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Abstract

:

This review presents the nucleate/convective boiling performance for a variety of important low global warming potential (LGWP) alternatives to commonly used high-global warming potential (GWP) refrigerants (such as R-134a, R404A, and R-410A, etc.). Efforts are stressed on the assessment of their evaporation pressure drop and heat transfer coefficient (HTC) characteristics. These alternatives include R-1234ze(Z), R-1234ze(E), R-1233zd (E), R-1234ze(E), R-410A, R-1234yf, and R-513A. The authors investigated the thermo-fluid properties within and outside a tube, mini-channel, micro-fin tube, and plate heat exchanger. The investigation of the numerical, experimental, and simulated results revealed that the evaporation pressure drop and HTC characteristics were dependent on a variety of variables. These factors include the working fluid’s thermodynamics and transport properties, the refrigerant’s mass flux, heat flux, saturation temperature, the vapor quality, the conditions and flow patterns, the orientation of the heating surface, and the geometry (shape, size, and surface area smooth/enhanced) of the heating surface. An expanded LGWP refrigerants, surfaces, and conditions database is needed. Mechanistic models may assist. These models can optimize boiling, anticipate heat transfer, and develop high-performance geometries.
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1. Introduction


High-global warming potential (GWP) (such as R-134a, R404A, and R-410A, etc.) refrigerants contain a global warming potential as high as 1300 and will be shortly banned. Note that the F-gas regulation (2015), the Montreal Protocol (1985) (IPCC AR6) and its Kigali amendment (2016) suggest that their usage should be decreased by 85% by the year 2047 due to their very high GWP [1]. In a refrigerant with no ODP, LGWP (<150) should be the first priority upon selection. In recent years, efforts to replace R-134a have intensified [2]. As illustrated in Figure 1, various parameters must be considered simultaneously, including GWP, ozone depletion potential (ODP), flammability, toxicity, cost or accessibility factor, thermophysical characteristics, compatibility with lubricant-oil, and the impact of refrigeration. The Alternative Refrigerant Evaluation Program (AREP) and ASHRAE have suggested many R-134a alternatives, including R-1234yf, R-1234zd(E), R-1233ze(E), R-1234ze(Z), R-450A, and R-513A. The subscripts ze, zd, and yf all contain carbon–carbon double bonds, which are essential to the LGWP property. These compounds also have a shorter atmospheric lifespan [1]. Additionally, an isomer with differing physical properties is indicated by the suffixes (E: trans and Z: cis).



The refrigerant selection is based on their thermophysical properties which is essential in system performance. Hence, relevant saturated properties spanning the range −20 to 60 °C, calculated from REFPROP 10.0 are shown in Figure 2 [3]. In Figure 2 the thermophysical properties for an LGWP refrigerant are termed ratios relative to R-134a. First impressions, except for R-1234ze(Z), R-513a and R-410A, reveal that all refrigerants have similar thermophysical properties at low temperatures.



From this figure, R-1234zd(E) has a lower heat of vaporization and latent heat for R-1234ze (Z) and R-1234yf than that of R-134a. The liquid density of the LGWP substitutes is slightly different (around the order ±20%) when compared to those of R-134a, meaning that the refrigerant mass charge needs adjusting upon drop-in substitution. For a liquid viscosity comparison, R-513A’s viscosity is close to that of R-134a, and R-1234yf has a viscosity that is around 20–30% lower than R-134a, while R-1234ze(Z) and R-1234zd(E) show an appreciably higher viscosity than R-134a. For vapor viscosity, R-1234ze(Z) contains a much lower value than R-134a, thereby can offer less in-tube friction. R-1234yf and R-134a have similar surface tensions; however, R-1234ze(E) has significantly greater surface tension. Hence, the bubble dynamics and departure diameter for R-1234ze(E) must be appreciably different from R-134a. The thermal conductivity of the LGWP alternatives relative to R-134a is comparatively small. Table 1 lists the conventional and alternative refrigerants’ transport and thermodynamic properties at 40 °C. The LGWP refrigerants, R-1234ze(E) and R-1234yf, are slightly flammable (A2L) single-component R-134a replacements. The refrigerant R-513A is an azeotropic blend with 56% R-1234yf and 44% R-134a having a GWP 55.93% lower than R-134a.



One of the most significant advantages of the azeotropic (hydrofluorocarbon (HFC) + hydrofluoroolifin (HFO) blend) R-513A is that it is fully non-flammable (A1 class) with comparable properties that may be used to replace R-134a systems with ease. R-450A, which has a very small temperature glide of 0.4 °C, is a zeotropic blend with 58% R-1234ze(E) and 42% R-134a. It is also non-flammable and can also act as a drop-in replacement of R-134a. For low-pressure refrigerants, the R-1233zd(E) refrigerant may be used to replace the R-123/R-245f system.



The performance of heat exchanger imposes direct consequences on HVAC system performance. Hence, boiling and condensation processes play detrimental roles accordingly in the heat transfer equipment. Flow patterns for the boiling and condensation within and outside plain and enhanced surfaces subject to propane were examined by Mauro et al. [4]. A literature review based on the properties of the evaporation and condensation of several LGWP refrigerants on brazed plate heat exchangers (PHEs) were presented by Shon et al. [5]. The HTCs and frictional pressure decrease during vaporization of the LGWP refrigerant on brazed PHEs were the subject of significant study by Longo et al. [6,7,8,9,10].



The above literature shows that previous investigations reported specific results under limited conditions, including the working fluid (refrigerants), evaporation within the tubes and micro-channels [11,12,13], evaporation inside and outside of enhanced surfaces [14], and plate heat exchangers [8,9,15,16,17]. Some of the results are not in line with each other. The condensation performance of LGWP refrigerants alternative to R-134a was recently reviewed by Kumar et al. [1]. Hence, the primary objective of the present review stresses the evaporative characteristics of the HTCs and frictional pressure drop of LGWP refrigerants, with particular emphasis and comparison with some high-global warming potential (GWP) (such as R-134a, R-404A, and R-410A, etc.) refrigerant alternatives, in association with in-tube evaporation, nucleate boiling outside the tube for both smooth and enhanced surfaces. Yet, mini-channels, and brazed plate heat exchangers are also reviewed as well. An schematic representation is depicted in Figure 3 [18,19,20]. Additionally, the aspects of the pressure drop and evaporation HTCs are discussed in detail, including the influence of saturation temperature, surface geometry, heat flux, vapor quality, mass flow, and the thermophysical parameters of the refrigerant.




2. Characteristics of LGWP Refrigerants for Nucleate Pool Boiling Heat Transfer


Outside Enhanced and Smooth Tube Boiling


The present section evaluates the heat-transfer capabilities of R-134a and LGWP alternatives. Boiling outside improved and smooth tubes was tested. The relative evaporation HTCs of LGWP refrigerants compared to R-134a were determined using published studies from the past several decades. Table 2 lists the operating conditions of the experiments and tubings.



For nucleate boiling subject to a high-viscosity polyol-ester oil (POEA)-220, with a LGWP refrigerant (R-1234ze(E)), Kumar et al. [21] conducted nucleate pool boiling tests on a GEWA-B5H tube at −6, 0, and 10 °C saturation temperatures, with an oil mass fraction ranging from 0.25 to 10% with heat fluxes ranging between 10 and 90 kW/m2. The results were compared to earlier research [19] and the experimental results are shown in Figure 4. It was found that the presence of a lubricant may enhance or degrade the HTC. The phenomenon was strongly related to the saturation temperature. The high-viscosity POEA-220/R-1234ze(E) mix performed better in terms of heat transfer than the low-viscosity oil mixture. These results differ from the results of Jensen and Jackman [22] and Spindler and Hahne [23] (in terms of the influence on HTC enhancement/degradation) and to an extent are similar to the findings of Mohrlok et al. [24]. It is uncertain if high viscosity may easily agglomerate on the boiling surface and eventually impede the heat transfer. The HTC of R-1234ze(E)/POEA-220 is superior to that of the R-1234ze(E)/POEA-68. Note that the refrigerant is volatile, but the oil is nearly non-volatile. In moderate or low liquid pressures, refrigerant evaporation and oil diffusion at the liquid–vapor contact is slow. The boiling process yields a thin oil-rich layer near the heating surface. Heat flux also serves to balance the aforementioned process. Since POEA-220 oil has a better thermal conductivity, heat-transfer efficiency is boosted towards the boiling surface. In this regard, R-1234ze(E)/POEA220 mixtures require lower wall superheats than R-1234ze(E)/POEA-68 mixtures. The boiling mechanism proposed by Kumar and Wang [19] can explain these phenomena. Saturation temperatures and heat flux influences on refrigerant evaporation at the liquid–vapor interface is also discussed. Since a higher liquid pressure and heat flux may promote nucleate boiling appreciably, the oil accumulates more pronouncedly at the heating surface, thereby impeding the HTC substantially. A pure refrigerant combined with lubricating oil changes the bubble dynamics and nucleation sites considerably. The high viscosity of the oil-rich layer limits the formation of larger bubbles, hence increasing the number of nucleation sites and decreasing the bubble departure diameter.



On the other hand, the HTC degrades due to the creation of a micro-sized bubble fog directly above the test surface, which is connected to a higher oil mass fraction at a high heat flux. Furthermore, Kumar et al. [21] also presented HTCs against applied heat fluxes in association with new and aged surfaces at varying saturation temperatures. These experiments were conducted in 4-month gaps. At various saturation temperatures, the HTCs for the new and aged surfaces are displayed in Figure 5. The HTCs were nearly impaired by 10–30% depending on supplied heat flux. Normally the degradation is more significant at higher heat flux regimes. This is because some of the cavities and channels are de-activated after a prolonged operational period when the surface condition change.



Nagata et al. [25] compared the HTCs at 10 and 40 °C saturation temperatures for the conventional refrigerant R-134a, and its alternatives of R-1234ze(E), R-245fa, and R-1234ze(Z) (Figure 6). Tests were performed on horizontal tubes. The boiling HTCs of R-1234ze(Z) and R-245fa were comparable and much lower than R-1234ze(E) and R-134a. Ribatski and Thome [26] investigated nucleate boiling in a GEWA-B tube submerged in the conventional refrigerant R-134a. The HTCs for a GEWA-B tube is about 2.4 to 5.2 times greater than smooth tubes and the HTCs are unaffected by the saturation temperatures. Despite saturated temperatures, the HTC was approximately 18 kW/m2K at 20 kW. Under the same experimental conditions the HTCs on the GEWA-B5 tube for R-1234ze and R-134a reported by Rooyen and Thome [27] was more than 40 kW/m2K. The HTCs also shared several characteristics with those mentioned in work of Ribatski and Thome [26]. Habert and Thome [28] analyzed the performance of R-236fa and R-134a using four distinct tubes, two for boiling (Turbo-EDE2 and Gewa-B4) and two for condensing (smooth and GEWA-C + LW tube). They reached the conclusion that the GEWA-C + LW tube performs in a manner that is comparable to that of the smooth tube and that there is no improvement for either refrigerant.



On the other hand, Spindler and Hahne [23] found that the decrease in the HTC may be attributed to an increase in temperature. HTCs continuously rises with heat flux, which varies from 4 to 80 kW/m2 for pure R-134a refrigerant on a completely submerged GEWA-B tube, running at 28.6 to 20.1 °C. However, the HTC decreases as the saturation temperature decreases. Similar results were reported by Wang et al. [35], who stated that the performance of GEWA-B tubes for nucleate boiling, when subjected to versatile refrigerants at 20 and 0 °C saturation temperatures, was greater than identical tubes tested earlier in the series. This was found to be the case for GEWA-B tubes at 20 and 0 °C saturation temperatures. According to Mohrlok et al. [24], the HTC of GEWA-B tubes becomes higher with the rise in saturation temperatures when using R-507, so long as the heat flow exceeds 4 kW/m2. At −19.6 and −28.6 °C, the HTCs are nearly identical. The HTC is less affected by saturation temperatures between −10.1 and 20.1 °C for heat fluxes between 4 and 20 kW/m2. A rise in saturation temperatures between −19.9 and 0.2 °C and an increase in heat flow both cause an increase in the HTC. However, it is higher at 20 kW/m2 than at 40 kW/m2. However, the work of Mohrlok et al. [24] reported that the effect of heat flux and saturation temperature on the HTC for the GEWA-B tube is conflicting amid several investigations [36,37,38,39,40]. Recent research conducted by multiple researchers utilizing highly wetting liquids and highly improved surfaces (e.g., GEWA and high-flux surfaces) revealed that the HTC always rises with heat flux.



On a horizontal-coated heating surface, Dewangan et al. [40] experimentally examined the nucleate pool boiling HTCs of R-410A and R-134a. The boiling performance on coated surfaces has improved over time due to surface augmentations. By employing a microporous coating, more nucleation prevails and promotes heat transfer accordingly. The effect of coating thickness is depicted in Figure 7 with thickness ranging from 42 to 423 μm subject to the working fluids of R-410A and R-134a. The results indicated that a coating thickness of 151 μm gave the highest HTCs, two times higher than those of a plain surface. Dewangan et al. [41] investigated the heat transfer during the nucleate pool boiling of R-134a and R-410A in plain tubes at 5, 10, 15 and 20 °C saturation temperatures with heat fluxes ranging between 10 and 70 kW/m2. Figure 8 shows that HTCs rise as saturation temperatures rise, confirming the typical pool boiling tendency that as saturation temperature rises, less wall superheat is needed to activate nucleation sites.



