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Figure 4.1. Volumetric behaviour of pure compound as predicted by cubic EOS of van der
Waals type.
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Pure component fugacity coefficient

vdW: u=0 w=0
SRK:u=b w=0
PR:u=2b w=b

RT a

v—h vi+uv—w

'P-

- (4.12)

In a two-parameter form of the equation u and w are related to b whereas in a
three-parameter form u, and w are related to b, and/or a third parameter ¢. In a four-
parameter modification u and w are related to b and/or ¢ and a fourth parameter d.

The above general equation in terms of the compressibility factor is,

Z'—(1+B-U)Z* +(A-BU-U-W*)Z - (AB-BW’ -W¥)=0 (4.13)

where the dimensionless parameters A and B are the same as those defined in Egs.(4.7) and
(4.8), respectively, and

v=22 (4.14)
RT
W sl]:% (4.15)

The two-parameter EOS are the most popular equations, where the parameters are expressed
by,

R'T.
a=0, —=—
P, (4.16)
RT.
b=0
v P, (4.17)

Note that the expressions for the parameters in the modified equations are similar to those of
the original vdW, but the coefficients have been generalised as £33 and {2y, The other
parameters, in EOS which use more than two, are generally of co-volume nature, hence,
expressed by an equation similar to Eq.(4.17), but with different coefficients.

The substitution of Eq.(4.12) into the expression for fugacity of a pure substance, Eq.(3.35),
results in the following generalised expression, using the same approach as in Example 4.1,

_ 2 2
In® = (Z - 1) = In(Z — B) + et n 22+ U = VU +4W
JUR +4W?2  2Z+U+U? +4W?

(4.18)
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Fugacity coefficient for component ith in mixture

4.3 Mixing Rules

a= Zinxj(ai ‘aj)o.s 4.73)
i

b= 3 xxp; =3 ¥ xx(b,+b)/2=Fxb, (4.74)
i i i

A mixing rule similar to that of b is also used for other parameters in EOS that contain more
than two parameters, when the additional parameters are of the co-volume characteristic,

c= Y xc (4.75)

It is common to incorporate an additional parameter in Eq.(4.71) to express the attractive
term between pairs of non-similar molecules,

172
ay = (aia;) " (1-ky) (4.77)
where k;; is known as the binary interaction parameter.

Using the above description, the random mixing rule of the attractive term becomes,
0.5
a=Y ¥ xx(a-a) -k, (4.78)
i

The use of binary interaction parameter for the repulsive term, particularly in mixtures with
high concentration of CO2 [44], has also been suggested, but has not gained popularity,
bijj = [(b; +bj)/2](l-k’ij) (4.79)

where k’jj are the repulsive BIP,
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Example 4.5.

The Soave-Redlich-Kwong, and the Peng-Robinson EOS are the most widely used equations
in the petroleum industry. It is common to express these equations by the following general
form,

- RT _ a
v—b (v+3b)v+9,b)

where, 81, and, 82, are constants equal to 1 and 0 in SRK, and 1+ N2, and 1-4/2 in PR,
respectively.

Prove that the fugacity of each component in a mixture, using the above EOS and the random
mixing rules is given by,

Ing, =%(Z—l)—ln(Z—B)—L)[[22x au)fa b, a'b]l (Z+8 B)

(E4.5)
Solution:
The fugacity coefficient is calculated from Eq.(3.31),
oP
1 —RT/V|[dV-InZ 3.31
nq)! RTr [anlJ'TVn " ( )

where V is the total volume. Hence, the equation of state is written in terms of total volume
by substiteting v=V/n, where n is the total number of moles,

N
n=Yn,
1
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Chemical
i B
-w
@
Multi t VLE =
= We have been studying binary systems, that is two species
= For this case, the Phase Rule stated:
= If given:
= F as the number of degrees of freedom
= C as the number of components
= P as the number of phases
= Then this is true:
- F=C-P+2
= For a Ternary (3 species in equilibrium) System, then we get:
«F=CP+2=3242=3
= For a Quaternary system... and so on..
« F=C-P+2=42+2 = 4...
www. ChemicalEngineeringGuy. com @
(Chemical
i B

Worked Example e

Bubble Point Calculation

= Solution.

