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Liqueﬁed natural gas (LNG) has attracted global attention as a more ecological energy source when compared to
other fossil fuels. The nitrogen (N2) expander liquefaction is the most green and safe process among the diﬀerent
types of commercial natural gas liquefaction processes, but its relatively low energy eﬃciency is a major issue.
To solve this issue, an energy-eﬃcient, safe, and simple refrigeration cycle was proposed to improve the energy
eﬃciency of the N2 based natural-gas liquefaction process. In the proposed refrigeration cycle, vortex tube as an
expansion device was integrated with turbo-expander in order to reduce the overall required energy for LNG
production. A well-known commercial simulator Aspen Hysys® v9 was employed for modeling and analysis of
proposed LNG process. The hybrid vortex-tube turbo-expander LNG process resulted in the speciﬁc energy requirement of 0.5900 kWh/kg LNG. Furthermore, the energy eﬃciency of the proposed LNG process was also
compared with previous N2 expander-based LNG processes. The results demonstrated that the proposed hybrid
conﬁguration saved up to 68.5% (depending on feed composition and conditions) in terms of the overall speciﬁc
energy requirement in comparison with previous studies.

1. Introduction
Natural gas liquefaction processes are mainly divided into two types
based on the refrigerants used in the refrigeration loop: nitrogen (N2)

⁎

expander and mixed-gas refrigerant (MR). To achieve the maximum
potential beneﬁts of mixed refrigerants, these processes have been
improved and modiﬁed into further categories including single mixed
refrigerant (SMR), Korea single mixed refrigerant (KSMR), dual mixed
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Nomenclature
N2
KSMR
SMR
DMR
C3MR
CFD
LNG
MR
HP
LP
MITA

NG
TDCC
THCC
VT
W
ΔT1

nitrogen
Korea single mixed refrigerant
single mixed refrigerant
dual mixed refrigerant
propane precooled mixed refrigerant
computational ﬂuid dynamics
liqueﬁed natural gas
mixed refrigerant
high pressure
low pressure
minimum internal temperature approach

ΔT2
CHE
E
K

refrigerant (DMR) processes cascade, and propane precooled mixed
refrigerant (C3MR) processes. The mixed refrigerant-based processes
are highly energy eﬃcient with a high degree of complexity and capital
expenditures as compared to the N2 expander processes. However, the
mixed refrigerant processes for liqueﬁed natural gas (LNG) use highly
ﬂammable hydrocarbon-based refrigerants that make them less attractive because of their environmental hazards and safety concerns [1].
Appendix A [1,2] summarizes the safety and environmental data for
diﬀerent refrigerants including MR ingredients and nitrogen. The safety
data shows that N2 as a refrigerant has zero occupational exposure limit
(OEL), and a zero lower ﬂammability limit (LFL). Furthermore, the
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) has standardized 34 safety groups (2010a and
2010b), and categorized N2 refrigerant in the A1 category (i.e., no
ﬂame propagation), whereas, all other refrigerants are categorized into
A3 (i.e., highly ﬂammable). The environmental data shows zero global
warming potential (GWP) for N2 refrigeration when compared to the
MR ingredients.
The selection of key design parameters for an oﬀshore LNG plant is
quite diﬀerent from that of an onshore liquefaction plant in terms of the
process ﬂexibility, compactness, process safety, environmental considerations, and make-up refrigerant storage. Considering more conscious safety and environmental concerns, the N2 expander LNG process
could be one of most promising candidates for oﬀshore LNG production.
Besides of better inherent safety, the N2 expander-based LNG process
oﬀers a high degree of availability (minimal unplanned shut downs)
with less capital investment, making them more feasible for oﬀshore
LNG production [1,3–6].
However, the high energy requirement of LNG production is considered as a major challenge associated with the N2 expander-based
LNG processes. Yin et al. [7] performed a comparative study of mixed
refrigerants and a N2-expander LNG process and reported that the
mixed refrigerant processes consumed only 46% of the energy required
by the N2-expander process. This high energy consumption is a major
hurdle in the large-scale implementation of the N2 expander-based LNG
process and makes it less attractive for oﬀshore LNG production.
However, this energy consumption varies with environmental plant site
conditions [8,9] and the types of available refrigeration cycle technology for the LNG production such as the SMR, KSMR, DMR, and
C3MR processes. Furthermore, the LNG processes requires a signiﬁcant
amount of energy, which is mostly contributed by the shaft work, the
compression stage of the liquefaction cycle. This is mainly dependent
on the temperature diﬀerences in the heat exchangers [10].
The conventional N2 expander process features a single expander
that generates the refrigeration eﬀect by expanding N2 from high
pressure to low pressure (usually from 100 to 4 bar) [6,11]. This highpressure reduction results in a signiﬁcant irreversibility in the cryogenic
heat exchanger, which ultimately increases exergy losses and leads to
high energy consumption [4]. The corresponding irreversibility along
the length of a cryogenic exchanger is demonstrated by the large
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Fig. 1. Composite curves of conventional N2 expander LNG process.

