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Abstract

:

This review study examines flow boiling heat transfer in micro-fin tubes using mixed and pure refrigerants with zero ozone-depleting potential (ODP) and minimal global warming potential (GWP). This investigation focuses on the extraordinary relationship between heat transfer coefficients (HTCs) and vapor quality. Since the introduction of micro-fin heat exchanger tubes over 30 years ago, refrigerant-based cooling has improved significantly. Air conditioning and refrigeration companies are replacing widely used refrigerants, with substantial global warming impacts. When space, weight, or efficiency are limited, micro-fin heat exchangers with improved dependability are preferred. This review article discusses flow boiling concepts. The researchers used several refrigerants under different testing conditions and with varying micro-fin tube parameters. Micro-fin tubes are promising for improved heat transfer techniques. This tube increases the heat transfer area, fluid disturbance, flow speed, and direction owing to centrifugal force and HTC. As the focus shifts to improving heat transfer, pressure drop, mean vapor quality, and practical devices, this subject will grow more intriguing. A radical shift will reduce equipment size for certain traditional heat transfer systems and bring new products using micro-scale technologies. This suggested review effort helps comprehend saturation flow boiling through micro-fin tubes and find the right correlation for a given application. This domain’s challenges and future relevance are also discussed.
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1. Introduction


The refrigerant is a vital element of any refrigeration or air conditioning system. The effectiveness of the refrigeration process or cooling effect depends on the properties of the refrigerant being used. The properties, such as thermophysical properties, environmental properties, and safety precautions, are essential to know before using any refrigerant. Many researchers [1,2,3] discussed the good-to-fit properties of a refrigerant. Majorly discussed is the environmental effect of the refrigerant being used. Several refrigerants are there to impact the environment negatively since they cause ozone layer depletion and global warming [4,5,6,7,8,9]. Specific terminologies are used for them, such as Ozone Depletion Potential (ODP) and Global Warming Potential (GWP), respectively. ODP is the latent quality to end the existence of the ozone layer, whereas GWP is the equivalent measure for the greenhouse gases emitted from the refrigerant [10,11,12,13,14]. Using a low-grade GWP refrigerant with minimal ODP, matching thermal qualities, and chemical stability are crucial. Hydro-chlorofluorocarbons (HCFCs) are mostly to blame for raising the halogen level in the atmosphere, which indirectly contributes to the thinning of the ozone layer [15]. There is a model of the corporation known as the Montreal Protocol to protect the ozone layer [6]. It promotes alternatives to refrigerants that affect the environment and suggests using refrigerants with low GWP to phase out HCFCs. Additionally, employing a low-efficiency refrigerant during the refrigeration process results in the generation of carbon dioxide (CO2), a greenhouse gas that contributes to global warming. So, for low GWP, the refrigerant should possess high efficiency. The researchers have utilized the different generations of refrigerant for experiments to cooperate with existing environmental protocols, as shown in Figure 1.



Many researchers [16,17] suggested that refrigerants were less harmful in closed systems compared to open systems due to less exchange of matter in closed systems. The basic thermophysical properties of pure and blended refrigerants are given in Table 1 from the ASHRAE handbook [18].



When a refrigerant is used in the refrigeration cycle, its phase changes from liquid to vapor by evaporation or boiling. In addition to this, the process of boiling has been addressed. There are different kinds of boiling processes, such as pool boiling and flow boiling. Pool boiling is related to natural convection heat transfer, and flow boiling is related to forced convection heat transfer [19]. Here, employing different refrigerants across a horizontal micro-fin tube to examine how flow boiling affects heat transfer efficiency is the main goal of this study. So, in this connection, two schematic diagrams [20] for flow patterns and heat transfer regions at the horizontal position in flow boiling are shown in Figure 2. Figure 2 shows the different flow patterns in single (liquid only) and the fluid’s two-phase flow (liquid + gas). As the flow progresses, the generated bubbles in bubbly flow start colliding with each other and obtain a form of bullet-like bubble, also known as Taylor’s bubble in slug flow. Further, it moves forward, and the liquid generates a thin layer on the walls and converts into the annular flow. Some droplets of liquid further appear in the gaseous region, and thus it is called dispersed annular flow. At last, the droplets are in the gaseous region, called droplet flow. Further, in Figure 2, the various heat transfer regions can be seen. In different sectors, such as Refrigeration and Air Conditioning (RAC), nuclear reactors and aircraft put together heat transfer, an essential factor to study. At the first region, natural convection heat transfer occurs where bubbles are generated, and the single-phase flow starts to be two-phase. The HTC of two-phase flow is higher than that of single-phase flow at the same working conditions [21,22,23].



Further, in sub-cooled boiling, the collision of bubbles occurs under the saturation temperature. After the collision, a giant bubble is formed at the saturation temperature of saturated nucleate boiling. Further, a forced convection heat transfer occurs mainly at dispersed annular flow. Last is the deficiency of liquid, named the liquid deficient region.



Figure 3 depicts an interdependency of the flow boiling with different parameters. Flow boiling occurs when a fluid moves continuously over a heated surface through an external force, such as a pump or due to the natural buoyancy effect [24,25,26,27,28]. The flow pattern’s characteristics like flow field and flow regimes transition, dependent upon the geometry of the channel or tube and the thermophysical properties of the fluid [27,28,29,30,31,32,33]. The wall temperature of the tube is an essential parameter in the study of any boiling. Heat transfer enhancements are done to reduce the wall temperature for any experimental study; proper insulation of the experimental setup is vital for better results and findings. The saturation temperature is critical in studying heat transfer; as shown in Figure 3, the saturation temperature is the one parameter to distinguish between significant regions in heat transfer in flow boiling. Parameters regarding tube characteristics, such as tube length and diameter, are also essential because the requirement of minimizing the technologies’ sizes and improving capacities have been demanded, and the equipment sizes are anticipated to lessen in microns [6]. The worldwide applications of micro-technologies in the last five decades unite the production of maximum HTC and the claims of refrigeration systems, i.e., highly effective, lessened in size, and well-matched with the systems. The main input parameters in any boiling are heat flux, mass flux, vapor quality, and blends with oil or more than one refrigerant. Therefore, many researchers considered these input parameters at different ranges for different experiments. It is crucial to consider the single-phase flow and the two-phase flow because these are essential parameters to better understand flow boiling [34]. Two-phase flow depends on tube geometry, such as bends, spirals, corrugated plates, enhanced surfaces (micro-fins or grooves), flow patterns, and refrigerants. Many researchers have already discussed the smooth tube with different inner diameters [35,36,37,38,39,40,41,42,43] to obtain the output parameters, such as HTC and pressure drop.



