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Abstract


The finned-tube heat exchanger (FTHX) works better with more circuits as an evaporator but fewer as a condenser in air-source heat pumps (ASHPs). In this article, a reversely variable circuitry is proposed to address this contradiction. The effects of the circuit number on the performance of an outdoor FTHX in an ASHP prototype was first studied numerically using the EVAP-COND 4.0 software. We showed that the evaporator capacity reached its peak with four circuits, but the condenser capacity decreased monotonously as the circuit number increased. A reversely variable circuitry was obtained by combining distributors and check valves, so that the FTHX exhibited four circuits in the evaporator mode but one and a half (two circuits merging into one) in the condenser mode, thus better matching the respective requirements of the two modes. Comparative tests showed that in the ASHP, the reversely variable FTHX had a 6.1% higher cooling capacity than the four-circuit reversely fixed exchanger and a 3.9% higher heating capacity than the 1.5-circuit reversely fixed one. Therefore, the novel design of the FTHX enhanced both the heating and the cooling performance of the ASHP.
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1. Introduction


The finned-tube heat exchanger (FTHX) is widely used in air conditioning and refrigeration areas, due to its properties of high efficiency, wide adaptability, good reliability and easy manufacturing [1,2]. It fundamentally consists of heat transfer tubes, connecting bends and fins. In practical applications, heat transfer tubes are usually U-shaped with all elbows arrayed on one side. The bends then connect the tubes on the other side to form different flowpaths for the refrigerant. Moreover, the fins are attached onto the outer surface of the FTHX to increase the heat transfer area.



Since FTHX directly exchange heat between the refrigerant and the air, the performance enhancement of FTHXs has long been studied. Accordingly, efforts have been focused onto the tubes, the circuitry arrangement and the fins.



Many researchers have investigated the internal treatment of the tubes to enhance the refrigerant’s heat transfer performance. Bilen et al. [3] reported an experimental study of the effect of geometry on heat transfer using internally grooved tubes. The heat transfer enhancement obtained reached 63% with a circular groove, 58% with a trapezoidal groove and 47% with a rectangular groove compared with those of smooth tubes at 38,000 Reynolds number. Andrade et al. [4] experimentally investigated the heat transfer and pressure drop of internal flow in corrugated tubes, conducting the experiments in laminar, transitional and turbulent regimes at a Reynolds number of 429–6212. The results showed that the friction factor of the corrugated tubes changed more smoothly in the transition from laminar to turbulent regime. In addition, the Nusselt number for the corrugated tube increased up to 4.7 times compared to that for a smooth tube with a 6 mm helical pitch and 3.8 times when using a 12 mm helical pitch. Wang et al. [5] studied the single-phase pressure drop and heat transfer in an internally helical-finned tube and found that the conventional criterion Re > 10,000 was hardly suitable for identifying a turbulent flow in this kind of tubes. Therefore, they developed a new correlation that predicted the heat transfer coefficient within a 5% relative error. Siddique and Alhazmy [6] examined the turbulent single-phase flow and heat transfer inside a micro-finned tube with a Reynolds number of 3300~22,500 and a Prandtl number of 2.9~4.7. The heat transfer data were correlated using the Dittus–Boelter correlation, and the pressure drop data using the Blasius correlation. It was found that the rough-tube Gnielinski and Haaland correlations could predict the finned-tube Nusselt number and friction factor, respectively, in the tested Reynolds number range. Li et al. [7] studied the heat transfer characteristics of refrigerant condensation in horizontal microfin tubes experimentally and found that a 5 mm tube produced both higher heat transfer coefficient and higher pressure drop than a 9.52 mm tube. The increased surface tension and sheer stress at the gas–liquid interface were the reason of these differences. In general, the internal treatment of the tube effectively improved the overall performance of the FTHX, though it also caused an additional pressure drop. Therefore, a rifled inner surface is widely adopted in the heat transfer tubes of FTHXs.