temperature gap between the hot and cold composite curves shown in
Fig. 1.
One way to overcome this irreversibility is to install the expander in
a series combination. By doing this, the optimal pressure drop intervals
can be designed to reduce the irreversibility. However, this approach
requires a high capital investment, high maintenance cost, and complex
control system for industrial operations.
Optimization of the design and operational parameters is one of the
most popular approaches for improving the energy eﬃciency of N2
refrigeration processes [3]. Various optimization techniques have been
reported to enhance the energy eﬃciency of the N2 expansion based
LNG process [5,6,11–15] as well as mixed refrigerant LNG process
[16–18]. Another alternative to improve the energy eﬃciency of the
LNG plant is to enhance the refrigeration cycle units, such as compressors, cryogenic heat exchangers, and expansion devices [19,20].
For example, Fahmy et al. [21] have enhanced the energy eﬃciency of
the open cycle Phillips optimized Cascade natural gas liquefaction
process. They improved the structure of the LNG process by replacing
the Joule-Thompson valve with expanders. Nevertheless, Vatani et al.
[22] reported that structural optimization alone cannot be useful enough to improve the overall energy eﬃciency of LNG processes.
This study focused on employing a vortex-tube technique to improve the energy eﬃciency of an existing N2 refrigeration process. The
potential applications of the vortex tube for liquefaction were ﬁrst introduced by Georges J. Ranque (1933), followed by experimental validation by German physicist Rudolf Hilsch (1947) [23]. The vortex
tube includes signiﬁcant merits such as compactness with no moving
parts, low cost, zero maintenance, and adjustable cold and hot streams
118
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[24–26]. The construction of the vortex tube consists of inlet nozzle(s),
a diaphragm, a vortex generator, a chamber, a cylindrical tube, a
conical valve, and a hot and cold outlet. Fig. 2 shows the schematic of a
vortex tube.
The working principal of a vortex tube depends on the pressure
gradient that causes the energy separation (in terms of hot and cold)
from compressed gas. The compressed gas is introduced tangentially
into the tube chamber through one or more nozzles. The swirls form a
typhoon through the interchangeable vortex generator. The compressed
gas leaves the tube from the cold and hot sides. A small conical control
valve at the hot-gas side is installed to control the temperatures as well
as cold and hot fraction corresponding to the speciﬁed application of
the vortex tube.
Detail expansion mechanism of the vortex tube still has argument
with open issues to be addressed. However, it has been reported that
the refrigeration cycle associated with isentropic expansion [27–29]
provides a higher coeﬃcient of performance, which is deﬁned as the
ratio of the useful cooling eﬀect provided to the required compression
energy, in comparison with the isenthalpic expansion-based refrigeration cycles [20,30], as indicated in the famous Maxwell thermodynamic
relation (i.e., dH = TdS + VdP). A more exciting and potentially much
broader use for the vortex tube is possible if it is integrated into a refrigeration system to accomplish the required expansion process in a
less-irreversible manner [31].
This study addressed the potential beneﬁts of a vortex tube coupled
with turbo expanders to enhance the energy eﬃciency of the N2 refrigerant-based liquefaction process. The structure and design parameters of the proposed hybrid vortex-tube turbo expander were optimized to obtain the maximum potential beneﬁts corresponding to
minimal energy consumption.

