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Abstract

The Thermodynamic Modeling Framework (TMF) for LNG systems is obviously not
available and its focal point is the development of robust methods for thermodynamic
stability analysis as well as algorithms for accurate phase split predictions. A new model

is here developed with its algorithm and applied to a Nitrogen-rich LNG system. Two
-1

K=
EOS models were used with initial VEKwitson With Peng-Robinson EOS model,

2-phase split occurred at 110.8K, 3-phase—split occurred at 110.9K while the system
reverted to 2 phases at 111K without further changes. For the Soave-Redlich-Kwong
EOS model, the system split into 2 phases at110.8K, into 3 phases at 11K but reverted
and remained a 2-phase system at 111.8K.

1. Introduction

In order to satisfy the energy demands of today’s modern society, the oil and gas
industry focuses on the extraction, production, processing, transportation and storage of
petroleum fluids. One of these important petroleum fluids can be conditioned into what
is referred to as Liquefied Natural Gas. (LNG) Natural gas is generally considered a
nonrenewable fossil fuel because most scientists believe that natural gas was formed
from the remains of tiny sea animals and plants that died 200-400 million years ago.

Natural gas exists in nature under pressure in rock reservoirs in the earth’s crust, either
in conjunction with and dissolved in heavier hydrocarbons and water or by itself. It is
produced from the reservoirs similarly in conjunction with crude oil. Natural gas is used
primarily as a fuel and as a raw material in the manufacturing industry.

Liquefied Natural Gas, (LNG) is natural gas in its liquid form. When natural gas is
cooled to -259°F (-161°C), it becomes a clear, colorless, odorless liquid. LNG is neither
corrosive nor toxic. Natural gas is primarily methane, with low concentrations of other
hydrocarbons, water, carbon dioxide, nitrogen, oxygen and some sulphur compounds.
Depending on the source of natural gas, its methane composition ranges between 87 and
99%. During the liquefaction process, natural gas is cooled below its boiling point
(-162°C) removing most of these compounds.

2. Lng Phase Behavior Modelling

The success of the design and operation of separation processes in the oil and gas
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industry at cryogenic temperatures depends largely on the
accurate descriptions of the thermodynamic properties and
phase behavior of the concerned multi-component
hydrocarbon mixtures with inorganic gases. Thus, it is
important to develop a reliable thermodynamic modeling
framework (TMF) that will be able to predict, describe and
validate robustly and efficiently the complex phase behavior
of LNG mixtures (Blanca et al., 2012). The TMF has three
main components: a library of thermodynamic parameters
pertaining to pure-substances and binary interactions,
thermodynamic models for mixture properties and algorithms
for solving the equilibrium relations. Reliable pure-
component data for the main constituents of LNG systems
are available experimentally the choice for the
thermodynamic model is basically an Equation of State
(EOS) Thus, the focal point of a TMF for phase behavior
calculations of LNG systems is the development of robust
methods for thermodynamic stability analyses, and of reliable
efficient and effective flash routines for three phase split
calculations. This work provides a robust method for
carrying out thermodynamic stability analyses as well as
flash routines for two- and three-phase split calculations. The
model is here first demonstrated on an LNG sample.
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Figure 1. TMF Flow Chart for Complex LNG Systems.

3. Literature Review

Phase behavior relations have been explored in recent
times by researchers for complex hydrocarbon systems
(Adewunmi, 2014). Solution algorithms and new Equations
of State have also been suggested for phase behavior
calculations (Ayala, 2006; Dashtizadeh et al. 2006) Robust
algorithms were suggested by Firoozabadi and Pan (2002) for
stability analysis while Haugen et al (2011) developed robust
three-phase split calculation methods. Isothermal flash
calculation methods for multiphase systems were addressed
by Naji (2008) and Rosales-Quintero (2009) while Iranshahr
et al (2010) developed a generalized negative-flash method
for similar systems. Three-phase split calculations using
Rachford-Rice equation has been quite fruitful and promising
as shown by Zhidong and Firoozabadi (2012a).