Hung et al. [42] summarized the pool boiling heat-transfer performance and developed a rationally based model to predict nucleate boiling for pure refrigerants with/without lubricant oil. Surface tension and viscosity affect the HTC. During evaporation, an oil-rich layer surrounds the heating surface, and the formed thin lubricant surplus layer and thermal boundary layer affect heat transfer. The oil-rich layer affects surface tension and produces an appreciable surface tension gradient, thereby producing bubbles and stirring the boundary layer with detaching bubbles on the heating surface. According to their model, the presence of a lubricant invariably degrades the HTC during the bubble formation and departure waiting periods but can improve the HTC during the bubble growth phases. These two key parameters compensate each other. Moreover, these factors may further interact with the chemical structure between the interfaces of lubricant and refrigerant.



Byun et al. [43] evaluated the pool boiling heat transfer of LGWP refrigerants on plain tubes and enhanced tubes for a turbo-chiller-flooded evaporator. It was discovered that the HTCs of R-1234zd(E) were around 5–11% lower than those of R-134a at 4.4 and 26.7 °C saturation temperatures and 10 to 50 kW/m2 heat fluxes subjected to R-134a, R-1234zd(E), and R-1233zd(E), and the HTCs of R-1233zd(E) were lower than those of R-134a. The heat transfer augmentation ratio of the enhanced tube for R-134a was 2.3, whereas for R-1233zd(E) and R-1234ze(E) the results were observed to be 2.1 and 1.8, respectively. Byun et al. [31] investigated the HTCs of R-1233zd(E) and R-1234ze(E) refrigerants along with a number of other potential alternatives to R-1233zd(E) and R-1234ze(E). Additionally, experiments were conducted on three distinct kinds of tubes, including a plain smooth tube and two enhanced tubes subjected to nucleate boiling with saturated temperatures ranging from 4.4 to 26.7 °C and heat fluxes between 10 and 50 kW/m2. The influence of plain and two enhanced surfaces on HTCs is illustrated in Figure 9. These coefficients were compared to empirical equations. The R-1233zd(E) and R-1234ze(E) plain tube HTCs were 10.8–19.0% and 54.1–62.8% lower than of the HTCs of R-134a, respectively. The findings were further evaluated based on past empirical correlations, which showed sufficient predictions in all cases. R-1233zd(E) and R-1234ze(E) HTCs for the enhancement of the enhanced tube 1 were 9.8–14.0% and 60.0–75.0%, respectively. The HTCs of R-1234ze(E) and R-1233zd(E) for the enhanced tube 2 were 13.3–17.9% and 39.5–43.7% higher than those of the smooth surface, respectively.



In low-temperature conditions, Shen and Ally [44] conducted an exergy and energy analysis of a two-speed heat pump of R-466A, R-454B, R-452B, and R-32. R-466A, R-454B, R-452B, and R-32 performed significantly better than R-410A. Yet, the refrigerants R-32 and R-454B had the least amount of irreversibility, whereas R-466A had a somewhat higher level of irreversibility than R-410A. Ji et al. [45] investigated the suitability of the Cooper correlation for R-134a at heat fluxes of 10 to 370 kW/m2. They found that at a heat flux less than 250 kW/m2, the R2 of the best-fitting of the HTCs with the Cooper correlation vs. heat flux was only 0.67. For heat flows over 250 kW/m2, a persistent slope decline was observed, meaning the experimental results deviated even more against the Cooper correlation. The appropriate heat flux range using Cooper’s correlation to forecast the R-134a pool boiling heat transfer is suggested to be less than 250 kW/m2.



The pool boiling HTCs for the refrigerants R-1234ze(E), R-1233zd(E), and R-134a were studied by Ji et al. [46] for two enhanced tubes containing re-entrant cavity tubes. Both tubes had varied fin densities, but the subsurface tunnel diameter and fin height were the same. Pool boiling HTC was measured at a 6 °C saturation temperature and heat fluxes ranging from 10 to 80 kW/m2. Tube-B1 exhibited a similar boiling HTC for R-134a and R-13234ze(E). When the heat flux was less than 60 kW/m2, the number of nucleation sites for larger fin densities and thinner fin thicknesses was found to be greater than tubes with larger fin thicknesses. At 40 kW/m2, the boiling HTCs of R-134a and R-1234ze(E) for the two enhanced tubes were approximately the same. The boiling heat transfer depends weakly on surface features at increased heat fluxes. For the two tubes under practically cooperating conditions, the boiling HTC of R-1233zd(E) was observed to be reduced by more than 40% when compared to R-134a. Ji et al. [47] assessed the pool boiling HTCs for R-134a combined with a lubricant (PVE). Figure 10 comprises the performance of R-134a at a Tsat = 6 °C. The oil mass fraction ranged from 0.25 to 10%, and the surface heat fluxes from 9 to 90 kW/m2. The performance of tube no. 2 was superior for low heat fluxes, whereas tubes no. 3 and 4 showed better performances when the heat flux was larger than 40 W/m2. The PVE lubricant degraded the pool boiling heat transfer when the oil concentration exceeded 3%.



On the other hand, Bobbo et al. [48] found that the results provided by ground source heat pumps working either with R-32 or R-454B were identical. They showed that R-454B had a higher coefficient of performance (COP) and a higher energy efficiency than R-410 and R-32. They discovered that R-454B outperformed R-410 and R-32 in terms of COP and energy efficiency despite it having a lower volumetric heating effect than R-454B.



Jung et al. [49] conducted research with a heat flux ranging from 10 to 80 kW/m2 at a saturation temperature of 7 °C for R-22, R-32, R-125, and R-134a using thermo-excel-E tubes, low-fin tubes, and Turbo-B tubes. According to their results, tubes with a smooth surface and the low-fin tube produced a higher HTC for refrigerants with a higher vapor pressure. R-32 and R-125 are examples of these types of refrigerants. On the other hand, R-125 exhibited a strange behavior and had HTC values much lower when using the Thermo-excel-E and Turbo-B tubes.





3. Evaporation HTCs and Pressure Drop Inside Plain Tubes, Micro-fin Tubes, and Mini-channels


In the direct-expansion evaporator, the refrigerants boil inside the tube, thereby both evaporation and nucleate boiling mechanisms co-exist within the evaporator. Depending on the heat flux, mass flux, and flow pattern, one of these mechanisms may be in control or equilibrium. Different evaporator geometries and configurations using LGWP refrigerants were subsequently reviewed. In the next section, the in-tube evaporation characteristics of LGWP refrigerants in smooth/plain tubes, micro-fin tubes, and mini-channels are studied in more details.



3.1. Boiling Inside the Plain/Smooth Tube


Convective boiling tests were performed on R-448A, R-449A, and R-452B in a micro-fin tube by Kedzierski and Kang [50], who found that R-452B had a 59% greater HTC than R-448A/R-449A. Matsuse et al. [51] conducted an investigation into the flow boiling properties of R-32 inside a horizontal copper circular tube with an inner diameter of 1.0 mm. The range was a Tsat of 283 K, a mass velocity (G) between 0 to 400 kg/m2s, a heat flux (q′′) between 2 and 24 kW/m2, and a vapor quality from 0.05 to 1. Based on the observations and a comparison with previously acquired R-410A data, the pressure drop and boiling heat transfer were made clear. A zeotropic mixture’s two-phase HTCs are always inferior to that of pure R-32 because of a greater mass-transfer resistance. Kondou et al. [52] conducted experiments on the flow boiling of R32/R-1234ze(E) in a horizontal micro-fin tube with an inner diameter of 5.21 mm. The drastic reduction in HTC was brought on by the difference in volatility, which was especially pronounced for the evaporation heat transfer. Table 3 lists the dimensions and specifications of the tube geometry, as well as the experimental conditions that were reported in the relevant research.



For an oil-free vapor compression refrigeration system with a horizontal tube arrangement, experiments were performed by Li et al. [53] where they studied the evaporation HTCs and pressure drop of R-152a, R-134a, and R-1234yf. According to their findings, R-1234yf was reveals to possess the highest pressure drop, whilst R-152a exhibited the highest HTC, as evidenced in Figure 11. Two existing correlations (the Foust–Christian correlation and the Lockhart–Martinelli correlation) were compared and modified. The improved correlations had a mean absolute percentage error (MAPE) under 16%. The Lockhart–Martinelli correlation was also compared by Saitoh et al. [54] who also developed a correlation for the flow boiling HTC of LGWP R-1234yf inside a smooth horizontal tube 2 mm in diameter. HTCs based on the new correlations agreed well (within ±20%) with the measured values compared to the Lockhart–Martinelli correlation. The Lockhart–Martinelli correlation also fairly forecasts the pressure drop. The significant effects of the mass flux and heat flux on the heat transfer were observed for both low and high vapor quality conditions.



Yang et al. [55] performed investigations into the flow pressure drop and boiling heat transfer characteristics of the refrigerants R-134a and R-1234yf in a circular tube (tube ID = 4.0 mm). The results of the tests indicated that the pressure drop and flow boiling heat transfer performance were both dependent on the fluid properties, the flow conditions, and the two-phase flow patterns. The two-phase flow pattern at different flow conditions is one of the primary governing factors for pressure drops and HTCs of flow boiling. The flow pattern analysis is capable of explaining the inconsistency in the test results previously published on flow boiling HTCs and pressure drops of the refrigerants R-134a and R-1234yf. Laohalertdecha et al. [56] suggested some correlations for the evaporation HTCs and two-phase friction factor of R-134a in horizontal-corrugated tubes. These developed correlations were in the form of the Nusselt number as a function of the Reynolds number, the Prandtl number, the corrugation pitch and depth, and the internal diameter. They reported that 85–90% of the Nusselt number statistics fell within a 20% margin of error. In a similar fashion, 95% of the results for the two-phase friction factor fell within ±20%.



Longo et al. [57] provided over 100 new HTCs and frictional pressure drop data for R-1234yf flow boiling in a plain copper tube with a diameter of 4 mm subjected to heat fluxes ranging from 15 to 30 kW/m2 and a mass velocity from 300 to 600 kg/m2s. In addition to this, literature correlations were compiled and examined. The performance of R-1234yf in terms of heat transfer was compared to that of R-134a and R-1234ze(E), highlighting the differences between them. Longo et al. [58] also presented a comparison between the evaporation of propane, propylene, and R-404A in the same tube as mentioned in [57]. The experiments were conducted at three distinct saturation temperatures (5, 10 and 20 °C) with a vapor quality of about 0.1 until the dry-out. Because HTCs are less sensitive to vapor quality at lower mass fluxes and at higher heat fluxes regimes, nucleate boiling was the dominant heat transfer mechanism in their experimental conditions. Even though propane’s boiling heat-transfer capability may be offset by the early dry-out, both HTCs proved to be efficient as LGWP alternatives to replace R-404A and R-507A.



Kim and Kim [59] carried out evaporation experiments for four alternative refrigerants to R-404A in a multiport tube with a hydraulic diameter of 1.61 mm. The heat flux ranged from 2.8 to 6.5 kW/m2, the mass fluxes ranged from 200 to 400 kg/m2s, and the vapor quality changed from 0.2 to 0.8. The saturation temperature was kept constant throughout the testing at 15 °C. According to Figure 12, the HTC generally rises as either the mass flux or the vapor quality rises. However, at a higher heat flux, the mass flux effect on the HTC is negligible. Forced convective boiling involves both convective heat transfer and nucleate pool boiling. Low heat fluxes normally favor convective heat transfer over nucleate pool boiling; as mass flux or vapor quality rise, so does HTC. As heat flux is increased considerably, nucleate boiling becomes more important. The evaporation of R-404A follows a similar trend. However, for R-455A, the mass flux effect on the HTC is still noticeable even at high heat fluxes. This is due to the larger temperature glide, bubble nucleation and mass transfer at the liquid–vapor interface are reduced. The temperature slides of other refrigerants are smaller than R-455A but still bigger than R-404A.




3.2. Convective Boiling Inside the Enhanced tube


Kondou et al. [64] found that the superior thermophysical properties of pure R-32 alone can yield better evaporation and condensation HTC than that of R-1234ze(E) in horizontal micro-fin tube geometries. While R-744/R-32/R-1234ze(E) and R-32/R-1234ze(E) mixtures alone approach R-32’s HTC. At mass flux values over 400 kg/m2s, R-744/R-32/R-1234ze(E) exhibited the lowest HTC in a smooth horizontal tube with a 2 mm diameter for Li et al.’s [71] investigation into the HTCs of R-1234yf/R-32 mixes with R-32 mass fractions of 20 and 50%. Evidently, pure R-32 gave the highest HTC. The HTC of the R-1234yf/R-32 mixture exceeded those of pure R-1234yf only at the higher range of R-32 mass percentages (50%). Mashouf et al. [69] compared the flow boiling and condensation patterns of R-600a in a tube with helically dimpled walls to those in a tube without such walls. The helically dimpled tube’s inner surface had shallow and deep protrusions. The smooth tube revealed stratified-wavy, intermittent, and annular flows while no stratified flow pattern was seen in the dimple tube. In the helically dimpled tube, the transition from intermittent to annular occurred at lower vapor quality values. Smith et al. [72] reported a local two-phase flow boiling HTC and pressure drop for the R-410A, R-32 and R-1234yf refrigerants as well as two novel combinations, DR-5 (R-32/R-1234yf (72.5/27.5%)) and DR-5A (R-32/R-1234yf (68.9/31.1%). The tube was a 9.5 mm micro-fin tube and a POE lubricant was also investigated. The results for the mixes were the poorest, although DR-5 exhibited results that were closer to those of R-32 at a vapor quality (x) between 0.3 and 0.6. The authors concluded that R-32’s HTC was up to 40% more than that of R-410A under the same magnitude of mass flux and heat flux (G and q”).



