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[bookmark: _Hlk157066918][bookmark: _Hlk157605945][bookmark: _Hlk157626748][bookmark: _Hlk159185273][bookmark: _Hlk157518922][bookmark: _Hlk157519370][bookmark: _Hlk159259153][bookmark: _Hlk157627800][bookmark: _Hlk159160595][bookmark: _Hlk157625682][bookmark: _Hlk157625674][bookmark: _Hlk159259172]Abstract: Helically coiled tube heat exchanger (HCHE) was extensively used to enhance the thermal environment of deep underground space. The inefficiency of heat transfer in the mine cooling system results in increased operational energy consumption. To enhance heat utilization, this study examines the impact of air temperature, air velocity, coil diameter, pitch, and elliptical tube aspect ratio on the shell-side thermal performance of HCHE through experimental and numerical analysis. The performance evaluation criterion (PEC) and field synergy are introduced to provide a comprehensive assessment of performance. Results suggest that the air velocity can more significantly affect the thermal performance of HCHE than air temperature. Augmenting the coil diameter from 30−40 mm and coil pitch from 7.5−9.0 mm led to an increase in the Nu number by 16.5% and 6.7%, as well as an increase in friction factor f by 575.2% and 147.1%, while a reduction in PEC by 38.4% and 21.1% when the air velocity is 5 m/s, respectively. For the helically coiled elliptical-tube heat exchanger (HCHE-E), the thermal performance is significantly dependent on the long axis's direction and its aspect ratio. When the air velocity is 3 m/s, the increase in aspect ratio from 1.0–1.8 resulted in a decrease and increase in Nu by 14.7% and 14.6%, an increase and decrease in PEC by 24.5% and 28.4%, as well as a reduction and increase in f by 31.5% and 48.1% for the long axle in the horizontal and vertical directions, respectively. The PEC for HCHE is not significantly dependent on the air velocity. The increase in air velocity can result in the augment in PEC of HCHE-E regardless of long axis's direction. The variation of synergy angle is consistent with the change of Nu. These findings offer valuable insights for optimizing the design parameters of HCHE in deep underground spaces.
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	[bookmark: _Hlk159747627]Nomenclature
	
	

	A
	long axis, mm
	p
	pressure drop, Pa

	Ac
	minimum flow cross sectional area, m2
	Q
	heat transfer rate, W

	A0
	total surface area, m2
	Re
	Reynolds number

	B
	short axis, mm
	T
	temperature, oC

	cp
	specific heat capacity, J⋅kg-1⋅K-1
	Tlm
	logarithmic mean temperature difference, oC

	CD
	[bookmark: _Hlk159233039]coil diameter, mm
	u
	velocity, m/s

	CP
	coil pitch, mm
	umax
	maximum velocity at the minimum flow cross sectional area, m/s

	dh
	hydraulic diameter, m
	x
	Coordinate, m

	f
	friction factor
	Greek symbols

	fe
	friction factors of the base case 
	αk
	inverse turbulent Prandtl numbers for k, αk=1.39

	fs
	friction factors of the comparison case
	αε
	inverse turbulent Prandtl numbers for ε, αε =1.39

	Gk
	turbulent kinetic energy generation caused by mean velocity gradients, J/kg
	β
	field synergy angle, °

	HCHE
	helically coiled tube heat exchanger
	ε
	dissipation rate, m2/s3

	HCHE-E
	helically coiled elliptical-tube heat exchanger
	λ
	thermal conductivity, W⋅m-1⋅K-1

	HTC
	heat transfer coefficient, W⋅m-2⋅K-1
	µ
	dynamic viscosity, kg⋅m-1⋅s-1

	h
	heat transfer coefficient, W⋅m-2⋅K–1
	µeff
	effective turbulent viscosity, kg⋅m-1⋅s-1