In this work, the stability testing criteria are explored and
applied to three-phase split calculation using the Rachford-
Rice rquation for a complex LNG system. The flow chart for
the algorithm is shown in Figure 1.

4. Thermodynamic Stability Criteria

Stability testing has to do with knowing whether or not a
mixture will actually split into two or more phases for a
given pressure and temperature condition.

4.1. Single Phase Stability Testing

A single phase detection routine is used to detect whether
the system is in a single phase condition at a given
temperature and pressure or perhaps, it will actually split into
two phases. Michelsen (1982a) suggested creating a second
phase inside any given mixture to verify whether such a
system is stable or not. The test must be performed in two
parts considering two possibilities i.e. the second phase can
be vapor-like or liquid-like.

4.2. Two Phase Stability Testing

The testing may be needed to know whether the mixture is
stable in a given two-phase state. It is thermodynamically
equal to testing the stability of one of the two equilibrium
phases (Baker et al. 1982).

5. Phase Split Calculations

The majority of flash processes of industrial interest
involve only a vapor phase and a single liquid phase. When it
is known in advance that a given mixture at a specified
pressure and temperature is incapable of forming multiple
liquid phases it is fairly easy to decide whether a vapor-liquid
phase split will occur (Michelsen, 1981b). A method for
calculating the phase split for specifications in the two-phase
and three-phase region is discussed.

Two-Phase Split Calculation.

Two phase Equilibrium satisfies the condition of equal
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fugacities of each component in both phases, fy; =f,; (=1 to
C), where f,; and f,; are the fugacities of component i in
phases x and y, respectively. The equality of fugacities can be
further transformed using the natural logarithm of the
equilibrium ratios as the primary variables (phase x is chosen
as the reference) (Haugen et al. 2011) so that

InK,; = In®d,; — In®,,; (i=1 to C) (1)
where K,,; = Yi / x; equilibrium ratio
@,; and &@,,; are the corresponding fugacity coefficients,

but x; and y; are restricted by the Rachford-Rice equation
(Rachford and Rice 1952)

ni(Kyi_l) —
1+ By(Kyi—1)

RR, = Y(yi—x) = X (2)
Where f,, is the mole fraction of phase y. Eqn (1), Eqn (2)
and B, , are used to carry out the two-phase equilibrium

calculations. The phase compositions are determined from
Eqms (3) and (4)

_ ni(Ky-1)
i =T By (Kyi—1) 3)
yi = Kini (1:1 to C) (4)

Three-Phase Split Calculations

Three-phase equilibrium satisfies the conditions f,; =
fyi = fzi (=1 to C), where fy;, f,,; and f;; are the fugacities
of component i in phases x, y and z, respectively. Similarly,
the equilibrium condition can also be expressed in terms of
the natural logarithm of the equilibrium ratios (phase x is
chosen as the reference) (Haugen et al. 2011)

Establishing the three phases; V, L, and L,, we have

lnkyi = ln(pxi - ln(pyi (5)
Ink,; = Inp,; — Ing,; (i=1 to C) (6)

for a mixture containing C components (Zhidong et al 2012)
where ky; = Y “/x, and ky; = Zi/ x; are equilibrium ratios of
component i with x;, y; and z; being the mole fractions of
component i in phases x, y and =z respectively,
@i @y, and @,; are the corresponding fugacity coefficients.
The Rachford Rice equation is given by

ni(kyi_l)
kyi_l)"'ﬁz(kzi_l)

RRy = Yica i — %) = Xio 16y =0

and

ni(kzi—1)

=y —X:;) = =
RRZ - Z[:l(zi xl) Z 1+By(kyi_1)+ﬁz(kzi_1) 0 (8)

Where B, and 8, are the mole fractions of phase y and z
respectively. Three-phase equilibrium is solved by combining
Equations (7) and (8).

There are 2C+ 2 variables, {K,;}, {K;}, B, and §,. and
the phase compositions are determined from

%t = L1135 (o) 1, G ©)

(10)

yi = Kyix;,
and

7 = K,;x; (i=1 to C) (11)

6. The Procedure

(1)  The Feed having composition ni under temperature
T and pressure P is obtained.