Diani and Rossetto [73] suggested that R-513A can replace R-134a directly. A diverse range of operational circumstances, including mass velocity, heat flux (from 12 to 60 kW/m2) and saturation temperatures (15, 20 and 25 °C), were tested experimentally. A smooth tube with an inner diameter of 2.5 mm and a micro-fin tube with an outer diameter of 2.4 mm were examined. The HTCs of the smooth and micro-fin tubes are shown in Figure 13 with a maximum heat flux of 60 kW/m2 and a saturation temperature of 20 °C. Liquid retention between the fins caused by micro-fins helps to prevent dry-out. HTCs typically decline with vapor quality until dry-out occurs, which could be associated with the localized dried areas on the tube surface as a result of the high heat flux. Since the impact of mass velocity disappears, nucleate boiling appears to be driving force from the phase transition process. It is interesting to note that the flow boiling HTC in smooth tubes and micro-fin tubes was about the same, indicating that nucleate boiling was in control. In contrast with the previous situation when dry-out happened at higher temperatures and lower vapor quality (q = 12 kW/m2), dry-out now occurred at high mean vapor qualities. Figure 14 illustrates the frictional pressure drop in the smooth tube and micro-fin tube with an imposed heat flux of 30 kW/m2. Evidently, the frictional pressure gradient increased considerably with the rise in mass flux. For all measured working conditions, the micro-fin tube exhibited much higher frictional pressure drops.



Tests for R-134a flow boiling HTC and pressure drop were conducted by Mancin et al. [68] in a micro-fin tube with an inner diameter of 3.4 mm at a saturation temperature of 30 °C. The mass flux varied from 190 to 755 kg/m2s, the vapor quality changed from 0.2 to 0.99, and the heat fluxes varied from 10 to 50 kW/m2. Figure 15 depicts the two-phase HTCs against vapor quality at various mass velocities at a 10 kW/m2 heat flux. At 190 kg/m2s, HTCs remained unchanged up to 0.5 vapor quality, suggesting nucleate boiling was in control. At a vapor quality >0.65, HTCs at 375 kg/m2s were larger when compared to those at higher mass velocities; this may be attributed to the helical micro-fins. Figure 16 depicts two-phase frictional pressure gradients estimated from the total pressure drop. The two-phase frictional pressure gradient rises with increasing vapor quality, peaks at its highest point, and then begins to fall. When the vapor quality was held constant, frictional pressure drops increased with increasing mass velocity.




3.3. Pressure Drop and Evaporation HTCs Inside Mini/Micro-Channel


Laminated plate and microchannel parallel flow evaporators are frequently employed in mobile air-conditioning systems. Yet, R-134a and R-1234yf are commonly found refrigerants. Table 4 lists the experimental conditions, specifications, and dimensions of the microchannel as reported in the literature.



The authors of [82] provide a summary of the micro-channels used for experimental and geometric research that have been described in the literature. According to the experimental findings, using R-1234yf reduced the laminated plate evaporator’s cooling capacity by 8.0%. However, the cooling capacity of a micro-channel evaporator was equivalent to or greater than R-134a by up to 6.5%. R-32 and R-134a were measured in a rough round tube of 0.96 mm in diameter by Cavallini et al. [18]. In parallel-port microchannel tubes, Ramirez-Rivera et al. [83] made measurements at two different hydraulic diameters of 0.715 mm and 1.16 mm for two refrigerants. Li et al. [72] measured the boiling HTCs of R-1234yf and R-32 inside a circular tube with an internal diameter of 2 mm. Accordingly, R-32 had a higher HTC than R-1234yf under identical conditions.



Charnay et al. [84] reported new experimental data on the flow patterns and HTCs observed at higher temperatures during the flow boiling of R-245fa in a mini-channel. The top and bottom internal wall temperatures, as well as the HTCs, are shown in Figure 17. An intermittent and annular flow pattern effectively wet the channel sides, thereby increasing the HTC. At a quality 0.4, a sharp rise in the inner wall temperatures caused a sharp fall in the HTC, signaling the occurrence of dry-out. The top portion of the horizontal tube, at a quality 0.4, revealed the starting point of dry-out. At a quality of 0.57, the tube perimeter dried, and heat transfer ceased further deterioration. This is because once the surface has fully dry-out, the mist flow regime prevails in which sufficient evaporation of the liquid entrainment droplets still prevail to ease the rise in temperature.



Illan-Gomez et al. [85] examined R-134a and R-1234yf in a 1.16 mm hydraulic diameter micro-channel tube. They showed that the R-1234yf HTC increased either when the mass flow increased or when the saturation temperature decreased. R-134a and R-1234yf both have somewhat lower HTCs under identical circumstances. Their investigation indicated that the density ratio, thermal conductivity, and viscosity ratio are crucial for HTC. The pressure drop of R-1234yf was 5–7% lower than that of R-134a. The HTC of for R-1234yf was investigated by Li et al. [86] in a number of upward-arrangement multiport microchannel tubes. They found that the HTC reduced as the quality increased as a result of drying out at lower heat and mass fluxes. Compared to rectangular ports, square ports exhibited a better heat transfer performance.



In order to facilitate effective liquid spreading around the tube perimeter, Chen et al. [79] introduced a unique micro-channel heat sink with a cross-ribbed arrangement. Using a 100 W/cm2 thermal test chip, cross-ribbed, rectangular, and horizontal-ribbed heat sinks were compared. The pressure loss was 22 kPa and the junction temperature was 336.49 K for the cross-ribbed micro-channel. Cross-ribbed micro-channels yield 28.6 and 14.3% more cooling performance than rectangular and horizontal rib heat sinks, respectively. However, the pressure drop penalty was 10.7 and 5.5 times higher. The effects of the microchannel’s aspect ratio at various flow mass fluxes revealed a rather non-linear relation against mass flux.



Zhao et al. [74] used R-1234yf in a simulated model of the mini-channel evaporator. The effectiveness-NTU methodology and the finite element simulation were both utilized for the assessment. Six correlations were compared for the refrigerant’s two-phase heat transfer in the derived model. Under the normal operating circumstances of an automotive AC system, six different samples containing R-1234yf had their predicted and experimental data compared. The constructed model computed R-1234yf’s two-phase HTC utilizing Kandlikar’s correlation. In the evaporator, the two-phase HTC distribution was modeled. R-1234yf had a lower two-phase HTC than R-134a under identical circumstances. The HTCs of both refrigerants decreased with the rise in vapor quality and was especially pronounced in the high-quality regimes.



An investigation was conducted on the flow boiling properties of R-32 and R-1234ze(E) by Jige et al. [77] at a saturated temperature of 15 °C. The mass fluxes were between 50 and 400 kg/m2s. In regions with low heat flux, high mass flux, and high vapor quality, forced convective boiling dominated the heat transfer process. A new model of heat transfer considered nucleate boiling, forced convection, and thin-layer evaporation. Figure 18 demonstrates the comparison of HTCs of R-1234ze(E) and R-32. With a standard deviation of less than 15%, it projected the heat transfer characteristics in multiport rectangular mini-channels. At the same mass flow and vapor quality parameters as those used in prior correlations, the frictional pressure loss caused by R-32 was found to be smaller when compared to R-1234ze(E). In a 0.5 mm micro-channel heat exchanger, Nalbandian et al. [80] examined R-1234yf and R-134a flow boiling heat transfer. Depending on the mass velocity and vapor quality, R-134a’s HTCs were from 0 to 22% greater than R-1234yf’s. Kandlikar’s and Balasubramanian’s correlations best predicted their test outcomes. The results were similar to that of larger circular tubes and rectangular micro-channels with similar regulating features for boiling HTCs. They depend heavily on the two-phase flow pattern under different situations.





4. Characteristics Evaporation HTCs and Pressure Drops Inside Plate Heat Exchangers


Recent research on LGWP refrigerants’ frictional drop characteristics and evaporation HTCs inside plate heat exchangers (PHEs) is discussed in this section. The geometric parameters and experimental conditions of PHEs described in published literatures are outlined in Table 5.



The PHEs are widely used in industrial applications such as food processing and chemical operations [97]. Shell-and-plate heat exchangers (SPHE) combine a cylindrical shell with a plate that have been utilized in power plants, ocean thermal energy conversion facilities, and crude oil distillation facilities [98,99,100,101]. The research into these heat exchangers subjected to LGWP refrigerants has not been intensive [16,87,101].



In a PHE, Longo and Gasparella [16] carried out tests to investigate the evaporative HTCs of R-134a, R-410A, R-236fa and R-1234ze(E). After comparing the evaporative HTCs of R-1234ze(E) and R-134a in PHEs, Kim et al. [87] found that both of these refrigerants performed similarly in terms of heat transfer. Nakaoka and Uehara [102] investigated the heat transfer characteristics of R-22 in an SPHE in the context of a thermal energy conversion system for the ocean, whereas Kim et al. [96] inspected the R-410A evaporation HTCs in an oblong SPHE, and a correlation based on the Nusselt number was produced. The evaporation HTC characteristics for R-1234ze (E) were investigated by Jo et al. [15] in a PHE and SPHE at different mass fluxes, vapor qualities, and saturation temperatures. The effects of the heat flow and saturation temperature on the evaporation HTC were moderate. The comparison of average evaporation HTCs of R-1234ze(E) in the PHE and SPHE at variable operating conditions are shown in Figure 19 and Figure 20, respectively. The two-phase frictional pressure drop for R-1234ze(E) in the PHE and SPHE for a given vapor quality increased continuously with increasing mass flux. This happened as a consequence of a considerable pressure drop at the liquid–vapor interface and in association with the complex geometry of the chevron plate. Because of the larger difference in velocity between the vapor and the liquid, the two-phase frictional pressure drop of R-1234ze in both heat exchangers rose as the quality of the vapor increased. The two-phase frictional pressure drop increased in proportion with the increase in Reeq because of an increase in the interfacial friction that occurred in both the types of heat exchangers. As is evident in Figure 21 and Figure 22, when compared to the PHE for a Reeq lower than 2000, the SPHE showed a larger frictional pressure drop. Because of the bigger liquid pool producing the viscous force, compared to the PHE, the SPHE exhibited a greater frictional pressure drop. The influence of heat flux on two-phase frictional pressure drop shows moderate dependence on vapor quality at a fixed saturation temperature and mass flow.



In order to determine the R-410A evaporation HTCs, Kim et al. [96] conducted experiments in an oblong shell-and-plate heat exchanger (OSPHE). The measured mass flow, average imposed saturation temperature, heat flux, and vapor quality of R-410A were examined. This section on testing presents the measured HTCs as average vapor quality variances. Figure 21 depicts the impacts that the mass flux of the refrigerant has on the HTCs of R-410A when the saturation temperature was set at 10 °C and the average heat flux imposed was 6.0 kW/m2. High-speed vapor flow reacting with the complicated chevron structure created a tremendous number of small liquid droplets. Compared to the mass flux effects depicted in Figure 21, the heat flux had a negligible impact on the rate of evaporation throughout the whole vapor-quality zone. The findings show that, except at xm > 0.5, the HTC was higher for a higher heat flux at a given vapor quality. At higher saturation temperatures, R-410A vapor had a lower specific volume, reducing the vapor flow velocity and shear force on the heat transfer surface–liquid interface. A greater R-410A saturation temperature reduced the latent heat of vaporization, and a high-quality vapor may dry the channel wall.



Experimentally based research for the convective boiling of R-245fa in a brazed PHE was given by Imran et al. [103], which compared the chevron angles of 45 and 60°. The HTC was shown to rise with increasing vapor quality until it reached its maximum value at a certain threshold vapor quality, followed by an appreciable decline due to partial dry-out. The HTC was more responsive to the heat flux than to quality, suggesting the favorable nucleate boiling mechanism. At a 60° chevron, the HTC and frictional pressure loss were greater much larger. These outcomes are similar to single-phase plate conditions where the plate geometry provides significant mixing, secondary flow and turbulence [104,105]. Figure 22 demonstrates that when the vapor quality increased, the frictional pressure drop increased at both saturation temperatures of 62.7 and 69.4 °C. When the in-take quality was less than 0.2, the frictional pressure loss behaved linearly. When the vapor quality exceeded this value, the imposed vapor shear produced chaos mixing and revealed a much more significant rise in the pressure drop.



A comprehensive measurement for refrigerant boiling within a commercial brazed PHE was conducted by Longo et al. [6,9,10,16,106,107] in a series of publications. There were several conventional HFC refrigerants tested for comparison, including R-134a, R-410A, R-236fa, R404A, hydrocarbon (HC) refrigerants (R-290, R-600a and R-1270), LGWP HFC refrigerants (R-32 and R-152a), and hydrofluoroolefin (HFO) refrigerants (R-1234yf, R-1234ze(E), and R-1234ze(Z)) in a commercial brazed PHE made up of 10 plates, with each PHE plate containing a 278 mm in flow length and a width of 72 mm. PHEs were a herringbone corrugation type with a 65° chevron angle, a plate height of 2 mm, and an 8 mm wavelength. There were four evaporator outlet conditions (vapor quality 0.8–1, vapor superheat 5–10 °C) for the aforementioned refrigerants, as well as the average HTCs on the refrigerant side versus heat flux for a Tsat = 10 °C. Figure 23 depicts the average HTC on the refrigerant side plotted against heat flux. The primary findings listed in their conclusions are as follows:




	
For all of the investigated refrigerants, the HTCs were strongly related to the heat flux, outlet condition, and fluid characteristics and quite independent of saturation temperature.