Fins play a critical role in increasing the total surface area available for heat transfer [44]. It is possible to transform a plain (smooth) tube into a micro-fin tube by adding micro-fins on the interior side of the plain tube. A micro-finned tube was invented by Fujie et al. [45]. These micro-fins provide a larger surface area for heat transfer, increasing the HTC and the pressure drop. It was demonstrated by many researchers [46,47,48] using a variety of refrigerants and input parameter ranges. The researchers utilized the terminology “enhanced factor,” which refers to the ratio of HTC in the micro-fin tube to HTC in the plain tube, to compare both types of tubes [49]. Many researchers do the initial developments in the designs of the micro-fin tubes. Many researchers [50,51] experimentally discussed their designs of micro-fin tubes to enhance the HTC locally inside the tube.



Some review papers talk about ways to improve flow boiling heat transfer, while others only talk about flow boiling models. None of the review papers that have already been published talk about both pure and mixed refrigerants together. The purpose of this review paper is to provide context for recent studies of flow boiling using pure and mixed refrigerants within horizontal micro-fin tubes and to suggest directions for further study in this area. The sections that follow will cover a variety of subjects of relevance. First, the need to investigate methods to improve heat transfer is discussed. The most current findings from studies of heat transfer in micro-fin tubes using natural and mixed refrigerants for flow boiling are then presented. Finally, this article presents an overview of the state of art in developing analytical models of flow boiling in micro-fin tubes using pure and mixed refrigerants. Research directions for pure and mixed refrigerants boiling within horizontal micro-finned tubes are described after a review of the relevant literature.




2. Heat Transfer Enhancement Mechanisms


Heat transfer enhancement mechanisms enhance the HTC within duly operating conditions for conducting experiments on boiling/condensation. If we are talking about the enhanced HTC, we must utilize several researchers’ heat transfer enhancement mechanisms.



The primary classifications of enhancement mechanisms are shown in Figure 4. All kinds of enhancement mechanisms for heat transfer can be broadly classified into two kinds: passive and active methods [52]. Passive enhancement mechanisms are mainly related to the tube surface as a treated surface, rough surface, and extended surface. Furthermore, the utilization of devices related to displaced enhancement, swirl flow, and surface tension to enhance surface quality favors improved HTC. However, active enhancement mechanisms are established based on forced convection heat transfer, where force sources are different in different mechanisms. For example, in mechanical aids, a kind of lever is utilized to enhance the heat transfer rate. Some vibration mechanisms, such as surface and fluid vibration, are also used to enhance the HTC. An electrostatic field is also utilized to enhance the fluid flow to enhance HTC. Different kinds of suction/injection techniques are also used to enhance the fluid flow, and some additives are used in fluids to enhance the fluid properties to obtain the enhanced HTC. The enhancement device, i.e., utilized in flow boiling, is a static mixer, and the swirl flow device is twisted tape and rough surfaces. These are produced by inserting helix, internal threads corrugate, and treated surfaces are produced by porous coating. Both passive and active enhancement mechanisms are insufficient to produce high enhancement individually. Therefore, a combination of both mechanisms is applied and known as the compound enhancement mechanism.



Cooke et al. [53] estimated bubble dynamics and heat transfer on micro-channel copper surfaces. The local thermal effect from high porosity and large average particle diameter inhibited heat transfer enhancement for high and moderate mass flows. Al-Zaidi et al. [54] examined how channel aspect ratio affects the flow patterns, heat transfer, and pressure drop of HFE-7100 flow boiling in copper multi-microchannel heat sinks. With 500 mm2 base areas and 0.46 mm hydraulic diameters, all three heat sinks exhibited the same channel bottom roughness. Horizontal multi-microchannel heat sinks boiled HFE-7100. Khaled et al. [55] made flexible fluidic thin films, presenting a passive fluidic thin film chilling method. Additionally, pressure drop widens the flexible micro-channel, making cooling more efficient (increased flow rate of coolant). Nanoparticles have better thermal conductivity than the working fluid and are the same size as base fluid molecules. Wang et al. sub-cooled a honeycomb plate to increase critical heat flow [56]. Water and porous material increased the process by 2.4. Sandeep et al. [57] found they should not cause heat exchanger abrasion, clogging, fouling, or pressure loss. Nanoparticles boost water, oil, and ethylene-thermal glycol conductivity, improving heat exchange equipment. Next, nanoparticle migration’s effect on heat transfer during nanofluid layer boiling over a vertical cylinder was explored theoretically. Studying alumina and titania nanoparticles, thermophoresis caused nanoparticles to concentrate near the warm wall. Heat transfer was enhanced. The net heat transfer rate was determined by lowering thermal conductivity and increasing wall temperature gradients. Siddique et al. [58] reviewed protrusions, porous media, big particle suspensions, nanofluids, phase-change devices, flexible seals and complex seals, extended surfaces, vortex generators, and composite materials with extraordinarily high thermal conductivity. The literature lists joint-fins, fin roots, fin networks, bi-convections, permeable, porous, and helical micro-fins. Micro-finned single-phase heat transfer reduced study inconsistencies. Other aspect ratio ranges, operating conditions, and working fluids are needed to confirm these findings.



Bergles [59] explained that different generations of heat transfer mechanisms are utilized in different industries to enhance HTC. The proper evolutionary generations are provided in Figure 5 for both inside-tube and outside-tube evaporation. The first generation for inside- and outside-tube evaporation starts the experiments with the smooth tube with different OD and ID with different types of pure or zeotropic refrigerants for evaluating the HTC. At the same time, the value of HTC is somehow also duly dependent on the quality of the surface, and to enhance the HTC, we have to enhance the surface inside or outside of the tube. Hence, second-generation 2D fins are utilized outside the tube, even when massive fins are used inside the tube for enhancing the HTC.



Further improvement in HTC is made in the third generation by applying the 3D fins or metallic coating on the outside-tube evaporation compared to micro-fins on the inside-tube evaporation. Micro-fins are a collection of fins with varying heights from 0.1 to 0.5 mm. The fins’ geometry can be longitudinal, helical, and two-dimensional (2D) or three-dimensional (3D). Primarily, the fin profile is based on their height-to-width ratio.



There are primary micro-fin heat transfer enhancement mechanisms provided by Thome [46], such as:




	
Extended surface area impact: The employment of micro-fins inside the smooth tube results in an extension in the surface area, and the ratio of these micro-fins might range anywhere from 1.2 to 1.8. The number of fins, their height, and the helix angle all significantly affect the outcome.



	
Enhanced convective heat transfer method: Micro-finned tubes function similarly in two-phase flow, as ribs are utilized in single-phase flow to increase the convective heat transfer across annular flow boiling.



