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Abstract: Helically coiled tube-in-tube (HCTT) heat exchangers are widely applied to the process technology because of their compactness and higher heat transfer efficiency. HCTT heat exchangers play an important role in liquified natural gas (LNG) use and cold energy recovery. The heat transfer characteristics, pressure distribution, and degree of vaporization of LNG in HCTT heat exchangers are numerically investigated. By comparing the simulation results of the computational model with existing experimental results, the effectiveness of the computational model is verified. The numerical simulation results show the vapor volume fraction of the HCTT heat exchanger is related to the inlet Reynolds number, inner tube diameters, and helix diameter. The vapor volume fraction increases rapidly from the fourth to the seventh equal division points of the helix tube length. On condition that the inlet Reynolds number is greater than 33500, the pressure drop rate gradually increases. When the magnitude of the vapor volume fraction is below 0.2, the heat transfer coefficient increase rate is greater than that when the vapor volume fraction is above 0.2. The heat exchange efficiency of HCTT heat exchangers increases with the decrease of the ratio of helix diameter to inner tube diameter.
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Nomenclature



	C
	Specific heat capacity, J/(kg.K)



	d
	Tube diameter, mm



	D
	Helix diameter of helix tube, mm



	F
	Force, N



	G
	Mass flow, kg/(m2.s)



	i
	Enthalpy, J



	k
	Turbulent kinetic energy



	Kλ
	Ratio of the thermal conductivity between the liquid phase to the vapor phase



	L
	Helix tube pitch, mm



	n
	Helix tube turns



	P
	Pressure, MPa



	q
	Heat flux, kW/m2



	r
	Latent heat of vaporization, kJ/kg



	Sq
	Source term



	T
	Temperature, oC



	v
	Velocity, m/s



	V
	Volume, m3



	x
	Vapor quality



	χtt
	Martinelli number



	Greek Symbols




	α
	Volume fraction



	ε
	Turbulent energy dissipation rate



	λ
	Thermal conductivity, W/(m.K)



	ρ
	Density, kg/m3



	τ¯
	Stress strain tensor, MPa



	Subscripts




	i
	Inner



	o
	Outer



	q
	Primary phase



	p
	Secondary phase



	l
	Liquid phase



	m
	Mixture phase



	CB
	Convective boiling



	Eq
	Equivalent



	Dimensionless Number




	Re
	Reynolds number



	Nu
	Nusselt number



	Pr
	Prandtl number



	Dn
	Dean number



	Bo
	Boiling number



	Abbreviation




	HCTT
	Helically coiled tube-in-tube heat exchanger



	LNG
	Liquefied natural gas



	PCM
	Phase-changing material



	RANS
	Randomized algorithm with non-uniform sampling



	SIMPLEC
	Semi-implicit method for pressure-linked equations with corrected convergence





1  Introduction

Liquefied natural gas is a kind of clean energy which is mainly composed of methane. The cold energy generated during the vaporization of liquified natural gas (LNG) can be recovered through a heat exchanger. Compared with straight tube heat exchangers, helically coiled tube-in-tube (HCTT) heat exchangers have a compact structure and can generate secondary flow through centrifugal force to improve heat exchange efficiency so that it can meet the requirements of cold energy recovery [1] during the vaporization of LNG.

Helically coiled heat exchangers can generate the secondary flow from the helix structure which can damage the boundary of the heat transfer layer. Generally, the spiral bellows structure and the spiral fin structure are used to increase the heat exchange efficiency of the HCTT heat exchanger [2,3]. Besides, Pethkool et al. [4] investigated the influences of the helically corrugated tube geometric parameters on the heat exchange enhancement. The results show that the increase of the heat exchange efficiency is above 123% compared to the smooth straight tube heat exchanger. Zhang et al. [5] explored the flow in heat transfer helically coiled tubes and found that the spherical corrugation structure improves the heat transfer efficiency by 1.05~1.7 times. Fouda et al. [6] calculated the heat exchange efficiency of multi-tube HCTT heat exchangers and concluded that the internal tube increased heat transfer efficiency. Liu et al. [7] developed a technique for regenerating cooling air for aircraft engines by using a dual cold source HCTT heat exchanger. Kirkara et al. [8] investigated heat exchange enhancement technologies by combining the helically coiled tube and corrugated surface. The results show that this structure can form vortices and secondary flows, thereby achieving higher heat transfer efficiency. Mahdi et al. [9] investigated the potential of improving the energy storage and recovery performance of the helical coiled tube and shell phase change material (PCM) based storage systems. Wang et al. [10] explored the thermal enhancement in an HCTT heat exchanger and found that the thermal enhancement factor reached a maximum value of 1.28. Cao et al. [11] studied the flow condensation of R134a inside an HCTT heat exchanger. The study results show that some special parameters would result in higher entropy generation.