	k
	turbulent kinetic energy, m2/s2
	ν
	kinematic viscosity, m2/s

	m
	mass flow rate, kg/s
	
	density, kg/m3

	Nu
	Nusselt number
	Subscripts

	Nue
	Nusselt numbers of the base case
	a
	air

	Nus 
	Nusselt numbers of the comparison case
	i, j, k
	direction of coordinate

	PEC
	performance evaluation criterion
	in
	inlet

	Pr
	Prandtl number
	out
	outlet

	p
	pressure, Pa
	w
	water




1. Introduction
[bookmark: OLE_LINK22][bookmark: OLE_LINK1][bookmark: _Hlk116932541][bookmark: OLE_LINK2][bookmark: _Hlk156847841][bookmark: _Hlk159258784]Recently, the problem of thermal hazard has become critical due to the increasing depth of coal and metal mines [1, 2]. For instance, the maximum mining depth of coal and gold mines in China exceeded 1300 m and 1600 m, respectively, with the original rock temperature reaching 40−60 oC. The high-temperature environment could significantly reduce the miners' productivity and even endanger their health [3-5]. Therefore, the refrigeration system has been extensively employed to ameliorate the hot-humid environment and augment the operational efficiency of numerous mines plagued with thermal environment [6]. The presence of a high concentration of dust in the mine working space increases the powder accumulation in the air cooler, which is a commonly utilized equipment of the cooling system. To mitigate the negative effect of dust accumulation on the heat exchange efficiency, a bare tube air cooler is currently employed. The energy efficiency of mechanical refrigeration systems is closely linked to the thermal performance of helically coiled tube heat exchanger (HCHE) [7, 8]. 
[bookmark: _Hlk121217844][bookmark: _Hlk151659508][bookmark: _Hlk159185105][bookmark: _Hlk156999887][bookmark: _Hlk159236355][bookmark: _Hlk159258811]The thermal performance of HCHE is closely dependent on the structural parameters. It was reported that the coil diameter (CD) had a more significant effect on heat transfer performance compared with coil pitch (CP) [9]. Prabhanjan et al. [10] found that if the coil height was used as the characteristic length for the natural convective heat transfer in a HCHE submerged in water, a high-precision correlation between the Nusselt Number (Nu) and Rayleigh number could be achieved. Jayakumar et al. [11] investigated the thermal performance of HCHE, providing a correlation to predict the local Nu. The thermal performance of micro-fin HCHE were studied by Kumar et al. [12] who reported that the CD had a greater impact on Nu than the CP. Mirgolbabaei [13] investigated the effect of vertical HCHE effect and found that the increase in CP up to certain value led to an increase in the heat transfer coefficient (HTC) of the shell side. Satapathy [14] investigated the thermodynamic irreversibility of HCHE, in which they concluded that selecting an appropriate ratio of the CD to tube diameter was essential for the application. Fernández-Seara et al. [15] numerically analyzed the thermal performance of a vertical HCHE, and they suggested that the Nu increased with the increasing tube diameter. Izadpanah et al. [16] studied the effect of the CD and CP on natural convective heat transfer of a HCHE. Results showed that larger CD and CP were responsible for a higher HTC. The thermal performance of HCHE was experimentally investigated by Salimpour [17]. The findings indicated that the heat exchanger with bigger CP had a better shell-side thermal performance than that with smaller CP. Sheeba et al. [18] demonstrated that the straight tubes in heat exchangers could result in a reduction in the Nu compared with the helically-coiled tubes. Maghrabie et al. [19] reported that the thermal performance of HCHE was related to the inclination angle. Fouda et al. [20] assessed the thermal performance of multi-tubes in HCHE, which showed that an increase in the CP and CD could result in an increasing effectiveness. Dizaji et al. [21] investigated the exergy loss and dimensionless exergy loss of HCHE, and found that these parameters increased with the increasing CP and CD. Luo et al. [22] conducted an experimental research to explore the thermal performance of liquid inside a helical microtube. They found that the PEC decreased with increasing CD. Abdous et al. [23] conducted an entropy generation analysis to assess heat transfer and pressure drop in helical coils. Cao et al. [24] reported that increased tube diameter corresponds to heightened entropy generation. Their investigations address the refrigerant flow condensation within HCHE. The findings indicated that helical coils exhibited higher HTC compared with straight tubes under equivalent boundary conditions. As can be found that previous studies are focused on the liquid-liquid heat exchangers, the in-depth research on shell-side heat transfer of air-water heat exchangers in underground spaces is less reported. Consequently, there is an urgent need for the further investigation on the air-water heat exchanger to better understand the thermal performance of air coolers in underground engineering.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: _Hlk149930484][bookmark: _Hlk156999974]A substantial amount of research has been conducted on the influence of tube cross-sectional shape on the thermal performance of helically coiled elliptical-tube heat exchangers (HCHE-E). Xu et al. [25] demonstrated that the PEC of the drop-shaped and trifoliate-shaped HCHE-E were improved by 39% and 22%, respectively, compared with the plain tube HCHE. Wang et al. [26] suggested the utilization of the twisted trilobal HCHE-E can significantly enhance the thermal performance. An investigation on the thermal performance of HCHE-E was conducted by Ji et al [27], who found that the vortex intensity decreased with the increasing aspect ratio. Talebi and Lalgani [28] demonstrated that the variable twist helical coil significantly improved the thermal performance of HCHE-E. It was found by Halawa and Tanious [29] that the growth of thermo-hydrodynamic boundary layers could be disturbed by utilization of elliptical tube, thereby achieving excellent temperature-velocity distributions and turbulent kinetic energy. An investigation conducted by Yu et al. [30] indicated that twisted tube and wire coil can enhance the heat transfer rate of HCHE-E. Tan et al. [31] reported that twisted tri-lobed tube had the highest impact on the pump consumption and heat transfer efficiency, followed by twisted elliptical tube and the smooth tube. Zheng et al. [32] demonstrated that the utilization of dimples led to a significant promotion in the heat transfer performance. Previous research indicates that the influence of tube geometry on the thermal performance of HCHE is of great significance. However, there are limited investigations available on the use of HCHE-E in deep underground space. 
[bookmark: OLE_LINK6][bookmark: _Hlk160452291][bookmark: OLE_LINK23]As can be noticed that extensive investigations have been conducted on the thermal performance of HCHE. Evidently, previous studies primarily focused on heat transfer enhancement on the tube side. Investigations on thermal performance of shell side, especially for the air-to-water HCHE/HCHE-E, have been less reported so far. In addition, existing studies on HCHE have primarily focused on air velocities lower than 4 m/s, which is typically exceeded in deep shafts or tunnels. Therefore, this paper conducted an experimental investigation on the impact of air velocity and temperature on the shell-side thermal performance of HCHE. Furthermore, the impact of coil diameter, coil pitch, long axis direction, and aspect ratio on the thermal performance of the shell side of the air cooler was assessed through numerical simulation under high air velocities (3~7 m/s). The aim of this study is to investigate the effect of structural parameters on the thermal performance of the HCHE, enhancing the HTC of air cooler, and improving the energy efficiency of the cooling system in deep underground space. The findings of this paper could offer valuable insights in the design and optimization of air-cooler for the underground engineering.
2. Methodology
2.1 Experimental method
2.1.1 Experimental setups
[bookmark: OLE_LINK7]Based on the similarity theory, a HCHE with length, height and width of 900 mm × 200 mm × 200 mm was designed and fabricated, as depicted in Fig. 1. All the helical coils of the heat exchanger were manufactured by copper tube with the same diameter and length. The heat exchanger consists of 16 coiled tubes, with the spiral number of 98 for each tube. The outer and inner diameters of the copper tube were 6 mm and 4 mm, and the CD and CP are 40 mm and 8 mm, respectively.
[image: ]
[bookmark: _Ref121413548]Fig. 1. Schematic of HCHE.
[bookmark: _Hlk159180161][bookmark: _Hlk159180141][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Fig. 2 illustrates the experimental system, through which the impact of air velocity and temperature on the thermal performance of the HCHE was investigated. The hot air and cold water circulate externally and internally through the coiled tubes, respectively. Experimental setup comprised two distinct sub-components, including the inlet air module and the heat exchange module. The inlet air module comprised an axial fan, an electric heater, a digital anemometer and a thermometer, which enable adjustment of the inlet air velocity and temperature. The heat exchange module consisted of HCHE, thermostatic water bath, flowmeter, and Data-taker. The air velocity and temperature were measured by an anemometer and thermometers. The velocity and temperature of chilled-water were tested by a turbine flowmeter and K-type thermocouples. To enhance the precision of the experiment and minimize heat loss, the chilled-water pipes and heat exchanger were insulated by insulation materials with low thermal conductivity. 