Fig. 2. Schematic of vortex tube (courtesy of AiRTX Vortex Tubes).

Table 1
Process simulation basis and feed conditions [6].
Value

Temperature (K)
Pressure (bar)
Flow rate (kg/h)
Composition
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane
Nitrogen
After-coolers outlet temperature (K)

303
50
1
Mole %
91.30
5.40
2.10
0.50
0.50
0.01
0.01
0.20
303

2.2. CFD model of vortex tube
Energy separation in the vortex tube with N2 (refrigerant) as a
working ﬂuid at a cryogenic temperature was investigated using Ansys
Fluent®. The major governing equations which are involved in the
numerical analysis of vortex tube are based on the equation of continuity, momentum balance, and energy balance. These governing
equations are given below as Eqs. (1)–(3). The detailed governing
equations of vortex tube are provided in [26,38,39].

2. Process simulation
A simulation study of the proposed LNG process was carried out
using commercial simulators Aspen Hysys® and Ansys Fluent®. Because
the rating model of the vortex tube was not available in the Aspen
Hysys®, the energy separation behavior of N2 as a working ﬂuid in the
vortex tube was modeled using the rigorous computational ﬂuid dynamic (CFD) software of Ansys Fluent®. Results from the CFD model
were embedded into Aspen Hysys® to simulate the proposed LNG process.
2.1. Process simulation using Aspen Hysys
A Peng-Robinson ﬂuid package with the option of Lee-Kesler
equation [32] was chosen for the simulation of proposed LNG process.
The thermodynamic states were determined using the Peng-Robinson
equation of state [33]. The enthalpy and entropy of process streams
were calculated using the Lee-Kesler equation of state, because, it has
been investigated [34,35] that the Lee-Kesler model is the most accurate enthalpy model for gases especially at higher pressures. The main
simulation and modeling assumptions were:

∇ (ρV ) = 0

(1)

−∇P−∇ (ρV ) V −∇τ + ρf = 0

(2)

∂ (ρe )
+ ∇ . (ρUe ) = ∇ . (λ∇T )−p∇ . U + τ . ∇U
∂t

(3)

where ρ is the density, e is the total energy, ∇T is change in temperature, and τ is the viscous dissipation coeﬃcient.
The standard k-ε turbulence model was used to simulate the ﬂow
behavior in the vortex tube. For meshing, the ICEM-CFD application
was used to generate the hexahedral structural mesh of 5 mm. The CFD
model was based on the experimental investigation for the Exair™ 708
slpm vortex tube used by Skye et al. [40]. Table 2 lists the geometric
parameters for the CFD model analysis.

• heat loss to the environment was negligible,
• the isentropic eﬃciency of each compressor, expander, and LNG
•
•
•
•

Feed natural gas

Table 2
Geometrical parameters of vortex tube used in study [40].

cryogenic turbine were 80% [5,36], 85% [36], and 90% [37], respectively,
water was used as a cooling medium in the after coolers,
the pressure drop across each water cooler and cryogenic exchanger
was negligible,
the LNG storage tank pressure was 2 bars, and
the minimum internal temperature approach (MITA) was chosen as
3 °C for both LNG cryogenic exchangers.