	
The HTC for R-1234ze(E) was 10–20% greater than that for R-134a. Regarding their capacity to transfer boiling heat, the refrigerants R-1234yf and R-1234ze(E) can be considered as appropriate R-134a replacements.



	
For the refrigerants R600a, R-290 and R-1270, the boiling HTCs with a vapor quality of about 0.8 were 0–6% higher than those with an outlet vapor quality of around 1, and 5–16% higher and 25–50% higher than the HTCs with a 10 °C of outlet vapor superheat.



	
The HTCs of R-410A were 40–50% greater than those of R-134a and 50–60% higher than those of R-236fa when subjected to identical operating conditions.



	
When the outlet vapor quality was 0.8, the HTCs were 2–10% higher for R-410A, R-236fa, and R-134a. These saturated boiling HTCs were 5–20% higher than those for R410A, R-236fa, and R-134a when the vapor quality at outlet was around 1. These saturated boiling HTCs were 30–40% higher than those for R410A, R-236fa, and R-134a at a 10 °C vapor super-heating outlet.



	
The HTCs for R-1234yf with an outlet vapor quality of 0.8 were 0–2% higher than those with an outlet vapor quality of 1, 1–5% higher than those with a 5 °C outlet vapor superheat, and 15–40% higher than those with a 10 °C outlet vapor superheat.



	
The rather small drop in HTCs with increasing vapor quality was most likely caused by dry-out that began in the upper section of the evaporator.



	
There was a discernible decline in the two-phase HTCs that occurs with vapor superheat. This was because the single-phase HTCs that impact the superheating section of the heat transfer surface were lower than the two-phase HTCs that affect the boiling component of the heat transfer surface.



	
Under the same operating conditions, the observed HTC of R-1234ze(Z) was 17–22% greater than that of R-1233zd(E). This was primarily explained by the different thermophysical and thermodynamic properties between R-1234ze(Z) and R-1233zd, which include better liquid thermal conductivity, lower latent heat of vaporization, and lower pressure (E).








A large database of LGWP refrigerants boiling inside brazed PHEs were collected by Longo et al. [108] who also developed an ANN model to estimate the refrigerant boiling HTCs inside a brazed PHE with a low MAPE. Their research aimed to precisely predict the behavior of other LGWP refrigerants, whose thermophysical and thermodynamic properties have not yet been well characterized. The model exhibited a satisfactory level of congruence with the 1760 data points contained in the database, comprising 16 refrigerants and 15 plate geometries (four natural refrigerants, six LGWP refrigerants). The predictions made by the model had a MAPE of 4.8%. The ANN model predicted boiling within a brazed PHE better than other state-of-the-art analytical computational techniques. The study provided a comprehensive report on the ANN model’s defining parameters. Longo et al. [109] also published and evaluated a database (comprising 2549 data points) on boiling and condensation flow inside a brazed PHE. The gradient boosting machines (GBM) model can predict two-phase diabatic refrigerant flow in a brazed PHE. The model’s MAPE for recreating the entire database is 6.6%. For two-phase pressure drop in a brazed PHE, the GBM model outperforms state-of-the-art analytical computational approaches. Utilizing the h2o package in R or the h2o module in Python in conjunction with the GBM model’s parameters gives a simple approach for applying the model.




5. Conclusions


This study reviewed the nucleate/convective boiling characteristics of LGWP refrigerant alternatives to some major high-GWP refrigerants (such as R-134a, R404A, and R-410A, etc.). Heat transfer and pressure drop characteristics were discussed in detail. The authors reviewed the most prevalent refrigerants, including R-1234yf, R-1234ze(E), R-1234ze(Z), R-513A, and R-450A. Thermo-fluid characteristics were summarized in inside/outside tubes, mini-channels, micro-fin tubes, and plate heat exchangers. Detailed heat transfer coefficient and pressure drop in associated with operating conditions, tube geometry, were also elaborated on in this thorough review. The heat transfer performance included convective boiling inside the tube and nucleate boiling outside the tube.



In order to the improve performance and make up for the inferior qualities of LGWP refrigerants compared to traditional alternatives, it is recommended that researchers concentrate more of their attention on refrigerant-selection techniques that can provide further optimization. In addition to the thermo-fluid characteristics, it is crucial to evaluate all technical, economic, and environmental factors when choosing refrigerants. Researchers are also urged to combine life-cycle analysis and techno-economic analyses. This method offers a tremendously useful perspective on how products perform in terms of the environment over the course of their whole life cycle.



Nonetheless, the existing database requires expansion to include additional LGWP refrigerants, surfaces and conditions. This expansion of the existing database will be essential in order to better understand the performance of various LGWP refrigerants. There are fewer mechanistic-based models for LGWP refrigerants in the literature. These models may assist in the improvement of boiling, forecasting heat transfer performance, and the design of high-performance geometries. To this end, researchers have attempted to incorporate and extend existing mechanistic models for predicting performance. The majority of relationships do not rely on a database of LGWP refrigerants. In future studies, the accurate of these association forecasts for LGWP refrigerants should be determined. To assist in this, there should be greater development of mechanistic-based models for LGWP refrigerants that account for their different physical and chemical properties.
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Nomenclature




	
A

	
Area (m2).

	
σ

	
Surface tension (N/m).




	
b

	
Depth of the corrugation (m).

	
θ

	
Contact angle (◦).




	
Bo

	
Bond number.

	
Δ

	
Difference.




	
Cp

	
Specific heat capacity (J/kg K).

	
ν

	
Viscosity (m2/s).




	
D

	
Diameter (m).

	
β

	
Chevron angle.




	
dh

	
Hydraulic diameter, (m).

	
α

	
Helix Angle.




	
g

	
Gravity (m/s2).

	
λ

	
Corrugation Pitch.




	
G

	
Mass flux (kg/m2).

	
ε

	
Corrugation amplitude.




	
h

	
Heat transfer coefficient (W/m2K).

	
η

	
Corrugation Wavelength.




	
H

	
Height [m].

	
Subscript




	
J

	
Specific enthalpy (J/kg).

	
a

	
Absolute.




	
k

	
Thermal conductivity (W/m K).

	
avg

	
Average.




	
L

	
Length (m).

	
ch

	
Channel.




	
l

	
Fluid flow plate length (m).

	
Exp.

	
Experiment.




	
m

	
Mass flow rate (kg/s).

	
fin

	
Fin.




	
MAPE

	
Mean absolute percentage error (%).

	
i

	
Inside.




	
Nch

	
Number of channels.

	
l

	
Lubricant.




	
Nfin

	
Number of fins.

	
m

	
Mean.




	
N

	
Number of effective plates.

	
pl

	
Plate.




	
P

	
Pressure (Pa).

	
o

	
Outside.




	
P*

	
Reduced pressure (Pa).

	
0

	
Pure refrigerant.




	
p

	
Pitch (m).

	
r

	
Refrigerant.




	
Pr

	
Prandtl number.

	
sat

	
Saturation.




	
q”

	
Heat flux (W/m).

	
v

	
Vapor.




	
Q

	
Heat flow rate (W).

	
w

	
Wall.




	
Ra

	
Arithmetic mean roughness (μm).

	
Abbreviation




	
Re

	
Reynolds number.

	
ANN

	
Artificial neural network.




	
Rp

	
Roughness (μm)

	
GWP

	
Global Warming Potential.




	
s

	
Plate wall thickness (m).

	
HVAC

	
Heating, Ventilation, and Air Conditioning.




	
t

	
Thickness.

	
HTC

	
Heat Transfer Coefficient.




	
T

	
Temperature (K).

	
HT

	
Heat Transfer.




	
U

	
Overall heat transfer coefficient (W/m2K).

	
HF

	
Heat Flux.




	
v

	
Specific volume (m3/kg).

	
HFC

	
Hydrofluorocarbon.




	
W

	
Width (m).

	
HFO

	
Hydrofluoroolefin.




	
x

	
Vapor quality.

	
LGWP

	
Low Global Warming Potential.




	

	
MAPE

	
Mean absolute percentage error.




	
Greek symbols

	
ODP

	
Ozone Depletion Potential.




	
ν

	
Viscosity (m2/s).

	
OSPHE

	
Oblong Shell Plate Heat Exchanger.




	
ω

	
Mass concentration of oil (%).

	
PHE

	
Plate Heat Exchanger.




	
    ρ l    

	
Liquid density (kg/m3).

	
POEA

	
Polyolester Oil.




	
    ρ v    

	
Vapor density (kg/m3).

	
SPHE

	
Shell Plate Heat Exchanger.
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Figure 1. Characteristics of environmentally benign ideal refrigerants. 
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Figure 2. Thermophysical properties of LGWP alternatives to R-134a [3]. 
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Figure 3. Evaporator geometries for (a) GEWA-B tube, (b) PHE, (c) micro-fin tube, and (d) micro-channel under discussion in this review [18,19,20]. 
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Figure 4. HTC versus heat flux for pure, R-1234ze(E)/POEA-220 and R-1234ze(E)/POEA-68 oil at 10, 0 and −6 °C [19]. 
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Figure 5. HTCs for new and aged surfaces versus heat flux curves at various saturation temperatures [21]. 
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Figure 6. Influence of HTCs and heat flux on R-134a, R-1234ze(Z), R-245fa, and R-1234ze(E) [25]. 
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Figure 7. HTCs versus heat flux for seven types of coating [40]. 
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Figure 8. Influence of the plain and two enhanced surfaces on HTCs [45]. 
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Figure 9. Performance of R-134a at a Tsat = 6 °C for HTCs with different lubrication concentrations [47]. 
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Figure 10. Experimental HTCs for R-152a, R-1234yf, and R-134a versus the mass flux [53]. 
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Figure 11. Evaporation HTCs of the R-404A and alternative refrigerants depicted as a function of mass flux [59]. 
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Figure 12. Effect of mass velocity on flow boiling HTCs at two heat fluxes (i.e., 12 and 60 kW/m2) [73]. 
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Figure 13. Mass velocity influence on two-phase frictional pressure drop at a Tsat = 20 °C and HF = 30 kW/m2 [73]. 
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Figure 14. HTC in relation to vapor quality against mass velocities at 10 kW/m2 [68]. 
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Figure 15. Two-phase HTCs as a function of vapor quality as a function of mass velocities [68]. 
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Figure 16. Mean HTCs and wall temperatures as a function of vapor quality at a Tsat = 120 °C [84]. 
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Figure 17. HTCs comparison of R-1234ze(E) and R-32 [77]. 
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Figure 18. Average evaporation HTC comparison of R-1234ze(E) in a PHE at variable operating conditions [15]. 
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Figure 19. Average evaporation HTC comparison of R-1234ze(E) at variable operating conditions in the SPHE [15]. 
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Figure 20. Variations in two-phase frictional pressure drop for R-1234ze(E) as measured in the PHE [15]. 
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Figure 21. Variation in the R-1234ze(E) HTCs in the OSPHE [96]. 
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Figure 22. Frictional pressure drop versus quality [103]. 
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Figure 23. Influence of average HTCs on the refrigerant side and heat flux for a saturation temperature of 10 °C [6,9,10,16,106,107]. 
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Table 1. At 40 °C, the transport and thermodynamic properties of LGWP refrigerants alternative to R-134a [3].
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Refrigerant

	
ASHRAE Class

	
GWP100 years

	
   M   

	
     T c    ( ° C )    

	
     P a    ( kPa )    

	
     P c    ( kPa )    

	
     ρ l    ( kg /  m 3  )    

	
     ρ v    ( kg /  m 3  )    

	
     h  f g     ( kJ / kg )    

	
     k l    ( W / m . K )    

	
    σ  ( N / m )   

	
     μ l    ( μ Pa - s )    

	
     μ v    ( μ Pa - s )    






	
R-134a

	
A1

	
1300 *

	
102.3

	
101.08

	
1016.6

	
4059

	
1146.7

	
50.085

	
163.02

	
0.074716

	
0.0061149

	
161.45

	
12.373




	
R-513A

	
A1

	
573 *

	
108.4

	
96.5

	
1072.5

	
3766

	
1073.2

	
57.716

	
142.2

	
0.064557

	
0.0048760

	
137.51

	
12.273




	
R-1234yf

	
A2L

	
<1 *

	
114.04

	
94.7

	
1018.4

	
3381

	
1033.8

	
57.753

	
132.27

	
0.059045

	
0.0044031

	
127.22

	
12.247




	
R-1234ze(E)

	
A2L

	
<1 *

	
114.04

	
109.4

	
766.5

	
3636

	
1111.51

	
40.64

	
154.8

	
0.069187

	
0.006956

	
167.00

	
12.93




	
R-1234ze(Z)

	
A2L

	
6 *

	
114.04

	
150.1

	
289.90

	
3530

	
1183.4

	
14.126

	
196.30

	
0.081498

	
0.010944

	
211.25

	
9.8580




	
R-450A

	
A1

	
547 *

	
108.6

	
104.4

	
901.74

	
3820

	
1121.6

	
45.662

	
156.64

	
0.070976

	
0.0064315

	
156.79

	
12.698




	
Low-pressure alternative refrigerants




	
R-123

	
B1

	
79 *

	
152.93

	
183.68

	
154.47

	
3668

	
1424.8

	
9.6292

	
164.94

	
0.072421

	
0.013431

	
352.4

	
11.260




	
R-245fa

	
B1

	
858 *

	
134.05

	
154.01

	
250.65

	
3650

	
1296.7

	
14.012

	
182.31

	
0.083293

	
0.011711

	
329.13

	
10.942




	
R-1233zd(E)

	
A1

	
1 *

	
130.05

	
165.5

	
215.55

	
3570

	
1225.6

	
11.665

	
183.06

	
0.078297

	
0.012618

	
247.14

	
10.854








* IPCC 5th assessment.
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Table 2. Experimental conditions, dimensions and specifications of smooth and enhanced tubes.