The boiling flow heat exchange process in HCTT heat exchangers has two parts: the convection heat exchange and boiling heat exchange. Wu et al. [12] studied the calculation method of two-phase boiling flow and heat transfer in helical tubes and obtained a calculation model with good predictive ability. Liang et al. [13] simulated the boiling heat transfer in helical tubes with the utilization of deep learning and obtained the computational model. The boiling heat transfer mechanism of helical tubes was investigated by experimental measures [14]. From the experimental results, the obtained boiling heat transfer coefficient is greatly affected by tube pitches. A numerical simulation study was conducted on boiling heat transfer of two-phase flow inside a helical tube [15]. Compared with the corrected “Chen correlation” [16], the average absolute error is very small. Moradkhani et al. [17] used traditional and machine learning techniques to predict the characteristics of the boiling heat transfer in smooth helix tubes, and the average relative error is only 5.93%. Xiao et al. [18] investigated the boiling heat transfer characteristics in helix tubes according to experiments. Wu et al. [19] studied the boiling heat transfer characteristics of two-phase secondary flow in a helix tube. It is indicated that enhancement mechanism of secondary flow in heat transfer at different boiling states. Chen et al. [20] carried out the numerical simulation on acoustic performances of the flow boiling in helix tubes. The study of the heat exchange progress of subcooled flow boiling in helix heat exchangers was carried out by numerical study [21]. Cui et al. [22] investigated the boiling flow of R134a in helix tubes. It is indicated that the mass flow has a more obvious influence on heat transfer coefficients with high vapor quality. Chen et al. [16] experimentally studied the subcooled nucleate boiling in spiral coils with different geometrical dimensions. The results show that the main factors affecting the onset of subcooled nucleate boiling are the heat flux and system pressure. Wongwises et al. [23] investigated the characteristics of the pressure drop and heat transfer in HCTT heat exchangers by experiment. The results show that the heat transfer coefficient was influenced by mass flow.

The above studies on the boiling flow characteristics in HCTT heat exchangers are mostly focused on water, R134a, R601, and other traditional working fluids [24–27]. Salehin et al. [28] and Mustakim et al. [29] studied the characteristics of heat exchange of nanofluids in helically featured straight Pipe and semicircular corrugated Pipe and obtained some meaningful research results. However, there is little few researches on boiling heat transfer by utilizing LNG as the working fluid. The numerical simulation method is used to study the characteristics of the inlet Reynolds number Re and the helix tube geometric parameters on vaporization, heat transfer efficiency, and pressure distribution.

Although extensive research has been carried out on the heat exchange phenomenon of the helix tubes, the existing results are not universally applicable due to the influence of working fluids, tube types, and experimental environments, and cannot be widely applied to helical tube heat exchangers. Especially, the research on the heat and mass transfer mechanism and dynamic behavior characteristics of the vapor-liquid interface during the boiling heat transfer in HCTT heat exchangers is not deep enough. The boiling heat transfer is a common phenomenon in helix tubes, but there are few reports on the research of boiling heat transfer in helical tubes. Therefore, this article studies the influences of the helical tube structure on LNG flow and heat transfer, and obtains the flow and boiling heat exchange characteristics, providing references for the design of HCTT heat exchangers.

2  Numerical Simulations

2.1 Physical Model

As shown in Fig. 1, the HCTT heat exchanger consists of an internal tube and an external tube, which are coaxially installed together and bent into a spiral shape. The heat exchange includes two parts: LNG flows in the internal tube (called inner tube), refrigerant ethylene glycol flows in the external tube (called the outer tube). To achieve the maximum average temperature difference, the flow of the cold and hot fluids in the HCTT heat exchanger is arranged in a convective form, and the outer wall is insulated during the calculation process. The parameters of the HCTT heat exchanger include the inner tube diameter di, the outer tube diameter do, the helix diameter of helix tube D, the helix tube pitch L, and the helix tube turns n. The inner tube wall is made of copper with a thickness of 1mm, and the outer tube wall is cold-rolled carbon steel with a thickness of 1.5 mm.
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Figure 1: Structure of the HCTT heat exchanger

2.2 Governing Equation

In numerical calculations of the two-phase flow, the space occupied by each phase is represented by volume fraction α. The volume fraction of the secondary phase q is shown in Eq. (1).