The main process simulation basis and feed condition are listed in
Table 1.
119

Measurement

Value

Working tube length (mm)
Working tube I.D. (mm)
Nozzle height (mm)
Nozzle width (mm)
Nozzle total inlet area (mm2)
Cold exit diameter (mm)
Cold exit area (mm2)
Hot exit diameter (mm)
Hot exit area (mm2)

106
11.4
0.97
1.41
8.2
6.2
30.3
11
95
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Fig. 3. Hexahedral grid generation for computational analysis.

compression power, was a critical issue. To date, most researchers
[23–25,27–29,31,40–45] have used N2 as a working ﬂuid to study the
energy separation behavior in a vortex tube at a pressure of 5–7 bar and
ambient temperatures (15–25 °C). Investigations relevant to energy
separation using a vortex tube at cryogenic temperature (< −120 °C)
and high pressure (more than 50 bar) were not found in available open
literature by the author. Therefore, to investigate the potential application of a vortex tube to improve the energy eﬃciency of the LNG
process, the authors assumed an inlet pressure of 7 bar. After ﬁxing the
inlet pressure, diﬀerent low temperature values were chosen by analyzing the reported temperature drops in [23–25,27–29,31,40–45]. At
these temperature values and ﬁxed inlet pressure, the obtained CFD
results were embedded in the Aspen Hysys® simulation model. Then,
the liquefaction rate (LNG production) corresponding to the overall
energy consumption was observed as shown in Table 3.
It is clearly seen from Table 3 that at a high inlet temperature for the
same inlet pressure, energy can be saved at the expense of low LNG
production. Because a liquefaction rate above 90% is considered optimum, a liquefaction rate of 92% was used in the study. Fig. 5 shows
several examples of the total temperature contours for diﬀerent inlet
conditions. Based on these analyses, the case as shown in Fig. 6
(Fig. 5d) was chosen as a vortex-tube model where the inlet temperature and pressure were 139 K and 7 bar, respectively, corresponding to
a 92% liquefaction rate and 0.59 kW (optimized value) overall required
energy. The static pressure at the cold exit boundary was ﬁxed at 2 bar,

2.2.1. Grid independence study
In order to avoid interpolation losses, the hexahedral grid has been
generated using Ansys ICEMCFD, as shown in Fig. 3. To make sure that
the computational results were independent of mesh size, four mesh of
diﬀerent sizes have been generated. A grid independence study was
carried out for the case of N2 working ﬂuid with inlet temperature and
pressure values of 139 K and 7 bar, respectively. Four generated grids
were represented by M1-M4 having sizes of 1.1, 1.8, 2.4 and 3.5 million
elements, respectively. The results of the grid independence study in
terms of area averaged cold-side temperature against diﬀerent mesh
sizes are shown in Fig. 4. Grids M3 and M4 resulted a cold-side temperature diﬀerence of less than 1%, therefore keeping in view the accuracy of results and computational economy grid, M3 has been selected and all simulations presented in the current study have been
conducted using the same grid.
2.2.2. Operating conditions
The selection of the operating conditions of the refrigerant, especially the optimal correspondence of temperature and pressure to low
125.5

Temperature (K)

125
124.5
124

Table 3
Inlet conditions for CFD modeling of vortex-tube corresponding liquefaction
rate and required power.

123.5
123
122.5
0.5

1

1.5

2

2.5

3

3.5

4

No. of elements (millions)
Fig. 4. Grid independence study.
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Inlet pressure
(bar)

Inlet temperature
(K)

Liquefaction rate
(%)

Required power
(kW)

7.0
7.0
7.0
7.0

183.0
142.0
145.0
139.0

63.0
70.0
83.0
92.0

0.4352
0.4850
0.5215
0.5900
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Fig. 5. Total temperature contours for diﬀerent inlet conditions.

Fig. 6. Total temperature contours of N2 at 139 K and 7 bars.

while the static pressure of the hot exit boundary was manipulated to
vary the cold fraction. Table 4 summarizes the CFD results embedded in
Aspen Hysys®.

Table 4
CFD result for N2 working ﬂuid.