	
Flow patterns impact: The micro-fins with helical geometry regularly convert stratified-wavy flow into an annular flow regime that is more efficient in heat transfer, which means all the wall perimeter inside the tube is wetter and more active than that of smooth tubes.



	
Nucleate boiling heat transfer method: The micro-fins help to activate the nucleation sites by slightly protecting the cavities.



	
Swirl flow effect: Enhanced micro-fins transmit swirl to the annular flow liquid film and hold back the inception of higher vapor qualities.









3. Recent Experiments on Micro-Fin Using Pure and Blends


Several experimental studies were done on the different kinds of pure and blended refrigerants from time to time. This review paper has just considered those involved from the three decades.



Schlager et al. [60] experimentally investigated the evaporation characteristics of R22, such as heat transfer inside a micro-fin tube at a horizontal position. Four kinds of tubes were used in the experiments, including one smooth and three micro-fin tubes. The outer diameters (ODs) were the same for each tube at   9.52    mm, but with different inner diameters (IDs). Experimental situations were: saturation temperature    T  s a t   = 0   to   6    ∘   C; vapor quality   x = 10 %   to   20 %  ; and mass flux   G = 180   to   400   kg/m     2   s. Each micro-fin tube, they determined, contributed to a higher enhancement factor for heat transfer. There was a trade-off, though, because the higher the mass flux, the greater the pressure drop.



Schlager et al. [61] studied the evaporation and condensation characteristics of R22 inside a micro-fin tube at a horizontal position. ODs were the same for each tube, as   12.7    mm. Experimental situations were: saturation temperature    T  s a t   = 0   to   5    ∘   C; vapor quality   x = 10 %   to   20 %  ; and mass flux   G = 75   to   300   kg/m     2   s. They came to the conclusion that each micro-fin tube offered a higher enhancement factor for heat transfer. With an increase in mass flux, there was, however, a consequence of a rising pressure drop.



Eckels et al. [62] experimentally investigated the evaporation heat transfer coefficient for horizontal flow boiling with the refrigerants R134a and R12 in a micro-finned tube with ID and OD of   8.72   mm and   9.52   mm, respectively. The experimental conditions were:    T  s a t   = 5   to   15    ∘   C,   G = 130   to   400   kg/m     2   s, and heat flux   q = 5   to   15   kW/m     2   . Experimental results were given as a comparative study of both refrigerants, and it was found that R134a provides better HTC than R12 in the same experimental conditions.



Kaul et al. [2] investigated a horizontal micro-fin tube for better flow boiling heat transfer characteristics with alternative refrigerants. They used two micro-fin tubes as test sections with a length (L) of 3.34 m, and both were joint at the U-bend. The situations for the experiment were:   x = 20 %  ,   40 %  , and   60 %  ;   G = 314   −   364   kg/m     2   s; and   q = 20   kW/m     2   . They concluded that R32/125 showed the best results as an alternative for R22, whereas R407c showed the lowest HTC due to the presence of less amount of R32 in it.



Kuo et al. [63] conducted experiments to gather information about HTC and   Δ P   in horizontal flow boiling with the refrigerants R22 and R407c in a micro-finned tube with ID and OD of   8.72   mm and   9.52   mm, respectively. The experimental conditions were: saturation pressure    (   P  s a t    )  = 600   k P a  ,   G = 100   to   300   kg/m     2   s, and   q = 6   to   14   kW/m     2   . The overall results were provided in comparison of both refrigerants, and it was found that R22 has a good increase in HTC and pressure drop.



Nidegger et al. [64] conducted experiments in flow boiling to measure   Δ P   for R134a mixed with oil inside a micro-fin tube. The situations for the experiment were: ID   = 11.90   mm; OD   = 12.70   mm; L   = 3.013   m;   x = 10  –  99 %  ;   G = 100  ,   200   and   300   kg/m     2   s;   q = 5   to   10   kW/m     2   ; and oil concentration   O i  l  C o n   = 0 %   to   5 %  . They concluded that local HTC and   Δ P   achieved the maximum value at   x = 75 %   and   G = 100   kg/m     2   s.



Cho. et al. [47] conducted experiments to investigate the pressure drop and HTC change under conditions A and B in the evaporation heat transfer for the refrigerants R22 and R407c in a micro-finned tube with two straight section U-bend. The conclusions were based on the percentage increase or decrease of pressure drop and HTC. They also explained the dimensionless HTC and enhancement factors for a better understanding of the results inside, as well as outside, of the U-bend tube.



Kabelac et al. [37] examined the boiling flow with ammonia as a refrigerant. They provided the experimental data for better understanding of the use of ammonia-based refrigerant mixed with polyglycol oil in two different test tubes: the first was a smooth aluminum tube with ID   10   mm and OD   12   mm, and the second one was a spirally fluted micro-finned tube with maximum ID   11.13   mm, along with tube length of   0.45   m. They concluded that mass flux influenced the results highly because of the mass flow oscillations.



Yu et al. [24] experimentally investigated the heat transfer and flow patterns for R134a in the test section as two horizontal tubes; one was a smooth tube, and another was a micro-finned tube. The test sections’ lengths and diameters were   1.5   m and   12.7   mm OD, respectively. They submitted the comparison between HTC for smooth tubes and HTC for the micro-finned tube. Furthermore, as a result, the HTC could be increased by   200 %   at minimum mass flux and maximum quality for the micro-finned tube surface.



Kim et al. [65] evaluated the heat transfer characteristics of R410a in smooth and micro-fin tubes to obtain an alternative to refrigerant R22. The experimental result always showed that the local HTC increased with an increase in mass and heat flux.



Passos et al. [38] studied convective boiling with four test tubes—two smooth tubes and two micro-fin tubes—for R407c. The outer diameters for the tubes were  7  mm and   12.7   mm, whereas the inner diameters differed for each test section. The occurrence of dry out held at the different quality for smooth and micro-finned tubes as   0.70   and   0.78  , respectively.



Filho et al. [40] studied convective boiling with six test sections as three smooth tubes and three micro-fin tubes for R134a. The outer diameters for tubes were  7  mm,   7.93   mm, and   9.52   mm, whereas the inner diameters differed for each test section. They provided information about the frictional effect on flow patterns with the help of Martinelli’s correlations. They proposed a correlation for the experimental data set and provided the conclusions for grooved and smooth tubes. The flow patterns studied by them were mainly annular and misty flow.



