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1 INTRODUCTION
Natural gas, a prominent, high-quality, and eco-friendly energy source, plays a significant role in the global energy structure, accounting for approximately 23% of the total energy consumption (Xu et al., 2022). Following extraction, natural gas undergoes liquefaction to facilitate its storage and transportation. During the liquefaction process, natural gas condenses within the spiral tubes of spiral-wounded heat exchangers (Ding et al., 2017). However, due to its composition of methane, ethane, propane, nitrogen, carbon dioxide, and other components, the condensation of natural gas exhibits complex heat transfer characteristics. In particular, the occurrence of phase change during condensation results in a decrease in temperature, known as the temperature glide phenomenon, which poses challenges for simulating natural gas condensation.
While existing research has focused on the condensation of hydrocarbon refrigerants within spiral tubes (Qiu et al., 2018; Yu et al., 2018; Tian et al., 2022), there is currently a lack of studies specifically addressing the simulation of natural gas condensation in this context. The widely used Lee model (Lee, 1980), based on gas dynamic theory, simplifies the Hertz-Knudsen equations to obtain the condensation source phase (Knudsen, 1934). However, the Lee model is primarily suitable for calculating phase transitions at a specific saturation temperature and is applicable only to the condensation calculation of pure refrigerants with a constant saturation temperature, neglecting the influence of temperature glide in condensation of natural gas.
In order to accurately calculate the condensation heat transfer of natural gas and account for the temperature variation with vapor quality, it is essential to establish a specific condensation model for natural gas. In this study, a new variable-temperature phase change model is employed to simulate natural gas condensation within spiral tubes. Through simulation, we can determine the range of heat transfer coefficients and pressure drops within the tube, critical parameters for heat exchanger design. Additionally, analyzing phase distribution can offer valuable insights into the local heat transfer characteristics within the tube, thereby aiding in addressing potential issues related to localized heat transfer deterioration.
2 SIMULATION METHODS
2.1 Geometric modeling
The simulated object consists of a spiral-wound tube with 4 spiral cycles, featuring an inner diameter of 9.4 mm, a winding diameter of 395 mm, and a helix angle of 8.3°, as shown in Figure 1. To optimize computational efficiency, the simulation divides the spiral-wound tube into 8 sections (Sections 1–8), each representing half a spiral cycle with a length of approximately 646 mm. The outlet of one section and the inlet of the subsequent section were linked using the “Profile” file function, incorporating mapped parameters such as velocity, temperature, and vapor quality. Furthermore, to ensure inlet flow development, an additional flow development section (Section 0) was introduced before the inlet of Section 1, with the outlet results of Section 0 serving as the inlet conditions for Section 1.
[image: Figure 1]FIGURE 1 | Geometric model.
2.2 Simulation parameters
The tube wall is made of aluminum (density 2,719 kg/m3, specific heat capacity 871 J/kg K, thermal conductivity 202.4 W/m K). The natural gas inside the tube is a mixture with a molar composition of 97.9% methane, 0.61% ethane, 0.05% propane, 0.67% nitrogen, and 0.77% carbon dioxide. This composition information was acquired from samples collected and analyzed using an offline gas chromatograph.
The simulation conditions were provided by the Shanghai Marine Diesel Engine Research Institute and include: the first set conditions (inlet pressure of 2.6 MPa, inlet temperature of −97°C, and heat flux of 11.9 kW/m2), the second set conditions (inlet pressure of 3.6 MPa, inlet temperature of −76°C, and heat flux of 17.2 kW/m2), and the third set conditions (inlet pressure of 4.6 MPa, inlet temperature of −75°C, and heat flux of 22.1 kW/m2). The properties of the natural gas under these conditions were obtained using the property calculation software Refprop Version 10.0. Typically, these physical properties are expressed as nonlinear functions of temperature, pressure, and molar composition (Kunz and Wagner, 2012). For the purposes of this study, the molar composition was considered constant, and pressure loss was deemed negligible, rendering the physical properties solely dependent on temperature. To accurately model the total specific enthalpy, gas specific enthalpy, and vapor quality, the values obtained from the software were used to derive fitting functions, as illustrated in Eqs 1–4. These fitted functions have deviations in specific enthalpy of 0.001%–0.33% and in vapor quality of −0.03–0.04.
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where, hv and hl are the vapor and liquid specific enthalpy, respectively; h is the two-phase specific enthalpy; x is the vapor quality; the T is the temperature of natural gas; a, b, c, d, e, A, B, C and D are the coefficients of these fitting functions, and their values are listed in Table 1.
TABLE 1 | Coefficients for Eqs 1–3 used in the simulations.
[image: Table 1]2.3 Phase change model
To accurately depict the phase change behavior of natural gas condensation, a variable temperature phase change model is employed. The total specific enthalpy in each cell is determined using the energy equation, and then inserted into Eq. 3 to calculate the phase transition temperature TT. By substituting the computed phase transition temperature for the saturation temperature in the Lee model, as demonstrated in Eqs 5–7, it becomes feasible to simulate the temperature reduction during the condensation process.
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where, aG and aL are the volume fractions of gas and liquid phases; ρG and ρL are the densities of gas-phase and liquid-phase natural gas, kg/m3; VG is the gas-phase velocity, m/s; mLG and mGL are the mass transfer rates due to evaporation and condensation, kg/(m3 s); t’ is the relaxation time coefficient, which is taken as 1,000 in this simulation, s-1; TG and TL are the temperatures of gas-phase and liquid-phase natural gas in the calculation unit, K; TT is the phase changing temperature, calculated using Eqs 3, K.
