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The organic Rankine cycle can harvest the cold energy from liquefied
natural gas (LNG) by using non-azeotropic working fluids. The phase
transition is one of the important processes in the thermodynamics cycles. In
this paper, the interfacial evaporation characteristics of ethane, propane
and their mixtures were investigated by molecular dynamics simulations.
Several properties, including surface tension, diffusion coefficient,
interaction energy were analyzed. The results show that the addition of
ethane in the mixed working fluid increases the evaporation rate of propane,
and the gas-liquid interfacial thermal resistance is relatively large in the
total thermal resistance. The pure ethane system has the smallest thermal
resistance, surface tension, intermolecular interaction energy and the
largest diffusion coefficient, which make the evaporation energy barrier
smaller.
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1. Introduction

In recent years, with the continuous improvement of the level of science and technology, the
economy has also developed rapidly. However, the energy crisis and environmental problems have
become increasingly prominent. The emission of carbon dioxide, methane and other greenhouse gases
is the main cause of global warming. Traditional fossil energy, such as coal and oil, has the
disadvantages of high carbon emission and pollution. New energy sources (such as solar energy, wind
energy, etc.) are still facing constraints such as instability and discontinuities.

Natural gas has the advantages of high calorific value and clean combustion products [1], which
can be used as a high-quality resource at present and in the future. For long-distance transportation
crossing the sea, the natural gas often will be cooled and compressed to form liquefied natural gas
(LNG) [2]. When arriving at the receiving station, the LNG ships will transport the LNG from the
cryogenic storage tank to the LNG regasification terminals, and then the LNG will be heated back to
natural gas. LNG gasification at atmospheric pressure can release about 800 kJ/kg of cold energy [3].
However, currently, most LNG regasification terminals release cold energy directly into seawater or
air, causing a large amount of cold energy waste. In response to this, researchers have proposed a large
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number of LNG cold energy utilization methods, such as air separation, low temperature power
generation, CO, capture, seawater desalination and so on [4-9].

Organic Rankine cycle (ORC) is a relatively mature LNG cold energy power generation
technology [10]. In ORC, the working fluid is successively compressed, evaporated, expanded and
condensed to generate power. The cycle has the advantages of simple process and relatively high
efficiency, which has been widely used. Sun et al. [11] studied the optimization of three different ORC
configurations (single-stage ORC, parallel two-stage ORC, and cascade two-stage ORC) using LNG
cold energy. The results indicate that the parallel two-stage ORC is more suitable for lower heat
source temperatures, while the cascade two-stage ORC performs better at higher heat source
temperatures. Arcuri et al. [12] used LNG as the heat exchanger for Ocean Thermal Energy
Conversion (OTEC) system and employed an Organic Rankine Cycle with ammonia as the working
fluid for power generation through direct LNG expansion. Lee [13] optimized the cascaded Rankine
cycle for cold energy recovery by applying a genetic algorithm. When used in ORC, LNG acts as the
cold source to transfer the cold energy to the working fluid, so the condensing temperature of the
working fluid determines the utilization rate of cold energy. The gasification curve of LNG can match
better with the condensation curve of working fluid by using the non-azeotropic organic working fluid
because of its temperature slip characteristic during phase transition. Liu and Guo [14] proposed a
novel cryogenic cycle by using a binary mixture (CF, and C3Hg) as the working fluid combined with
the steam absorption process. The results showed that the model is significantly better than the ORC
system using propane as the working medium, with an efficiency improvement of 66.3%. Mosaffa and
Farshi [15] studied the performance of different non-azeotrope mixtures in an organic Rankine system
combining solar energy and LNG cold energy. The results showed that R245ca/R236ea with a mass
fraction of 0.6/0.4 had the best performance.

The phase transition is one of the important energy transfer modes for the working fluid in the
thermodynamics cycles. Therefore, uncovering the phase transition mechanism of pure working fluids
and their mixtures is of great significance for improving the thermal efficiency of the cycle and
reducing the cost. At present, the researches on the interfacial phase transition of alkane working
fluids are mainly through experiments [16-18]. And the molecular dynamics (MD) simulation method
has been proved to be a powerful tool to reveal the micro/nano-mechanism of phase transition [19, 20].
For example, Liang et al. [21] used MD to study the evaporation behavior of Ar within a planar
nanochannel. They controlled the steady-state evaporation flux by adjusting the temperature difference
between the evaporating and condensing surfaces, and calculated the heat transfer coefficient at the
gas-liquid interface. Pu et al. [22] studied the evaporation behavior of nanofilms on the surface of
nanocolumns. The results showed that in order to maintain effective evaporation and avoid the
inhibition of evaporation by separation pressure during evaporation, the thickness of the nanoscale
liquid film should exceed the threshold at which capillary pressure begins to take effect. However, the
microscopic phase transition mechanism of working fluids for LNG cold energy utilization ORC
systems still need further investigation.