Investigators have also explored the effect of fin geometry on the air-side heat transfer performance of FTHXs. Huang et al. [8] comparatively studied three fin types for outdoor FTHXs and found that the flat fin exhibited the best overall performance in frosting/defrosting conditions, followed by the wavy and flat fins, sequentially. The stall zone of the axial fan caused by frost blockage of the FTHX should be taken into consideration in designing an FTHX. Liu et al. [9] introduced perforations to the wavy fins and enhanced the air-side heat transfer of a herringbone FTHX. Meanwhile, they found that a constant power was the optimal criterion to evaluate the performance of the new FTHX. Sarfraz et al. [10] proposed an algorithm to reduce the modelling order for multi-circuit FTHXs with multiple identical circuit types. Using this method, for 5 out of 23 identical circuits in an air-to-water FTHX, the simulation time was reduced to less than 1% and the difference in capacity to 3% relative to the segment-by-segment method. Abu-Hamdeh et al. [11] focused on exergy and energy analysis to optimize the heat transfer of FTHXs through new pin types. A multi-objective model was defined to obtain the optimal and critical values of operational and geometric parameters, and several correlations were fitted to estimate three objective parameters, i.e., thermal effectiveness, dimensionless exergy loss and dimensionless work. Guo et al. [12] optimized the design of multi-stream plate-fin heat exchangers using multiple fin types. A new design model was proposed for mix-and-match fin types, and the mixed integer nonlinear programming model was converted to a linear programming model. Case studies were also carried out to validate the effectiveness of the new methodology. Sinha et al. [13] simulated the airflow through FTHXs with rectangular winglet pairs as vortex generators. The performance parameters evaluated were the Nusselt number, the vorticity and the quality factor. The results showed that the heat transfer performance improved significantly due to nozzle-like flow passages created by the winglet pair. These above studies showed the effectiveness of enhancing the heat transfer performance of FTHXs from the air side, providing guidelines to obtain this improvement.



In addition to studies focused on each side of the FTHX separately, research on a circuitry design that could couple the heat transfer characteristics of both refrigerant and air is also important. Liang et al. [14] used a disturbed model to study the evaporator performance with a complex circuitry and found that a 5% reduction in heat transfer area could be obtained by properly branching or joining the refrigerant circuits of the FTHX. Huang et al. [15] studied the effect of the circuit number on an FTHX performance in both evaporator and condenser modes. The results showed that the evaporator generally performed better with more circuits, while the condenser worked preferably with fewer circuits. Bahman and Groll [16] proposed the interleaved circuitry for FTHXs to improve the performance of a packaged air conditioner. The interleaved circuitry was suitable to route the refrigerant from the circuit with high airflow to that with low airflow, and vice versa. The results showed that the superheating rates in different circuits were uniformized, and the cooling capacity of the air conditioner was increased by 16.6%. Saleem et al. [17] studied the cross-fin conduction in a multi-circuit FTHX with three different circuitries, i.e., interleaved, vertical and block circuitries. The results showed that the coil capacity deterioration due to the cross-fin conduction increased with the number of inactive circuits, which was more pronounced in the interleaved circuity than in the blocked one. Yashar et al. [18] optimized the circuity of a rooftop air conditioner using evolutionary algorithms and improved its capacity by 2.2% and its COP by 2.9%. Ishaque and Kim [19] used a dual-mode intelligent search algorithm to optimize the refrigerant circuitry of FTHXs. The knowledge-based computational module determined the tube number for each FTHX under non-uniform air velocity distribution, and the permutation-based one established the optimal sequence in which the tubes were linked. The results showed a 6~10% higher capacity of the FTHX in the part-load cooling conditions under European Standard EN14825. Sim et al. [20] proposed a scheme of variable-path circuitry for the FTHXs, which was divided into two regions with a single-way valve in the vapor header, and each region was equipped with an electronic expansion valve (EEV) and a distributor. In addition, an ON/OFF valve was added upstream of the bottom region. In this way, the refrigerant was forced to flow in parallel through the two regions in the evaporator mode and in series in the condenser mode, thus better matching the respective needs in each mode.



As evinced by the numerous above-mentioned articles, much work has been done on the heat transfer enhancement of FTHXs. As for the refrigerant circuitry design, almost all efforts were concentrated on single elements of FTHXs, i.e., either the evaporator or the condenser. In air-source heat pumps (ASHP) which provides heating in winter and cooling in summer, the FTHX works alternatively as the condenser and as the evaporator. There is usually a contradiction in the optimal circuit number for these two roles, as revealed by Huang et al. [15]. However, few studies have been done on the circuitry design for dual-role FTHXs. To the best of the authors’ knowledge, the work of Sim et al. [20] was the only one in the open literature that addressed this contradiction. However, other problems were introduced by their method. First, the two-region division for the FTHX was inflexible and could not be easily generalized to other technical situations. Second, the electronic components of two EEVs and an ON/OFF valve required a complex control, are expensive and introduced reliability problems for the ASHP, making it unpractical in real appliances.