3. Process description
Fig. 7 shows a process ﬂow diagram of the proposed vortex-tubebased liquefaction process. Diﬀerent streams with the name ‘stream-x’
(x = 1, 2, 3, 4, ….…) were used for the process description in Fig. 7.
The nitrogen refrigerant stream-1 was compressed up to 32 bar (stream8) through four compressor stages, each equipped with an after cooler.
To avoid the large compression power and reduce the irreversibility of
121

Property

Value

Inlet temperature (K)
Inlet pressure (bar)
Cold-side temperature (K)
Cold-side pressure (bar)
Cold-mass fraction
Hot-side temperature (K)
Hot-side pressure (bar)

139.0
7.0
123.0
2.0
0.25
145.0
3.0
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Fig. 7. Process ﬂow diagram of vortex-tube-based N2 expander liquefaction process.

Fig. 8. Modiﬁed knowledge-based optimization algorithm.
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main LNG cryogenic exchanger CHE-02, which ultimately aﬀected the
overall compression power of the process. Fig. 9 shows the impact of
the NG boosting pressure on the MITA value along the length of the
exchanger.
It can be seen in Fig. 9 that by increasing the feed NG pressure
within the lower and upper bound values, the bottom peak of the
composite curve shifted from an unfeasible region (negative MITA values) to a feasible region. The higher value of feed NG pressure, i.e.,
90 bar, resulted in a MITA value greater than 3 °C, which is infeasible
from an economic point of view. The circled area indicates that the
constraint MITA value in the main cryogenic exchanger fully satisﬁed
the optimal value of 3 °C at 80 bar pressure. Therefore, 80 bar pressure
was chosen as the boosting pressure of the feed NG corresponding to the
minimum objective function at a MITA value of 3 °C.
Initially, the N2 single-expander liquefaction process was adopted
[6] and modeled to set a benchmark for comparison purposes regarding
the process enhancement and optimization of the proposed hybrid
vortex-tube turbo-expander LNG process. Fig. 10 compares the composite analysis of the proposed LNG process with the conventional N2
single-expander process. Fig. 10(a) and (c) present the TDCC of a
conventional N2 single expander and the proposed hybrid vortex-tube
turbo-expander LNG process, respectively. Fig. 10(b) and (d) show the
THCCs of a conventional N2 single expander and the proposed liquefaction process, respectively.
The conventional N2 expander process consists of a single expander
that expands N2 from high to low pressure (usually 100 bar to 4 bar [6])
and generates the refrigeration eﬀect for the NG liquefaction. This highpressure drop leads to a signiﬁcant irreversibility in the cryogenic heat
exchanger, which ultimately increases the exergy losses in the conventional N2 expander process. This irreversibility is demonstrated by
the large temperature gap between the hot and cold composite curves
along the length of the cryogenic exchanger as shown in Fig. 10(b). The
gap between the hot and cold composite curves was closer to the ideal
MITA value only near the corner region of the cryogenic exchanger.
This large gap away from the MITA value cannot be avoided using a N2
single-expander conﬁguration [6]. On the contrary, the gap between
the hot and cold composite curves was drastically reduced in the proposed N2 expander process as seen in Fig. 10(d). This small gap along a
wide region of the cryogenic exchanger implies that the hybrid vortextube turbo-expander conﬁguration eﬀectively reduced the associated
irreversibility because of a large pressure drop that led to a large
temperature gradient inside the main LNG cryogenic exchanger.
In the conventional N2 single-expander LNG process, there are large
exergy losses because of the large temperature gradient shown as a high

Table 5
Decision variables and bounds.
Decision variables

Lower bound

Upper bound

Boosting pressure of natural gas, PNG , bar
LP of N2 (stream-8), P1, bar
HP of N2 (stream-10), P2 , bar
Flow rate of nitrogen, mN 2 , kg/h

