oll
» \olatile oil
» Retrograde gas condensate
» \Wet gas
» Dry gas



The Five Reservoir Fluids

Black Oil:

Pressure

Ordinary Black Oil

Pressure Path

in Reservoir
®

| Critical .
Point |

Liquid Phase

60

)
% Liquid -
i/
0 /
30

e =

4

i

Gas Phase

Dew-Poing Curve

Temperature



The Five Reservoir Fluids

Volatile Qil:

Volatile Oil

Pressure Path
in Reservoir

e

i z s s TS
Critical’ ——¢ —

Point

E

—
~7
—

Temperature




The Five Reservoir Fluids

Retrograde Gas Condensate:

Pressure

Retrograde Gas

Critical
Point

QO
&
QQ)
\ 4 3@
‘ % Liquid
N
30

Pressure Path
in Reservoir

1®

N
\\/
S

/

Temperature




The Five Reservolir Fluids

Wet Gas:

Pressure ——

Liquid

=

==

ke ™

7

s

Separator

Pressure Depletion at
Reservoir Temperature

Temperature ——»



The Five Reservolir Fluids

5t ~  Pressure Depletion at
D ry Gas: / \ Reservoir Temperature
/ \ A

/ | !

I

/ | |
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/ I

/ |
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= / |
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@ / |

a / |
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Gas |

|

B

Temperature —



The Five Reservoir Fluids

| |
|Gas CondenzsateI

omponent | Black Oil | Volatile Oil Wet Gas| ||Dry Ga
C1 48.83 64.36 87.07 9585 86.67
Co 275 D2 4.39 2.67 457 4
Cs 1.93 4.74 229 0.34 2.95
Ca 1.60 4.12 1.74 0.52 1.73
Cs 1.15 3.97 0.83 0.08 0.88
Ce 1.569 3.38 0.60 0.12
C7 4215 11.91 3.80 0.42
MaC7 2é5 181 112 157
GOR 6é5 2000 18.200 105,000 -
Tank APl 34:.3 50..1 60.8 54.7 -
Liquid Greenish Medium Light Water -
Color Black Orange Straw White




The Five Reservoir Fluids

Differences between the three Gases:
» Retrograde gas condensate
» Recombined surface gas and condensate represents the gas in the
reservoir but not the total reservoir fluid (retrograde condensate stays
In reservoir)
» \Wet gas
» Recombined surface gas and condensate represents gas in reservoir
» Dry gas
» (Gas at surface iIs same as gas in reservoir



Gas Properties

Gas Formation VVolume Factor (Bq):

The volume of gas at reservoir conditions
required to produce one standard volume of
gas at the surface condition.

-




Gas Properties

Gas Formation VVolume Factor (Bq):

ZnRT
B = Vr __P
9 Vsc NRTg

Psc

SC: P =14.65psia, T=520°R,z=1.0

Pgc zT  14.65 zT zT rescu ft
By= — —= ———= —=10.0282 —
Tsc P (520) P P scf
B = 000502 zT res bbl
g = P scf
B = 502 zT res bbl
g 77" P Mscf

Volume of an arbitrary amount
of gas atreservoir T & P

Volume at SAME amount
At standard T & P




Gas Properties

Gas Formation VVolume Factor (Bq):

Typical shape of Bg

Pressure —



Gas Properties

Gas Formation VVolume Factor (Bq):

Example:
A gas has a specific gravity of 0.74. Calculate its formation volume factor at 210° F
and 2300 psia.

Solution:

Tc = 396° R, Pc = 665 psia

460+210 2300

TT = 396 = 1.69, PT = e65 =346, z=0.86
B — 0.00502 (0.86)(670) 0.00126 res bbl . 26res bbl
g (2300) scf 7 Mscf



Gas Properties

Gas Viscosity (l,):
Viscosity Is a measure of the resistance to flow exerted by a fluid.

Units:

Dynamic (): Poise (p) = g mas/(sec cm)

or centipoise (cp) = g mas/(100 sec cm)

Sl unit : Pascal second (Pas) =1kg/(ms)=10p

Kinematic (v): viscosity/density : centipoise/gm/cc (cp/g/cc)



Gas Properties

Gas Viscosity ( uﬂ):

Typical shape:

Viscosity (cp)

200°F <A i i
~ T increasing
150°F

Pressure
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Gas Properties

Gas Viscosity (l,):

Correlation:

Gas specific gravity from 0.9 to 1.2
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Gas Properties

Gas Viscosity (u1):

Correlation:

Gas specific gravity from 1.2 to 1.8
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Gas Properties

Gas Viscosity (l,):

Correlation:

Gas specific gravity from 1.5 to 1.7
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Gas Properties

Gas Viscosity (l,):

Correlation:

EXAMPLE 6-9: Calculate the viscosity of the gas mixture given below
at 200°F and a pressure of one atmosphere absolute.

Component Composition,
mole fraction
Methane 0.850
Ethane 0.020
Propane 0.040
n-Butane 0.020

———

1.000




Gas Properties

Gas Viscosity (U,):
= First, calculate the specific gravity of the gas.
Correlation: ML, =T
Solution:
M,
e 0.85 16.04 13.63
. 0.09 30.07 2.71
Cs 0.04 44.10 1.76
n-Ca 0.02 58.12 1.16
1.02 Ma 19.28
Second, determine viscosity. oy = 2’19“
— (o] = _
e = 0.0125 cp at 200°F, Figure 6-8 vy = 12:26 _ g 664

29



Gas Properties

Coefficient of Isothermal

Compressibility of Gas (c):
The change in gas volume per change in
pressure at constant temperature.

1 (61/)
¢g=—5 |33
V\orP/

Coeificlent of {sothermal c,ompresniblllly of gas,
gsl~

Reservair pregaurs



Gas Properties

Coefficient of Isothermal Compressibility
of Gas (cﬂ):

1 fov
=" v \apr
T

ldeal Gas: v = %&L.%% _ _ nRT

P "op p2

c. = (P)( nRT)_1
9  \nrT 2 )~ p

ozy _
Real GaS: V = ZnRT a_V — nRT P(ap)T
P oP o P
Cg z )[nRT P(i)ZT_ ]



Gas Properties

Coefficient of Isothermal

7
7

Compressibility of Gas (c):

VA
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Pseudoreduced pressure, ppr



Gas Properties

Coefficient of Isothermal Compressibility
of Gas (cﬂ):

Example:
Calculate the coefficient of isothermal compressibility of a dry gas with specific gravity of 0.818
at reservoir temperature of 220° F and 2100 psig.

. T, = 1. e = 3.
Solution: e = LIRS B = SSA
Tpc — 4060 R using appropriate c, T, chart.
Ppc = 647 psig cpuTpe = 0.528
_ Cor = 2328 _ g 314
Cor = CyPpe or 1.68 '
e, — Cor _ _0.314

—y — —6 - —1
= Pre 547 psia 486 <X 10 psi