Vq=∫VαqdV(1)

where Vq is the volume of the secondary phase q.

The continuity equation, momentum equation, and energy equation related to two-phase flow can be described as the following equations:

The continuous equation of two-phase flow is expressed as Eq. (2).

∂∂t(αqρq)+∇⋅(αqρqv→q)=∑p=1n(m∙pq−m∙qp)+Sq(2)

In Eq. (2), v→q is the velocity of secondary phase q, m∙pq and m∙qp are the mass transfer between the primary and secondary phases.

Momentum equation of two-phase flow is expressed as Eq. (3).

∂∂t(αqρqv→q)+∇⋅(αqρqv→qv→q)=∇⋅τ¯+αqρqg→−αq∇p+∑p=1n(R→pq+m∙pqv→pq−m∙qpv→qp)+(F→lift,q+F→wl,q+F→vm,q+F→td,q+F→q)(3)

In Eq. (3), F→q is the external force, F→lift,q is the lifting force on the bubble, F→wl,q is the wall lubrication force, F→vm,q is the viscous mass force, F→td,q is the turbulent dispersion force, R→pq is the internal force between phases.

Energy equation of two-phase flow is expressed as follows:

∂∂t(αqρqiq)+∇⋅(αqρqv→qiq)=αqdpqdt−∇⋅q→q+τ¯q⋅∇v→q+Sq+∑p=1n(m∙pqipq−m∙qpiqp+Qpq)(4)

where Qpq is the heat transfer intensity between the primary and secondary phases.

The boiling heat transfer numerical simulation adopts the wall boiling heat transfer model based on the Euler model. This model is amended according to the nucleate boiling model of Kurual et al. [27] and Lavieville et al. [30]. The heat flux qw is the wall heat flux which is expressed as Eq. (5).

qW=qC+qQ+qE(5)

where qC is the convective heat flux, qQ is the quenching heat flux, qE is the evaporation heat flux.

The k-ε model is based on the Reynolds average Navier-Stokes (randomized algorithm with non-uniform sampling, RANS) equation which uses the turbulent kinetic energy k and the turbulent energy dissipation rate ε to describe turbulence, so the changing process of the turbulence and predict the flow state of bending and rotation can be described.

The governing equation of turbulence energy k is expressed as Eq. (6).

∂∂t(ρk)+∂∂xi(ρkvi)=∂∂xj[(μ+μtσk)∂k∂xj]+Gk+Gb−ρε−YM+Sk(6)

The governing equation of turbulent energy dissipation rate ε is expressed as Eq. (7).

∂∂t(ρε)+∂∂xi(ρεvi)=∂∂xj[(μ+μtσε)∂ε∂xj]+C1εεk(Gk+C3εGb)−C2ερε2k+Sε(7)

where C1ε, C2ε, Cμ, σk, σε are constant. Gk, Gb, Ym respectively represent the average velocity gradient of the generating turbulent kinetic energy.

2.3 Boundary Conditions

LNG is natural gas that is compressed and cooled to its boiling point temperature before becoming a liquid. Generally, LNG is stored under the conditions of 0.4~1.0 MPa and 90~111 K. The physical properties of LNG are basically the same as those of methane, so methane’s physical properties are used instead of LNG in numerical calculations. In the HCTT heat exchanger, LNG flows in the inner tube, and the system pressure is 0.5 MPa, and the inlet temperature of LNG is 110 K. The hydraulic diameter of LNG turbulent flow is set to di. The intensity of turbulence is calculated based on the Re.

Ethylene glycol is a colorless, slightly viscous liquid that can be mixed with water in any proportion. After mixing water with ethylene glycol, the vapor pressure of the cooling water is altered. Therefore, the freezing point of ethylene glycol aqueous solution significantly decreases. The specific heat capacity of ethylene glycol is 3.78 kJ/(kg·°C), and the thermal conductivity is 0.5 W/(m·K), which can meet the heat transfer requirements. Ethylene glycol aqueous solution has stable chemical properties, uniform density, low volatility, and evaporation rate. Therefore, the refrigerant used in this study is ethylene glycol aqueous solution.