50
25
55
4.5

90
45
110
9.5

the process, the compression ratio for each compressor was chosen in
the practical range of 1:3. The pressurized stream-9 was then introduced into a turbo-expander booster-compression system to further
increase the pressure up to 74 bar (stream-10). The high-pressure
stream-10 was cooled through a hybrid cooling system combined with a
water cooler (E-5) and a cryogenic-plate ﬁn exchanger (CHE-01) before
entering the expander. After expansion, the stream-13 at 139 K and
7 bar was introduced into the vortex tube. The cold-side stream of the
vortex tube (stream-14) was used to cool the stream-11 through the
CHE-01. The stream-16 from the hot side of the vortex tube was again
introduced into the expander K-7. Stream-17 was used to liquefy the
compressed natural gas through the cryogenic heat exchanger CHE-02.
Stream-18 from the CHE-02 as a superheated vapor and stream-15 from
the CHE-01 were mixed in the mixer Mix-1 (stream-19) and recycled to
the refrigerant compression system. The feed natural gas was compressed to 80 bar through a booster compressor K-NG. The LNG product
was ﬁnally obtained after the expander K-8 with 8% boil-oﬀ gas at a
pressure slightly higher than atmospheric, i.e., 2.0 bar.
4. Process optimization
The knowledge-based optimization method [6,12,46] was modiﬁed
for the optimization of the proposed LNG process. Fig. 8 illustrates the
modiﬁed knowledge-based optimization algorithm used in this study.
The minimization of speciﬁc compression energy in the proposed
LNG process was chosen as an objective function for optimization. Since
the refrigerant ﬂow rate and operating pressures have a pronounced
impact on the overall required compression power and process irreversibility, these were chosen as the key decision variables for optimization. Table 5 lists the decision variables with the lower and upper
bounds.
The refrigerant pressure before and after the turbo-expander booster
compressor was designated as ‘P1’ and ‘P2’, respectively. The MITA
value as a major constraint was chosen as 3 °C in both cryogenic exchangers by considering the LNG cryogenic exchangers’ transfer of heat
with an MITA value as small as 1–3 °C.
Mathematically, the optimization problem can be formulated as:
n

⎛
⎞
Min f (X ) = Min.⎜∑ Wi / mLNG ⎟
i
=
1
⎝
⎠

(4)

subject to:

ΔT1(min) (X ) ≥ 3

(5)

ΔT2(min) (X ) ≥ 3

(6)

where ‘X’ is the vector of decision variables, X = (PNG , P1,P2, mN 2) .
5. Results and discussion
Optimization was carried out by adjusting the mean values of the
lower and upper bounds of all decision variables. The pressures P1 and
P2 were adjusted corresponding to the minimum compression power
necessary to achieve the vortex-tube inlet conditions. The refrigerant
ﬂow rate and feed NG boosting pressure were then optimized to achieve
feasible MITA values for both cryogenic exchangers. The natural gas
boosting pressure had a signiﬁcant impact on the MITA value of the

Fig. 9. Eﬀect of feed NG boosting pressure on MITA values.
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Fig. 10. TDCC (a) and (c) and THCC (b) and (d) of conventional N2 single expander and proposed hybrid vortex-tube turbo-expander LNG process, respectively.
Table 8
Speciﬁc energy requirement comparison with previous published studies.

Table 6
Optimization results.
Parameter

Value

N2 expander LNG process

Speciﬁc energy required

Liquefaction rate (%)

Boosting pressure of natural gas, PNG , bar
LP of N2 (stream-8), P1, bar
HP of N2 (stream-10), P2 , bar
Flow rate of nitrogen, mN 2 , kg/hr
Speciﬁc compression energy (kW/kg-LNG)
ΔT1 (°C)
ΔT2 (°C)