(2)  Calculation of Z using a selected Equation of State
(EOS). Here two EOS are tested namely the SRK-EOS
and the PR-EOS

For Soave-Redlich-Kwong EOS

RT aa
P=—-—

B—b  B(I+b)

(12)
where,

@ = |1+ (048508 + 1.55171w — 0.15613w?)(1 — {T;|" (13)

2m2
a = 0.427480 RPTC (14)
RT
b= 0.086640P—C (15)
The SRK-EOS cubic expression in Z becomes:
Z3—7*4+(A—-B-B*»Z—-AB=0 (16)
where
aaP
— br
B=— (18)
(@®)m = LX) (@a)i; (aa);; = /(aa);(aa); (1 - kij) (19)
by = Xiyib; (20)
For Peng-Robinson EOS (Peng and Robinson; 1976)
- RT _ @@
P = B-b  D24+2bD—b2 1)

where:

a= |1+ (037464 + 1.54226w — 0.26992w?)(1 — ﬁ]z (22)

a =0.45724

R2TZ
. (23)

c

b= 0.07780%

c

24

The PR-EOS cubic expression in Z becomes:
73— (1-B)Z?+ (A—-2B —3B%)Z — (AB — B? —B3) = 0 (25)

where:

_ aapP
~ R2T2

(26)
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p=2 27)

RT

Similar to SRK-EOS, the PR-EOS mixing rules are:

(3) Calculation of phil and phiv using EOS, Z= roots
(Arnulfo 2013)

Z=minimum root of the cubic equation,

Z.,~maximum root of the cubic equation

(ad)y = XX yiy; (aa)y; (a);; = f(aa)i(aa); (1 —k;;) (28) For SRK-EOS
by = Xiyib; (29)
In@; = (BB);(Z — 1) —In(Z — B) — g ((A4), — (BB))In [1 + g] (30)
and for PR-EOS
- A z+(V2+1)B
Ing; = (BB)(Z = 1)~ In(Z - B) = 34 ((A4); — (BB))In |22 31)

where

2

(ad)m

(A4); =

(2} (@a)y] (32)
(BB); =~ (33)

Phiv=exp(Inphiv) and phil=exp(Inphil)

(4)  Calculation of Ky Using Wilson Correlation

To calculate the mixture fugacity ( f;;) using overall
composition i

fni = OtniP 34)

Wilson’s correlation (Wilson; 1986) is used to obtain
initial K; values.

Wilson’s correlation and it’s reciprocal are used to provide
the initial guess of {K;**"}. The Wilson correlation is given by

K; = Piﬂexp[5.37(1 + w) (1 — Tiﬂ)] (35)

where T, P.;, Ty, Pri and w; are the critical temperature,
critical pressure, reduced temperature, reduced pressure and
acentric factor of component i respectively. The second phase
mole numbers, Y; are calculated using

Y, = nik; (36)
To obtain the sum of the mole numbers,
S, =YY, 37

Normalizing the second phase mole numbers

Vi (38)

_SV

To calculate the second-phase fugacity (f;) using the
corresponding EOS and previous composition

fyi = 0" yiP (39)
To calculate corrections for the k-values

_ Ju
R = (40)

K.(a+1) — K(a)RL (41)

l i

(5) Single Phase Stability test is done; If Sv>1 the
system is unstable otherwise it is stable and single
phase condition prevails. 2-phase split calculation is
next (if unstable)

(6) Initial Vapour Phase Fraction, Psi is Guessed

(7) 2-phase split calculation is done

ni(Ki—l)

_yC
RR =Xz 14psi(Ki-1) (42)
The phase compositions are determined from
ni(Ki—1)
X st “3)
yi = Kix; (44)
Kyi = (=1 0 C) 45)
(8) Liquid phase fraction, x;, is calculated
K; calulated from Wilson’s correlation
Ki = —exp[5.37(1 + w))(1 — 5] (46)
fyi = O"xiP (47)
To calculate a liquid-like second phase
xi
Zi=+ (48)
S1=2Z; (49)
=4
7 =2 (50)
R =Lt (51)
xi
Ki(a+1) — Ki(a)Ri (52)
The system is stable if S;<land if unstable S;>1
(9) Calculation of Kz is done
Kz; =2 (53)