[bookmark: _Ref156990664][bookmark: _Hlk157623899]Fig. 2. Schematic of the experimental system.
[bookmark: _Hlk159182122]To guarantee the accuracy of the data collected, it is necessary for each experimental set to document the air velocity and temperature at four designated positions: I, II, III, and IV, with IV positioned at the center of the wind tunnel, as shown in Fig. 2. Furthermore, each experimental procedure should be conducted thrice, with a 3-minutes interval between each iteration. The values exhibiting high variability larger than 5% are omitted, and the resultant average value is computed and used in this study. Furthermore, Table 1 displays the specific parameters of the instruments utilized in the experiment.
[bookmark: _Ref156990815][bookmark: _Hlk156843751]Table 1 Parameters of main instruments.
	Instruments
	Model number
	Measurement range
	Accuracy

	Axial fan
	YCBP 3-2
	100–3000 m3/h
	-

	Anemometer
	Testo 425
	0.01–30 m/s
	±0.01 m/s

	Thermometer
	[bookmark: _Hlk156813478]Rotronic HL-NT3-D
	-30–70 oC
	±0.1 oC

	Thermocouple
	K-type thermocouples
	-50–300 oC
	±0.5 oC

	Data-taker
	DT80
	-45–70 oC
	0.01%

	Thermostatic water bath
	5701LTB-R40
	-20–100 oC
	±0.1 oC


[bookmark: _Hlk116235579]2.1.2. Experimental process and program
[bookmark: _Hlk160111739][bookmark: _Hlk160453914][bookmark: _Hlk160111862]Fig. 3 presents the experimental flowchart. The first step was to turn on the axial fan and then the inlet air velocity was adjusted to a desired value. Secondly, the electric heater was switched on to heat the airflow to a set value. The next step was to turn on the thermostatic water bath, through which the chilled-water was cooled to 5 °C. When the variations in air and water inlet and outlet temperatures are lower than 0.1 °C and the change of air velocities for each specific position is smaller than 0.5 m/s within 5 minutes, the test could be conducted. It is indicated that all experiments were executed under a steady-state convective heat transfer process. 


[bookmark: _Ref121413716]Fig. 3. Experimental process.
[bookmark: OLE_LINK21]An experimental program was formulated to assess the thermal performance of HCHE, in which the inlet air temperature and velocity ranged from 28–31 °C and 1–3 m/s, respectively, as listed in Table 2.
[bookmark: _Ref121413699]Table 2 Experimental program.
	Parameters
	Value

	Inlet air temperature (°C)
	28~31

	Inlet air velocity (m/s)
	1~3


[bookmark: _Hlk156933131][bookmark: _Hlk156931051][bookmark: _Hlk156825467]To guarantee the precision of the experimental outcomes, the experimental data's uncertainty was studied. The uncertainty for directed variables can be computed by [33]:

                                                                 
where uv is uncertainty of directed variables, ∆v is the test accuracy of the variables, σv is the Bessel equation of standard deviation and the equation is shown: 

                                                              
where xi and  are individual testing values and the mean value of individual testing values, N is the number of testing items.
The uncertainty for the heat transfer rate and heat transfer coefficient can be described by Eq. (3) [33]:

                                                           
[bookmark: _Hlk159839844]The testing accuracy and uncertainties of experimental instruments are presented Table 3, revealing that the maximum uncertainty is lower than 6%, thereby ensuring the experimental accuracy.
[bookmark: _Ref156990852][bookmark: _Hlk160203874]Table 3 Accuracies and uncertainties of variables.
	Variables
	Air temperature
	Water
temperature
	Air
 velocity
	Heat transfer coefficient
	Heat transfer rate

	Testing accuracy
	±0.1 °C
	±0.5 °C
	±0.01 m/s
	-
	-

	Uncertainty
	1.8%
	5.9%
	3.3%
	1.9%
	3.1%


2.2. Numerical method
2.2.1. Physical model
[bookmark: _Hlk157002689][bookmark: _Hlk156844066][bookmark: _Hlk159228418][bookmark: _Hlk160453741]Fig. 4 shows the numerical models of circular and elliptical tubes conducted by using ANSYS. The inner and outer diameters of the circular tube were 4 mm and 6 mm, respectively, as shown in Fig. 4a. As can be found from the Fig. 4 that CD represents the diameter of the helical coil, which is the outermost linear distance of the coiled tube. CP denotes the distance between the tube centers of the neighboring coils along the horizontal axis. 
[bookmark: _Hlk159185822]The schematics of elliptical tubes with two different directions of the long axis were presented in Fig. 4b and Fig. 4c. The parameters A and B correspond to the long and short axes of the elliptical tube, respectively. The aspect ratio of elliptical tube was dependent on the ratio of long axis to the short one. The numerical model with a consistent cross-sectional area for circular and elliptical tubes was utilized by Xu et al. [25] and Ji et al. [27] to investigate the effect of tube's parameter on thermal performance of heat exchanger. It should also be noted that only one helically coiled tube was used in this study to simplify the numerical calculation. 
[image: ]
[bookmark: _Ref121491781][bookmark: _Hlk160110618]Fig. 4. Geometric of the helically circular and elliptical tubes.
Table 4 provides the numerical program for the circular and elliptical tubes heat exchangers. For the circular tube, the CD and CP ranged from 30–40 mm and 7.0–9.5 mm, respectively. Meanwhile, the long/short axis ratio for elliptical tube was in the range from 1–1.82. In addition, the effect of horizontal and vertical directions of long axis were also investigated. 
[bookmark: _Ref119058220]Table 4 Numerical program.
	Tube type
	Parameters
	Values

	
	
	Base
	Comparison

	Circular tube
	CD (mm)
	40
	30, 32, 34, 36, 38

	
	CP (mm)
	9.5
	7.0, 7.5, 8.0, 8.5, 9.0

	Elliptical tube
	Long/short axis ratio
	Circular
	1.21, 1.44, 1.69, 1.82

	
	Long axis's direction
	
	Horizontal (H), vertical (V)