Table 2. Experimental conditions, dimensions and specifications of smooth and enhanced tubes.





	Author
	Refrigerant/

Lubricant
	Geometry
	Heat Flux

(kW/m2)
	Saturation Temperature (°C)
	Mass Fraction (ω %)
	Major Findings





	Kumar et al. [21]
	R-1234ze(E)/POEA-220 blend

R-1234ze(E)/POEA-68 blend
	GEWA-B5H Tube
	10 to 90
	−6, 0 and 10
	0.25 to 10
	R-1234ze(E) and POEA-68 with 5% oil did not improve HT performance over pure refrigerant. Increased mass fraction at a low Tsat reduced the HTC of low-viscosity oil PO EA-68 (0 and −6 °C).



	Kumar and Wang [29]
	R-454B

R-454B/POE-oil blend
	GEWA-B5H Tube
	10 to 90
	−6, 0 and 10
	0.25 to 10
	GEWA-B5H tube’s HT performance was 2.5 to 5.5 times greater than the smooth tube at the same heat flux and Tsat for R-454B and R-410A. HTC’s textured surface was less efficient.



	Kumar et al. [2]
	R-134a

R-134a/POEA-68 blend,

R-134a/POEA-170 blend
	Smooth tube
	10 to 90
	−6, 0 and 10
	1 to 10
	Lubricant refrigerant mixtures increased HTC by 29.3% at 70 kW/m2 at −6 °C. R-134a/POEA-170 3% had the largest HTC increase, 26%.



	Nagata et al. [25]
	R-245fa, R-1234ze(Z), R-1234ze(E), and R-1233zd(E)
	Smooth tube
	0.73 to 80.13
	10 and 60
	-
	R-1234ze(Z) had a lower pool boiling HTC than R-134a, but R-1234ze(Z)) had greater and R-1233zd(E) lower HTCs than R-245fa.



	Byun et al. [30]
	R-1234zd (E)

R-1233ze (E)
	Smooth tube and two enhanced tube surfaces
	10–50
	4.4 and 26.7
	-
	The HTCs of R-1234ze(E) and R-1233zd(E) for the enhanced 1sttube were 9.8–14% and 60–75% lower than R-134a, respectively. The HTCs of R-1234ze(E) and R-1233zd(E) for an enhanced 2nd tube were 13.3–17.9% and 39.5–43.7% lower than R-134a, respectively.



	Stephan and

Mitrovic [31]
	R-12/Clavus G-

68
	GEWA-T
	2.08 to 21.75
	−20 to −0
	0 to 10
	Low heat flux affects the HTC more than pure refrigerant. At a small mass percentage and rising heat flow, the HTC is greater than pure refrigerant.



	Kedzierski et al. [32]
	R-123/

hydrocarbon
	GEWA-T
	10 to 80
	4.4
	0.1 to 1
	Adding 0.5% isopentane to pure R-123 increased the heat flow by 19%. Pentane, hexane, and cyclohexane mixed less. R 123/heptane impairs the heat transfer in all tests.



	Kedzierski et al. [33]
	R-123/N-hexane
	GEWA-T
	10 to 80
	4.4
	1 to 2
	Compared to pure R-123, R-123/hexane mixes 99/1 and 98/2 increased the heat flux by 47 and 29%, respectively.



	Jensen and Jackmen [22]
	R-113
	Smooth tube
	10 to 100
	47.7
	0 to 10
	The HTC diminishes with growing vapor bubble oil concentration due to diffusion. Theoretical correlations agree with the experimental and literary evidence.



	Mohrlok et al. [24]
	R507
	Smooth tube

GEWA-B
	1 to 80
	−28.6 to 20.1
	0 to 10
	HT increased by 3% at lower saturation temperatures with increased oil mass fractions in the smooth tube. Oil and refrigerant combination components are incompatible, causing the result. For oil mass fractions over 1%, HTCs decreased with growing heat flow.



	Kim and Kim [34]
	R-123/oil blend
	GEWA tubes
	10 to 40
	4.4 and 26.7
	1 to 10
	20–38% HT degradation with 1% oil concentration at 4.4 °C. Larger pores and tube spacing remove oil. Ideal tube operates better than smooth tube.
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Table 3. Inside the tube, specifications, dimensions, and experimental conditions from the literature.
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	Authors
	Saturation Temperature (℃)
	Working Fluid
	Heat Flux (kW/m2)
	Mass Flux (kW/m2)
	Boiling Geometry





	Zurcher et al. [60]
	4
	Ammonia
	5 to 58
	20 to 140
	Material = 439 grade stainless steel tube,

Length = 3.26 m,

Inner diameter = 14 mm,

Thickness wall = 0.93 mm



	Mohseni and Behabadi [61]
	−17 to −12
	R-134a
	2.1 to 5.3
	53 to 170
	Material = copper smooth tube,

Length = 1100 mm,

Inner diameter = 8.9 mm



	Kundu et al. [62]
	5 to 9
	R-134a

R-407C
	3 to 10
	100 to 300
	Material = copper smooth tube,

Length = 1200 mm,

Inner diameter = 7 mm,

Thickness wall = 1.26 mm



	A. Greco [63]
	−6 to 35
	R-22,

R-134a,

R-404A,

R-410A,

R-507,

R-407C,

R-417A
	3.5 to 47
	200 to 1100
	Material = Stainless steel horizontal tube,

Length = 6000 mm,

Inner diameter = 6 mm,

Thickness wall = 1 mm



	Kondou et al. [64]
	10
	R-32/R-1234ze(E) mixture
	10–15
	150 to 400
	Outer diameter, Do = 6.04 mm,

Fin root diameter, dmax = 5.45 mm,

Fin height, hfin = 0.255 mm,

Equivalent inner diameter, deq = 5.35 mm,

Helix angle, α = 20.1°,

Number of fins, Nfin = 48,

Surface enlargement, ηA = 2.24



	Kedzierski and Kang [50]
	4.46
	R-448A,

R-449A,

R-452B
	(29.6 − 29.8xq)
	100
	Annulus gap = 2.2 mm,

Micro-fin tube wall thickness = 0.3 mm,

Helix angle, α = 18°,

Cross-sectional flow area = 60.8 mm2,

Equivalent smooth diameter (De) = 8.8 mm,

Micro-fin tube root diameter = 8.9 mm.



	Kim C,H and Kim N,H [65]
	10
	R-404A

R-448A,

R-449A,

R-455A,

R-454C
	5 to 15
	90 to 300
	Micro-fin tube outer diameter (Do) of = 7.0 mm,

Wetted perimeter (Pw) = 29.2 mm,

Fin root diameter (Dr) = 6.44 mm,

Flow x-sectional area (Ac) = 31.93 mm2,

Hydraulic diameter = 4.37 mm,

Helix angle, α = 18°.



	Kim C,H and Kim N,H [59]
	15
	R-448A,

R-449A,

R-454C

R-455A,
	2.8 to 6.5
	200 to 400
	Same as [65]



	Greco A and Vanoli G P [66]
	−15.5 to 19.8
	R-22

R-507
	10.6 to 17
	250 to 286
	Material = stainless steel,

Length tube = 6 m,

Inside diameter = 6 mm,

Wall thickness = 1 mm.



	Li et al. [53]
	−13.9 to 14.6″
	R-1234yf,

R-152a

R-134a
	
	6 to 65
	Horizontal copper annular tube,

Inner diameter = 7.9 mm,

Outer diameter = 12.7 mm,

Outer wall thickness = 0.77 mm,

Evaporator total length = 1280 mm.



	Laohalertdecha et al. [56]
	40
	R-1234yf,

R-134a
	5 to 10
	300 to 500
	Corrugation pitch = 5.08~8.46 mm,

Corrugation wide = 1~1.5 mm,

Corrugation depth = 1 mm,

Helix angle, α = 76.56~79.47°,

Inner diameter = 8.7 mm,

Test section length = 2000 mm.



	Diani et al. [67]
	10 to 20
	R-1234ze(E)
	10 to 50
	375 to 940
	Fin tip inner diameter = 2.4 mm,

Outer diameter of 3.0 mm,

Number of fins along circumference = 40,

Height = 0.12 mm,

Apex angle = 43°,

Helix angle, α = 7°,

Copper plate, = 225 mm

Long = 10 mm

Wide = 20 mm thick.



	Mancin et al. [68]
	30
	R-134a
	10 to 50
	190 to 755
	Inner diameter at fin tip = 3.4 mm,

Outer diameter = 4 mm,

Number of fins along circumference = 40,

Height, = 0.12 mm,

Helix angle, α = 18°,

Materials = copper plate,

Length = 300 mm,

Width = 10 mm,

Thickness = 20 mm.



	Mashouf et al. [69]
	56.5
	R-600a
	
	155 to 467
	Length = 1100 mm,

Outer diameter = 9.5 mm,

Inside diameter = 8.25 mm,

Thickness = 0.6 mm,

Pitch ratio = 1.21,

Diameter of the shallow dimples = 1 and 2 mm,

Depths of the shallow dimples = 0.5 and 1 mm.



	Saitoh et al. [54]
	15
	R-1234yf
	6 to 24
	100 to 400
	Materials = copper,

Tube inside diameter, d = 4 mm,

Measurement section length = 800 mm,

Pre-section length = 200 mm,

Total length = 1300 mm,

Inner surface roughness Ra = 0.7 μm,

Inside tube surface roughness Rp = 1.8 μm.



	Longo et al. [57]
	10 to 20
	R-1234yf

R-1234ze E
	15 to 30
	300 to 600
	Tube inside diameter, d = 4 mm,

Total length = 1300 mm,

Examined section length, L = 800 mm,

Pre-section length = 200 mm,

inside tube surface roughness Ra = 0.7 μm,

Inside tube surface roughness Rp = 1.8 μm.



	Longo et al. [58]
	5 to 20
	HC290 (Propane)

HC1270 (Propylene)

R-404A
	15 to 30
	100 to 800
	Same as [59]



	Longo et al. [70]
	10 to 20
	R-134a

R-1234ze (E)
	10 to 30
	200 to 600
	Same as [59]



	Yang et al. [55]
	14
	R-134a

R-1234yf
	10 to 57
	200 to 1200
	Length = 600 mm,

Inside diameter = 4 mm
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Table 4. Experimental conditions, specifications and dimensions of the microchannel as reported in the literature.
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Authors

	
Working Fluid

	
Saturation Temperature (℃)

	
Mass Flux (kg/m2s)

	
Heat Flux (kW/m2)

	
Microchannel Geometry






	
Zhao et al. [74]

	
R-1234yf

	
75 to 95

	

	

	
Sample #

	
I

	
II

	
II

	
IV

	
V

	
VI




	
Core size (mm)

	
201 × 308.8 × 38

	
201 × 308.8 × 38

	
220.7 × 234.1 × 38

	
211 × 248.2 × 45

	
211 × 216.8 × 38

	
204 × 229.8 × 50




	
No. of mini-channel per tube

	
11

	
11

	
11

	
13

	
14

	
20




	
Hydraulic diameters

	
1

	
1

	
1

	
1

	
1

	
1




	
Diameter of mini-channels (mm)

	
1.14

	
1.1

	
1.07

	
1.13

	
0.95

	
1.01




	
No: of tubes

	
32

	
29

	
24

	
38

	
37

	
33




	
Pitch Fin (mm)

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4




	
Height Fin (mm)

	
8

	
8

	
8

	
8

	
8

	
8




	
No. of passes

	
2

	
2

	
2

	
2

	
4

	
4




	
Thickness Fin (mm)

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
Huai et al. [75]

	
CO2

	
3.08 to 16.96

	
131 to 499

	
10 to 20

	
Effective length = 500.0 mm, width = 20 mm and thickness = 2 mm, multiport tube having 1.31 mm circular channels




	
Agostini and Bontemps [76]

	
R-134a

	
−272.15 to −256.15

	
90 to 295

	
6.0 to 31.6

	
No. of channels = 11, arrangement = parallel rectangular (3.28 mm × 1.47 mm), hydraulic diameter = 2.01 mm, and total length = 1100 mm




	
Jige et al. [77]

	
R-32

R-1234ze(E)

	
15

	
50 to 400

	
5 to 40

	
No. of channels = 12, arrangement = rectangular mini-channels (0.82 mm × 0.82 mm), hydraulic diameter = 0.82 mm, tube width, = 16.0 mm, tube thickness, = 1.51 mm, cross-sectional area = 8.0 mm




	
Kudo et al. [78]

	
R-134a

	
12

	
50, 100, and 200

	
2 to 10

	
No. of channels = 20, arrangement = rectangular mini-channels, hydraulic diameter = 0.81 and 0.64 mm, Total length = 852 mm




	
Chen et al. [79]

	
Water

	

	

	
1000

	
Heat sink size = 25 × 25 × 0.75 mm, layer of Tim with a thickness of 100 µm




	
Nalbandian et al. [80]

	
R-1234yf

R-134a

	
14

	
100 to 600

	
1.2 to 4.1

	
Materials = aluminum, thickness = 1.5 mm, width = 30.2 mm, length = 675 mm, hydraulic diameter = 1 mm, No. of channels = 37, cross-sections channel = 0.5 mm × 0.5 mm2, and pitch channel = 0.3 mm.