Greco et al. [39] looked into the evaporation of refrigerant (R22 and R507) inside the smooth tube. They experimentally explained the HTC improvement and lower pressure drop conditions. They also compared the experimental data with calculated data from correlations. The comparative study between R22 and R507 based on HTC and pressure drop were also explained. They calculated the results based on considering local HTC and pressure drop as a quality function using correlations from literature.



Koyama et al. [22] investigated the void fraction for smooth and grooved tubes with refrigerant R134a in the horizontal test condition. The experiments were conducted to investigate the void fraction for the smooth and grooved tubes. They concluded that as the pressure decreased, the void fraction increased. The impact of mass flux in the micro-finned tube was more than in the smooth tube.



The performance features of R134a during evaporation heat transfer were investigated by Wongsa-ngam et al. [66] in the smooth and micro-fin tube at a high mass flux-region. The test results for both smooth and micro-fin tubes showed an increase in average HTC, with increases in average  x ,  G , and    T  s a t    , whereas   Δ P   slightly went down with the increase of    T  s a t    .



Kim et al. [67] experimentally investigated the HTC in smooth and micro-finned tubes with R22 and R410a refrigerants for evaporating heat transfer. They took one smooth and seven micro-finned tubes with different fin profiles. They concluded the results with a comparison of Kandlikar’s correlation. They presented the comparative results for smooth and micro-finned tubes, with the smooth tube having a lower HTC than the micro-finned tube.



Wellsandt et al. [48] experimentally investigated the HTC and pressure drop in herringbone micro-finned tubes with R134a refrigerants for evaporating heat transfer. They concluded that the calculated HTC improved at high mass flux and high vapor quality ranged 0.5 to 0.6, whereas there was no influence of heat flux. The experimentally observed pressure drop was compared with the calculated pressure drop from correlations provided by Domanski and Kedzierski. The pressure drop was also increased with the same mass flux.



Wellsandt et al. [68] experimentally investigated the HTC and pressure drop in herringbone micro-finned tubes with R407c and R410a refrigerants for evaporating heat transfer. After comparing it with their previous studies, they concluded that the HTC for R-134a was higher than R410a and R407c. The dependency of the HTC on heat flux depended on the vapor quality, whether low or high.



Filho et al. [69] experimentally investigated the HTC and pressure drop in smooth, herringbone micro-finned, and standard micro-finned copper tubes with R134a refrigerant for convective boiling. They concluded that HTC for the smooth tube was less than the micro-finned tubes, but the increase in pressure drop may not vary highly. For obtaining better performance comparability between the micro-finned geometries, an enhancement factor was introduced.



Gao et al. [27] conducted experiments to investigate the flow boiling heat transfer characteristics of pure CO     2    and CO     2    mixed with oil inside horizontal micro-fin tube. It was found that pure CO     2    provided much better HTC than CO     2    mixed with oil due to the oil suppression of a film. Further, dry-out quality was found not to majorly influence an increase in mass velocity in the micro-fin tube.



Targanski et al. [70] investigated the evaporation heat transfer for R407c pure and mixed with oil inside the micro-fin tube. Experimental situations were:    T  s a t   = 0   °  C, L   = 2   m, OD  = 10   mm,   G = 250   to   500   kg/m     2   s, and   x = 0 %   to   70 %  . They found that the pure R407c showed better HTC than the oil-mixed R407c with the same working conditions. Both HTC and   Δ P   were found to be higher for the enhanced tube.



Cho et al. [71] investigated the characteristics of flow boiling heat transfer of pure CO     2    and CO     2    mixed with oil inside horizontal smooth and micro-fin tubes experimentally. They concluded that the micro-fin tube showed higher evaporation HTC than smooth tubes for the same test conditions, and it was found    to   be    150   to   200 %   more for the micro-fin tube. The better heat transfer performance was achieved at a highly wet portion in annular flow within the micro-fin tube.



Zhang et al. [72] experimentally studied HTC for horizontal internally grooved tubes with the refrigerants R417a and R22. They concluded that the evaporation of HTC increased with mass flux, as HTC mostly depends on mass flux in convective boiling. The HTC also increased with heat flux, as HTC mostly depends on heat flux in nucleate boiling. HTC increased with an increase in vapor quality at the start of the boiling, but with a further increase in vapor quality, HTC went down.



Cui et al. [30] studied the flow characteristics of R134a inside a micro-fin tube, such as flow pattern and   Δ P  , experimentally. They concluded that the different flow regimes were found at different mass flux, but mostly at   G = 100   stratified way flow was found. Additionally, the   Δ P   for stratified flow regimes and annular flow regimes was found to be high and efficient.



Hu et al. [73] studied the flow boiling heat transfer characteristics of R410a mixed with oil inside a micro-fin tube. The experiment results showed that the HTC increased with increasing vapor quality at low oil concentration, but decreased as per the increase in oil concentration, with a further increase in vapor quality.



Spindler et al. [74] studied flow BHT experimentally inside a micro-fin tube at low mass and heat flux. The working refrigerants were R134a and R404a. In the micro-fin tube pattern, transitions at low  G  and   x ,   compared to smooth tube HTC for R404a, were   1.5   times lower than R134a.



Ding et al. [75] investigated the flow boiling characteristics in two-phase, such as the frictional pressure drop of the inside micro-fin tube with refrigerant R410a mixed with oil. The pressure drop of pure R410a increased at the start as the vapor quality increased, but a further increase in vapor quality caused a decrease in pressure drop.



Ono et al. [76] experimentally investigated the flow boiling heat transfer and flow characteristics of CO     2    mixed with oil inside horizontal smooth as a tube made of stainless steel and a micro-fin tube made of copper. They found most of the flow patterns in slug and wavy flow regimes for smooth tubes, whereas annular flow regimes were for the micro-fin tube. Moreover, the HTC for the smooth tube was lesser than these of the micro-fin tube.



Hatamipour et al. [31] studied the flow boiling of R134a horizontal smooth and the micro-fin tube to know the flow regimes and heat transfer during it. They found three kinds of flow patterns in the visual study: stratified wavy flow, second wavy annular flow, and third annular flow. The annular flow regime was found at a high value of vapor quality, whereas the stratified-wavy flow was found at a low value of vapor quality. They found HTC for micro-fin tubes   6 %   higher than these for the smooth tube at the same mass flow conditions.



Dang et al. [77] studied the flow boiling heat transfer characteristics of CO2 inside the micro-fin tube. They concluded that HTC had been affected by heat flux in smooth and micro-fin tubes, whereas the mass flux did not support HTC enhancement of all fuel. The dry-out was found at maximum vapor quality within the micro-fin tube and was dependent on the heat flux and mass flux values. They also suggested applying a high heat flux with low mass flux to get better HTC and appropriate low-pressure drop.