2.2.2. Mathematical model
(1) Equations
Some assumptions were proposed to simplify the theorical model, including: (1) The air was incompressible fluid with constant property. (2) The airflow in the computational domain was assumed to be three-dimensional, steady, turbulent, and non-viscous dissipation. (3) Thermal radiation and natural convection were not considered. Therefore, the governing equations can be described as follows [13, 34]: 
Continuity equation:

                                                                      
where xi is coordinates, m; ui is air velocity, m/s.
Momentum equation:

                                                 
where xj is coordinates, m;  is density, kg/m3; ui and uj are air velocity in i and j coordinates, m/s; μ is dynamic viscosity, Pa·s; p is pressure, Pa.
Energy equation:

                                                     
where T is temperature, oC; cp is specific heat capacity, J/(kg·K); λ is thermal conductivity, W/(m·K).
RNG k- turbulence model was also used in this study. The k-equation for kinetic energy [35]:

                                           
where k is turbulent kinetic energy, m2/s2; αk is inverse turbulent Prandtl numbers for k, αk =1.39; μeff is effective turbulent viscosity, kg/m·s; Gk is turbulent kinetic energy generation caused by mean velocity gradient, J/kg;  is mean velocity, m/s.
The -equation for dissipation rate [35]:

                                 
where ε is dissipation rate, m2/s3; αε is inverse turbulent Prandtl numbers for ε, αε =1.39; C1ε and C2ε are constants, C1ε=1.42, C2ε=1.68.
(2) Boundary conditions
[bookmark: OLE_LINK24][bookmark: _Hlk157590303][bookmark: _Hlk160204505]The boundary conditions were defined as follows: both the air and water inlets were prescribed as a velocity inlet boundary condition. The inlet air velocity increased from 3−7 m/s, compared with the inlet water velocity of 0.6 m/s. The inlet temperatures of air and water were 30 oC and 5 oC, respectively. The air and water outlets were assigned the pressure outlet boundary conditions. In addition, the density, thermal conductivity, specific heat capacity, and kinematic viscosity of air were 1.185 kg/m3, 0.0265 W/(m·K), 1005 J/(kg·K), and 1.553×10-5 m2/s, respectively.
[bookmark: _3.3._Parameter_definition](3) Parameter's definition
[bookmark: _Hlk159854358]The heat transfer rate is calculated by Eq. (9):

                                                        
[bookmark: _Hlk160288951]where Q is heat transfer rate, W; m is the mass flow rate, kg/s; Ta,in and Ta,out are the air inlet and outlet temperatures, oC.
[bookmark: _Hlk156825239]The HTC is computed by Eq. (10):

                                                                 
where h is HTC, W/(m2·K); A0 is the total surface area, m2; Tlm is the logarithmic mean temperature difference, oC, which can be obtained from Eq. (11) [15, 18]: 

                                         
where Tw,in and Tw,out are the water inlet and outlet temperatures, oC.
[bookmark: _Hlk157344416]The pressure drop is defined as:

                                                             
where p is pressure drop, Pa; pin and pout are inlet and outlet air pressures, Pa.
The Re, Nu and friction factor f are defined by the Eqs. (13) – (15) [25]:

                                                                

                                                                    

                                                      
[bookmark: _Hlk160110655][bookmark: _Hlk157344713][bookmark: _Hlk157344559][bookmark: _Hlk157344814]where dh is the tube outside diameter for circular tube (for the elliptical tube, dh = B for the case with long axis in H-direction and dh = A for the one with long axis in V-direction), mm; umax is the maximum velocity at the minimum flow cross-sectional area, m/s;  is kinematic viscosity, m2/s. Ac is the minimum flow cross-sectional area, m2. 
[bookmark: _Hlk159184570][bookmark: OLE_LINK31]Guo et al. [36] introduced that the field synergy angle can be used as a mean of assessing enhanced heat transfer. The effectiveness of convective heat transfer is influenced not only by the velocity and temperature gradient fields individually, but also by the angle between them [37, 38]. Synergy analysis in the heat transfer process exhibited a visual assessment of the effectiveness of heat transfer [39, 40]. Based on the field synergy principle, the thermal performance could be improved through enhancing the synergy between the velocity and temperature gradient vectors. The synergy angle was utilized to quantify the synergy level between these two vectors. The field synergy angle was computed based on numerical results to evaluate the heat transfer improvement. The defining equation was shown by Eq. (16) [41]:

                                                    (16)
where  is the field synergy angle, °;  is the velocity vector, m/s; grad is the temperature gradient vector, K/m. 
[bookmark: _Hlk156997247]The PEC, considering both heat transfer enhancement and the corresponding increase in flow resistance, was employed to assess the thermal performance of heat exchangers. The PEC can be computed by Eq. (17) [28, 42]: 

                                                           (17)
where Nus and Nue are the Nu numbers of the comparison and base cases; fs and fe are the friction factors of the comparison and base cases. 
(4) Results verification
[bookmark: _Hlk160454063][bookmark: _Hlk157413136][bookmark: _Hlk157109415][bookmark: _Hlk160454041][bookmark: _Hlk160453171][bookmark: _Hlk159184353][bookmark: _Hlk156992846]The ANSYS Fluent software was utilized to deal with the governing equations. The governing equations are discretized utilizing the finite volume method due to its exceptional conservation properties in addressing convective heat transfer issues. The equations were solved by the SIMPLE algorithm [9, 20, 43]. The convergence criterions for the continuity-momentum equations, and energy equation were 10-4 and 10-6, respectively. 
[bookmark: _Hlk159180608][bookmark: _Hlk160454108][bookmark: _Hlk160452974]The computational domain has dimensions of 50 mm × 50 mm × 118 mm, with an unstructured grid and hexahedral core utilized to meet grid quality and size independence requirements, as depicted in Fig. 5. The wall surface is treated with the standard wall function [20], with an average y+ value of 23.3, making it suitable for the near-wall mesh resolution employed in the simulations. The grid quality metrics, including skewness and minimum orthogonal quality, are measured at 0.79, 0.049, and 0.24, respectively, ensuring the reliability of the numerical results. 
[image: ]
(a) shell-side
[image: ]
(b) tube-side
[bookmark: _Ref156991189][bookmark: _Hlk156992915]Fig. 5. Grid generation of the outside and inside of tube.
[bookmark: _Hlk157413241][bookmark: _Hlk160206260]A grid-independence analysis and numerical results' verification were conducted, as shown in Fig. 6. Fig. 6a presents the variation of HTC with different grid numbers of 2.15×106, 3.44×106, 3.88×106, 4.18×106, 4.67×106, 5.28×106, and 6.68×106. The figure illustrated that the change of HTC less than 5% when the grid number was 4.67×106. Therefore, the grid number of 4.67×106 was selected in this study to save computing resources.
[bookmark: _Hlk157284170][bookmark: OLE_LINK19]A comparison of the numerical results with the experimental ones and numerical results reported by Salimpour [44] was also carried out, as illustrated in Fig. 6b. The results revealed a consistent trend between the numerical and experimental HTCs. The maximum relative deviation between the numerical and experimental Nu was less than 15%, indicating that the validity of the numerical results can be verified.