- The task is to find a Pressure that satisfies > 257 =p

= Since T is given, this is trivial (not required)

= We can simply calculate P from the previous equation

= We start by computing the vapor pressures for the three components at T = 400K.

= Using the Antoine data, we get: #° (T =400K)=10.248bar
P°,(T =400K) = 4.647 bar
P° (T =400K)=3.358bar
= At the bubble point, the liquid phase composition is given, so the partial pressure of
each component is Py =% P°, = (0.5)(10.248bar) = 5.124bar
P, =x,P°% =(0.3)(4.647bar) = 1.3%4bar
Py =xP° =(0.2)(3.358bar)=0.672bar

www. ChemicalEngineeringGuy.com
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L

Worked Example e

Bubble Point Calculation

= Thus, from the equation of the bubble pressure we get:

p=p +p,+p = 7189 bar

= Finally, the vapor composition (composition of the first vapor bubble) is

. _p_ 5.124bar ~0713
p 7189 bar
Py 1.394bar y
a P T 7189 bar
; ol 0.672bar ~0.093

p  7.189 bar

{
www. ChemicalEngineeringGuy. com @

VLE Calculation Sl foled Oibuloxs
1 i

F=n"+n" <?_J S L e

nt+n’ =1 -1) &= Total Material Balance

= v A, Material balance for each component
z; = xnt+ymn (5-2) u

(Partial Material Balance )

N N
x;=1 « Liquid Zyi =1 <« Vapor (5-3)
i=1 i=1

(o Jead ) 50 a 52 el el c,.\s‘_,a‘_;,_»x,_;u;ws_._cu\...
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5.1 VAPOUR-LIQUID EQUILIBRIUM CALCULATIONS

Let one mole of mixture be flashed at pressure P and temperature T into n- moles of liquid and
nV moles of vapour. The total material balance for the system is,

n“+n¥=1 (5.1

with material balance for each component, i, as,

z,=xn"+yn" =12, ..., N (5.2)
where z;, x; and y; are mole fractions of the component i, in the mixture, liquid and vapour,
respectively.

N N

Zx, =2y, =1 (5.3)

1

where N is the total number of components in the system.

No. of Equation (5-2) =N

AR
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‘ X, . = x=fm")

S T r—

kiz;

=TT =D -y =f(n")

Vi

At equilibrium, the fugacity of any component, i, in the vapour is equal to that in the liquid.
The equality of fugacity can be expressed by the equilibrium ratio, Kj, as given by Eq.(3.43),

Ki=yi/x =12, .... N (3.43)

The material balance equations, Eqs.(5.1-3), and the equilibrium requirement, Eq.(3.43)
provide the required 2N+2 independent equations to determine the 2N+2 unknowns of xj, yj,

n~ and nY. The number of variables can be reduced, however, by combining the above
equations.

Substituting the equilibrium ratio K; = y,/x; into Eq.(5.2), and solving for x; and y; using
Eq.(5.1) results in,

Z.
N 'R 5.4
SRR - Dn” G4

No. of Equation (3-43) =N

EoS for for Liquid and VVapor =2

Total No. of Eqs.=2N+2

'Y
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Kz,

YT (K - 1)n”

(5.5)

o . - . . L, v
Similar equations can also be derived in terms of n instead of n .

For known values of K;, any of the above two equations can be substituted in Eq.(5.3) to
determine the value of n¥ (or n“). An iterative method is required to solve the resulting
equation. The following equation, known as the Rachford-Rice [1] equation, is generally the
preferred form, as its value monotonically decreases with increasing n",

f(ﬂ")=i(yi-xa)=2—zi(—(l{l-?_ﬂll—)v=0 (5.6)

j=1 i }+ )n

The above equation yields a physically correct root for n between 0 and 1, provided that,

N

YKz >1 (5.7)
i=1

and

N

>.z2/K >1 (5.8)
i=1

" Rachford-Rice [9]:

1952 — (Calculating Flash Vaporization HC Equilibrium

_ zilk; —1)
Ll + (k- 1nY
i=1

N
F') =) (= x)
i=1
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The mixture is at its bubble point when n" approaches zero. Hence Eq.(5.6) reduces to,

N
Y zK; =1 (5.9
=l
and
yi =KX, =Kz .10

At any temperature the bubble point pressure can be determined as the pressure at which

K-values satisfy Eq.(5.9). The bubble point is most sensitive to the mixture light components,
which exhibit large K values.