Zang et al. [78] experimentally studied the flow boiling characteristics of R417a and R22 in horizontal smooth, as well as in micro-fin tubes. They found higher HTC for R417a and R22 at high vapor quality inside the micro-fin tube. Comparatively, heat transfer enhancement factor for R22 was higher than those for R417a.



Rollmann et al. [79] investigated the flow boiling characteristics of R407c inside the horizontal micro-fin tube. They found that HTC could be high at a low saturation temperature. Further, HTC increased with an increase in vapor quality. The pressure drop was found to be decreased, with decreasing vapor quality, as well as heat flux.



Padovan et al. [80] investigated the flow boiling characteristics for R134a and R410a inside a horizontal micro-fin tube. They found that the HTC for R134a had achieved the highest values at the high value of mass flux. The dry-out quality was studied with high values of vapor quality and calculated with Mori correlations. Moreover, after a certain value of vapor quality, HTC improved with high heat flux, as HTC is mostly dependent on HTC.



Behabadi et al. [81] conducted experiments with R134a to investigate the evaporation heat transfer in a micro-fin tube with various inclinations of the tube. They found peaks in HTC at   + 30    ∘    from the horizontal plane with high vapor quality and at a position of   + 90    ∘    with low vapor quality.



Filho et al. [82] investigated the flow boiling characteristics for R134a inside a horizontal micro-fin tube. They found wavy-annular flow regimes for the micro-fin tube at working conditions:   T     s a t   =     5    °   C,  G    = 300   kg/m     2   s, and  x  = 10%. However, it impacted the HTC of the micro-fin tube with the same experimental criteria.



Baba et al. [83] investigated the flow boiling characteristics, such as pressure drop and heat transfer, for R1234ze(E) and R32 in the horizontal micro-fin tube. They found that HTC increased as the vapor quality increased in all experimental situations for both refrigerants. Additionally, HTC for R32 is higher than those for R1234ze(E).



Konduo et al. [84] experimented with investigating the flow boiling of R32 and R1234ze(E) in horizontal micro-fin tubes. They found that the HTC of R32 was approximately   100 %   higher than those of R1234ze(E) at the low value of vapor qualities.



Kim et al. [35] studied the characteristics, such as HTC and ΔP of CO2, inside plain and enhanced tube micro-fin. As a result, they found out that the HTC for the micro-finned tube was more influenced by increasing the value of vapor quality and mass flux compared to the smooth tube, however, no major effect of oil concentration on it.



The boiling and condensation properties of the refrigerant R134a were investigated by Colombo et al. [34] using a 9.52 mm micro-fin tube. According to them, the HTC of evaporation was improved with the low value of mass flux, while at the same time, HTC was highly dependent on heat flux. They demonstrated, via the flow map, where the change has taken away intermittent flow to annular flow to take place for a constant mass flux within the low-range vapor quality. Further, the flow regime transitions were moved to the high range of vapor quality with the application of the micro-fin tube.



The flow boiling heat transfer features of R1234yf pure, as well as oil-mixed refrigerants, were examined by Han et al. [85] under the following test conditions:    T  s a t   =   5 to 15    ℃  ;   G =   100, 200 and 400 kg/m2s;   q =   4, 8, and 12 kW/m2; and     Oil   c o n   =   0%, 1.5%, 3%, and 5%. They researched inside a micro-finned tube with a 7 mm OD. They discovered that the local HTC for pure and oil-mixed R1234yf had grown, in addition to a low-to-high range of vapor quality maintained when operating at higher rates of mass velocity. Moreover, at a low oil content, heat transfer was excellent.



Mancin et al. [86] inspected flow boiling heat transfer experimentally, including various mass fluxes from 190–755 kg/m2s and variable heat fluxes, for refrigerant R134a flowing within a 3.4 mm ID micro-finned tube. They determined the high value of HTC at a high heat flux value with low vapor quality. However, heat flux was not influencing the HTC at the condition of high vapor quality.



Wu et al. [87] considered the flow boiling heat transfer for inorganic refrigerant CO2 flowing within the micro-finned with varied mass flux from 106–600 kg/m2s at changing    T  s a t     from 1 to 15    ℃   for experiments. They discovered that when the mass or heat flux increased, the pressure drop increased at low saturation temperatures. The value of local HTC rose within the low to medium vapor quality range. However, at a low level of vapor quality, the value of HTC dropped dramatically. Furthermore, with a high value of mass flux, HTC enhancement may be optimal.



A comparative investigation of the flow boiling heat transfer with various refrigerants flowing within plain and micro-fin tubes has been given by Jiang et al. [88]. They found that the average HTC of R-134a was 110.9% higher than R-22 when measured within a smooth tube. At the same time, the average HTC of R-407c was 78% more than R-22 inside a smooth tube. Further, the average HTC of R-410a was 125.2% more than R22 inside the smooth tube.



Diani et al. [89] prepared a 3 mm horizontally oriented micro-fin tube for testing the flow boiling heat transfer at    T  s a t   =  30  ℃ , having vapor quality ranging from 10% to 99%, the mass flow of 375–940 kg/m2s, and 10–50 kW/m2 heat flux with refrigerant R1234ze(E). They discovered that the HTC of micro-finned tubes was higher within the low vapor quality range at the high heat flux value than those of smooth tubes. They also identified that the value of HTC was low at a low value of vapor quality and increased with increasing vapor quality. In further experiments, they utilized different refrigerants, such as R134a [42] and R513a [90], and they obtained the vital importance of micro-fins in improving HTC.



Longo et al. [91] explored experimentally flow boiling characteristics inside the micro-fin tube for R245fa at    T  s a t   =   30  ℃ ,   G =   100 to 300 kg/m2s,   q =   30 to 60 kW/m2, and   x =   15% to 95%. They established that the value of HTC got affected mainly during the transition of regimes. They also conducted experiments to obtain a comparative analysis to distinguish between the flow boiling of R1234yf and R1234ze(E) [24].



Han et al. [92] tested flow boiling heat transfer features for R161 mixed with varying oil concentrations from 0–5% flowing inside a 7 mm micro fin tube. Experimental circumstances were as   G =   100 to 250 kg/m2s and   q =   11.76 to 52.94 kW/m2. They discovered that the quality of the vapor, in conjunction with the amount of oil present, significantly impacted the value of HTC. At the same time, HTC was negatively impacted by the lowest possible level of vapor quality. Additionally, when the mass flow increased, the value of HTC decreased.