[bookmark: _Hlk160529624]     
[bookmark: _Hlk157628872][bookmark: _Hlk160013865][bookmark: _Hlk157285150]           (a) Grid-independence                                                 (b) Numerical results verification
[bookmark: _Ref156991227][bookmark: _Hlk157628858]Fig. 6. Grid-independence and results verification
3. Results and discussion
3.1. Experimental results
[bookmark: OLE_LINK25][bookmark: _Hlk157070555]The effect of inlet air velocity and temperature on the HTC and heat transfer rate is presented in Fig. 7. As is evident from Fig. 7a that the HTC and heat transfer rate of HCHE were significantly dependent on the air velocity. For instance, the increase in air velocity from 1.17−2.61 m/s resulted in a substantial rise in the HTC and heat transfer rate from 43.1–90.2 W/m2·K and 788–1703 W, which is an increase of 109.1% and 116.1%, respectively, when the inlet air temperature was 28 °C. This phenomenon can be explained by the increase in air velocity, which subsequently leads to higher mass flow rate [45] and turbulence intensity within the flow region. This enhanced mixing in the boundary layer [46] results in a reduction in the thickness of the thermal boundary layer, ultimately leading to an increase in the HTC and heat transfer rate of the heat exchanger. Similar findings were reported by Batista et al. [47].
[bookmark: OLE_LINK3][bookmark: OLE_LINK12]Fig. 7b illustrates the influence of inlet air temperature on HTC and heat transfer rate when the inlet air velocity was 2.61 m/s. It can be found that the HTC of HCHE was not significantly dependent on the inlet air temperature. For instance, the HTC varied from 90.2–93.2 W/m2·K, with a variation of less than 3.3%, when the air temperature increased from 28–31 °C. This was due to the fact that the air temperature could directly affect the thermophysical properties of air, thereby influencing the HTC. It was observed that the rise in inlet air temperature from 28–31 °C led to an increase of 18.2% in the heat transfer rate from 1703–2013 W. As the inlet air temperature rises, the temperature difference between the air and the coiled tube also increases, resulting in a significant increase in the heat transfer rate [48].


        
(a) air velocity                                                                 (b) air temperature
[bookmark: _Ref156991268]Fig. 7. Effect of air velocity and temperature on HTC and heat transfer rate.
A correlation between the Nu and Re as well as the Pr, was established based on the experimental results, which was presented by Eq. (18):

                                                         (18)
[bookmark: OLE_LINK30]To evaluate the accuracy of empirical correlation, the comparison of the correlation equation with experimental and previous literature results is presented in Fig. 8. As can be seen from Fig. 8a, the correlation equation of this study exhibited a smaller deviation from the experimental data compared with the correlation proposed by Žukauskas [49]. Fig. 8b shows the comparison of the experimental Nu and the one from correlation equation. The maximum discrepancy between the correlation equation and the experimental results is less than ±7%. Therefore, the correlation equation proposed in this study is deemed to accurately characterize the thermal performance of HCHE.


        
 (a) Nu-Re correlation                                                 (b) Comparison of Nu correlation
[bookmark: _Ref124171320]Fig. 8. Heat transfer correlation equation.
3.2. Helically coiled tube heat exchanger
3.2.1. Coil diameter
[bookmark: OLE_LINK13][bookmark: _Hlk160450089][bookmark: _Hlk160452433][bookmark: _Hlk160194052]Fig. 9 demonstrates the impact of CD on the thermal performance of HCHE under various air velocities, in which the CP was a constant with value of 8.0 mm. The HTC and pressure drop were observed from Fig. 9a to increase with the increasing CD. For instance, the HTC and pressure drop increased from 84.2 W/(m2·K) and 7.1 Pa to 96.6 W/(m2·K) and 13.1 Pa, respectively, marking increases of 14.8% and 84.3% when the air velocity was 3 m/s. This observation aligns with previous research findings [16], suggesting that a greater heat transfer performance can be achieved by a larger CD [12].
[bookmark: OLE_LINK26][bookmark: _Hlk160110179][bookmark: _Hlk157625133]The effect of CD on the Nu and synergy angle is illustrated in Fig. 9b. As can be found that the Nu increased with the increasing CD. Meanwhile, a negative impact of CD on the synergy angle was observed. The lager the CD was, the smaller the synergy angle was. The increase in the CD from 30–40 mm led to an increase of 16.5% in the Nu from 29.8–34.7, and a decrease in the synergy angle from 85.8−85.6°, when the air velocity was 5 m/s. As is known that smaller synergy angle indicated that the velocity vector and temperature gradient vector in the HCHE had a better synergy effect. This is due to the fact that a greater volume of air flowed through the inside of the coil core under lager CD, which resulted in the formation of more eddies and vortices. The perturbation of vortices facilitates heat exchange, leading to a reduced synergy angle and improved HTC [50]. 
[bookmark: _Hlk157625161][bookmark: _Hlk157624196][bookmark: _Hlk160198065][bookmark: _Hlk159231947]The variation of friction factor f and PEC with CD is illustrated in Fig. 9c, showing that as CD increases, f increases while PEC decreases. Specifically, an increase in CD from 30–40 mm resulted in an increase of 575.2% in f from 0.0111–0.0748, and a reduction of 38.4% in PEC from 1.63–1, at an air velocity of 5 m/s. This change of PEC aligns with previous studies by Luo et al. [22] who also observed a decrease in PEC as CD increased.
[bookmark: OLE_LINK14][bookmark: _Hlk157526712]As can also be found from Fig. 9 that the air velocity had a great impact on HTC, pressure drop, Nu, synergy angle and f. For the case with CD of 30 mm, the increase in air velocity from 3–7 m/s contributed to the increases of 112.6%, 405.7%, 112.6% and 1.6% in the HTC, pressure drop, Nu and synergy angle from 84.2–179.0 W/(m2·K), 7.1–36.0 Pa, 19.1–40.5 and 85.0–86.4°, and a decrease of 22.5% in f from 0.0137–0.0106, respectively. However, it was observed that the PEC was not significantly dependent on the air velocity. For the case with a CD of 30 mm, PEC slightly increased from 1.59–1.63 with an increase of 2.2%, when the air velocity increased from 3–7 m/s.