The working fluid of the outer tube is ethylene glycol whose inlet temperature is 273.15 K, and the inlet velocity magnitude is 0.5 m/s.

2.4 Grids and Independence Verification

The numerical calculation adopts the finite volume method, and the mesh adopts the hexahedral mesh for the inner tube and the tetrahedral mesh for the outer tube. The grid of the coaxial sleeve heat exchanger is refined by adding a boundary layer near the wall of the heat exchange tube, which can be seen in Fig. 2. In the calculation setting, different numbers of grids are used for grid independence verification to ensure cost savings without affecting the accuracy of numerical solutions. The temperature changes at the inlet and the outlet of LNG flow were used as the basis for measuring grid independence, and the range of temperature changes was verified for grid numbers 286,740, 492,914, 637,212, 798,656, and 949,845, respectively. The results can be seen in Fig. 2. According to Fig. 3 when the number of grids is 798,656, the temperature changes at the inlet and outlet are not significantly different from those at 637,212 grids. As the number of grids increases to 949,845, the temperature change remains basically unchanged. The number of these elements is enough to obtain accurate simulation results, which can be considered grid independent.
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Figure 2: Calculation grids of helix tube
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Figure 3: Grid independent verification

Due to the material of the inner tube being copper and having a wall thickness of only 1 mm, the thermal resistance can be ignored. The outer tube wall is insulated. The computational domain of this study is the LNG in the inner tube and the ethylene glycol aqueous solution in the outer tube. Therefore, when conducting calculations in the HCTT heat exchanger, and the calculation domain is the coaxial helical region of the two working fluids.

2.5 Comparison and Verification of Numerical Calculation Result and Existing Experimental Results

The physical model and the same boundary conditions of Chen et al.’s [16] boiling flow experiment are applied to verify the reliability of the numerical calculation model. The geometric parameters and boundary condition data in the experiment are shown in Table 1. In the verified experiment, thermocouples were uniformly arranged along the circumference of each temperature measurement section to measure the temperature of the outer tube wall and the distance between adjacent temperature measurement points of the helix coil is 300 mm. Four N-type thermocouples were evenly installed on the circumference of 0°, 90°, 180°, and 270° on each temperature measurement section. The extraction of temperature around the wall is measured by thermocouples. Therefore, as shown in Fig. 4, in the verification calculation process, the temperature calculation results at 0°, 90°, 180°, and 270° of the same position section were selected as the reference physical quantities. Water was used as the working medium. The comparison of experimental results and the simulation results can be seen from Fig. 5, in which the solid line are the experimental results and the dashed line are the simulation calculation results.
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Figure 4: Position in the helix tube
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Figure 5: Comparison of experimental and calculation values

It can be seen from Fig. 5 that the distribution trend of numerical calculation results is similar to that of experimental results. The distribution trend of the calculated results on the wall of the inner tube is basically consistent with the experimental results, while the calculation values are slightly larger than the experimental values. The maximum deviation between the numerical calculation values and the experimental values of the inner tube wall temperature is 4.41%. The tube wall temperatures at positions 0°, 90°, and 180° in the experimental results show a slight decrease in fluctuation as the heat flux density increases. The numerical calculation results are a litter higher than the experimental values overall, and the temperature changes trend tend to be stable. The average deviation of the maximum temperature at the positions of 0°, 90°, and 180° is 2.75%. Although the overall trend of the calculated results differs slightly from the experimental results, the average deviation is still less than 10%. This indicates a high degree of fit between the numerical calculation values and the experimental values. Consequently, the selected calculation model is suitable for the numerical calculation of boiling heat transfer for the HCTT heat exchangers.

Regarding selecting the calculation mode, the second-order upwind is used as the discretization criterion, and the SIMPLEC algorithm is selected as the iterative algorithm to ensure the calculation accuracy. To improve the accuracy of the converged results, the calculation residual is set to 1e-5.

3  Results and Discussion

3.1 Influences of Inlet Re

Under the condition of D = 200 mm, L = 30 mm, and di = 15 mm, variations of the LNG vapor volume fraction distribution, pressure distribution, and heat transfer efficiency in HCTT heat exchangers are calculated at the Re range of 13500~53500. The distributions of the LNG vapor volume fraction in the helix tube can be seen from Fig. 6, from which the results are similar to the results obtained by the experiment of Murai et al. [31].
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Figure 6: Distributions of vapor volume fraction in helix tube under different Re

The liquid phase density is greater than that of the vapor phase, therefore gravity makes the liquid phase of LNG deposits. The upper part of the LNG in the helix tube begins to vaporize, and the liquid phase of LNG is near the outside wall of the helix tube. Meanwhile, the LNG flow is affected by the secondary flow generated from the helix tube. Therefore, the liquid phase of LNG is more affected by the centrifugal force and gravity during flow. The velocity difference between the vapor and liquid phases near the helix tube wall becomes larger, so the lifting forces of the bubbles increase and the upward movements of the bubbles are strengthened.