At the dew point, n¥ approaches 1. Hence Eq.(5.6) reduces to,

N
Nz, /K =1 (5.11)
i=l
and
5=y /K =2,/K (5.12)

The dew point pressure is that at which K-values satisfy Eq.(5.11). The dew point is most
sensitive to the mixture heavy components, which exhibit small K-values.

i Bubble Point

Z:',‘ =1 o."xc_h.lv:l&aué.:__.:ﬁ);
nV — 0 ->

and

Vi = kix; = k;z; X; = Zj

,\_;‘j,;.,l,\;uw.x...»_izg‘;‘,lﬁu‘_;‘ﬂ..x_‘.?b.-ZZiki;’u ol el Slema gl 14O
o LS5 dagl 2 B S 28 1 Lyl edee Sl b e s w1 AE 1 a8 e

z::k: =1
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Dew Point
Z;Z 1 n;‘,.;_;&.;.lo‘,buu._.a.o-‘ iiem 2
v _ 1
ni=1 = and
Al — & — i )
4 ki ki yl i
‘ ’ Ll o e F e et o s o a2 12T ‘ .

Example:

Simulation
Bubble & Dew Point of HC Mixture

= Component / Molar flow » A) Get Dew point @ T= 150°C, P = 50bar
+ B) Get Dew point @ T= 220°C, P = 10bar

=B 0.25 » C) What is the Critical Point & Meaning?
=T 0.25
= 0-X 0.25
= P-X0.25

www. ChemicalEngineeringGuy. com

Chemical

bgieeng by

®

Yo




‘S}lé )l;é)—(sefu‘ bé'h'! );':Sé _}lf 9 M-é-; 6‘54)*.{:) ‘SMM’ 0 0 ;S W ;‘é_ol’ ols’ o .‘é

o5 &Yl
Chapter 5: Phase Behavior Calculations
L

Derivation of Rachford-Rice s,

Equation

= Here, we cannot directly calculate xi because the vapor split V /F is not known.

= To find V /F we may use:

= the relationship v =1
- alternatively =1 g _ Puw ()
= OR the addition of both... Zx,=Zy, = 1 P

= However, it has been found that the combination Zi(yi-xi) = 0
= It results in an equation with good numerical properties

= This is the so-called Rachford-Rice Flash Equation
> EED
1+O(K, -1)

www. ChemicalEngineeringGuy. com

(hemical

Engineering Gy

Rachford-Rice Procedure

1. Given > F, zi, Tand P

2. Get Ki for species (either graph, equations or experimental values)
= Antoine Equation (ideal) —_—
= K-Values from DePriester Chart

Feed Drum

3. Assume a phi value (vaporized material in the feed) (hin —) good start is 0.5) 9=%=050

4. Get the Numerical Value of Rachford Rice Equation 1
Z :i(Ki—l) =0 Liquid
1+ O(K, —1)
= Example:

) Ziensene 1= Kienzone) + Zuotsene 0 = Ktuene) . Zptene 1 = Kistene)
. BTX ( Benzene, Toluene, Xylene) System: _/((")) — Lhenzene /mum) + Ltoluene ( roluene ) g L
14+ O(Kpepe =D 1HOK e =D 1+O(K y,,, —1)

www. ChemicalEngineeringGuy. com @
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Rachford-Rice Procedure

5. Get the Numerical Value of the Derivative of Rachford Rice Equation

ray S ad-K)*
F1® Z[1+(—)(K,—l)]Z

= Example:
= BTX ( Benzene, Toluene, Xylene) System:

(1-K,

) 3
benzene Lroluene

5
dise). . Boeriel ene)

£1(©) = Zhenzene (1-K 1-K
T 14 0(K,,,,,, ~DF [1+O(K,,,, ~DF  [1+O(K,,,, ~DF

xylenei

www. ChemicalEngineeringGuy. com

(hemical

.