Consequently, in this paper, the interfacial evaporation process of ethane, propane and their
different proportional mixtures on Cu substrate was simulated by MD. The interfacial tension, self-
diffusion coefficient, and intermolecular interactions are discussed. This study aims to explore the
microscopic phase transition mechanisms of the employed working fluid for their potential utilization
in cold energy utilization ORC systems.



2. Methodology
2.1. Simulation models

In order to investigate the fluid-solid interfacial behavior of ethane, propane and their mixed
working fluids during the phase transition, the initial model of mixtures (mass ratio 1:1) is shown as
example in Fig.1. The model consists of two copper surfaces and a liquid film. The simulation box
applied periodic boundary conditions in the X and Y directions and non-periodic boundary conditions
in the Z direction. The dimensions of X, Y and Z are 5.422 nm, 5.422 nm and 60 nm respectively. The
copper surface is composed of a face-centered cubic crystal structure (FCC) with a thickness of 2.168
nm. The liquid film here is composed of 900 ethane molecules and 614 propane molecules (the
composition of the other working fluid systems is shown in Table 1). The bottom copper surface is
divided into heat transfer layer, temperature control layer and fixed layer from top to bottom, and the
top copper surface is set opposite to the bottom surface. Among them, the fixed layer can prevent the
drift of the surface, the temperature control layer is used to control the temperature of the surface, and
the heat transfer layer transfers the heat from the temperature control layer to the liquid film.
Specifically, during the phase transition, the heat generated by the temperature control layer is
transferred by the heat transfer layer to the liquid film region. Evaporation is triggered when the liquid
film temperature rises. In the process of evaporation, the liquid alkane molecules enter the steam zone
from the liquid film and condense on the surface when they reach the top copper region. Therefore, a
long period of dynamic and stable evaporation stage can be formed without being hindered by vapor
saturation pressure, which is convenient to study the evaporation process of liquid film. Due to the
distance between the top surface and the liquid region is relatively long, the cold surface has no
additional influence on the evaporation process studied.
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Figure 1. Initial model of evaporation system

In this study, the Lennard-Jones (12-6) potential is used to describe the interaction between
copper atoms. The accuracy of this potential has been confirmed by previous work [23], and the
specific parameters are: £c,=4.72 kcal/mol, rc,=2.616A. The force field parameters of alkanes are
described by the OPLS-AA force field [24], which was developed by Jorgensen's team and
subsequently modified for methane, ethane and other saturated alkanes [25], which can better simulate
the thermodynamic properties of saturated alkanes. In addition, the cutoff distance of the
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intermolecular interaction is 12 A, and the parameters of the non-bonding interaction between
different kinds of atoms are calculated using the Lorentz-Berthelot combination rule [26]. The long-
distance Coulomb interaction is calculated using the particle-particle/particle mesh (PPPM) method
[27].

Table 1. Liquid film composition of each system

Working fluid Number of ethane Number of propane
Pure ethane 1800 0
75% ethane 1350 307
50% ethane 900 614
25% ethane 450 921
Pure propane 0 1228

2.2. Simulation details

Here, the large-scale atomic/molecular massively parallel simulator (LAMMPS) [28] was used
to study the molecular dynamics of alkane evaporation. OVITO software [29] was used to visualize
the model and research process. The whole simulation is divided into two steps: equilibrium and
evaporation. In the equilibrium process, the whole system adopts NVT ensemble to control the
temperature at 140 K, to ensure that the alkane molecule in each system is in the liquid phase. The
simulation time and time step of the equilibrium process are 1 ns and 1 fs, respectively. Based on the
stable configuration obtained by the equilibrium process, the MD of the evaporation process of ethane,
propane and their mixed working fluid was carried out. The Langevin thermostat was used to heat the
bottom heating layer, and the temperature of the heating layer was maintained at 250 K. In addition,
Langevin thermostat was also used to control the temperature of the top cooling layer at 140 K, with a
time step of 1 fs and a simulation time of 10 ns to ensure the completion of the evaporation process.