	
Zhang et al. [81]

	
R-134a

	

	

	

	
Width = 26 mm, length = 60 mm, fin width = 0.5, fin height= 1 mm, fins pitch = 0.5 mm, and cross-sectional area = 14 × 14 mm2
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Table 5. Experimental conditions, specifications and dimensions of a plate heat exchangers in the literature.






Table 5. Experimental conditions, specifications and dimensions of a plate heat exchangers in the literature.





	
Authors

	
Working Fluid

	
Saturation Temperature (℃)

	
Mass Flux (kg/m2s)

	
Heat Flux (kW/m2)

	
PHE Geometry






	
Longo G, A and Gasparella, A [10]

	
R-410A

	
4.8 to 20.3

	
15.5 to 40.1 (for refrigerant)

53.4 to 190 (for water)

	
5.9 to 26.1

	
Specifications of the Tested PHE




	
Length, L plate (mm)

	
278




	
Width, W plate (mm)

	
72




	
Area, A plate (m2)

	
0.02




	
Longo G, A and Gasparella, A [6]

	
R-134a,

R-410A

R-236fa

	
9.7 to 20.3

9.8 to 20.3

9.9 to 20.3

	
for refrigerant

11.8 to 36.7

15.5 to 40.1

11.4 to 27.6

for water

42.4 to 231.5

53.4 to 190.5

30.5 to 158.7

	
4.5 to 19.7

5.9 to 26.1

31.to 13.9

	
Corrugation type

	
Herringbone




	
Angle of the corrugation β (°)

	
65




	
Corrugation amplitude ε (mm)

	
2




	
Corrugation pitch P (mm)

	
8




	
Longo G, A and Gasparella, A [7]

	
R-134a

	
9.7 to 20.3

	
11.8 to 36.7

	
4.5 to 19.7

	
Plate roughness Ra (μm)

	
0.4




	
Plate roughness Rp (μm)

	
1




	
No. of plates

	
10




	
Longo [9]

	
R-1234yf

	
4.8 to 20.2

	
15.5 to 40.1 (for refrigerant)

53.4 to 190 (for water)

	
4.2 to 17

	
No. of plates effective

	




	
Channels on refrigerant side

	
4




	
Channels on water side

	
5




	
Kim et al. [87]

	
R-1234ze(E)

R-134

	
5, 10, 15

	
21, 32, 45, 58

	
0.5 to 10

	
Geometrical characteristics of the evaporator




	
Material

	
SUS-316




	
No. of refrigerant channels

	
3




	
No. of water channels

	
4




	
Chevron angle, β, °

	
30, 60




	
Effective channel length, mm

	
201




	
Channel width, W, mm

	
117




	
Corrugation depth, mm

	
1.94




	
Corrugation pitch, λ, mm

	
7.5




	
Enlargement factor, φ

	
1.15




	
Hydraulic diameter, mm

	
3.37




	
Solotych et al. [88]

	
HFE 7100

	

	
25 to 100

	
up to 8

	
Length, Lplate

Width, W plate

Chevron angle, β

Corrugation pitch, λ

Corrugation amplitude, ε

	
99 mm

50 mm

60°

5.7 mm

1.0




	
Lee et al. [89]

	
R-134a

	
17.7 to 25.8

	
0.00128 to 0.0017

	
0.11~0.19

	
Flow channel gap, b = 2.8 mm,

Thickness, t Plate = 0.6 mm,

Corrugation pitch, λ = 9.5 mm,

Width, W Plate = 0.210 m,

Length, L Plate = 0.648 m,

Chevron angle, β = 30°,

Enlargement factor, φ = 1.346,

Number Refrigerant side Plate: = 8,

Number Water side Plate: = 7




	
Huang et al. [90]

	
R-134aR-507A

	
5.9 to 13

	
10.7 to 31.4

	

	
Total No. of plates N Plate = 24,

No. of water channels Nch, w = 11,

No. of refrigerant channels Nch, r = 12,

Total heat transfer area A = 2.09 m2,

Port-to-port channel length L Plate = 519 mm,

Effective channel length Leff = 466 mm,

Channel width Wch = 180 mm,

Corrugation depth b = 2 mm,

Corrugation wavelength η = 8.1 mm,

Enlargement factor ϕ = 1.14,

Hydraulic diameter dh = 2b/ϕ = 3.51 mm




	
Jokar et al. [91]

	
R-134a

	
−6 to 29 (evaporation)

	
13.1 to 49.6

	

	
Area plate = 26,000 mm2,

Number plates = 34, 40, and 54,

Height plate = 311 mm,

Width plate = 112 mm,

Thickness plate = 0.4 mm,

Mean channel spacing = 2 mm,

Corrugation inclination angle = 60°,

Inlet/outlet port diameter = 30.5 mm




	
Djordjevic and Kabelac [92]

	
R-134a

R-717

	
−8 to 10

	
55 to 60 (R-134a)

10 to 25 (R-717)

	
10.0 to 30.0

	
Length L plate = 872 mm,

Width W plate = 486 mm,

Amplitude ε = 1.6 mm,

Wavelength η = 12 mm,

Thickness t plate = 0.6 mm,

Thermal conductivity k plate = 15 W/mK,

Chevron angle β type A = 63°,

Chevron angle β type B = 27°




	
Hsieh and Lin [93]

	
R-410A

	
7.5 to 30.5

	
50 to 125

	
5 to 35

	
Length plate = 500 mm

Width plate = 120 mm

Thickness plate = 0.4 mm,

Area plate = 0:064 m2,

Chevron angle, β = 60°




	
Han et al. [94]

	
R-22

R-410A

	
5 to 15

	
11 to 34

	
2.5 to 8.5

	
Length Plate, = 476 mm,

Width Plate = 115 mm,

Thickness Plate = 0.4 mm,

Chevron angle, β = 20°, 35°, and 45°




	
Del Col et al. [95]

	
R-32

	
5

	
20.0 to 50.0

	
3.0 to 27.0

	
Length, L Plate = 529 mm,

Width, W Plate = 113 mm,

Hydraulic diameter, dh = 2.92 mm,

Amplitude, ε = 1.46 mm,

Enlargement factor = 1.22,

Chevron angle, β = 60°




	
Kim et al. [96]

	
R-410A

	
0 to 10

	
40 to 80

	
4.0 to 8.0

	
Material Plate

	
SUS 304




	
Material Shell

	
Steel




	
Length Plate, (m)

	
0.381




	
Diameter Port, (m)

	
0.025




	
Thickness Plate, (m)

	
0.0007




	
Pressure Working, (MPa)

	
Max. 10




	
Temperature Working, (°C)

	
−195~400




	
Chevron angle, (°)

	
45




	
Surface per plate, (m2)

	
0.073

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Heat transfer coefficient (kW/m?.K)

Plain surface
- - RaI0A
-0 R
12 um roughness
- 4= Ra410A
R34
Jos pum rowghness

- *-R410A
o R3

151 ym roughness
- o= R410A
o130

271 um roughness
- R4I0A
Ri3a

395 s roughness
- e Ra10A
R

23 um roughness
- e RaI0A

- 0-Ri3a

Heat flux (kW/m?)






media/file4.png
Low GWP alternative / R-134a Ratio

Low GWP alternative / R-134a Ratio

3.0

2.5

2.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

Thermodynamic Properties ;...

& a2

Hm

e o

=] ]

%

=] ]

Hu

HE

HE

el

il |

HE

2] |

W 8 O

HE

1

G e 4

HE

HE

O e

CFEms T e
L | L

BE

i Density p

] Specific heat Cp

Heat of vaporization hy,

Pressure

R-1234ze(Z)
R-1234yf
R-1234zd(E)
R-513a
R-410A

O m # O =

R-1234ze(Z)
R-1234yf
R-1234zd(E)
R-513a

& R-410A

®» & O @

¢ R-1234ze(Z)
o R-1234yf

& R-12342d(E)
& R-513a

¢ R-410A

®  R-1234ze(7)
R-1234yf
@ R-1234zd(E)

0

Saturation Temperature (°C)

Transport Propertie

20

40

S Liquid
I

60

D s g

COaAEMm

L]

0 e G

[sal 3 ¥ |

o

L e# &

CMIX)

L ]

n e & &

¢ Ty m

C CDBMU e e o

O 4 m U

o # @

T

* o &

C ¢ @O

€ ¢G5y Mmoo

1 -

T

IR

oQ {:m E 10

@

[ ]

of <xm Emo

¢ Sva G

40 < ) ™

i 1]

co Com
© © Onm

O« < am .

<

O < P Im (i) |

€«

G-

e

<

LR Jwid |

1Thermal conductivity K

" R-1234ze(Z)
o R-1234yf

& R-1234zd(E)
= R-513a

& R-410A

Viscosity u

®  R-1234ze(Z)
O R-1234yf

@ R-1234zd(E)
®  R-513a

*  R-410A

Surface tension o

*  R-1234ze(7)
< R-1234yf

% R-1234zd(E)
4 R-513a

¥  R-410A

Saturation Temperature (°C)

20

40

60

Low GWP alternative / R-134a Ratio

Low GWP alternative / R-134a Ratio

Thermodynamic Properties ,,,,
T T ' J ) ! ' |Pressure
3.0 o o = & R-513a
oo s o R-410A
O.g . Density p
2.5 F e« B O N A R-1234ze(Z)
A, Sogoe & R-1234yf
e S , — 4 R-1234zd(E)
20 Sos e e s s . . A R-513a
. ] 4 R-410A
s " |Specific heat C
1.5 | o . ] e . pR 1234ze(Z)
N = - - e
=7 L
R S S S S A A A A A ] O R-?i-“yf
102 & & & s e o o o o o o o _S—— : g-;iézd(ﬂ
& & 8 8 2 8 3 e
ts e, s R-410A
. - < @ &
05| e -
% a * ‘ g “+ g $ $ g g $ $ 3 g $ i
0.0 .
1 1 ) | A 1 |
-20 0 20 40 60
Saturation Temperature (°C)
I'ransport Properties ,,,,
18 ' ' ! ' ' ' ' ' = | Thermal Conductivity K
" R-1234ze(Z)
1 6 . _ o R'1234yf
' = @ R-1234zd(E)
. = R-513a
14 i . & R-410A
o o v {Viscostly u
1.2 F o B e v - & R1234ze(2)
o ¢ ¢ o e e e ¢ 7 g o R-1234yf
- = s 2= = i} . @ R-1234zd(E)
1.0 -2 5 2 § g g g8 88 8 8 8 88 884 . R513
|
[ ¢@ 2 4 00 2 § 3 D G i S SUPUP ¢ R-410A
08Le % o a é ’ ; L $ 9 T ? % —{Surface tension o
| @ B8 Sn ) A R-513a
) & R-410A
0.6 | B p
Fay
0.4 | A -
il
02 B 1 | L 1 1 1 T ]
-20 0 20 40 60

Saturation Temperature (°C)






media/file39.jpg
Frictional pressure drop (kPa)

T, =15 g 41 KW'
-G 2kgnis
& = Ged0kgim's
3 G35 kgns
&G0 kg/ms
G = 20kgims, T, - 15°C
& &g 28 kWi

[ s 1G = 20 ks, q'= 41 KW/
= - * Ty 7C
# Ty 10°C
T 150
Ty m20C

ax

T

o

S
Mg, |
o

04 05 06 07 08

Mean vapor quality





media/file18.png
Heat transfer cofficient (kW/m?K)

10

Pure 0.25% 0.5%
®  Plain * Plain 4  Plain
o Intergreted-fin Intergreted-fin 4 Intergreted-fin
#  Enhanced no: 1 #  Enhanced no: 1 4+ Enhanced no: 1
@  Enhanced no: 2 #  Enhanced no: 2 #  Enhanced no: 2
=  Enhanced no: 3 = Enhanced no: 3 4  Enhanced no: 3
=  Enhanced no: 4 « Enhanced no: 4 «  Enhanced no: 4
1% 2% 3%
v Plain ¢ Plain < Plain
Intergreted-fin Intergreted-fin < Intergreted-fin
+  Enhanced no: 1 “  Enhanced no: 1 < Enhanced no: 1
*  Enhanced no: 2 “  Enhanced no: 2 #  Enhanced no: 2
=  Enhanced no: 3 #  Enhanced no: 3 “  Enhanced no: 3
v  Enhanced no: 4 ~+ Enhanced no: 4 < Enhanced no: 4
5% 7% 10%
¢ Plain *  Plain * Plain
Intergreted-fin Intergreted-fin Intergreted-fin
Enhanced no: 1 +  Enhanced no: 1 ¢ Enhanced no: 1
@“  Enhanced no: 2 *  Enhanced no: 2 =  Enhanced no: 2
=  Enhanced no: 3 *  Enhanced no: 3 =  Enhanced no: 3
<«  Enhanced no: 4 *  Enhanced no: 4 <  Enhanced no: 4
Ll l Ll Ll Ll Ll Ll Al Ll
= : o .
W% = ﬁ : . 3
i T O :} *
& # f ¥, :-;i * Qf-‘m*‘?*,,s* ":’*
© 2 P /,_ ¢ A~ ¥ e
& g&’ e o oy o b e
o re —i & - . u 8 ;.ﬂ%
& A L L s e
L B ’: *A] gy o e
* < - e @ & 3 -« ‘A’, @
Ev“ -~ q ofe B‘ ¢ L & 1. ar ; ’ 'S :‘
* @ & & }. ’ 2 * *
5 o @ A * v ot .
. & e -~ Y
.. " O v ™ o I. g
* @ 7 0 P )
P B - v
g.. P t‘ & ‘ \:; o .‘ * : A
w : . @ o o
& 4 A . * MK
- r E]
- " v ';Av ‘ o L ] ‘
ve > a- o % © ¥ IRt
B L ]
e *
& < L ] i '3
‘(_,ﬂ ()
5 : <« ° .
2 ¥ a
.
-
a ®
L]
Wy o
-
L ]
e l e e A e e e A
10