@
Engineering Goy

0=

T <

Worked Example

(hemical

Engineering Gy

Rachford-Rice Equation for BTX

= Step 6. Calculate the new “phi”

new = Cold Ty using Newton Raphson Method
f ( old) Given 9 F, 20, Tand P
~0.0823 Get Ki for species (either table, equations or experimental values)
@ — O 50 i g Assume a phi value (vaporized material in the feed) Good start Is 0.5
new 2 0 4 l 72 Get the Numerical Value of Rachford Rice Equation

@ _ 0 6972 Recalculate phi given - phi-new = phi-old - (Value of Step 4 / Value of Step 5)
new — Y Verify Abs. Error, if <0.0001, this is ok, otherwise go to step 3

Get V, L, xi, and i,

f(©,) Steps for Rachford-Rice Equation

Get the Numerical Value of the Derivative of Rachford Rice Equation

www. ChemicalEngineeringGuy. com
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L

Worked Example B

Rachford-Rice Equation for BTX

£ Step 8. Calculate all other Values Steps for Rachford-Rice Equation
VoV=0F >V =(0.6803)(100) = 68.03kmol / h using Newton Raphson Method

L—>L=F-V=100-68.03=31.97kmol / h

= For compositions, use Spreadsheet

e
Kz
y =—r
14+ 0K, 1)
x=—
" 1+0O(K, 1)
www. ChemicalEngineeringGuy. com @
(Chemical
B

WOI‘ked Example b
Rachford-Rice Equation for BTX

= Step 8. Calculate all other Values

K’zi Species i Ki |z phi yi Xi
V== Benzene 1] 1.78]  0.60] 0.6806] 0.69728 0.392703]
1+O(K; 1) Toluene 2| 0.73] 0.25] 0.6806| 0.22385| 0.305722
z Xylene 3] 0.26]  0.15] 0.6806] 0.07879] 0.301747
X,=————
 §
1+O(K, -1)
www. ChemicalEngineeringGuy. com ’q
- ()
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Example S.1.

It is often a convenient practice, yet reliable in most applications, to replace a reservoir
fluid by a binary mixture in simulating certain reservoir processes in the laboratory.
A reservoir hydrocarbon fluid has been modelled by a mixture of C; and nCjg

(60-40 mole%). The reservoir temperature and pressure are 377.6 K and 27.58 MPa,
respectively. The oil is produced through a one stage intermediate separator at
344.3 K and 6.895 MPa.

(a) What is the state of the fluid at reservoir conditions? Use the GPA K-charts given
in Appendix D.

(b) Calculate the bubble point pressure.
(c) Equilibrium flash equations for a binary system can be solved analytically, when

using K-charts. Derive the appropriate expression, and calculate the gas and liquid
mole fractions, and the phase composition, at the separator conditions.

Solution:

Component 1: Cy Component 2: nC1Q

(a)
The convergence pressure at 377.6 K (220 °F) is estimated from Figure D.1
(Appendix D): Pg=5000 psia (34.47 MPa).

The equilibrium ratios of C1 and nC|(Q are then read from Figures D.2 and D.13
(Appendix D), respectively, at 377.6 K and 27.58 MPa (4000 psia):

K=1.4 K,=0.13
N
Checking ZziKi,

i=l

2
Y 2,K,=0.6x1.4+0.4x0.13=0.89<I.

i=l

Hence, the fluid is a compressed (undersaturated) liquid.

N

For an undersaturated vapour, Zze/Ki < 1, whereas for a two phase system both
i=1

Eq.(5.7) and Eq.(5.8) should be satisfied.

(b)

At the bubble point Eq.(5.9) must be satisfied. The K-values are read from the charts
at 377.6 K by iterating on pressure:

V4
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.J_'Zh_ua}iqju_,.a-d\__-alﬁ;'rs.l_ﬂ: Zzifki-{l Js:ﬁ P b of

e e T Zzi‘”‘ﬁ =042+ 3.07 =349 >1

i (T=377.6 K) = Cile L5 Dlaa Lo jlta o ke Je O g

P, = 3408 psia (23.5 MPa) 4 .~ )

. ’ Lagla e (YL s Y 2 all) Slee Jaled Sl alie a il ldEe w P ZiK e | ‘

- = 5

P, psia, (MPa) K| K> 71K, K, 2
z‘zil(i
i=1

3500, (24.13) 1.60 0.06 0.96 0.02 0.98

3000, (20.68) 1.80 0.03 1.08 0.01 1.09

3400, (23.44) 1.64 0.05 0.98 0.02 1.00
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c.
Rachford-Rice for Binary:

Z1(k1 —kz) -
v _ 1_k2

kl"l

.4.:\.1“..2 aga_l:-,; Jﬂ)lﬁu)h'g—c_h..];w QJLD-);P‘__.-‘_;B[}TAQ_-);
F=N—K+2=2—21+2=2

P,T=+ = k=constant - SIS S o DY

fig D.2 separator con. k1 —38 ki = 4.005
Experimental
separator con.
fig D.13 ———— k; =0.0029 i, = 0.0027

nV 1 » Rachford-Rice yalzs >

%, = 0.263
N Zi
14k —1) Lz =0.737
-3 y: = 0.999
YV = m———
= by 1) v, = 0.001
x,=02496 , v, =0998
Experimental:

x, = 0.7504 , v, = 0.002

-

AR
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N
The experimental value is 23.50 MPa (3408 psia) [2]. Note that ZZJ(l strongly

i=1
depends on the K-value of methane, due to its high volatility and concentration. A
reasonable initial guess for a reservoir oil in most cases could be the pressure at which

(Kz)C,=1.

{c)
For a binary system Eq.(5.6) reduces to:

nY =[z,(K,-K))/(1-K,)-1}/(X, -1 (E5.1)
The degrees of freedom for a binary vapour-liquid system at equilibrium conditions
are only two, according to the Gibbs phase rule, Eq.(1.2). Hence at a given

temperature and pressure, the K-values are constant and independent of the overall
composition.

Using Figures D.2 and D.13, at 344.3 K and 6.895 MPa (1000 psia),

K;=3.8, K;=0.0029, (experimental values K ,=4.005, and K,=0.0027 [49]).
Eq.(E5.1) results in, vapour mole fraction: nV=0.457, liquid mole fraction: n~=0.543.
Eqs.(5.4-5) give the composition of equilibrated phases as follows,

x,=0.263, x,=0.737,  y=0.999,  y=0.001

(x,=0.2496, x,=0.7504, y=0.9980, y,=0.0020, experimental values).

Yy
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(1} The properties of Component 1, Cl. and Component 2, nC10, are read from Table
A.l in Appendix A.

Number Component MW Te Pc  acentric
kg/kgmol K MPa _ factor

| Methane 16.043 190.56 4599 0.0115

2 n-Decane 142.285 617.7 2110 04923

The Peng-Robinson EOS parameters for fluid components at T=377.6 K are
calculated as follows,

Comp. X, a, m (¥} a b
MPa.(m’/kgmol)® MPa.im*kgmol)’ m*kgmol
Equation 4.27 4.29 423 a. o 4.27
1 0.6 0.24957517 0.39665578 0.70275305 0.17538971 0.02680134
2 0.4 5.71576076 1.07281059 1.52284853 B.70423787  0.18935786

The liquid mixture parameters, b and a, are calculated using the mixing rules,
Eqs.(4.74) and (4.78), respectively. The binary interaction parameter between
methane and n-decane is read from Table A 4.3 in Appendix A: k,,=k,,=0.0500, and
k,=k;=0.

b= xb,=0.6x0.02680134+0.4 x0.18935786=0.09182395 m"/kgmol

a=Y ¥ xx(a ) (1-k,)=
i

0.6x0.6x0.17538971x 1+ 0.6x0.4x(0.17538971 x8.70423787)" % (1-0.050)+
0.4x0.6x(8.70423787 x0.17538971)° " x(1-0.050)+ 0.4x0.4x8.70423787x 1=
2.01923838 MPa.(m"kgmol)’

F -
Peng-Robinson (PR)

-3 S cf—dl;gin_—&.q-SRK\a_h.;t&);c_h@.:l; = A A Ot e el w

0, =04572 Q, = 0.077796 m = 0.3746 + 1.542w — 0.2699w?

mw
r mdﬂ.gbb\!\‘—."'-s:xn-\ﬁTMqé‘ﬂ“\:th éﬁ&&ﬁ)&jf“ﬁq_’m asls 3l

x ..-\-'5; el W e
Heavier Components (w; > 0.49):

m = 03796 +1.435w — 0.1644w? + 0.01667 w?
PR\-‘,—- s e p i
z*—-(1-B)z*+(4—-2B—-3B)z—-(U4B-—B*-B3» =0

Yo
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Pure component fugacity coefficient

vdW: u=0 w=0
SRK:u=b w=0
PR:u=2b w=b

Us— 4.14
RT ( )|
wP

W= 4.15
RT ( )

The two-parameter EOS are the most popular equations, where the parameters are expressed
by,

R'T.
a=0, —=—
P, (4.16)
RT.
b=0
v P, (4.17)

(2) A bubble point pressure of 27.58 MPa (4000 psia) is assumed as the initial guess.
The final result should not depend on the initially selected value.