Fig. 7 shows the vapor volume fraction changes with the helix tube length under different Re. The equal division points of the helix tube length on the abscissa in Fig. 7 represent nodes that divide the helix tube length into 12 equal parts. The vapor volume fraction increases slowly close to the initial equal division points of the helix tube length. As the flow progresses, the growth rate of the vapor volume fraction is the highest at the 5th to 7th equal division point of helix the tube length, and the degree of vaporization is the most intense. The vapor volume fraction decreases with the increase of Re at the same equal division points of the helix tube length. Because when the flow conditions of the outer tube remain unchanged, the higher Re makes LNG keep in the liquid phase for a longer time, and the time for LNG to leave the boiling heat exchange state to complete vaporization is prolonged.
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Figure 7: Variation of vapor volume fraction under differ Re

Fig. 8 shows the pressure change under different Re. The pressure distribution is close to linear when the Re is low. When the Re is greater than 33500, the pressure in the helix tube no longer changes linearly, and the pressure drop rate increases when the helix tube length increases. The area near the entrance of the helix tube is the single-phase heat exchange zone and gravity has a dominant effect on pressure drop. As the length of the helix tube increases, the LNG vapor volume fraction gradually increases. The frictional resistance and acceleration resistance become dominant factors to affect the pressure drop, so the decreasing rate of pressure become faster as the length of the helix tube increases.
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Figure 8: Variation of pressure under different Re

The Nusselt number Nu characterizes the intensity of convective heat transfer. In Fig. 9, the Nu changes under different Re can be seen. The results show that Nu increases when Re increases. The increase of Re will increase the turbulent flow intensity of LNG in the helix tube. Besides, the increase of the Re number results in an enhancement of the secondary flow, which is generated by the vortex, so the heat transfer boundary layer is destroyed through the secondary flow, and the efficiency of convective heat transfer increases.
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Figure 9: Variations of Nusselt number under different Re

As shown in Fig. 10, the heat transfer coefficient increases quickly at the LNG vapor volume fraction range of 0 to 0.2, and then slowly increases. The reason is that when the vapor volume fraction is from 0 to 0.2, the transition from liquid phase to vapor phase begins to occur. Meanwhile, the heat transfer process is transitioned from the single-phase flow to the nucleate boiling. The formation of bubbles effectively destroys the heat exchange boundary layer and the heat exchange wall surface is approximately a wet surface.
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Figure 10: Variations of heat transfer coefficient with vapor volume fractions

3.2 Influence of Helix Tube Pitch L

Under the condition that D = 200 mm, Re = 33500, and di = 15 mm, variations of LNG vapor volume fraction distribution, pressure distribution and heat exchange efficiency in the HCTT heat exchangers is calculated at the helix tube pitch range of 30~50 mm. Figs. 11 and 12 show the distributions and variations of vapor volume fraction with different helix tube pitches. From Figs. 11 and 12, the change trend and magnitude of the vapor volume fraction under different helix tube pitch are not significantly different.
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Figure 11: Distributions of vapor volume fraction with helix tube pitches
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Figure 12: Variations of vapor volume fraction with helix tube pitches

Fig. 13 shows the pressure changes in the helix tube under different helix tube pitches. As the pitch of helix tube increases, the overall pressure loss in the helix tube decreases slightly. The reason is that as the helix tube pitch increases, the axial helix angle of the helix tube also increases, and the overall curvature of the helix tube becomes smaller, so the helix tube is closer to a straight tube. The resistance caused by the shape of the helix tube is reduced during the LNG flow, and the pressure loss is reduced.
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Figure 13: Variations of pressure with pitches

Fig. 14 shows the variations of Nu with L/di under the condition that the helix diameter and the inner tube diameter remain unchanged. The Nu has the same changing trend with L/di under different Re. The Nu decreases very little with the increase of helix tube pitches. In the range of L/di of 2.0 to 3.4, the Nu decreases by an average of 4.9% under different Re. The reason is that the increases in the helix tube pitches cause decreases in the curvature of the helix tube so that secondary flow in the LNG flow process is weakened which results in a decrease in heat exchange efficiency.
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Figure 14: Variations of Nusselt number with different L/di