Therefore, the purpose of this article was to propose a simple and flexible scheme of reversely variable circuitry for FTHXs to enhance their overall energy performance. Based on a split-type ASHP unit, the effect of circuit number on an outdoor FTHX was first examined separately for the evaporator and the condenser. Then, with single-way valves and distributors, the reversely variable circuitry was realized to approximate the optimal flowpaths for the evaporator and the condenser, respectively. After that, the reversely variable FTHX was compared with two types of traditional reversely fixed exchangers in both heating and cooling cycles. Previous work has shown the idea at the basis of the reversely variable circuitry and demonstrated its energy performance advantages for dual-role FTHXs [21]. This article, as a subsequent study, emphasizes the design methodology of reversely variable FTHXs for specific ASHPs. Note that though variable refrigerant flow (VRF) systems with different paths in the outdoor section for cooling and heating, respectively, are already on the market, the variable flowpath is obtained by activating a variable number of outdoor modules. In fact, the refrigerant flowpath in a single FTHX hardly changes. The reversely variable circuitry in this article was mainly designed for single-split systems, and the reversely variable path was achieved by changing the refrigerant flow route inside the single FTHX. Since the single-split air conditioner have the larger market share at present, this contradiction should be addressed, so as to save energy and promote the whole industry. This novel design shows advantages in enhancing the overall performance of ASHPs and could be easily applied to other technical situations.




2. Experimental Apparatus and Procedure


2.1. Experimental Apparatus


Figure 1 shows the schematic diagram of the tested ASHP, which was composed of four main elements spaced in two split units. The indoor FTHX was placed in the indoor unit, while the outdoor FTHX, the EEV and the compressor formed the outdoor unit. The EEV was a DunAn DPF1.3C-B059, and the compressor model was GSD098CKQA6JT6B. The refrigerant was R32 with a charge of 570 g. With a four-way valve changing positions, the ASHP exhibited alternative operations between cooling and heating cycles, indicating that both FTHXs were dual-role and could be used as the evaporator and the condenser in different cycles. The main parameters for the components in the tested ASHP are listed in Table 1. More detailed information about the tested ASHP can be found in previous research [21].



The original FTHXs, however, had reversely fixed circuitries, i.e., the refrigerant flowpath was the same for both the evaporator and the condenser, with a mirrored arrangement. The outdoor FTHX had 24 tubes spaced in a single row. The tube length was 770 mm, and its outdoor diameter was 7 mm. It had a wavy-type fin with a thickness of 0.95 mm and a pitch of 1.25 mm. As shown in Figure 1, the refrigerant flowpath of the outdoor FTHX corresponded to a 4-in-4-out scheme in both the heating and the cooling cycle of the ASHP. This scheme hardly satisfied the opposite circuit number requirements of the evaporator and the condenser and might reduce the overall energy performance of the system [15]. Therefore, circuitry optimization in the FTHX was needed to obtain an optimal flowpath simultaneously in different modes.




2.2. Test Procedure


The experiments were conducted using an air enthalpy calorimeter according to the Chinese Standard GB 21455-2019. The ASHP was tested in rated heating and cooling conditions, so that the outdoor FTHX played the roles of both the evaporator and the condenser. The dry/wet bulb temperatures in both conditions are listed in Table 2, together with the control scheme of the ASHP.



The ASHP was first tested with the original four-circuit reversely fixed FTHX, to obtain basic operation parameters for the optimization and verification of the numerical study on the FTHX circuitry. Then, after the optimal flowpath was determined for the condenser and the evaporator separately, the reversely variable circuitry was designed to combine the two flowpaths in the opposite directions. Finally, experimental comparisons were conducted among reversely variable and reversely fixed FTHXs in both rated heating and cooling conditions.



During the tests, the experimental data were collected by a set of data acquisition systems. The temperature of the ASHP was captured by T-type thermocouples calibrated before the tests over −30–120 °C with a relative error of ±0.2 °C. The pressure signals were measured by transducers in the range of 0~25 bar with a relative error of ±0.1%. The power input of the ASHP was monitored by a power meter whose relative error was ±0.4%. In addition, the capacity of the ASHP was obtained using a calorimeter and the air enthalpy difference method, whose error was ±1.0% according to the manufacturers. The errors in this article were estimated using the single-sample method [22].