[bookmark: _Hlk157626043]        
[bookmark: _Hlk159932827](a) HTC and pressure drop                                                        (b) Nu and synergy angle

       
[bookmark: _Hlk157626091]                                                              (c) f and PEC 
[bookmark: _Ref156991361][bookmark: _Ref116301907][bookmark: _Hlk157626051]Fig. 9. Effect of CD on thermal performance.
Fig. 10 presents the streamlines and temperature fields for cases with CD of 30 mm and 40 mm. One can find from Fig. 10a, b that the turbulence at the interspace between forward and backward tubes became strong due to the increasing CD. This was evidenced by the presence of more vortices and eddies in the case with CD of 40 mm compared with the one with CD of 30 mm. Therefore, it can be concluded that the flow resistance was dependent on the CD, indicating that the increase in the CD could contribute to an increase in the flow resistance. The outlet airflow temperature fields are shown in Fig. 10c, d. The average outlet airflow temperature was 25.2 oC for the case with CD of 40 mm, which was lower than the 27.1 oC for the case with CD of 30 mm. Consequently, the larger HTC could be achieved by a bigger CD. Moawed [51] also reported that the HTC for cases with bigger CD was larger than that for ones with smaller CD.
[image: ]
[bookmark: _Ref126226653]Fig. 10. Streamlines and temperature field under different coil diameters.
3.2.2. Coil pitch
[bookmark: _Hlk160194161][bookmark: _Hlk160110294]Fig. 11 shows the impact of CP on the thermal performance of HCHE under different air velocities, in which the CD was set at 40 mm. The effect of CP on the HTC and pressure drop is presented in Fig. 11a. It was observed that both the HTC and pressure drop exhibited a slightly upward trend with the increasing CP. For instance, when the air velocity was 5 m/s, the HTC and pressure drop increased from 149.6–159.6 W/(m2·K) and 31.1−35.5 Pa with the corresponding increases of 6.7% and 14.2%, respectively. Mirgolbabaei et al. [52] reported that HCHE with lager CP had a higher shell-side HTC than that with smaller one. This phenomenon can be attributed to the increase in CP, which leads to increased airflow through the interspaces between the front and rear coiled tubes [53]. Additionally, the heightened air mixing reduces the thermal boundary layer along the tubes, promoting turbulence and enhancing heat transfer. Consequently, the rise in CP contributed to the heightened HTC and pressure drop.
[bookmark: _Hlk160110364][bookmark: _Hlk160194209]Fig. 11b depicts the effect of CP on the Nu and synergy angle. When the inlet air velocity was 7 m/s, an increase of 6.7% in the Nu from 45.8–48.9 was observed due to the increasing CP from 7.0–9.5 mm, which is consistent with the results reported by Moawed [51] who also found that the Nu increased with the increasing CP when other parameters were fixed. This phenomenon can be elucidated by the observation that the augmentation of CP facilitates a greater influx of airflow into the interspace of coiled tubes, thereby enhancing the heat transfer efficacy [53]. Interestingly, a negative impact of CP on synergy angle was observed. For instance, increasing the CP from 7.0–9.5 mm resulted in a decrease in the synergy angle from 85.7–85.6°, when the air velocity was 5 m/s. This supports the expectation that enhancing the thermal performance of a HCHE can be achieved through the increase in the CP [9, 51]. The increase in CP was responsible for the reduction in synergy angle, indicating that increasing CP can improve the synergy effect between the velocity and temperature gradient vectors. 
[bookmark: _Hlk160110387]Fig. 11c demonstrates that an increase in CP contributes to an increase in friction factor f and a decrease in PEC, respectively. For instance, f increased from 0.0606–0.1555 with an increase of 156.7%, and PEC reduced from 1.28–1 with a decrease of 22.1%, when the CP increased from 7.0–9.5 mm with the air inlet velocity of 3 m/s. Wang et al. [54] also found that an augment in the CP led to a decrease in the PEC. This phenomenon can be attributed to the larger increase in pressure drop compared with that of HTC, leading to a decrease in PEC due to the increasing CP [52]. An appropriate CP was of significance for the HCHE to enhance the thermal performance as the PEC increased with decreasing CP. 


[bookmark: _Hlk157626110]        
(a) HTC and pressure drop                                                   (b) Nu and synergy angle