2.4 Grid generation and independence verification
The spiral tube model was grid-mapped using ICEM software, employing hexahedral structured grids. Local control was applied to the boundary layer and the central region grid, which measured approximately 2.66 mm × 2.66 mm in size. Consistent with literature (Qiu et al., 2018), an enhanced wall function boundary was utilized, with the thickness of the first wall boundary set at 0.0004 mm to ensure a y plus value below 0.5.
To assess grid independence, the global grid size was adjusted from 1 to 0.5 mm, and the number of boundary layers was raised from 8 to 50. Examination of the initial segment under these conditions showed that reducing the global grid size to 0.6 mm and increasing the boundary layer grid to over 30 layers resulted in a less than 1% change in average wall temperature and heat transfer coefficient. As a result, the study adopted a global grid size of 0.6 mm and 30 boundary layers as the grid parameters.
2.5 Fluid model and boundary conditions
The simulation utilizes the Volume of Fluid (VOF) model, with the properties in the transport equations determined based on the presence of each phase in every control volume. The k-epsilon model is chosen as the turbulence model for this simulation. By solving the governing equations for mass, momentum, and energy transfer, the VOF model enables the prediction of complex flow phenomena associated with condensation, providing valuable insights into the behavior of condensing fluids within different geometrical configurations.
According to the three sets of experimental conditions mentioned above, the development section (section 0) is set as a mass flow inlet boundary and free flow outlet boundary, while the wall surface is set as an adiabatic wall surface, allowing the two-phase mass to flow and develop fully within it. The heat transfer section (sections 1–8) is set up with a velocity inlet and free flow outlet, and the wall is set up with constant heat flow density and no-slip boundary conditions according to the working conditions.
2.6 Numerical methods
The solver is set up as a pressure-based solver, with pressure-velocity coupling operating in the PISO mode. The Skewness Correction and Neighbor Correction are both set to 1 by default. Gradient interpolation is carried out using the Least Squares Calculation Cell Based method, chosen for its relatively high accuracy and reduced pseudo-diffusive effects. The pressure interpolation utilizes the PRESTO! method, particularly suitable for highly cyclonic flow, while the momentum interpolation method is based on the second-order windward format. Additionally, the Volume Fraction discrete format adopts the Modified HRIC method, and the discrete formats of the remaining terms are also in the second-order windward format.
3 RESULTS AND DISCUSSIONS
The simulated results were validated using experiments, where liquid nitrogen was used to cool the natural gas inside the spiral wound tube. The experimentally measured average heat transfer coefficient inside the tube showed a deviation of within ±14% compared to the simulated results.
The simulation results indicate that the temperature of natural gas gradually decreases from the first section to the eighth section. Specifically, the temperature decreases from −97.2°C to −99.2°C under the first set conditions, from −75.9°C to −94.7°C under the second set conditions, and from −74.6°C to −87.6°C under the third set conditions. This suggests that the phase change model effectively captures the impact of variable phase transition temperature during the natural gas condensation process. Furthermore, as the vapor quality decreases, the heat transfer coefficient demonstrates a pattern of increasing and then decreasing, with the maximum heat transfer coefficient occurring near a vapor quality of around 0.3. Across the three sets of conditions, the heat transfer coefficient ranges from 2,747.2 to 3,183.9 W/m2K (first set conditions), 1,233.4–3,593.7 W/m2K (second set conditions), and 1,176.5–2,641.2 W/m2K (third set conditions).
The pressure drop of natural gas flow gradually decreases as condensation progresses from the first section to the eighth section. Specifically, at the first set of conditions, the pressure drop decreases from 520.9 to 358.2 Pa, at the second set of conditions it decreases from 515.9 to 109.1 Pa, and at the third set of conditions, it decreases from 641.8 to 335.9 Pa. This phenomenon can be attributed to the reduction in flow velocity accompanying the transition of the gas phase to the liquid phase.
Analysis of the vapor quality data reveals distinct phase distribution patterns under varying conditions. It is evident that under the first set of conditions, natural gas does not undergo complete liquefaction, whereas under the second and third sets of conditions, complete liquefaction of natural gas is observed in the eighth section.
The phase distribution inside the spiral tube exhibits notable differences compared to that in the horizontal tube. Specifically, a region of lower vapor quality is discernible near the center of the spiral tube. This phenomenon is likely attributed to the presence of secondary flow, which induces a significant radial velocity component, thereby transporting liquid towards the center of the tube. This contrasts with the distribution of liquid along the wall of a horizontal tube (i.e., annular flow). The observed secondary flow in the spiral tube can reduce the thickness of the liquid film on the tube wall, thereby enhancing heat transfer within the tube. Furthermore, the accumulation of liquid in the lower region on one side away from the winding center, influenced by centrifugal force and gravity, may lead to deteriorated heat transfer in this area.
4 CONCLUSION
This study has provided a comprehensive investigation into the heat transfer coefficient and pressure drop of natural gas flow condensation in spiral tubes, offering valuable insights into the behavior of natural gas during the condensation process. Through the simulation, some conclusions can be drawn as follow:
The observed trend of the heat transfer coefficient peaks near a vapor quality of 0.3.
The gradual decrease in pressure drop as condensation progresses can be attributed to the reduction in flow velocity.
The phase distribution within the spiral tube is characterized by a region of lower vapor quality near the center of the tube and a concentration of liquid in the lower region away from the winding center.
As a result, it is recommended that when designing spiral wound tube heat exchangers, greater heat transfer area should be incorporated in regions of high vapor quality and below vapor quality of 0.3. Furthermore, given the demonstrated enhancement of heat transfer by secondary flow, reducing the spiral winding radius has the potential to improve the heat transfer performance of the spiral wound tube heat exchanger.
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