Xi

(10) Initial values of the phase fractions: psi, xi. are
guessed. Preferably, psi = its previous value from
two-phase split RR equation while xi = 0 (Zhidong et
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al, 2012). Table 1. LNG Sample Parameters.
(11) Calculation of the new values of psi and xi using 3- Parameter Value Unit
phase split Rachford Rice equations Values of psi and R 0.00008314 m3barK ~Lmol~?
xi are obtained by solving 3-phase Rachford Rice P 1.013 Bar
equations T 111 K
ni(ky;i—1) Table 2. LNG Constituents and Their Properties.
RRy = X1 (i — %) = Xiz T+psi(k l,_f;”i(k 1 0 (54)
r z Component  N; Q T, P, Boiling Point
_wcC _ ni(kzi—1) _ CH, 0.9332  0.0074 190.6  46.4068 111
RR, = ¥i-1(zi —x) =3 TepsiQly—1)FxileD) 0 (55)  ¢,H, 0.0465 0.0983 3054 48.8385 187
C3Hg 0.0084  0.1532  369.8 42.5666 231
(12) 3-phase state properties; T, P, x, y, z are calculated. CaHyo 0.0018 02008 4252 37.9662 273
There are 2C+ 2 variables, {K,;},{K;;}, psi and xi The N, 00101 00400 1262 339437 7721
phase compositions are determined from
7. Results
=y ni(kzi—1) (56)
b Lpsi(lyi 1)+ -1 During simulation using our TMF, different number of
— hases were obtained as changes in T rred.
yi = Kyixi, (57)  Phases were obtained as changes occurred
2 = K,;x; (i=1 to C) (58) 7.1. Peng-Robinson (PR) EOS Model

Tables 3 and 4 show the values for PR EOS model using
different K values as indicated

K= 3\/ Kwitson

The LNG system used for the model was sourced from
Baltimore Gas and Electric LNG culled from liquid methane
fuel characterization and safety assessment report Dec, 1993.
Tables 1 and 2 show system parameters needed for the
modeling. This LNG sample was deliberately selected due to
its high nitrogen content which is above 1%.

Tolerance = 1071°

Table 3. Number of Phases Against Temperature.

T (K) 110 1105 110.7 110.779 110.8 110.85 110.9 111 111.5 111.8 112.. 115 120
No Of Phases 1 1 1 1 2 2 3 2 3 3 3 3 3
k=1 /3
Y KWilson
Tolerance = 10710
Table 4. Number of Phases Against Temperature.
T (K) 110 110.5 110.7 110.779 1108 110.85  110.9 111 1115 111.8 112 115 120
No Of Phases 1 1 1 1 2 2 3 2 2 2 2 2 2
7.2. Soave- Redlich-Kwong (SRK) EOS Model
3
K= Y, Kwitson
Tolerance = 10710
Table 5. Number of Phases Against Temperature.
T(K) 110 110.5 110.7 110.779 1108 11085 1109 111 111.5 111.8 112 115 120
No Of Phases 1 1 2 3 2 2 2 3 3 3 3 3 3
k=1 /3
Y KWilson
Tolerance = 10710
Table 6. Number of Phases Against Temperature.
T(K) 110 110.5 110.7 110.779 110.8  110.85 110.9 111 111.5 111.8 112 115 120

No Of Phases 1 2 3 3 2 2 2 3 3 2 2 2 2
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8. Discussion of Results

The algorithm developed for the Thermodynamic Model
Framework (TMF) has deliberately included the following
parameters: R, T, P, o, T, P, BIP and n; shown in Table 1
and Table 2. Some of the parameters generated are the B, T,
Z, phi, Kyiison> Sv»> Sp» PS, Xi, X, y and z. The programming
code used for developing and executing the TMF was
MATLAB.