In order to verify the accuracy of the simulation method in this study, simulations were
conducted to confirm the densities of ethane and propane at temperatures between 130 and 180 K
(with 10 K intervals) and a pressure of 1 MPa. The simulations were conducted using the NPT
ensemble. The number of ethane and propane molecules was set to 2000 in each case, and the
densities of the initial models for the NPT simulations were both set to 0.6 g/cm?. The time step was
set to 1 fs, and the duration of the simulation was 1 ns. Simulated equilibrated densities of ethane and
propane were compared with the data in REFPROP, and the maximum error was less than 2%, as is
shown in Fig.2. It denotes that the force field parameters and MD code used here are reliable.
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Figure 2. Comparison of simulated alkanes density with experimental data
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3. Results and discussion

3.1. Evaporation process

Fig.3 shows the evaporation process of ethane, propane and their mixed working fluid. It can be
seen from the figure that the evaporation process of each model has been completed at 10ns. In order
to quantify the evaporation behavior of alkane molecules, the number of evaporating molecules was
defined and calculated. As shown in Fig.4, in the evaporation process, the simulation system can be
divided into bulk vapor, vapor-liquid interface, bulk liquid and liquid-solid interface. In this paper, the
average density of the L-V interface (calculated as the arithmetic mean of the saturated liquid-phase
density and the saturated gas-phase density) [19] is employed to ascertain the position of the L-V
interface within the simulated system. The three-dimensional surface constituted by all points within
the system with a density value equal to the aforementioned average density represents the L-V
interface. The number of molecules evaporated is defined as the molecules passing through the vapor-
liquid interface into the bulk vapor region. Fig.5 shows the relative molecular vaporization over time
during the evaporation of studied systems. The relative molecular vaporization represents the fraction
of molecules that have evaporated.

(a) pure ethane (b) 75% ethane (c) 50% ethane

Ons 1ns Sns 10ns Ons 1ns Sns 10ns Ons 1ns Sns 10ns
(d) 25% ethane (e) pure propane

Ons 1ns Sns 10ns Ons 1Ins Sns 10ns

Figure 3. The snapshots of the studied system during the evaporation processes
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Figure 5. Relative molecular vaporization over time

It can be seen from the figure that in the first 0.5 ns of the simulation, the number of evaporated
molecules increases slowly with the progress of the simulation, which is called the "initial stage". In
the initial stage, the alkane molecules absorb heat from the Cu surface, and the liquid film temperature
gradually increases. When the heat absorption reaches a certain value, the simulation system enters the
next stage, the "stable evaporation stage", in which the alkane molecules are steadily evaporated, and
the slope of the curve of the number of evaporated molecules remains almost unchanged. After the
stability stage, the slopes of each evaporation molecular number curve decrease with time and
gradually approach zero, which indicates that the evaporation process is inhibited. This is due to the
strong interaction between the Cu surface and the liquid film near this surface. With the process of
evaporation, the thickness of alkane liquid film decreases gradually. When the thickness of the liquid
film is lower than a certain value, the liquid film is firmly attracted by the Cu surface, and its own
evaporation is inhibited. The simulation snapshot also supports this. When the simulation ends, a layer
of liquid molecules is firmly adsorbed on the surface, which is called the non-evaporative layer. In
order to quantitatively calculate the rate of evaporation of the studied systems during the evaporation
process, the evaporation rate of each simulation system is obtained according to the slope of the
"stable stage™, and the calculation formula is as follows [30]:
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In the formula, A is the cross-sectional area of X and Y direction, M, and Ny are the molar mass and
Avogadro constant of the alkane molecule respectively, N is the number of liquid molecules, and t is
the simulation time. As is shown in Fig.6, the evaporation rates of each simulated system are as
follows: pure ethane: 2437.66 kg/(m?ss), 75% ethane: 1861.13 kg/(m?ss), 50% ethane: 1175.62
kg/(m?ss), 25% ethane: 871.69 kg/(m?ss), pure propane: 667.74 kg/(m?ss). The results indicate that the
evaporation rate of pure ethane system is the highest, and that of pure propane system is the lowest.
The higher the mass fraction of ethane, the higher the evaporation rate in the stable evaporation stage.
It can be inferred that the existence of ethane improves the evaporation capacity of ethane/propane
mixed working fluid system.
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Figure 6. The evaporation rate of each system

In order to further understand the changes of each component in the ethane/propane mixed
working fluid during evaporation, the changes of each component in the mixture over time were
calculated, and the results were shown in Fig.7. It can be seen that in each system, the ethane in the
component completes the evaporation process at about 3 ns, while the propane completes the
evaporation process at about 6 ns. The proportion of propane in the final non-evaporable layer is
higher than that of ethane (propane: 10%-13%, ethane: 6%-9%). This denotes that with the increase of
ethane mass fraction in liquid film, the evaporation rate becomes faster, but the residual non-
evaporable ethane molecules are also more. In other words, the addition of ethane obviously drives the
evaporation of propane, and the higher the proportion of ethane, the faster the evaporation rate of
propane.