3. Numerical Methods


In this article, the effect of circuit number on the FTHX performance was explored with EVAP-COND 4.0 software, a widely accepted and highly accurate simulation tool for the FTHXs. More detailed information about the EVAP-COND series can be found in References [8,23,24].



The heat transfer model for the outdoor FTHX was established in EVAP-COND 4.0 first. The arrangement of the coil and its interfacing with the airflow are schematically shown in Figure 2; the geometric parameters of the coil are very similar to the real ones. Note that the airflow onto the FTHX was actually two-dimensional, but the EVAP-COND series adopted a one-dimensional airflow. Therefore, the real air velocity was first experimentally measured over the whole FTHX and then integrated in the horizontal direction, as shown in Figure 2. Note that the non-uniformity of the airflow distribution was relatively mild due to the suction pattern of the airflow through the FTHX and the axial fan successively. Therefore, the four-circuit division of the FTHX was the same in the commercial prototype.



The equations to calculate the heat transfer coefficients and pressure drops for both sides were applied before the simulations. For the refrigerant side, the boiling and condensing heat transfer coefficients were obtained with the Thome [25] and Shah Equations [26], respectively, while the single-phase heat transfer coefficient was calculated with McAdams Equation [27]. The pressure drop equations for straight tubes and bends are different. In the tubes, single- and two-phase pressure drops are obtained with Blasius and Müller-Steinhagen Equations, respectively [28]. In the bends, by contrast, the single- and two-phase pressure drops are calculated with Chisholm [29] and Idelchik [30] Equations, respectively. For the air side, however, the pressure drop was not calculated by the software, and the heat transfer coefficient was obtained with Wang Equation [31].



The original outdoor FTHX in the ASHP was four-circuit reversely fixed, and its heat transfer performance in both condenser and evaporator modes were tested first for the optimization and validation of the simulations. The obtained constraint parameters for the FTHX simulations are listed in Table 3. Note that to improve the reliability of the evaporator simulations, the outlet quality of the evaporator was set to 0.98, which differed from the actual slightly superheated state, but this had a little effect on the overall capacity. All the heat transfer tubes were labelled with numbers, 1–24, from the top down, as shown in Figure 2.



Therefore, the experimental and numerical results of the heat transfer outputs in the condenser mode were compared to validate the accuracy of the simulations, as reported in Table 4. The condenser capacity was 3.85 kW in the simulation and 3.77 kW in the experiment, with a deviation of 2.1%. The tube temperatures in the simulation deviated from those in the experiment within 2 °C in most cases, except for Tubes 13, 16, 18 and 19. Tubes 18 and 19 were inlets of the bottom two circuits and tended to obtain more refrigerant because of gravity. Besides, the refrigerant flowed through a long tract to reach these two tubes in the vapor header and was cooled by the low-temperature ambience. Hence, Tubes 18 and 19 were cooler than Tubes 1 and 12 in the experiments. The lower temperature of Tube 18 propagated to Tubes 16 and 13, denoting that this circuit was overfed with respect to the others. However, the EVAP-COND software could hardly simulate the maldistribution of the refrigerant caused by gravity, so we observed a large deviation between the experimental and the numerical temperatures of these tubes. In general, the numerical and experimental results showed limited deviations in the condenser capacity and tube temperatures, thus validating the accuracy of the simulation.




4. Results and Discussion


4.1. Effect of the Circuit Number on the Evaporator and Condenser Performance


The effect of the circuit number on the FTHX performance was investigated for the evaporator and the condenser, respectively. Since there were in all 24 heat transfer tubes in the FTHX, one, two, three, four and six elementary circuits were naturally considered for the simulation, as shown in Figure 3. The constraint parameters for both the evaporator and the condenser simulations are listed in Table 2 and were obtained in experimental tests for the four-circuit reversely fixed FTHX in both heating and cooling cycles of the ASHP.