(3) The Wilson equation, Eq.(3.66), is used to estimate the equilibrium ratios at 27.58
MPa, and 377.6 K: K,=2.457, and K,=0.0004684.

(4) The vapour composition is calculated using Eq.(3.43), y=Kx, resulting in
y,=1.474, and y,=0.0001874. Note that Xy, is not equal to | which only occurs at the
correct bubble point pressure.

(5) The Peng-Robinson EOS, Eq.(4.27), is set-up for both phases. The dimensionless
values of EQS parameters are calculated from Egs.(4.7-8).

Liquid Phase:

A=5.6501, and B=0.8067, which results in the following cubic equation for the liquid
compressibility factor, Eq.(4.30):

A4
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Z’-0.193327°-2.084872Z-3.38239=0
The above equation has only one real root (Appendix C), Z'=1.0985
Vapour Phase:

A procedure similar to that of liquid results in A=1.0661 and B=0.3468 for the
vapour phase, with only one real root for its compressibility factor cubic equation,

Z"=0.89802.
(6) The fugacity of each component is calculated in both phases, using Eq.(E4.5),

N
22x.a.-

b, o o A | ETY b L Z+(1-V2)B
o, =y @ D-Z-B -5 5~ 2 b ["Zraryos’

(E5.2)
where a;=(aa)"*(1-k,).

The calculated values of fugacity coefficients, fugacities, and equilibrium ratios are as
follows:

Comp. P, MPa  x; Y o N fil', Mpa ', MPa K

Equation E5.2 E5.2 ¢Lxlp ¢:“' y,P .¢,|-,-¢,V
1 27.58 0.60000 1.474 1.3643 0.9157 22.56 37.22 1.4899
2 27.58 0.40000 0.0001874 0.003345 0.02295 0.03690 0.0001186 0.14575

Clearly the fugacity of components are not equal in the two phases at the above

N

selected pressure. The resulting error value of Er[l—fi"!fj'u )*=10° is far remote
1

from the objective value of <10

(8) Now with the new pressure and equilibrium ratios, steps (4) to (7) are repeated.
The results of a few initial, intermediate and final iterations are given in the following

tables,
Iter. No. Pres., MPa ¥, s - A
2 26.24 0.8932 0.05829 1.0513 0.91638
3 25.59 0.9329 0.04261 1.0285 0.92134
14 24 .31 09774 0.02225 0.9828 0.9289
29 24,294 097777 0.022228 0.98213 0.92877
Iter. No. £ fY fy f: K, K, Error
MPa MPa MPa MPa
2 21.86 20,92 0.03383 0.04628 1.5548 0.10653  7.43E-02
3 21.52 21.13 0.03246 0.04182 1.5841 0.082677 5.05E-02
14 20.87 20.87 0.02989 0.2991 1.6292 0.055615 4.97E-07
29 20.861 20,861 0.029834  0.029834 1.6296 0.055569 3.58E-12

Yv



‘S}lé )ué)_(fefu‘ bé'h', )S\) _jlf 9 C«.fﬁ 6‘50*.\:} ‘S.M}J.*e' 0 0 ;S W ;‘Q_O" °|§ o .‘o

o5 &Yl
Chapter 5: Phase Behavior Calculations

The change of Gibbs energy can be calculated using Eqs.(3.14) and (3.27), with fugacities
determined by EOS. For example, using the Peng-Robinson or Soave-Redlich-Kwong EOS
with component fugacity coefficients as,

b, A al Z+8,B
= (Z-1)-In(Z-B) - ————| | 2Y xa; [/a=b;/b [In(E—2= E4.5
Ing, = 2L(Z~1)-In(Z-B) Btﬁz—ﬁ.b[( ngau]a , ]"(24.5,13} (E4.5)

or using the total fugacity coefficient given by Eq.(4.18), the system molar Gibbs energy
difference at the two roots Zy, and Z; is determined as,

Z, -B A Z,+8B)Z +5,B
G, ~G,)/RT=(Z, —Z,)+ In(— = 1 L h 2 5.13
( h |) ( h :I) T!(Zh_B} B{81_81} n[{z,+BIB][Zh+B,BJ] ( )
If the above is positive, Z) is selected, otherwise, Zy, is the correct root.