= <
S 100 5 < 100
= (a) — pureethane = [p) — pure propane
= 752A) ethane F ( ) 75% ethane
S 8} 50% ethane = 50% ethane
= 25% eth
g 6 ethane g 25% ethane
= 9 = 15
E 60 - BN"\FW‘N.- E 60 14
® 13
@ R mm e[| © 12
S T M | B 1
S 40+ s
< 6 O 40 10 by
) 5 9
Y— 5 o 8
8 T 80 51 B8 4 72 16 80 84 88
> 20} 1 g 20
S g
c -
5 — = == | C
g 0 L L L L I § 0 1 L L L 1
g o 2 4 6 8 0 s o0 2 4 6 8 10
Time (ns) Time (ns)

Figure 7. The change of each component in the working fluid during the evaporation process

3.2. Thermal resistance

Since the evaporation rate remains constant during the steady evaporation phase, further
investigation into the stable evaporation period (1-1.5 ns) of each system was discussed in this section.
In the evaporation process, thermal resistance has a great influence on interfacial heat transfer. For the
studied system here, thermal resistance can be divided into solid thermal resistance (Rs), solid-liquid
interface thermal resistance (Rs.), liquid thermal resistance (R.) and gas-liquid interface thermal
resistance (Rpy) [30]. Because the simulation parameters of the solid surface in different systems are
the same and the temperature difference between the two sides of the thermal conductivity layer is
small, the thermal resistance of the solid heat conduction in this paper can be ignored. Temperature
difference and heat flux are used to define the thermal resistance of each part of the system,

T, -T,
Rot = (Sq—”V) =Ry +R +Ry (2)
T,-T
RSL = ( : " SL) (3)
q
Ty -T
RL = ( = qn LV) (4)
T T
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a‘Qbottom _Qtop
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where q''represents heat flux, Tg;, Ty and Ty, respectively represent the solid-liquid interface, gas-
liquid interface and vapor phase temperature. The heat flux in the z-direction can be obtained from the
slope of the cumulative energy difference of the Langevin temperature control layer in the bottom heat
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source and the top heat sink with respect to time and the cross-sectional area of the wall, as shown in
Eq. (6). And the temperature values represent time-averaged spatial statistical means for the respective
regions. Where the time average is selected for the stable evaporation stage of the respective system.
Due to the existence of mass flux of molecules in the vapor region in the z direction, the vapor phase
temperature is only calculated in the X and Y directions, without considering the degrees of freedom
in the Z direction [31]. Then, the thermal resistance of each system is calculated, and as shown in
Fig.8. The results show that the total thermal resistance of ethane is smaller than that of propane,
which results in a higher evaporation rate of ethane than propane. In addition, adding ethane to
propane can significantly reduce the total thermal resistance of the system, the reduction effect
becomes more obvious with the increase of the mass fraction of ethane. Moreover, the thermal
resistance of the solid-liquid interface only accounts for a small part of the total thermal resistance.
And the thermal resistance of the liquid phase does not simply increase with the increase of the mass
fraction of propane, it is also related to the liquid film thickness. The density of propane is higher than
that of ethane, results in the corresponding liquid film thickness of propane is lower than that of ethane.
In each system, the thermal resistance of gas-liquid interface is higher than that of other interfaces,
which indicates that the gas-liquid interface is an important factor affecting the interfacial evaporation
process. The gas-liquid interface thermal resistance of pure propane is much higher than that of other
systems, so pure propane system has the highest total thermal resistance.
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Figure 8. Thermal resistance of each simulated system

3.3. Discussion about other properties related to the phase transition

Since the evaporation process is dynamic, some important properties such as surface tension in
the evaporation process cannot be obtained. Therefore, equilibrium molecular dynamics (EMD)
simulation method is employed to investigate properties such as surface tension, molecular interaction
energy, etc.

3.3.1 Surface tension

Surface tension v is the energy required to increase the unit area of a surface [32], which means
that a higher surface tension usually represents a stronger cohesive force. Surface tension y can be
obtained by integrating the difference between the normal pressure component (Py) and the tangential
pressure component (Pt) at the gas-liquid interface [20] as shown in Eq. (7). The initial model, as
shown in Fig.9, consists of a liquid film located in the middle and two vacuum layers. The dimensions

9



of the simulation box in the X, Y, and Z directions are 5.422 nm, 5.422 nm, and 20.00 nm,
respectively. The number of molecules in the liquid film is the same as that in the liquid film of
evaporation process.