Figure 4 illustrates the variations of FTHX performance with the circuit number. The pressure drop decreased monotonously with the increase in the circuit number for both the evaporator and the condenser, since more circuits meant a lower velocity of the refrigerant. The variation in the capacity, however, differed between the two modes. The capacity of the evaporator increased first and then decreased, exhibiting the highest value of 2.61 kW with four circuits. The capacity of the condenser, by contrast, decreased monotonously from 4.76 kW to 3.21 kW as the circuit number increased from one to four. The variations of the refrigerant flowrate with the circuit number showed the same trend. Therefore, it was deduced that more circuits are preferable in the evaporator, while in the condenser fewer are better, which is consistent with the observations in Ref. [8]. In fact, the FTHX performance under 120% rated air flowrate was also studied and showed a similar trend as that with rated air, as also shown in Figure 4, which confirmed that more circuits were a better option for the evaporator, while fewer circuits were best for the condenser.



The tube capacity is a product of heat transfer area, overall heat transfer coefficient and temperature difference. The tube capacity is read directly in the EVAP-COND 4.0 software. The temperature difference in this article was determined as the logarithmic mean value calculated from the refrigerant inlet, refrigerant outlet, air inlet and air outlet temperatures. Then, the overall heat transfer coefficient for each tube was obtained by dividing the tube capacity by its outer surface area and the temperature difference.



Figure 5 shows the tube-by-tube distribution of the overall heat transfer and temperature differences in the FTHX, which corresponded strongly to the circuit division. In addition, for both the evaporator and the condenser, the overall heat transfer coefficient generally decreased, but the temperature difference increased as the circuit number increased.



Figure 6 presents the average values of the overall heat transfer coefficient and temperature differences for all 24 tubes in the FTHX. In general, the overall heat transfer coefficient decreased with as the circuit number increased, since more circuits led to a lower refrigerant velocity and a smaller refrigerant-side heat transfer coefficient. The temperature difference increases with the circuit number, because a lower refrigerant velocity also led to a smaller pressure drop (also shown in Figure 4) and further reduced the corresponding temperature drop in the liquid–vapor two-phase area. For the same heat transfer area, therefore, the FTHX capacity was determined by the trade-off between the overall heat transfer coefficient and the temperature difference.



For the evaporator, the capacity increased first and then decreased, indicating that the increase in temperature difference overwhelmed the decrease in overall heat transfer coefficient with one to four circuits, but the opposite occurred with four to six circuits. For the condenser, however, the capacity decreased monotonously, denoting that the decrease in overall heat transfer coefficient was always the dominant factor. Figure 4 shows that as the circuit number increased from one to four, the overall heat transfer coefficient was reduced by only 4.8% in the evaporator mode but by 47.2% in the condenser mode. This dramatic difference resulted from the fact that the refrigerant flowrate in the FTHX generally increased in the evaporator mode but decreased remarkably in the condenser mode, as shown in Figure 4.



In short, the evaporator exhibited the highest capacity with four circuits because of the trade-off between the decreased overall heat transfer coefficient and the increased temperature difference. The condenser, however, showed a monotonously reduced capacity, since the overall heat transfer decreased greatly and always dominated the capacity decrease as the circuit number increased. Therefore, this contradiction caused a difference in the optimal number of circuits for the evaporator and the condenser. Next, we demonstrated that the reversely variable circuitry in the FTHX could address this problem.




4.2. Reversely Variable Circuitry


Based on the above analysis, the ideal circuitry of the FTHX should change the refrigerant flowpath between the evaporator and condenser modes flexibly, so that:




	(i)

	
the evaporator will hold four parallel circuits




	(ii)

	
the condenser will exhibit as few circuits as possible









Therefore, the reversely variable circuitry was realized with two single-way valves and two distributors, as conceptually shown in Figure 6. The entire FTHX was divided into four elementary circuits with two distinct features. First, the FTHX was fed with a two-branch distributor and a three-branch distributor successively, rather than a four-branch one directly. Second, two single-way valves were added, one inside the vapor header, and the other between the two distributors. In this way, the FTHX exhibited four parallel circuits in the evaporator mode but 1.5 circuits (two circuits merging into one) in the condenser mode, as illustrated in Figure 7.



The optimal flowpath for the FTHX in the condenser mode is the single-circuit one. However, the reverselyvariable circuitry with two single-way valves could achieve the 1.5-circuit flowpath at the least, similar to the single-circuit one in terms of heat transfer performance, as also illustrated in Figure 3. With three or more single-way valves, the single-circuit flowpath should be obtained in the reversely variable circuitry. However, that will also result in additional problems such as higher pressure drops and costs and is not suitable for other applications.