80
32
74
5.67
0.5900
3.0
3.0

Du et al., [13]
Austbø and Gunderson [11]
Khan et al., [6]
Proposed LNG process

1.8717 kW/kg
0.8114 kW/kg
0.7449 kW/kg
0.5900 kW/kg

92.0
92.0
92.0
92.0

curves along the length of a multi-stream cryogenic heat exchanger
should be low, and for eﬃcient economical heat transfer, the MITA
value should be between 1 and 3 °C. In this study, the most-conservative
MITA value of 3 °C was used. In this context, the approach temperature
value inside the LNG cryogenic exchanger of a conventional N2 singleexpander LNG process is satisﬁed only at the ends of the exchanger and
when the MITA value approaches 50 °C as shown by the MITA peaks in
the black ellipse region of Fig. 10(a). However, the approach temperature peaks shown by the green circled region of Fig. 10(c) were
lower than that of Fig. 10(a) because the minimization of the temperature gradient inside the main cryogenic exchanger ultimately reduced the overall energy requirement for natural gas liquefaction. The
optimization results are summarized in Table 6. As seen in Table 6, a
speciﬁc compression power of 0.5900 kWh was required to produce one
kilogram of LNG at the optimal condition.
The composition (mole fraction) of LNG is provided in Table 7.
Furthermore, the necessary properties including mass ﬂow, temperature, pressure, enthalpy, and entropy for each stream of optimized
vortex tube-based LNG process are listed in Table S-2 in the Supplementary Material lists.
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.applthermaleng.2018.08.
023.
Table 8 compares the speciﬁc energy requirement of the proposed
conﬁguration with other well-established N2 expander processes. The

Table 7
LNG composition.
Component

Mole fraction

Nitrogen
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane

0.0007
0.9062
0.0590
0.0230
0.0055
0.0055
0.0001
0.0001

approach temperature diﬀerence between the composite curves (TDCC)
inside the main cryogenic LNG exchanger as shown in Fig. 10(a). These
exergy losses can also be presented by analyzing the gap between the
composite curves as shown in Fig. 10(b); there was a large gap between
the hot and cold composite curves compared to the composite curves of
the proposed hybrid vortex-tube turbo-expander LNG process shown in
Fig. 10(d). Thermodynamically, if the space between the hot and cold
THCCs is minimum, then the liquefaction process is energy eﬃcient.
Similarly, the approach temperature diﬀerence between composite
124
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unit power of the N2 expander liquefaction process with the novel hybrid vortex-tube turbo-expander refrigeration cycle was 68.5% less than
that of the conventional single-stage nitrogen-expansion liquefaction
process presented by Du et al. [13], 27.3% less than that of that proposed by Austbø and Gunderson [11], and 20.8% less than that of the
optimized process of Khan et al. [6].

LNG mixed refrigerant processes, Energy Convers. Manage. 88 (2014) 947–961.
[11] B. Austbø, T. Gundersen, Optimization of a single expander LNG process, Energy
Procedia 64 (2015) 63–72.
[12] M.S. Khan, S. Lee, M. Hasan, M. Lee, Process knowledge based opportunistic optimization of the N2–CO2 expander cycle for the economic development of stranded
oﬀshore ﬁelds, J. Nat. Gas Sci. Eng. 18 (2014) 263–273.
[13] H.P. Du, Y.D. Huang, H.Y. Li, Q.S. Ying, Q.H. Fan, L.X. Jia, Numerical simulation
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6. Conclusions
A novel hybrid vortex-tube turbo-expander conﬁguration was proposed to minimize the speciﬁc compression power of the N2 expander
liquefaction process. The modiﬁed knowledge-based optimization algorithm was successfully applied to achieve the full potential beneﬁt of
the proposed process. The integration of the vortex tube with a turbo
expander greatly reduced the overall energy consumption up to 68.5%
for the natural gas liquefaction process, depending on the design variables/parameters and feed conditions. As a result, the proposed conﬁguration showed superior performance over existing N2 expander
processes to liquefy natural gas in an eco-friendly manner with a signiﬁcantly less energy requirement. Although, the eﬃciency of integrated vortex tube in terms of temperature drop (inlet temperature –
cold side temperature) is poor, i.e., 16 K, in comparison with other
several published vortex tube results with nitrogen as a working ﬂuid.
The expansion eﬃciency of the vortex tube could be further improved
by optimizing the geometric and operational parameters (considering
cryogenic conditions) with respect to the overall liquefaction process.
The application of the vortex tube is expected to provide a promising
potential for the enhancement in the refrigeration and the energy efﬁciency of industrial natural gas liquefaction processes.
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