         
(c) f and PEC
[bookmark: _Ref156991447][bookmark: _Ref116304141]Fig. 11. Effect of CP on thermal performance.
[bookmark: _Ref116304384][bookmark: _Hlk157625227]As can also be found from Fig. 11 that the air velocity had a great impact on HTC, pressure drop, Nu, synergy angle and f. For the case with CP of 7.5 mm, the increase in air velocity from 3–7 m/s contributed to the increase in HTC, pressure drop, Nu and synergy angle from 95.2–204.3 W/(m2·K), 12.9–59.5 Pa, 21.6–46.3 and 84.9–86.2°, with increases of 114.6%, 362.9%, 114.6%.and 1.5%, and the decrease of 13.0% in f from 0.0686–0.0597, respectively. However, it was observed that the PEC was not significantly dependent on the air velocity. For the case with CP of 7.0 mm, PEC slightly ranged from 1.28 to 1.27 with an increase of 0.18%, due to the increasing air velocity from 3–7 m/s. In addition, one can find from Fig. 9 and Fig. 11 that CD exhibited a more significant impact on the thermal performance of HCHE than CP, which was in accordance with the previous findings [9]. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK37]The streamlines and temperature fields for cases with CP of 7.0 mm and 9.5 mm are shown in Fig. 12. It was found from Fig. 12a, b that there are more eddies and vortices observed for the case with CP of 9.5 mm compared with that with CP of 7.0 mm, suggesting that the larger the CP was, the greater the flow turbulence was. The results from Fig. 12c, d showed that the mean outlet air temperature decreased with the increasing CP. The average outlet airflow temperature for the case with a CP of 7.0 mm was 25.6 oC, compared with 25.3 oC for the one with a CP of 9.5 mm. This indicated that the increase in CP contributed to the increase in flow resistance and HTC. 
[image: ]
[bookmark: _Ref126244422][bookmark: _Ref118554843]Fig. 12. Streamlines and temperature field under different CP.
3.3. Helically coiled elliptical-tube heat exchanger
3.3.1. Thermal-hydraulic performance
[bookmark: _Hlk157625273][bookmark: _Hlk159236618][bookmark: _Hlk160452685]Fig. 13 presents the effect of aspect ratio on the thermal performance of HCHE-E with H- and V-directions under various air velocities. Fig. 13a demonstrates the influence of aspect ratio on the HTC. As can be found that the HTC reduced with the rising aspect ratio for the case with the long axis in H-direction. For instance, when the aspect ratio increased from 1–1.82 under air velocity of 5 m/s, the HTC reduced from 153.3–139.3 W/(m2·K) with a reduction of 9.1%. However, the HTC was observed to be increased with the increasing aspect ratio for the one with the long axis in V-direction. For example, the HTC increased from 153.3–172.6 W/(m2·K) with an increase of 12.6%, caused by the increase in the aspect ratio from 1–1.82. Wang et al. [26] arrived at a comparable finding, positing that variations in the aspect ratio of elliptical tubes result in alterations to the size of the smaller velocity zone between adjacent tubes and the area responsible for heat transfer.
[bookmark: _Hlk134813066][bookmark: _Hlk159236656][bookmark: _Hlk160110442][bookmark: _Hlk157625304]As can be found from Fig. 13b that the change of Nu with aspect ratio was also dependent on the long axis's direction. When the long axis was in H-direction, the increasing aspect ratio was responsible for the decreasing Nu. However, an increase in aspect ratio was achieved due to an increase in Nu when the long axis was in V-direction. For instance, a rise in aspect ratio from 1.0–1.82 under the air velocity of 5 m/s, the Nu decreased by 14.6% from 34.7–29.6 for the case with long axis in H-direction, while the Nu increased by 5.8% from 34.7–36.7 for the one with long axis in V-direction. This phenomenon aligns with the variations in turbulence intensity resulting from the orientation of the long axis [26], which is discussed in next section. Specifically, when the long axis is aligned in the V-direction, there is a notable increase in turbulence intensity due to higher windward side, consequently leading to heightened convective heat transfer intensity. Therefore, the highest heat transfer intensity occurs when the long axis is positioned vertically, followed by the circular tube, with the lowest intensity observed when the long axis is in H-direction. 
[bookmark: _Hlk157625294][bookmark: _Hlk159236646]It is seen from Fig. 13c that the variation of synergy angle with aspect ratio was similarly related to the direction of the long axis. The synergy angle augmented as the aspect ratio increased for the case with the long axis in H-direction. However, when the long axis was in V-direction, an increase in aspect ratio resulted in a reduction in the synergy angle. For instance, under air velocity of 5 m/s, increasing the aspect ratio from 1–1.82 could contribute to the increase in the synergy angle from 85.6–86.1° and the decrease from 85.6–85.3° for the cases with the long axis in H- and V-directions, respectively. 
[bookmark: _Hlk160269384][bookmark: _Hlk160110463]The effect of aspect ratio on pressure drop is illustrated in Fig. 13d. It can be found that the pressure drops exhibited decreasing and increasing trends, respectively, for the cases with the long axis in H- and V-direction as the aspect ratio increased. An increase in aspect ratio from 1–1.82 could lead to a decrease by 34.2% in pressure drop from 32.6–21.5 Pa when the long axis was in H-direction under the air velocity of 5 m/s. However, an increase of 42.3% in the pressure drop from 32.6–46.72 Pa is found for the case with the long axis in V-direction, caused by the increase in the aspect ratio from 1–1.82 under the same air velocity. This phenomenon can be attributable to the smaller windward area for the case with the long axis in H-direction compared with the one with the long axis in V-direction, resulting in a relatively less flow resistance. Furthermore, this phenomenon can be elucidated by the orientation of the long axis in the H-direction, where air flow through the heat exchanger tubes results in the fluid separation point being closer to the rear of elliptical tubes as opposed to circular tubes [55], leading to decreased resistance. As the aspect ratio increases, the flow line becomes more horizontal, consequently reducing pressure drop. Conversely, when the long axis is oriented in the V-direction, the opposite effect is observed.
[bookmark: _Hlk160453591][bookmark: _Hlk157617399]Fig. 13e illustrates the impact of aspect ratio on the friction factor f. The results indicate a significant correlation between the variation of the f and the direction of the long axis. Specifically, f reduces with increasing aspect ratio when the long axis is in the H-direction. However, when it is aligned in the V-direction, f increases with the increasing aspect ratio. For instance, increasing the aspect ratio from 1–1.82 at an air velocity of 5 m/s leads to a reduction of 34.2% in f from 0.0748–0.0492 when the long axis is in the H-direction, and an increase of 43.6% in f from 0.0748–0.1074 when the long axis is in the V-direction. In the case of HCTH-E with a long axis is located in the V-direction, an increase in the axis ratio results in the formation of larger vortices and increasing flow resistance within the space between adjacent tubes [26]. The flow resistance of HCTH-E with the longitudinal axis in the V-direction consistently exceeds that of circular tubes and elliptical tubes with the longitudinal axis in the H-direction. As the aspect ratio increases, the flow line becomes more sleek, consequently reducing pressure drop [55]. Conversely, when the long axis is oriented in the V-direction, the opposite effect is observed.