Example 5.3.

The Peng-Robinson EOS is used to predict the density of a single phase equimolar
mixture of C, and nC, at 396 K and 3.86 MPa. Apply the minimum Gibbs energy
concept to select the proper root.

Ex 5-3
PR — py of mixture C; — nCy (equimolar)
T =39 K , P = 3.86 MPa

Apply the minimum gibbs energy to select the proper root?

o ZhoZl s,

PM = 7RT

Z: Zhor Zl

YA
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Solution:

The parameters of EOS are determined for the equi-molar mixture of C; (Component
1) and nC, (Component 2), at 396 K,

Comp. X a, m o a b
Equation 4,27 4.29 4.23 a o 4,27
1 0.5000 1.01770302 0.60201108 0.95856673 0.97553625 0.05631263
2 0.5000 1.50486716 0.6704416 1.04728482 1.57602453 0.07243918

Mixture parameters, b and a, are calculated using the random mixing rules, Eqs.(4.74)
and (4.78), respectively, with k;;= 0.0033 from Table A.4.3 in Appendix A.

b= x,b,=0.0643759 m’/kgmol

a,,:a;,= (1-k,;)(a,a,)"*=1.23585538  MPa.(m’/kgmol)’

2 2
a= Z‘Z‘xix a,=1.25581788  MPa.(m"/kgmol)’

The above values result in the following dimensionless parameters at 3.86 MPa:
A=0.44715879 and B=0.07547177

Substituting the parameters in Eq.(4.30) results in the following cubic equation,
Z°-0.924528277+0.27912728Z-0.027622=0

The above equation has three real roots:

Z,=0.394179 Z, =0.280758 Z,=0.249591

Rejecting the intermediate root, 7, and substituting 81=1+ JE_, and 52:]—‘\5 in
Eq.(5.13) to obtain the expression for the Peng-Robinson EOS, we obtain,

(G, - G,)/RT =-0.00046

Hence, Z, represents the stable phase with a lower energy level, and the fluid is
vapour-like.

The density is calculated as,
pu=P/(ZRT)=3.86/(0.394179x 0.0083144x 396)=2.9742 kgmol/m’
M=XxM=51.109 kgmol/mol

p= Py M=152.01 kg/m’

When at a selected temperature-pressure, EOS gives one real root, that root will be expected to
be the correct root for the phase under consideration. Phase behaviour calculations using EOS
is an itcrative process as compositions of all or some of the phases, hence the parameters of
EOS, are not known in advance. The initially estimated composition for a phase may provide a
wrong single root, as shown schematically in Figure 5.2.

Y4



‘S}lé )w)_tsefu‘ bé'hj )'":Sé _jlf 9 M-és 6‘50*;) ‘sw..).he' 0 0 ;S W ;‘é_ol’ Oli o .‘J

o5 &Yl
Chapter 5: Phase Behavior Calculations



P CI P PR ([ WA X JICT ST I+ PUU. SR TIPS L LRI 4]
o5 &Yl

Chapter 5: Phase Behavior Calculations

Lo i EX 4-5 Ju
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Stability Limit

A main application of determining the intrinsic stability limit is in determination of the critical
point by an equation of state. It was noted in Figure 5.8, that the binodal curve and the phase
envelope meet at the critical point. This feature has been used successfully to determine the
critical point of multi component systems, as both the binodal curve and the phase envelope can
be expressed by energy terms, similar to those in Egs.(3.8), and (5.41), and rigorously

calculated using thermodynamic relations.

Gibbs Energy, g ---—---->

0 xF 1
Composition, x |
Figure 5.9. Intrinsic stability limit of a binary mixture at constant pressure and temperature.

Example 5.6.

Prove that the mechanical stability limit for a pure compound, as described in Figure
5.8, can be derived by the general energy concept. Find the stability limit of normal
hexane at 473.0 K, using the Soave-Redlich-Kwong EOS (SRK).