Obviously, the program was able to generate reasonable
results going by the output on Tables 3, 4, 5 and 6. Two
popular Equations Of State- Peng-Robinson EOS and Soave-
Redlich-Kwong EOS-were employed. Very critical in the
modeling is the value of our K in arriving at reasonable
results. Ky i;50n could be initialized in various forms to obtain

K-values which include: Kiyijson » 1/ Kypitson m or
1
/ VKwitson These provide the initial guesses for KSta? for

stability testing (Zhidong et al, 2012).

K=1
K = 3/Kyison and VKwiison were selected as

initial K values for the two-phase stability testing for both
Equations of State.. The tolerance put at below 10710 is also
a potent factor in order to obtain the results shown. All the
values obtained are obviously the function of varying
temperature at constant pressure. The pressure throughout is
1 atmosphere.

Peng- Robinson EOS Model

The results in Table 3 show that for initialized K =
3/ Kwitson for two-phase stability testing, the LNG system is
a single-phase liquid up till 110.779K after which at 110.8K
it exhibited a two-phase characteristic which is V-L at
110.9K, then a three-phase system (V-L;-L,) was obtained
and at 111K it returned to a two-phase system while at
111.5K it became three-phase again. The three phase system
is retained till 120K, with no further changes.

Table 4 shows the results for the same system under the
same condition only that our initialized K-values for two

k=1

phase stability testing was 3\/ Kwitson. Just like for

PR-EOS in Table 3, the system was a single-phase liquid at
temperature values lower than 110.8K. Between 110.8K and
110.85K, a two-phase system (V-L) was obtained which
turned to three phases (V-L;-L,) at 110.9K and becomes a
two-phase system again at 111.5K and the two-phase system
was maintained till 120K.

In effect, the two models predicted intermittent phase
splitting and merging yielding one, two and three phases.
Also at 110.9K both models generated the same result. But in
practical terms, the result in Table 4 is more realistic than that
in Table 3 since the constant three-phase system at 111.5K
and beyond (in Table 3) may be impractical. Nitrogen in the
system is expected to thin out as the temperature of the

system increases and the third phase which is believed to be
liquid phase nitrogen should disappear.

Soave-Redlich-Kwong EOS Model

In Table 5, the single-phase system ended at 110.5K and at
110.7K a two-phase system emerged. At 110.779K a three-
phase system was obtained and at 110.8K a two-phase
system was again observed. This continued until at 110.9K
but at 111K the system became ternary in phase. The three-
phase system was maintained until 120K.

As shown in Table 6, the system was one-phase (L) at
110K but split into two phases (L-V) at 110.5K. The binary
phase system compounded to three-phase from110.7K until
110.779K after which it reverted back to two-phase till
110.9K. At 111K, a three-phase system was obtained again
and remained untill 111.5K. Finally, a two-phase equilibrium
system was gotten at 111.8K and was maintained until 120K.

It can be inferred from Tables 5 and 6 that the system
under the influence of temperature exhibited phase split from
one to two and from two to three phases and the reverse at
some points. But the system is characterized by recurrence of
specific equilibrium states. It is also obvious that Table 6 is
more realistic than Table 5.

From the discussion so far, phase split in the LNG system
has been successfully predicted as the system undergoes
temperature variation using the TMF developed in this work.
For phase split stability calculations, K¥®%Y = g —

1
/ 3\/ Kwiison is appropriate for both EOS medels. The results

obtained were very close with a very small difference of
about 0.57%. The same TMF can serve other purposes such
as calculation of the composition of the different phases
evolving from the feed as a function of the temperature of the
system.

9. Conclusion

A robust TMF has been developed, tested, and its results
analyzed. It is convincing that the model is workable and
applicable to complex LNG systems. Hence the inverse cube
root of Kison provides an appropriate guess in initializing
K1 for both EOS models used here. It can also be applied
to any multi-phase fluid system. Phase split occurrences in a
nitrogen-rich LNG system has been modeled. As far as the
authors are aware, this TMF is novel and has not been built
for complex LNG systems before.
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