Heat flux (kW/m?)






media/file21.jpg
ly= 286w

G d00kgin's B RAOA O RAHSA 8 RA49A~ 8- RASIC D RA55A
G 300kgin's O RADIA O RASA B RHIA & RASIC 0 RASA
G=200kyin's @ RAMA O R4HSA & R49A & R4NC © RASA

lg= 45k
G d00kyin's B RABIA D RMSA B RAMIA - RASIC - RATSA
G=300kyin's @ RAA O RAUSA D RAI9A @ RASIC - 0 RAS5A
G 200kgins O RABA O RHSA— & R4HIA —S— RASIC—— R45A

lg= 65k
G 00kgin's RAGIA  RHSA © RHMIA = R4SC © RASA
G 300kgins @ RADIA O RASA 5 RHIA S RABC 0 RASSA
G=200kyin's @ RAGAO R4H8A & RHOA-—-&- RASIC- -0~ RAS5A

Heat Transfer Coeffients (kW/m?K)

03 04 05

06

Vapor quaility

08 09





media/file44.png
12,800

11,200

9,600

8,000

6,400

Frictional pressure drop (I’a)

4,800

----"____- ___-.
.—_[::__._________———
M | " 1 1 1 . | . " : |
00 041 02 03 04 05 06 07 o

T

T, =62.7°C, G=40kg/m"s
— 45— @ 60°

=69.4°C, G=40kg/m’.s
—A—45° ¥ 60°

sat

Vapor quality






media/file26.png
18,000

16,000

14,000

12,000

10,000

Heat Transfer Coefficient (W/m?*K)

AL A l l {Smooth tube  HF = 12 kW/m’, HF =60 kW/m’
= e g - -4~ G = 300 kg/m®--T-- G = 300 kg/m’
,,'-' AL A G=400kg/m® L5 G =400 kg/m’
A : a & G=600kg/m’ G = 600 kg/m’
i u [ & 2 I G = 800 kg/m’ G = 800 kg/m’
Y = Microfin tube  HF =12 kW/n’, HF =60 kW/m’
= F‘WGD " - -~I--G=300kg/m‘"-1;}“G=300kg/nr’
ALK Oy ; ) A G=400kg/m* = G=400kg/m’
i 0 AB ¢ & P ° i & G=600kg/m’ G = 600 kg/m’
A N~ ¢ G =800 kg/m’ G = 800 kg/m’
* 7Ol
_ , 3 A R I
- . ,'- l‘\' A —
= A ; ’ 'l‘ ‘ b
] & ® A A A "\
- ¢ ¢ AT T - . A -
e
L
B l A l A l A l ' l A l ' l | l ' l T
c1 02 03 04 05 06 07 08 09 1.0

Vapor quility






media/file7.jpg
Heat Tramsfer Coeffiecient (kW/m’K)

re rfgn

.irc-o-re-s- s
25 mas racion

H . R R R
H POE20- 4 10°C- 4 (°C- 4 - 6C
. rocads + e 4 o o
3 ok i
s okt e i o0+ ec
S 2 Toea = e 5 oc o o
* PR+ 10C+ ¢+ -6
- POEA4S = 10°C 4+ 0C » C]
rouass - p
ot o
e+ e
roran - e

0
Heat Flux (kW/m?)

o %





media/file28.png
16 L ' ' ' v ' ' ' _|-- - Mass flux = 190 kg/m?s
® - Mass flux = 375 kg/m’s
g P -4~ Mass flux = 565 kg/m’s
o K @ Mass flux = 755 kg/m’s
E a4t PP
= P ®
5 12t R i
- S, "
r P 4 ALK
e ® A -
3 A
2 10 - ¢ o -
& Av-'_‘-"" e
»n A : i
c e
4]
=2 8F * -
< A o ]
< _ ,
e W = 5
6 o -
1 | /I R I B 1
0.1 02 03 04 05 06 07 08 09 1.0

Mean vapor quaility






media/file10.png
21.0 —T—

New surface
—a—10°C
i (°C

_ 60C

-

N

(&)
|

_|Aged surface
--0--10°C
c-0--0°C

s @ - —6°C

14.0 |-

Heat Transfer Coefficient ( kW/m?K)

10.5 | -
o
>

7o b 0

10 20 30 40 50 60 70 80 90
Heat Flux (kW/m?)






media/file11.jpg
TS
o s - &-Ri3a

£ o Z o Rt
£ ca = &= R250
=z . - - D)
<

H

g

2 o R4S
o

5

2

1

&

b
&

il 10 100

Heat flux (kW/m?)





media/file6.png
Lonoan

(a). GEWA-B tube

(c). Micro-fin tube

(b). PHE
: : "
— FETTTTTETRTeY
3_60'/9‘

(d). Mirco-chennel





media/file36.png
Heat transfer coefficient (kW/m’K)

2.7

24

2.1

1.8

1.5

1.2

PHE

- - -
- -
- a"" - -
- - ~ ~
- -~ -~ ~
- IR N
-~ - L
O ~ O

T.,~15°C, q-= 4.1 kW/m’

€ G=20kg/m’s
4 G=30kg/m’s
4  G=35kg/m’s
® G=40kg/m’s
G =20kg/m’s, T_=15°C
-<> - q'=2.8 kWin
-<t-gq=41kW/m’
-4 - g =54 kWim?
-0 - q=6.9kW/m?
q"= 4.1 kWin?’, T, ~15°C
- &--T,=7°C
~-<Pp--T,=10°C
- T,~15°C
--4--T_=20°C

0.6
Mean vapor quality






media/file15.jpg
Heat Transfer Coefficient (kW\m>.K)

Pl S
- Enhed 1
R
Jesswer 27
o i e
- Enkmed s 1
© Eabd srfc 2
——r
& i S
B bt afc |
+ - Exbment e
o pain S
O Enhced o 1
© Dbt g2
ka2 saC
S
- Enkwed s 1
© Eobed 2
i S
- Enbned e 1|
& oot ufe )

Heat Flux (kW\m?)





nav.xhtml


  processes-11-00468


  
    		
      processes-11-00468
    


  




  





media/file2.png
The refrigerant should have no ODP
and Low GWP (less than 150).

The refrigerant should be considered
for acute and chronic toxicity.

The refrigerant should have a good
miscibility and solubility with the
lubricant oils.

The refrigerant must have similar
thermodynamic and transport properties
as baseline (R-134a) refrigerant.

R

The cost of refrigerant must be
reasonable so that it can be easily
accessible.

@gemnt should h_ave.apgropriate
volumetric capacity to maintain the system
k/irformance.

ﬁ refrigerant should ideally not be flammable
and should not support burning when mixed

with ambient air at any proportion.






media/file23.jpg
Heat Transfer Coeflicient (W/m’K)

18000

g

14000

12000

10000

g

g

8

Jomooth tabe =120, HE =601
-Gk’ -0-G ke’
& Geioign' & Gk’

+ G-awiy oty
Gesmiga' G-k

et 151200, - 0100
G-k’ - G-k’

A Geamign'
+ Geotg’
Gesmig’

Getoig
Gttt
s

¢
e et
T o5 ot o5 o5 o7

Vapor quility






media/file24.png
' : o0 T m U JSmooth tube  HF =12 kWin, HF =60 kW/ni
18,000 | . N -~~~ G =300 kg/m* --3-- G = 300 kg/m’
Q ,,'. A | A G=400kg/m® L5 G =400 kg/m’
o AE000 A & & G=600kg/m? <>~ G =600 kg/m’
g ' i o il I A& 2 I G = 800 kg/m’ G = 800 kg/m’
% B e Microfin tube  HF =12 kW/n’, HF =60 kW/m’
= 14,000 |- e N - -~ G =300 kg/m*--13-- G = 300 kg/m’
Ao i O ® B .
- XX ; ' A G=400kg/m* £+ G=400kg/m’
Q e \
- oA AN acanad i . ) = o o = o,
= 12.000 | ST, s % Py . i @& G=600 ké/m, G =600 ktg/m’
8 7 @, G =800 kg/m" G =800 kg/m"
O * f N
= 10,000 - , 1 A b -
¢ ( '. A
£ 8,000 |- i .. .
= | ¢
— A é ¢
5 B o104 A A A
6,000 - ¢ - AT T - A -
: E i B R B N
Wi
4’000 B l A l L l AL l L l A l L l AL l L l AL i

Vapor quility





media/file29.jpg
a5

2

S

Two-phase frictional pressure drop (bar/m)

g

Mean vapor quaility

. te
. .
. .
.
a—hA—y
. & -
&
N
« o * e
.
.
.
. s . - .
04 05 06 07 08 09 10

Mo = 190 kg’
® Mass flux- 75 kg’






media/file1.jpg
e g b hoe 1 0D
SRS i
T i shou b consideed
A S e

T egernt shouit e
R
hnant it

p———

et
e

AR RS
etmance

T SR
bt o sy oo





media/file12.png
Heat Transfer Coefficient (kW/m?K)

-
o

A

1= 10°C

: O ——
: t. o ¥ # - R-134a
i LT 3&@ = O = R-1234z¢(E)
- t,,’ ?ﬁ.-m‘ - # = R-245fa
[ ’ég-ﬁ'@' - - # = R-1234z¢(2)
. o oo o {Tsae = 40°C
_ o HEEe .- #- - R-134a
/' *

'Z""<ér>, '@Q E’E -+ O - R-1234ze(E)

= L Ve ~ . ;' ” . .
e e Ry B &- - R-245fa
! ¥ e ” - -8 - R-1234ze(Z)
ke ¢ .'. /E//
9:9’, ,'[:( /B@
T / //."ﬁ. /);( =
s / 7’ ‘ E/ .
" . / ,D.' ‘,
- O /s 38& //é’
" /7,0 D v
[ o S A -
i - ﬁ.' /,
| o g o
i ;82' /E
= ’ ’,
-l EI L L L L L L l.l L L L L L L L
1 10 100

Heat flux (kW/m?)





media/file9.jpg
Heat Transfer Coefficient ( kW/m?K)

B
5

175

140

105

70

[New surface
—e—10rC

——oc

—— e

Jrsedsurtoce

.irc
oc

30

40 50 60
Heat Flux (kW/m?)

70

80

)





media/file42.png
N (3 (s o o ~ ~
) o %) o 4l o u
o o o o o o o
o o o oS S o oS
| 1 1 | I I

Heat transfer coefficient (W/m?K)

R
o
o
o
T

,
" -
P - -
’
A
Al .
Fl / “
AI / . .’
. L.
o'A 4 A..“-
"' - ﬂ ’ . .J-’g
’o&' - ’r -~ L
Yy s T
L, Lox
IJ, ra '.-O_-e’ ?
’5 / ," A’
'l’ & " f“'-
S . -
. /- ,,v-'._ .. o P
# -
A’,é ‘.’5 " _ _E]-- -
/,'A’ . " ,D

T

r.sat

T

-~ rsat

=10°C, q,= 6 kW/m*
- O = G=40 kg/m’s
- O = G=60kg/m’s
- A= G=80 kg/m’s

=10°C, G = 60 kg/m’s
- - M- - g =4 kWin’
- @ 'c];,= 6 kW/m’
- - - g =8 kWin?

1. = 6 kWim?, G = 60 kg/m’s

i --8-- Tl',ﬁﬂ! =10 UC
--®-- T, ,,=5°C
. --é-- Tr,!-'.al‘=0 GC

0.0

03 04 05 06

Vapor quality x,,

0.7

0.8

0.9






media/file38.png
Frictional pressure drop (kPa)

10

|, = 15°C, q'= 4.1 kW/m?

™~ G=20kg/m’s
B G=30kg/m’s
- G=35kg/m’s
M- G =40 kg/m?’s
G =20kg/m?, T,,, =15°C
@ q"=2.8 kW/m?
D q'=41 kW/m?*
@ q'=54 kW/m?
O q"= 6.9 KW/m’

G =20 kg/m?s, q"= 4.1 kW/m?

Y — T, =7°C
e T, =10°C

# T, =15°C
S - T,,, = 20°C

I T | T | T | r I . l l
PHE
¢r i
. K
* e .
- K
,a'* ) *
’ *,-—"'E ]
**[r’ ’ ’k ...... ; |
y ! P o @
| L | L | l ) : | | |

0.3 0.4 0.5 0.6 0.7
Mean vapor quality

0.8






media/file17.jpg
Heat transfer cofficient (kW/m.K)

Heat flux (kW/m?)





media/file30.png
O
o

g -- -~ Mass flux = 190 kg/m’s
= o * o { ®  Mass flux = 375 kg/m?s
e 05 | & ¢ ) -~~~ Mass flux = 565 kg/m’s
o, & ¢ | ® Mass flux =755 kg/m’s
o

—

o

o0 0 4 - -

H .

a

3 A

— A A,

203 F . A A

©

S 02} .

i A

o— v

L - ¢ f o e

-4 @ @ ® 9

< 01F A Ps _

S .