Solution:

Describing the stability limit criterion, Eq.(5.41), in terms of the Helmholtz energy,
Eq.(3.12), with variables of temperature and volume, we obtain,

d’A=0
where,

dA =-SdT - PdV + Y p,dn,
i

vy



638 LBy Il Al 5SS — 55 g ki o  aihed S ASCEINS— g Lo 61K

o5 &Yl
Chapter 5: Phase Behavior Calculations

For a pure compound at constant temperature the above reduces to,
dA=-PdV

Hence,
(0*A/IVH); = —-%{an'a'v)T =0

That is, the stability limits for the vapour and liquid phases of a pure compound lie at
the maximum and minimum pressure values, respectively, on the isotherm as
described by EOS.

Calculating the derivative of pressure with respect to volume at constant temperature,
using SRK, we obtain,

v'+(2b-2a/RT)v’ + (b’ +3ab/RT)v’ —ab’ /RT =0

The EOS parameters for normal hexane are calculated at 473.0 K as follows:

Te Pc w a, m (v a b
K MPa MPa.(m*/kgmol)? MPa.(m*kgmol)* m*/kgmol
Equaton 422 4.25 4,23 a o 422

507.6 3.025 0.2659 2517012 0938436 1066155  2.683527  0.120877

Substituting the values of a and b in the above equation results in,
v*-1.1229661v'+0.26205757v-0.00120518=0
with the roots as:

v,=-0.06014 m*/kgmol
v,= 0.08275 m’.-"kgmol
v.,— 0.30412 m*/kgmol

= 0.79623 m’/kgmol

The first two roots are not acceptable, i.e., one negative and the other smaller than
b=0.120877 m’/kgmol, whereas the third and fourth roots represent the volume limits

for liquid and vapour phases, respectively. The associated pressures at the stability
limits can simply be determined from SRK by substituting the values of volume and
temperature,

P"=0.6995 MPa P'=2.148 MPa

Yy
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Compositional grading

Table 5.1. Variations of fluid composition with depth in a reservoir,

Fluid D, Well | C, Well 2 B, Well 2 A, Well 2
Depth (meter subsca) 3136 3156 3181 3217
Nitrogen 0.65 0.59 0.60 0.53
Carbon Dioxide 2.56 2.48 2.46 2.44
Methane T72.30 64,18 59.12 5492
Ethane 8.79 8.85 8.18 9.02
Propane 4.83 5.60 5.50 6.04
i-Butane 0.61 0.68 0.66 0.74
n-Butane 1.79 2.07 2.09 2.47
n-Pentane 0.75 0.94 1.09 1.33
Hexanes 0.86 1.24 1.49 1.71
Heptanes 1.13 2.14 3.18 315
Octanes 0.92 2.18 2.75 2.96
Nonanes 0.54 1.51 1.88 2.03
Decanes 0.28 0.91 1.08 1.22
_Undecanes Plus 349 6.00 L9235 10.62
Molecular Weight 331 43.6 55.4 61.0
Undecanes plus characteristics
Molecular Weight 260 267 285 290
Specific gravity 0.8480 0.8625 0.8722 0.8768
\\Gas Like

S
o ’
q'ﬁ '.' Oil Like

- Depth

Qil

Pressure

Figure 5.10. Phase variations in reservoirs with compositional grading.
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Table 5.2. Properties of fluids at different depths in the North Sea reservoir.

Fluid D, Well 1 C, Well 2 B, Well 2 A, Well 2
Depth (meter subsea) 3136 3156 3181 3217
Measured Reservoir Pressure, MPa 4493 44,89 44.4] 45.35
Measured Reservoir Temperature, K 384.2 379.8 3809 382.0
Density at Res. Pressure, kg/m’ 400.4 530.8 557.7 573.4
Saturation Pressure, MPa 39.0 378 7.3 33.0
Saturation Point Dew Point Dew Point Bub. Point Bub. Point
Density at Sat. Pressure, kg/m’ 3974 503.0 540.0 546.2
Separator Pressure, MPa 6.5 1.6 1.7 1.2
Separator Temperature, “C 2854 308.1 3109 2909
Separator GOR, m%/m’ 1005.0 611.0 390.0 304.0
Tank Oil Specific Gravity 0.7877 0.8170 (1.8254 0.8185

Yo