[bookmark: _Hlk124266722][bookmark: OLE_LINK32][bookmark: _Hlk159236686][bookmark: _Hlk159172813]Fig. 13f demonstrates how the aspect ratio impacted PEC. As observed that the variation of PEC was significantly dependent on the long axis's direction. When the long axis was in H-direction, PEC increased with the increasing aspect ratio. However, PEC decreased with the increasing aspect ratio when the long axis was in V-direction. For instance, when the air velocity was 5 m/s, an increase in aspect ratio from 1–1.82 could lead to an increase of 29.8% in PEC from 1.1–1.3 for the case with long axis in H-direction, and a decrease of 25.6% from 1.1–0.7 for the one with long axis in V-direction. Therefore, the PEC of HCHE-E with long axis in H-direction was higher than that with long axis in V-direction when other parameters were under the same conditions [56, 57]. It is evident that the HCHE-E with long axis in the H-direction demonstrates a superior PEC, but with an inferior HTC. Thus, one should conduct a comprehensive consideration of both the heat transfer and flow resistance in engineering selection.
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[bookmark: _Ref156991661][bookmark: _Ref116304823]Fig. 13. Effect of aspect ratio on TPH of HTHE-E.
[bookmark: _Hlk160110530]As can also be found from Fig. 13 that HTC, Nu, synergy angle, pressure drop, f and PEC were significantly dependent on the air velocity, regardless of the direction of the long axis. A crucial observation is that the thermal boundary layer thickness diminishes as the flow velocity escalates, ultimately resulting in an enhanced HTC [15]. Furthermore, the heat transfer performance of the HCHE-E with long axis positioned vertically was superior to that of the HCHE-E with long axis in H-direction. It is also found that the effect of the long axis's directions on PEC was more significant than that of air velocity. 
[bookmark: _Ref118557514]3.3.2. Flow and temperature field
[bookmark: _Hlk124264232]Fig. 14 presents the variations of streamlines and the outlet airflow temperature fields under different aspect ratios. As can be found from Fig. 14a-d that the streamlines were notably affected by the direction of the long axis. When the long axis was in the H-direction, the larger aspect ratio could result in smoother streamlines. It was reasonable to anticipate that the flow resistance for the case with a larger aspect ratio was comparatively lower than that with a smaller aspect ratio. However, more eddies and vortices in the tubes' interspaces could be observed for the case with a larger aspect ratio when the long axis was in V-direction. Furthermore, one can expect an increase in the aspect ratio resulted in the increasing flow resistance.
Fig. 14e-h depict the outlet airflow temperature fields. The average outlet airflow temperatures for cases with long axis in H- and V-directions were 25.8 oC and 26.4 oC, respectively, when the aspect ratio was 1.21 and the air velocity was 5 m/s. In addition, it is notable that the mean outlet airflow temperatures were 26.4 oC and 25.7 oC, respectively, for cases with the long axis in H- and V-directions, when aspect ratio was 1.82 and the air velocity was 5 m/s. Observations indicated that the average outlet airflow temperature for case with long axis in V-direction was lower compared with that in the H-direction. It is expected that the heat transfer performance of an elliptical tube with long axis in V-direction could be superior to that of an elliptical tube with the long axis in H-direction [58-60]. Deepakkumar and Jayavel [61] reported that the heat transfer rate of an HCHE-E with a long axis in H-direction was lower than that of circular tube heat exchanger. 
[image: ]
[bookmark: _Ref126573460]Fig. 14. Streamlines and temperature field of ETHE.
4. Conclusions
The effects of air velocity and temperature on the thermal performance of the HCHE was experimentally studied. In addition, a numerical investigation on how the coil diameter, coil pitch, aspect ratio, and long axis's direction impact the thermal performance of HCHE and HCHE-E was also conducted. The key findings are listed as follows:
[bookmark: _Hlk159185536](1) The increase in air temperature and inlet air velocity could lead to an increase in heat transfer rate. However, the heat transfer coefficient was not significantly dependent on the inlet air temperature. A correlation equation: Nu=0.18Re0.7Pr0.32 was obtained for predicting Nu with a maximum deviation less than ±7%.
[bookmark: _Hlk159597019](2) For HCHE, the impact of coil diameter on thermal performance is more significant than coil pitch. When the air velocity is 5m/s, an increase in coil diameter from 30−40 mm and coil pitch from 7.5−9.0 mm results in a corresponding increase in Nu by 16.5% and 6.7%, as well as an increase in friction factor f by 575.2% and 147.1%, while a reduction in PEC by 38.4% and 22.0%, respectively. The variation of field synergy angle is consistent with that of Nu.
(3) For HCHE-E, the thermal performance is closely with the long axis's direction and aspect ratio. When the long axis is located in the H-direction and the air velocity is 5m/s, an increase in aspect ratio from 1.0−1.8 leads to a decrease in Nu by 14.7%, an increase in PEC by 29.8%, as well as a reduction in f by 34.2%. A totally opposite change trend with aspect ratio is observed when the long axis is in the V-direction. When the long axis is located in the V-direction, an increase in aspect ratio with long axis in V-direction from 1.0−1.8 results in an increase in Nu by 5.8%, a reduction in PEC by 25.6%, and an augment in f by 43.6%.
(4) The thermal performance is significantly dependent on the air velocity. An increase in air velocity from 3−7 m/s results in an augment in Nu by 114.6%, a decrease in f by 149.7% for the HCHE with the coil diameter and coil pitch of 40 mm and 8.0 mm, respectively. Meanwhile, for HCHE-E with aspect ratio of 1.69, the increasing air velocity from 3−7 m/s contributes to an increase in Nu by 117.6% and 91.1%, as well as a decrease in f by 17.5% and 20.3% for the cases with long axis in H- and V-direction, respectively.
(5) PEC of HCHE is not significantly dependent on the air velocity. However, PEC of HCHE-E is related to the air velocity. For HCHE-E with aspect ratio of 1.69, an increase in PEC by 7.2% and 8.3% is observed due to the increase in air velocity from 3−7 m/s for the cases with long axis in H- and V-direction, respectively.
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