S

2 Ps - B L

= oo L [ S e | 1 L 1 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mean vapor quaility





media/file35.jpg
Heat transfer coefficient (kW/m’K)

~

»

PHE

r.ci5C stk
* G-k
4 Ge30ign's|
4 Ge3sigms|
® Gakyms
Jo= 20kgmes, T15C
-0 - =28 ki
< g 410
- g5 v
-0 g 69 1Win
li= 41 ke, 7157
o-17C
-1 e10C
T 15C
©TwC

04

086 08
Mean vapor quality





media/file27.jpg
- Mass flux - 190 kg
16 512
g .
o~ @ Mass = 755 kg
Eu o
= ot L
z .
= .
£ 12 . e ae
g . FPEE
£ ol .
g .
S0 .
5 -
z o A
g
Es . "
_::e'} a . )
.
6 . *
01 02 03 04 05 06 07 08 09 10

Mean vapor quaility





media/file3.jpg
EERRETRTIERAREtT!

[ret—

Trrson Propaes o

Sonaton Tempecstues(©)





media/file22.png
q=2.8 kW/m’

q=4.6 kW/m?

g = 6.5 kW/m?

G =400 kg/m’s
G =300 kg/m’s
G =200 kg/m’s

G =400 kg/m’s
G =300 kg/m’s
G =200 kg/m’s

G =400 kg/m’s
G =300 kg/m’s
G =200 kg/m’s

-~ -- R-404A --13-- R-448A -- 8 -- R-449A -- ™ -- R-454C -} -- R-455A
-- @ --R-404A-- O - R-448A-- % - - R-449A - - ™ - - R-454C-- © - - R-455A
€@  R-404A <> R-448A <  R-449A 4  R-454C 4  R-455A

—8— R-404A --{}-- R-448A -- 8 -- R-449A -- ™ -- R-454C -- A} -- R-455A
--@--R404A-- O --R-448A-- & --R-449A - - ™ - - R-454C-- © - - R-455A
—4— R-404A —>— R-448A —>— R-449A —®— R-454C —4— R-455A

R-404A R-448A R-449A R-454C R-455A
- @ --R404A-- O --R-448A-- & --R-449A - - ™ - - R-454C- - © - - R-455A
-4~ R-404A -->-- R-448A --<>-- R-449A - -4 - R-454C —-4€>-- R-455A

g N = &
o 3 o 3

Heat Transfer Coeffients (kW/m?K)

—
&)

0.3

0.4 0.5 0.6 0.7 0.8 0.9

Vapor quaility





media/file19.jpg
Heat Transfer Coefficient (kW/m?K)

o

d

6 . .

5 ’

.

4
2
0 e
o 10 20 30 40 50 60

Mass Flux (kg/m’s)

* R
n Ry

o R





media/file40.png
Frictional pressure drop (kPa)

\4

(o))

&)

HN

gt W
g

Y, 7 Rt

- 2
;'_';_--,___,.,, i PT £aE

.............................

T, =15°C, q"= 4.1 kW/m’
- -G=20 kg/m25
™ G =30 kg/m’s
(k- G=35kg/m’s
- G =40 kg/m’s

G =20 kg/m’s, T_,,, = 15°C

sats

e .
e T

e T
satr = 15“(:

-.-.*.-.- T
.......... _._.*._._ Tqut! =20°C

=7°C
=10°C

sats

sats

4 q"=28 kW/m?
el q'=4.1 KW /mz
----- P q'= 5.4 kW/m?
..... @ q"= 6.9 kW/m?
G =20 kg/m?s, "= 4.1 kW/m*

G T

0.2

0.3

0.4

0.5
Mean vapor quality





media/file33.jpg
Heat transfer coefficient (kW/m?K)

3 % 2 3 a8

f/'"“u::""."‘,'

=

Mass flovs - 100 kg’

 Mass e = 20 kg’

- Mass v = 400 kg’
k2342

e Mass low = 50 ks

Mass fovs = 100 kg’

& Mass e = 200 kg’

5 Mass v = 00 kg’

& B
S .
- x
:‘l
bbb, X .
P N
P .
+
¥
T a\
= \
.
00 0z 04 05 08 10

vapor quaility





media/file32.png
Heat transfer coefficient (W/m?K)

1 ’ | " |

14,000 | ) — B - Top inner wall temperature
""---.___”. -4 Bottom inner wall temperature
\ --@- Mean heat transfer coefficient | |
12,000
! .
10,000 |- . e
' "t'-,‘ - g
.\_ ; ....... -._ __'. _______ "’
8,000 |- )
i
6,000 - 5G9 ‘\
\
4,000 - "-.
\
*o-0 o ® e
2,000 |- e
0 1 | | | " | X |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Vapor quality






media/file14.png
50

40

30

20

10

< «© < @ < «© < @ < © < « < ®©
oS < S < oS < S < S < S < S <
- N - ) - N - ) - N - ) - N
¥ Y o ¥ 7T 06 T 7 2F7 87 23~ a3 F
MM MM MM S ¥ 2y 2o
o L E LB 2 2 L 2
MlD%AAWoOOU.Ou*.quOuOO
cm_.m_“m_“m_.m_.m_“m__
- - -l - -l
— o — L0 I~ o oY
p. i o — o I —
| ' | ' f__ ' | ' |
~e oY @ Raeg o -
\ O |’
\ \ I- -’A ’-
-’- _/
_, . [ '
\ -«
- 0 W G A
f.- - 'a ’a/.’/-
/ /- /v 4-,/’-
/- ’4'-/./
\ -..—./.fd
o \ /a ) —
02 (. eu xRN
/- / /—aa-//’-
v \\ ...,,:,.
X fz :
: LN & X0
/ao, ’/ﬂo /1‘
/'/ ,,-00 J.”
‘Q /..&/
- /4A “ .O.j_u
\ SR
AR R AR
/ /- ’/of .‘
- ® A o a
9/.. * .
N /M.v/.f
Nt Mgy
WA Yy O
= < b
(N T \
W\
| 1 | L | 1 | L | L
o 0 (o] <t N
—

(I, W/ M>]) JUSID1JJ200 I9jsuel) JesH]

Heat flux (kW/mz)





media/file41.jpg
4,500

T
- 0 Guoigis
2700 o Gunigies
¥ 2 8% Guanigies
= 6,500 [T, 10°C, G = 60 kgim’s
B sk
H o gisn
g
g 000 o g B kWi
£ .= 63w, G - 60 xgir's
% 5500 =
5 T
B AT, L0
2 5,000 C
§
T

4,000

00 01 02 03 04 05 06 07 08 09
Vapor quality x,,





media/file37.jpg
Frictional pressure drop (kPa)

fro - 15°C.qv- a1 kv

PHE )

*5 - S qesaMWim]
69/

*
* T m15C
* To-20C

02 03 04 05 06 07 08

Mean vapor quality





media/file46.png
Heat transfer coefficient (W/m?K)

out
---H--- R-134a ---[1--- R-236fa ---H--- R-410A ---8--- R-1233zd (E) ---(--- R-1234ze (Z) ---28--- R-1234yf|
out —
---@---R-134a ---O--- R-236fa --B--- R-410A ---®--- R-1233zd (E) ---®--- R-1234ze (Z) ---&--- R-1234yf|
T, =5°C
---@---R-134a---O--- R-236fa --5--- R-410A ---®--- R-1233zd (E) ---®--- R-1234ze (Z) --5&-- R-1234yf
Tpup=10°C
""'R-134a"<> R-236fa-<P--- R-410A -4---R-1233zd (E) --<P--- R 1234ze (Z) & R 1234yf

: S a % 3 9
o Zesg
f?a e

2,000

"'l""li"'

ljlllllllllllj

[5
o
S
1
=
O“

Ll Ll Ll Ll L & L) L}
)
\ Ay \
8. A ¢
\ \ L
(Y -
TR
\ J
. A \
€
[\

L
\ \ ‘\
\
Q i 5%
\~\ \Q‘
\ \
s ' s A s A s '

I
1

-
-
-
-
4 - -
’ - -
- -
- -
- » - ”’
- - ’® Py
- i
-
- -

e
. iy

H
\
\

500

T
P

2 10
Heat flux (kW/m?)





media/file45.jpg
Heat transfer coefficient (W/m’K)

R R RATOA S RZ3d (B8 RN 23 () R
€ R3O R0 RAIOA 8 RAZI (BB Re123hze () 5 Re12yl
T,,-5°C
0 R340 O R 2la - RAIOA 8- R1ZSd () Ri2ze (2) - RAZyT
Tp-10C
& R3O R RAIOA - R1Z3d () Re2bre (2) - RAZyE
o
2,000 1 &
il
oA
1500 R
¥ s
e
)
1,000
& y
= 0¥ 8
o.®
&
# By
& g
o 9
FE
500 o
4
2 10

Heat flux (KW/m?)





media/file16.png
Heat Transfer Coefficient (kW \m?.K)

R-134a at 4.4 °C

—&— Plain Surface

-= -~ Enhanced surface 1

8 Enhanced surface 2
R-134a at 26.7°C

—@— Plain Surface

== O~ Enhanced surface 1

@ Enhanced surface 2

YR-1233ze(E) at 4.4°C

—&— Plain Surface

-={\-- Enhanced surface 1

4 Enhanced surface 2
R-1233ze(E) at 26.7 °C

—4&— Plain Surface

-=O-- Enhanced surface 1

4D Enhanced surface 2

R-12332¢(2) at 4.4 °C

—@— Plain Surface

== O-- Enhanced surface 1

@ Enhanced surface 2
R-1233ze(Z) at 26.7 °C

—%— Plain Surface

-~ %¢-- Enhanced surface 1

e Enhanced surface 2

10
Heat Flux (kW \m?)






media/file20.png
RES @) Qo

Heat Transfer Coefficient (kW/m?K)
N

® R-134a
B R-1234yf
® R-152a

..‘
®
m N
® ° .O
® .. - L L
: ® .. . w .
® [
n
..r.‘ L 2 ¢
CEPS 4
o o20of"
..
|
| | | 1 1 | |
10 20 30 40 50 60

Mass Flux (kg/m?s)






media/file5.jpg
imtim i i ]

(). GEWA-B tube

(c). Micro-fin tube

CITTITTITTID

(d). Mirco-chennel





media/file31.jpg
Heat transfer coefficient (W/m?K)

14,000

T

12,000

T

10,000

8,000

6,000

4,000

T

2,000

0.2

0.4

0.6 0.8
Vapor quality






media/file25.jpg
T oottt 17

18000 . - -G 0-G-wig
2 . A Geaoignt & Goaign’
£  Geangnt O Gt
E 16000 ety A Gomige’ G-
H ¥ gt - 200, -0
2 1000 il G0 G-’
3 e % . 4 Geaign' & Geatget

¥ e SR * Geaoignt . Goiatgnt
S - R
3 10000 -
H 3
E s S
.

g i ieo®
E . oata taa

6000 [ eag® Te N
= oAt .

4000

01 0z 03 04 05 06 07 08 09 10
Vapor quility





media/file0.png





media/file8.png
N
(&)

— N
(&) o

Heat Tramsfer Coeffiecient (kW/m?K)
)

T+ T T T+ T * T T T T T T |Purerefrigrant
- - 10°C- -0 - 0°C- & - - 6°C
4 0.25% mass fraction
) » " ‘ POE-220 - @ - 10°C~ -0 - 0°C~ & - —6°C
> & POEA-68 & 10°C @ (°C & —6°C
o % _10.5% mass fraction

é B ,ﬂ:;_g POE-220 - -& - 10°C - & - 0°C - 4 - —6°C
L Rt POEA-68 A 10°C A (°C % —6°C

- J' to e "’g;:—::::—"’:” 41% mass fraction
S g '& ———— POE-220 - -® - 10°C - O - 0°C - & - —6°C
PO oy MRS POEA-68 & 10°C-- ® - (°C - & - —6°C

pasis” 'dg;f;;' —::,',‘—’; /__‘G 7|2% mass fraction
"= _::;:,f,f.ff'gc gt f POE-220 - % - 10°C~ # - 0°C - 4 - —6°C
g POEA-68 * 10°C * 0°C * —6°C

T 3% mass fraction
s _coi POE-220 - # - 10°C- O - 0°C - & - —6°C
= POEA-68 = 10°C * 0°C -6°C

5% mass fraction
POE220 - @ - 10°C- 9 - 0°C- 9 - -6°C
T T B . POEA-68 “ 10°C » 0°C = —6°C

60 70 80 90
Heat Flux (kW/m?)






media/file43.jpg
12.800 7= 627°C, G = 40 kgnr's
-5
[Tu=69.4°C. G- dokgo's

)

11,200

9,600

8,000

6400 o

Frictional pressure drop (Pa)

g
}
|

g

01 02 03 04 05 06 07 08
Vapor quality





media/file34.png
Heat transfer coefficient (kW/m?K)

il
Qo

-
(o)

—
N

N
o

-
N

-
o

A~ O @

| L | L | L | L | X |

R-32

—&— Mass flow = 50 kg/m’s

---C+-- Mass flow = 100 kg/m’s
@ Mass flow =200 kg/m’s
--#&-- Mass flow =400 kg/m’s

R-1234ze(E)

—&— Mass flow = 50 kg/m’s
Mass flow = 100 kg/m?s

4 Mass flow =200 kg/m’s

-~ #-- Mass flow = 400 kg/m?’s

0.0 0.2 0.4 0.6 0.8 1.0
vapor quaility