It should be noted that the two-distributor scheme might lead to non-uniform feeding among the four circuits. In the evaporator mode, Branch B of the two-branch distributor should supply the refrigerant to the upper three circuits, while Branch A should distribute it only to the bottom one, as indicated in Figure 6. Hence, the parameters of the branch tubes and the manifold should be adjusted in the rated heating conditions. The diameters of Branch A, Branch B and the manifold were 3.36 mm, 5.6 mm and 8.12 mm, respectively. The length of the two branch tubes was also carefully modified. In this way, approximate uniform feeding was achieved for the four parallel circuits in the rated heating conditions.




4.3. Comparison between Reversely Variable and Reversely Fixed FTHXs


Then, the reversely variable FTHX was tested in the ASHP and compared with a reversely fixed FTHX. Figure 6 shows that the reversely variable FTHX exhibited four circuits in the evaporator mode but 1.5 in the condenser mode. Hence, two types of reversely fixed FTHXs were taken into consideration, i.e., the four-circuit one and the 1.5-circuit one.



For an easy execution of the comparative tests, the single-way valves in Figure 6 were actually replaced with check valves, and the three circuitries could be obtained with different on/off schemes of the two check valves, as reported in Table 5. The four-circuit configuration of the FTHX was realized with both check valve always open, while the 1.5-circuit was built with the two check valves always closed. The variable circuitry, however, was obtained with the two check valves open in the evaporator mode but closed in the condenser mode. Moreover, for easy installation and uniform feeding, the four parallel circuits of the FTHX in the reversely variable circuitry were modified slightly, as shown in Figure 6. The top two inlets in the evaporator mode were close to each other, and the bottom two outlets were connected together with a T-junction. Then, the FTHXs in the three schemes were tested in both heating and cooling conditions.



Figure 8 illustrates the energy outputs of the ASHP with the above three FTHXs. Note that the four-circuit reversely fixed configuration was obtained with both check valves always open in the prototype; the heating outputs of the four -circuit reversely fixed FTHX were actually the same as that of the reversely variable one in Figure 7. Similarly, the cooling outputs of the 1.5-circuit reversely fixed FTHX were also the same as those of the reversely variable one.



Figure 8 indicates that the reversely variable circuitry had better overall performance compared to the other two. In the rated cooling conditions, the reversely variable FTHX resulted in 6.1% higher capacity and 7.6% higher COP of the ASHP than the four-circuit reversely fixed one. In the rated heating conditions, by contrast, the reversely variable FTHX resulted in about a 3.9% larger capacity and a 1.6% larger COP of the ASHP than the 1.5-circuit reversely fixed FTHX. That is to say, the reversely variable FTHX enhanced both the heating and the cooling performance of the ASHP.



In short, the reversely variable circuitry allowed different flowpaths for the refrigerant in evaporator and condenser modes, thus better matching their respective requirements by varying the circuit number. The condenser with fewer circuits enhanced the overall heat transfer coefficient and promoted the capacity increase of the outdoor FTHX. The evaporator with more circuits reached a balance between the overall heat transfer coefficient and the temperature difference, finally increasing the capacity of the outdoor FTHX on the basis of this trade-off. Consequently, the overall energy performance of the ASHP was enhanced in both heating and cooling conditions.





5. Conclusions


In this article, a reversely variable circuitry was proposed for an outdoor FTHX in an ASHP to enhance its overall energy performance. The effect of the circuit number on the FTHX performance in both evaporator and condenser modes was studied numerically, so as to find the optimal circuit number for either mode. The reversely variable circuitry was then proposed conceptually for the FTHX to change the refrigerant flowpath in different direction and satisfied the contrasting requirements as regards the circuit number of the evaporator and the condenser. Finally, the reversely variable FTHXs were compared with the reversely fixed ones experimentally, showing the energy-saving potential of the formers. Our detailed conclusions are as follows.



	(1)

	
The evaporator capacity first increased and then decreased as the circuit number increased, exhibiting the highest 2.61 kW with the optimal four-circuit scheme due to the trade-off between reduced overall heat transfer coefficient and increased temperature difference.




	(2)

	
The condenser capacity decreased monotonously from 4.76 kW to 3.21 kW as the circuit number increased from one to six, because of the greatly reduced overall heat transfer coefficient.




	(3)

	
The reversely variable circuitry was achieved with the combination of single-way valves and distributors, and exhibited four circuits in the evaporator mode and 1.5 circuits in the condenser mode, so as to better satisfy the respective needs in circuit number for both modes.