Jige et al. [93] developed a 3 mm horizontal micro-fin tube to examine heat transfer attributes of R32 experimentally at a fixed saturation temperature of 15  ℃ , with   G =   50–500 kg/m2s, and   q =   5–20 kW/m2. Consequently, they concluded that there was an increase in the value of HTC, despite the poor quality of the vapor present, in association with a hike in heat and mass flux. However, when the vapor quality was good, the impact of heat and mass flux was not nearly as significant on HTC. The slug flow was changed from slug to wavy flow with a low value of mass flux. Additionally, the flow changed to an annular flow as the mass flux rose.



Celen et al. [94] evaluated the flow boiling heat transfer characteristics for R134a flowing in both plain and micro-fin tubes. They postulated that with increasing saturation temperature, the value of the average HTC increased. Moreover, the HTC of micro-fin tubes was 1.9 times that of smooth tubes.



Righetti et al. [95] performed experiments to enhance the properties of boiling heat transfer of R1233zd(E) flowing within a micro-finned tube having an internal diameter of 4.3 mm. They demonstrated that the value of HTC was diminished, primarily due to the phase change procedure. In addition, HTC rose with all different mass flux values, despite having a very modest heat flux of 30 kW/m2.



Sun et al. [16] evaluated flow boiling heat transfer properties within smooth, micro-fin, and 3D improved tubes for R410a. They postulated that HTC grew with a higher value of mass flux due to the intense shape action. Hence, the HTC value for this tube was always the greatest.



Lin et al. [96] inspected the two-phase evaporation heat transfer properties under the testing circumstances as    T  s a t   =   6  ℃  and   G =   130 to 550 kg/m2s inside a micro-finned tube for R22. They concluded that the micro-finned tube outperformed the plain tube in obtaining a high HTC value under low mass flux circumstances.



Jige et al. [97] considered R32 circulating within a micro-fin tube for performing the experiments on flow boiling heat transfer with testing circumstances as    T  s a t   =   15  ℃ ;   G =   50 to 400 kg/m2s;   q =   2.5, 5, 10, and 20 kW/m2; and   x =   10% to 90%. They discovered that the value of HTC rose with the rising value of heat and mass flux, even while the vapor quality had kept at its lowest possible level. Nevertheless, the value of HTC did not grow nearly as much as the value of heat or mass flux when the vapor quality was at its highest possible value.



Refrigerant R245fa flowing inside a micro-finned tube was considered for experiments by Liu et al. [98] for getting enhanced flow boiling heat transfer characteristics at testing conditions as the constant saturation pressure as    (  P  s a t   ) =   0.2 MPa,   G =   50 to 240 kg/m2s, and   q =   5.6 to 14.87 kW/m2. They inferred that the value of HTC for the micro-finned tube was better than that of the plain tube. Further, the significance of the high mass flux value was less than the value of HTC for the micro-finned tube.



Further, Wang et al. [99] mixed R424fa with R141b to obtain better performance parameters of flow boiling inside an 8.72 mm micro-fin tube at varying mass flux from 203.19 to 306.64 kg/m2s with heat flux ranging from 7–15 kW/m2. They recognized that the increasing mass percentage of R245fa influenced HTC very highly. In addition, HTC decreased when saturation temperature increased, and it increased along with the value of mass flux.



Moon et al. [100] investigated the features of R600a within micro-finned tubes. The latest studies on flow boiling heat transfer compared it with smooth tubes using home refrigerator operating circumstances. They found that R600a inside micro-fin had superior properties to smooth tubes. The comparison was made based on factors such as enhancement and penalty. The micro-fin tube performed better and gave a higher enhancement factor in low mass flux circumstances. They also provided a robust correlation for a more accurate analysis of HTC.



Also, the relatively recent studies by Wu et al. [101] talked about flow boiling of a combination of two refrigerants, R1234ze(E) and R152a, by mass as 0.4 and 0.6, correspondingly. This information was presented in the form of a ratio. During the boiling process, the mixture showed signs of dry-out occurrence.



The impact of micro-fin geometry is also a significant factor because the increasing ratio of cross-section area to the volume of micro-fin increases the HTC of the tube. Figure 6a,b depict the 2D and 3D perspectives of the cross-sectional view of the micro-fin tube, respectively. Figure 7a–c visually represent the micro-fin tube geometrical parameters, including ID, OD, tube thickness, apex angle, fin height, and helix angle. These geometrical parameters highly influence the cross-sectional area. Therefore, we should know about it and choose the right or optimal geometries for the experiments so that we can get highly enhanced HTC compared to a smooth tube.



The summary of the previous investigations on two-phase and flow boiling heat transfer of pure and mixed refrigerants in micro-fin tubes is provided in Table 2, and the specifications of micro-fin tube geometry for different experimental studies of pure and mixed refrigerants are also given in Table 3.



In Figure 8a, a comparison between the refrigerants R134a and R513a has been done based on the effect of heat flux on HTC by obtaining the data from the different authors [41,42,48,80,82,86,94], research at vapor quality range from 0 to 1, and also values of heat flux are taken as   10  ,   20 ,   and   40   kW/m     2   . From Figure 8a, we can observe that R513a shows a better HTC for the same working heat flux than R134a. R513a is the advanced version of R134a. The high HTC is obtained at   10   kW/m     2    and   40   kW/m     2    heat flux, but we should also consider the mass flux and the geometries of the tube and micro-fins before concluding. In Figure 8b, we can see that the results were those because of high mass flux   G = 300   kg/m     2   s. Therefore, we can understand the HTC dependency on heat and mass flux, i.e., both influence the HTC highly for the same working conditions of the tube and micro-fin geometries. The experimental conditions taken by different authors are provided in Table 4.



In Figure 9a, a comparison among refrigerants R407c, R410a, and R32 has been made based on the effect of heat flux on HTC by obtaining the data from the different authors [38,63,67,68,84,93], research at vapor quality range from 0 to 1, and also values of heat flux are taken as   10  ,   20 ,   and   40   kW/m     2   . From Figure 9a, we can observe that HTC increases as the value of heat flux increases, but somehow, at high heat flux, HTC shows low values also; it is because of the influence of mass flux at low mass flux that HTC can be low, no matter how high the heat flux. It may also be due to the tube geometry selected by the authors to show the different values of HTC at the same heat flux. It is also caused by the geometry of the micro-fin inside the tube. They are triangular or rectangular or trapezoidal. The fin helix angle may also influence it. However, overall, HTC at   10   kW/m     2    heat flux showed the best results from the authors. For R407c, at   20   kW/m     2    heat flux, HTC is also high after the vapor quality is beyond   0.5   in comparison to   40   kW/m     2    heat flux. Nevertheless, in R410a and R32, this is entirely different. At   10   kW/m     2    heat flux, we got high HTC. In Figure 9b, a comparison among refrigerants R407c, R410a, and R32 has been done based on the effect of mass flux on HTC by obtaining the data from the different authors [38,63,67,68,84,93], research at vapor quality range from 0 to 1, and also values of mass flux are taken as   200   and   300   kg/m     2   s. It is essential to go through the mass flux effect simultaneously if talking about the heat flux effect because both significantly influence the HTC. We cannot ignore the tube and micro-fin geometry utilized to enhance the HTC at low heat and mass flux. We can see that the high HTC can be obtained at   G =     300   kg/m     2   s rather than   G =     200   kg/m     2   s because of better-enhanced tube geometries and micro-fins. Again, the HTC for R32 shows better results at the same working mass flux than R407c and R410a. The experimental conditions taken by different authors are provided in Table 5.