3.3 Influence of Helix Diameter of the Helix Tube D

Under the condition that L = 30 mm, Re = 33500, and di = 15 mm, variations of the LNG vapor volume fraction distribution, pressure distribution, and heat exchange efficiency in the HCTT heat exchangers are calculated in the helix diameter of helix tube range of 150~250 mm. Fig. 15 shows the distributions of vapor volume fraction under different helix diameters. Fig. 16 shows the variations of vapor volume fraction with different helix diameters. From Figs. 15 and 16, at the same equal division points of the helix tube length, the LNG vapor volume fraction decreases as the helix diameter of the helix tube increases. Under the condition that other geometric parameters of the helix tubes remain unchanged, the helix tube with a small helix diameter has a shorter LNG liquid phase flow length. The development of LNG liquid phase boiling is not complete. Therefore, the degree of vaporization of the helix tube with a small helix diameter is low.
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Figure 15: Distributions of vapor volume fraction with helix diameters
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Figure 16: Variations of vapor volume fraction with helix diameters

Fig. 17 shows the variations of the pressure in the helix tube with different helix diameters of the helix tube. The magnitude of the pressure under different helix diameters of the helix tube is basically the same. As the helix diameter increases, the pressure loss increases slightly.
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Figure 17: Variations of pressure with helix diameters

By searching for the relationship between the dimensionless parameters D/di and Nu, the heat transfer characteristics in HCTT heat exchangers can be obtained. Fig. 18 shows the variations of the Nu with the D/di under the condition that the inner tube diameter and helix tube pitch remain unchanged. The Nu decreases as the helix diameter of the helix tube increases. In the range of D/di from 10 to 16.76, the average reduction of Nu is 34.84% with different Re. The reason is that the helix diameter increases, the overall curvature of the helix tube becomes smaller, and the strength of the secondary flow in the LNG flow process is weakened. The disturbance of the secondary flow of LNG becomes weaker, which makes the thermal boundary layer difficult to be destroyed, and the heat exchange effect becomes worse.
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Figure 18: Variations of Nu with D/di

3.4 Influences of the Inner Tube Diameter of the Helix Tube di

Under the condition that L = 30 mm, Re = 33500, and D = 200 mm, variations of the LNG vapor distribution, pressure distribution, and heat exchange efficiency in the HCTT heat exchanger are calculated at the inner tube diameter range of 7.5~15 mm. Figs. 19 and 20 show the distributions of vapor volume fraction with inner tube diameters. From Figs. 19 and 20, at the same equal division points, the vapor volume fraction increases with the inner tube diameter decreases. When Re remains unchanged the decrease in inner tube diameter leads to a decrease in the mass flow of LNG. The reduction of the mass flow makes the rate of heat absorption and vaporization increase, and the degree of vaporization of LNG increases.
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Figure 19: Distributions of vapor volume fraction with inner tube diameters
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Figure 20: Variations of vapor volume fraction with inner tube diameters

As shown in Fig. 21, the variations of pressure under different inner tube diameters. Under the condition of different inner tube diameter, the total pressure change of LNG in the tube is basically the same. When the inner tube diameter decreases, the pressure drops faster at the beginning of the flow. The reason is that the frictional resistance and acceleration resistance increase as the inner tube diameter decreases when LNG starts to flow. When the liquid phase of LNG gradually transforms into the vapor phase, the frictional resistance of the vapor phase of LNG and the rate of pressure drop decrease.
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Figure 21: Variations of pressure with inner tube diameters

Fig. 22 shows the variations of the Nu with the D/di under the condition that the helix diameter and the helix tube pitch of the helix tube remain unchanged. The Nu decreases by an average of 43.17% under different Re in the range of D/di from 13.33 to 26.66. The Nu increases with the increase of the inner tube diameters. The reason is that the smaller the inner tube diameter, the stronger the restriction of the LNG flow in the helix tube. It is difficult for secondary flows to regenerate, so the heat transfer efficiency is reduced.
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Figure 22: Variations of Nusselt number with D/di

4  Comparisons of Calculation Results with Existing Correlations

Under the conditions that di = 15 mm, D = 200 mm, system pressure is 0.5 MPa, and inlet Re is in the range of 20000–100000, the numerical calculation results are compared with the results of existing correlations, and the possible reasons for the differences between numerical calculation results and results of existing correlations are analyzed.