20.00 nm

5.422 nm

Figure 9. Initial model of surface tension

r=3 L [R(@)-R ()] ™

The surface tension simulation process is also divided into two steps: equilibrium and
calculation, both using NVT ensemble, with time step of 1 fs and the cutoff distance of the
intermolecular interaction is 12 A. During the equilibrium process, the Nose-Hoover thermostat was
used to gradually heat the system temperature from 100 K to 140 K, and the simulation time was 0.5
ns. Subsequently, an equilibrium simulation of 1.5 ns was conducted in the NVT ensemble, with the
final 1 ns employed for data acquisition. The surface tension was statistically calculated, as shown in
Fig.10.

The surface tension in ascending order is as follows: pure ethane, 75% ethane, 50% ethane, 25%
ethane, and pure propane. As the surface tension increases, the energy required for liquid molecules to
escape from the gas-liquid interface into the gas phase also increases. This indicates that ethane has
the smallest evaporative energy barrier, while propane has the largest evaporative energy barrier. The
surface tension of the mixed working fluids increases with the increase in the mass fraction of ethane.
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Figure 10. Surface tension of each working fluid

3.3.2  Diffusion properties

Evaporation is a heat and mass transfer process, it is also influenced by the properties of the
liguid molecules, such as the self-diffusion coefficient and molecular interaction energy. To calculate
the properties of the liquid molecules on the Cu surface, an initial simulation model was constructed as
shown in Fig.11. The dimensions of the simulation box in the X, Y, and Z directions are 5.422 nm,
5.422 nm, and 10.00 nm, respectively. The composition of liquid film and Cu layer is the same as that
of evaporation process model. The simulation process adopts NVT ensemble, the system temperature
is set to 140 K, the time step is 1 fs. The equilibrium process of 0.5 ns is performed first, and then the
calculation process of 4 ns is performed. The self-diffusion coefficient can be calculated by the mean

square displacement (MSD) [33],

MSD = <|r(t)— r(0)|2> (8)
D= !Lrgit MSD 9)

10.00 nm

[ 5.422 nm i

Figure 11. Initial model of diffusion properties

The calculated self-diffusion coefficient of each system is shown in Fig.12(a). In this paper, the
calculation of the diffusion coefficient employed MSD of the center of mass of the molecule. The self-
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diffusion coefficient of ethane liquid molecules on Cu surface is the highest, while that of propane
liquid is the lowest. And it increases with the increase of ethane mass fraction. The high diffusion
capacity of liquid molecules on the solid surface can improve its own evaporation performance. In
order to further explore the influence of each component in the mixed working fluid on the self-
diffusion coefficient, the respective self-diffusion coefficients of ethane and propane in the mixture
were also calculated, as shown in Fig.12(b). The self-diffusion coefficient of ethane is higher than that
of propane, which also indicates that ethane molecules are less restricted in the liquid interior. In the
mixed system, the self-diffusion coefficient of ethane molecules also decreases with the decrease of
ethane mass fraction. For propane, the addition of ethane enhanced the diffusion ability of propane in
the liquid film, and the enhancement effect was more significant with the increase of ethane mass
fraction.
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Figure 12. (a) self-diffusion coefficient of each system (b) self-diffusion coefficient of each
component in the mixed working fluid

3.3.3 Interaction energy

The interaction between molecules will also determine the evaporation properties of the fluid.
According to the simulation model in the previous section, the interaction energy between molecules
of the liquid is calculated as shown in Fig.13. It can be seen from the figure that the interaction energy
of liquid film is all negative, indicating that the interaction force between liquid molecules is mainly
attraction. The absolute value of the interaction energy represents the strength of the attraction, and the
intermolecular attraction strength of ethane is the smallest, so it has the smallest resistance to break
through the liquid zone into the gas phase zone, and has the smallest evaporation energy barrier. The
addition of ethane in the mixed working fluid reduces the intermolecular force, so the evaporation rate
of the mixture is higher than that of pure propane system.
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4. Conclusion

In this study, the interfacial evaporation process of ethane, propane and their mixed working
fluid was investigated by MD. The main conclusions were as follows, in all systems, pure ethane has
the highest evaporation rate, and the addition of ethane to the mixing medium can increase the
evaporation rate of propane. The thermal resistance of gas-liquid interface accounts for a large
proportion in the total thermal resistance, which is the main reason for the difference of thermal
resistance. The surface tension and interaction energy of ethane system are small, which indicates that
its evaporation energy barrier is also small, and ethane has the largest diffusion coefficient, which
makes it have the largest evaporation rate.
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