4. Flow Boiling Models


For a researcher to make more accurate predictions rather than relying on experimental findings, understanding the correlations between the variables is of the utmost importance. The flow boiling models are the supported equations that offer the correlations among the factors that impact the flow boiling heat transfer. Of the many correlations found up to this point, we have separated them into the following categories.



4.1. Generalized Flow Boiling Models


The generalized flow boiling models are applicable for refrigerants to get the calculated values of HTC to compare with the experimental HTC values. The main generalized flow boiling models are provided below in Table 6.




4.2. Flow Boiling Models for Pure Refrigerants


There are different correlations that exist for calculating HTC for pure refrigerants. Some of these are listed below in Table 7.




4.3. Flow Boiling Models for Blended Refrigerants


Different correlations also exist for calculating HTC for blended refrigerants. Some of these are listed below in Table 8.



Figure 10, Figure 11, Figure 12 and Figure 13 [120] show the residuals of the Lin et al. [120] model versus  x  for 16 different refrigerants. The residuals are typically within 30% and do not show any subset of variables depending on the refrigerant or fluid. For R1234ze(Z), R1233zd(E), R1224yd(Z), R161, and R450A, where the quantities of data are rather minimal, the residual populations are somewhat unbalanced (i.e., less than 150 data points from 1 or 2 sources) since the statistics from 13 various sources seem to be subject to various errors (10% to 30%) and are assessed using various techniques, such as heating by any fluid or electric heating. To understand this, if we consider R134a here, then the residuals for R134a are considerably scattered, which is to be desired. Nevertheless, the MAE is 15.9%, and the model continues to accurately forecast 85% of the R134a data. Figure 11 shows that the validity of the model is mostly unaffected by the refrigerant of choice. Thus, the model can be expanded to include various refrigerants.





5. Overview


As an improved surface for two-phase flow heat transfer, advanced micro-fin tubes are now extensively applied in HVAC (R), heat pumps, and chillers as a mature technology. Refrigeration and air conditioning manufacturers customize these kinds of heat exchangers with enhanced surfaces to significantly reduce the refrigerant-filling capacity and the flow rate of machinery. For this reason, micro-finned tubes have increased in popularity since they may significantly improve heat transfer (70–190%) compared with identical plain tubes under similar working circumstances, while increasing pressure drop slightly (15–85%). In addition, the placement of fins around the tube’s periphery expedites the transition to an annular regime, which has a greater HTC than during stratified regimes. It is also delayed in terms of vapor quality regarding the dry-out phenomenon. While there are some inherent technical difficulties with the manufacturing process of micro-fin tubes, these may be overcome by optimizing the fin height and tube diameter and using compelling, low-cost manufacturing challenges. The current research ideas appear to be directed in these regions to popularize this modern technology. It was noticed that a significant portion of the research is devoted to the development of low-cost, high-efficient micro-fin tubes. Many synthesized designs and models were identified, developed, and tested to manufacture enhanced micro-finned tubes. Designing micro-finned tubes with smaller diameters and more fins for improving heat transfer is essential in developing new micro-finned tube designs. It is noticed that the maximum HTCs at high mean vapor quality are shown during the implementation of lower heat flux, revealing that there may be some localized hot spots on the inner surface of the tubes, resulting in a deterioration of the phase change process when heat flux increases rapidly. The following factors make micro-fin tubes necessary, as well as convenient:




	
Micro-fin tubes improve the heat-exchanging surface area.



	
Micro-fin tubes induce turbulence to the liquid phase, hence improving the HTC.



	
Micro-fin tubes improve HTC by developing the effect of surface tension on the liquid phase.



	
Many types of heat transfer equipment, including heat pumps, RAC systems, HVAC systems, and chillers, employ micro-fin tubes to improve HTC in single- and two-phase modes.



	
For future reference, long-term miniaturized cooling systems should be built to address the energy recovery issue, i.e., removing and reusing vast amounts of heat in storage systems.









6. Concluding Remarks


Micro-fin tubes have emerged as a promising suitable alternative for producing advanced enhanced modes of heat transfer mechanisms. The significant characteristics of this tube are that it may increase the heat transfer area and fluid disturbance, modify the flow speed and direction due to centrifugal force, and, consequently, enhance the HTC. This topic will continue to get interesting as the emphasis switches to enhancing heat transfer, decreasing pressure drop, enhancing mean vapor quality, and incorporating these processes into practical devices. We will witness a dramatic transformation that will likely result in considerable equipment size reductions for some conventional heat transfer systems and introduce new products employing micro-scale technology.



Flow boiling in micro-fin tubes is gaining momentum since its constraints of establishing robust performance are resolved with a thorough understanding of the underlying mechanisms. Developing cheap and low-cost technologies for conducting flow boiling mechanisms under steady-state conditions will be a key research focus. The augmentation of the flow boiling HTC using innovative approaches will keep attracting interest. Incorporating most existing enhancement techniques in miniature heat exchanger passageways will be the highest priority subject of investigation. Another investigation area is using nanocoatings on tube walls to reduce the wall superheat temperature at incipience and increase critical heat flux.



According to the above research, since micro-fin tubes using mixed, low ozone layer depletion (ODP) and global warming potential (GWP) refrigerants were extensively investigated, numerous experimental and theoretical investigations were carried out, and many flow boiling heat transfer models were proposed in published papers to evaluate HTC. Interestingly, based on the survey results mentioned above, it is determined that micro-fin tubes provided a more excellent value of HTC, ranging from 90% to 190%, than smooth tubes under the same operating circumstances. Furthermore, micro-fin tubes had a higher heat transfer enhancement factor of 1.5 to 2.5 than smooth tubes with similar tube geometries.




7. Challenges and Possible Future Directions


The present review article analyzes widely reported experimental explorations on the flow boiling over horizontal micro-fin tubes and discusses variations in research findings. Further, there are some challenges and possible future directions to be performed, such as:




	
Rather than measuring mean data or utilizing electrical heating, future work should concentrate more on assessing local values by employing warm water heating.