	(4)

	
The reversely variable FTHX led to a better overall energy performance of the ASHP, with a 6.1% higher heating capacity than the four-circuit reversely fixed FTHX and a 3.9% larger cooling capacity than the 1.5-circuit FTHX.
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Figure 1. Schematic diagram of the tested ASHP [21]. 
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Figure 2. Schematic diagram of the FTHX and airflow arrangement in EVAP-COND. 
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Figure 3. Elementary circuit options for the outdoor FTHX. 
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Figure 4. Effect of the circuit number on FTHX performance. 
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Figure 5. Tube-by-tube overall heat transfer coefficients and temperature differences in the FTHX. 
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Figure 6. Overall heat transfer coefficient and temperature difference with a different number of circuits. 
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Figure 7. Conceptual diagram of the reversely variable circuitry. 
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Figure 8. Energy outputs for the AHSP with three types of FTHXs. 
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Table 1. Parameters and specifications of the ASHP components.






Table 1. Parameters and specifications of the ASHP components.





	
Item

	
Information






	
Indoor coil

	
Tube number

	
34, 18 in the 1st row and 16 in the 2nd row




	
Outer diameter

	
5 mm




	
Tube length

	
630 mm




	
Fin pitch

	
1.4 mm




	
Outdoor coil

	
Tube number

	
24 in one row




	
Outer diameter

	
7 mm




	
Tube length

	
770 mm




	
Fin pitch

	
1.25 mm




	
Electronic expansion valve

	
DunAn DPF1.3C-B059




	
Compressor

	
GSD098CKQA6JT6B




	
Refrigerant

	
R32 with 570 g charge











 





Table 2. Conditions and control parameters of the tested ASHP.
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	Conditions
	Outdoor Temp. (Dry/Wet Bulb)
	Indoor Temp. (Dry/Wet Bulb)
	Compressor Speed
	EEV Target Discharge Temp.
	Out FTHX

Air Flowrate





	Rated cooling
	35/24 °C
	27/19 °C
	55 Hz
	79 °C
	1800 m3/h



	Rated heating
	7/6 °C
	20/15 °C
	90 Hz
	73 °C
	2400 m3/h










 





Table 3. Constraint parameters for the FTHX simulations.
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Modes

	
Condenser

	
Evaporator






	
Refrigerant

	
Inlet temperature/°C

	
48.5

	
Outlet sat. temperature/°C

	
0.8




	
Inlet superheat/°C

	
34.8

	
Outlet quality

	
0.98




	
Subcooling/°C

	
1.3

	
Inlet quality

	
0.15




	
Air

	
Air inlet temperature/°C

	
35

	
Air inlet temperature/°C

	
7




	
Air inlet pressure/MPa

	
0.101

	
Air inlet pressure/MPa

	
0.101




	
Air inlet relative humidity

	
0.40

	
Air inlet relative humidity

	
0.86











 





Table 4. Numerical and experimental results of the condenser performance for the two FTHXs.
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	Tube
	Experimental
	Numerical
	Deviation





	1
	81.9 °C
	83.3 °C
	+1.4 °C



	12
	84.0 °C
	83.3 °C
	−0.7 °C



	18
	75.5 °C
	83.3 °C
	+7.8 °C



	19
	78.5 °C
	83.3 °C
	+4.8 °C



	3
	47.7 °C
	48.5 °C
	+0.8 °C



	10
	47.8 °C
	48.5 °C
	+0.7 °C



	16
	41.7 °C
	48.5 °C
	+6.8 °C



	21
	47.6 °C
	48.5 °C
	+0.9 °C



	6
	46.2 °C
	48.5 °C
	+2.3 °C



	7
	43.7 °C
	47.1 °C
	+3.4 °C



	13
	37.0 °C
	46.5 °C
	+9.5 °C



	24
	47.0 °C
	45.6 °C
	−1.4 °C



	Capacity
	3.77 kW
	3.85 kW
	+2.1%










 





Table 5. On/off scheme of the check valves in different modes of the FTHX.
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Modes

	
Evaporator

	
Condenser






	
Prototype

	
[image: Applsci 12 08960 i001]




	
Variable

	
On

	
Off




	
4-circuit fixed

	
On

	
On




	
1.5-circuit fixed

	
Off

	
Off
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