The Dn number [32] is used to measure the degree of turbulence of the secondary flow. Wongwises et al. [23] used the equivalent Dn number and Martinelli number χtt to calculate the Nu in the HCTT exchanger. The calculation method of the equivalent Dn number is expressed as Eq. (8).

DeEq=[Rel+Rev(μvμl)(ρlρv)0.5](diD)0.5(8)

The calculation methods of liquid Rel number and vapor Reg number are expressed as Eq. (9).

Rel=G(1−x)diμl, Reg=Gxdiμv(9)

Martinelli number χtt is defined as Eq. (10):

χtt=(1−xx)0.9(ρvρl)0.5(μlμv)0.1(10)

The correlation for calculating Nu proposed by Wongwises is expressed as Eq. (11).

Nu=6895.98DeEq0.432Pr1−5.055(Bo×104)0.132χtt−0.0238(11)

Fig. 23 shows the comparisons between the numerical calculations results and the calculation results according to the above correlations. The deviation between the numerical simulation results and the calculation results of existing correlations is 72.3%, and the standard deviation is 23.6%. The calculation result of the correlations is much larger than that of the numerical calculation. The reason is that the calculation method of equivalent Dn number leads to a higher influence of mass flow on convective heat transfer in high vapor quality regions. The derivation of Wongwises correlations is based on a higher mass flow rate, so there is a large deviation from the numerical results.
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Figure 23: Comparisons of numerical results and Wongwises correlation

The numerical calculation result is compared with the calculation result of the correlation of Cui et al. [22]. Cui proposed the convective boiling number NCB to calculate Nu. NCB is expressed as Eq. (12).

NCB=(rG/q)[1+x(ρl/ρv−1)](ρv/ρl)1/3(12)

Cui Nu correlation is:

Nu=8.76Rem0.6Prl1/6(ρv/ρl)0.2Kλ0.09Dn0.1NCB−0.414(13)

Fig. 24 shows the comparisons between the numerical calculation results and the Cui correlation. The deviation between the numerical calculation results and the correlation is within 15%, the standard deviation is 5.4%, and the R-squared is 0.881. This means that the numerical calculation results are highly consistent with the results calculated through the correlation equations. The Nu of the LNG boiling flow in a helical tube can be empirically calculated by using the modified fitting formula.
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Figure 24: Comparisons of numerical results and Cui correlation

5  Conclusions

The effects of the inlet Re and the parameters of the helix tube on the degree of vaporization, pressure change, and heat transfer efficiency are numerically studied.

(1)   The liquid phase of LNG affected by gravity and centrifugal force is close to the outer wall during the flow process, and the vaporization phenomenon starts from the inner wall first. The vapor volume fraction increases the fastest around the 5th to 7th equal points of the helix tube length, and the degree of vaporization is the most intense.

(2)   When other conditions remain unchanged, increasing the inlet Re, increase the helix diameter of the helix tube, and decreasing the inner tube diameter will increase the vapor volume fraction. The helix tube pitch has very a minor impact on the vapor volume fraction.

(3)   Under the condition that the inlet Re is lower than 33500, the pressure in the helix tube is approximately linearly distributed. Under the condition of high inlet Re, the pressure decreases faster with the increase of the length of helix tubes because of the frictional resistance and acceleration resistance. As the helix tube pitch decreases, the overall pressure loss will increase. The helix diameter of the helix tube and the inner tube diameter have little effect on the overall pressure loss.

(4)   When the vapor volume fraction is at the range of 0~0.2, the heat transfer coefficient increases the fastest than other ranges.

(5)   When other conditions remain unchanged, the Re increases, and the Nu increases; When inlet Re is 13500~53500, the Nu increases with the ratio D/di decreases; L/di has little effect on Nu.

(6)   The numerical calculation result is compared with the calculation result of the correlation of Wongwises, the calculation deviation is 72.3%, and the standard deviation is 23.6%. Wongwises overestimates the size of the Nu, which may be due to the low mass flow used in the numerical calculation.

(7)   The numerical calculation result is compared with the calculation result of the correlation of Cui. The deviation is within 15%. The standard deviation is 5.4%, and R-squared is 0.881.
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Table 1: The geometric parameters and boundary condition of Chen experiment
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