	
Vapor quality studies should be performed up to 1.0.



	
In addition, further work has to be done to include reliable numerical flow models for use with flow boiling in micro-finned tubes.



	
Growth in the flow boiling heat transfer performance must be essential before this method can be utilized in real devices.



	
Also, all of us are trying to learn about nanocoating and nano-refrigerant, which seems to offer even more exciting potential for researchers working on heat transfer, along with fluid flow, in upcoming years.



	
More study is needed to determine how a nanofluid promotes heat transfer, largely via these methods. Researchers should also take care to quantify the degrees to which flexible/flexible-complex seals increase heat transfer, flow, and heat transfer in a convective medium in the right sequence. This describes heat transfer-enhancing active mechanical technologies.
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Nomenclature




	
    A c    

	
Cross-sectional flow area inside tube, [m2]




	
    A w    

	
Cross-sectional tube wall area per fin, [m2/fin]




	
   B d   

	
Bond Number




	
   B o   

	
Boiling Number




	
   C o   

	
Confinement Number




	
     CO  2    

	
Carbon dioxide




	
    C  p , l     

	
Liquid specific heat, [kJ/kg.K]




	
   C v   

	
Convection Number




	
    D b    

	
Departure bubble diameter, [m]




	
    D h    

	
Hydraulic diameter, [m]




	
    d r    

	
Root Diameter, [m]




	
    E  R B     

	
Convection enhancement factor




	
    E  m f     

	
Micro-fin enhancement factor




	
  F  

	
Two-phase heat transfer multiplier




	
  f  

	
Friction factor




	
    F c    

	
Mixture correction factor




	
   F r   

	
Froude Number




	
  G  

	
Mass flux, [kg/m2s]




	
   G a   

	
Galileo number




	
GWP

	
Global warming potential




	
  H  

	
Fin height, [mm]




	
  h  

	
Heat transfer coefficient, [Wm−2 °C−1]




	
HCFCs

	
Hydro-chlorofluorocarbons




	
    h  lg     

	
Latent heat of evaporation, [kJ/kg]




	
HTC

	
Heat transfer coefficient, [Wm−2 °C−1]




	
ID

	
Inner diameter, [m]




	
  k  

	
Thermal conductivity, [Wm−1 °C−1]




	
L

	
Length of the tube, [m]




	
  M  

	
Molecular weight, [kg/kmol]




	
  n  

	
Number of fins




	
     NH  3    

	
Ammonia




	
   N u   

	
Nusselt Number




	
OD

	
Outer diameter, [m]




	
ODP

	
Ozone depletion potential




	
  p  

	
Perimeter, [m]




	
  P  

	
Pressure, [kPa]




	
   Pr   

	
Prandtl number




	
  q  

	
Heat flux, [kW/m2]




	
RAC

	
Refrigeration and air conditioning




	
   Re   

	
Reynolds number




	
  S  

	
Boiling suppression factor




	
    S p    

	
Perimeter of fin, [m]




	
   S u   

	
Suratman number




	
  T  

	
Temperature, [°C]




	
    T b    

	
Bubble point temperature of mixture, [°C]




	
    T d    

	
Dew point temperature of mixture, [°C]




	
    T s    

	
Saturated state temperature of mixture, [°C]




	
   W e   

	
Weber Number




	
  x  

	
Vapor Quality




	
  X  

	
Lockhart–Martinelli parameter




	
    x q    

	
Thermodynamic mass quality




	
Greek Letters




	
  β  

	
Helix angle, [°]




	
  δ  

	
Liquid film thickness, [m]




	
    ϕ 2    

	
Two-phase frictional multiplier gradients and differences




	
  γ  

	
Apex angle, [°]




	
  μ  

	
Dynamic viscosity, [Pa.s]




	
    θ  d r y     

	
Dry angle, [radian]




	
  ρ  

	
Density, [kg/m3]




	
  σ  

	
Surface tension, [N/m]




	
Subscripts




	
  C  

	
Critical condition




	
c

	
Cross-sectional




	
   c b   

	
Convective boiling




	
   c o n   

	
Concentration




	
   e v p   

	
Evaporation




	
  g  

	
Vapor




	
  l  

	
Liquid




	
   L V   

	
Least volatile component




	
   m i c r o   

	
Micro-fin tube




	
   M V   

	
More volatile component




	
   n b   

	
Nucleate Boiling




	
  R  

	
Reduced




	
   r e f   

	
Refrigerant




	
   s a t   

	
Saturation




	
   s m o o t h   

	
Smooth tube




	
   S P   

	
Single-Phase




	
   T P   

	
Two-Phase




	
   t t   

	
Turbulent-Turbulent




	
   v v   

	
Laminar-Laminar




	
  w  

	
wall
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Figure 1. Generations of refrigerant. 
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Figure 2. Schematic diagram of heat transfer regions and flow patterns in flow boiling over the horizontal tube. 
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Figure 3. Inter-dependency of the flow boiling with different parameters. 
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Figure 4. Heat transfer enhancement mechanism. 
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Figure 5. The generation of heat transfer technology. 
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Figure 6. (a) 2D Micro-fin cross-sectional views; (b) 3D Micro-fin cross-sectional views. 
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Figure 7. Different geometrical terms related to micro-fin tube geometry; (a) = helix angle, (b) = Apex angle, tube thickness, and fin height, and (c) = Inner and outer diameters. 
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Figure 8. (a) Data comparison of R134a and R513a on different heat flux, i.e., 10, 20, and 40 kW/m2; (b) Data comparison of R134a and R513a on different mass flux, i.e., 200 and 300 kg/m2s. 
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Figure 9. (a) Data comparison of R407c, R410a, and R32 on different heat flux, i.e., 10, 20, and 40 kW/m2; (b) Data comparison of R407c, R410a and R32 on different mass flux, i.e., 200 and 300 kg/m2s. 
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Figure 10. Comparison of different models on the basis of relative residuals to Lin et al. [120] model versus vapor quality for refrigerants (a) CO2, (b) R1234yf, (c) R1234ze(E), and (d) R1234ze(Z). 
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Figure 11. Comparison of different models on the basis of relative residuals to Lin et al. [120] model versus vapor quality for refrigerants (a) R1233zd(E), (b) R1224yd(Z), (c) R134a, and (d) R32. 
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Figure 12. Comparison of different models on the basis of relative residuals to Lin et al. [120] model versus vapor quality for refrigerants (a) R125, (b) R161, (c) R22, and (d) R245fa. 
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Figure 13. Comparison of different models on the basis of relative residuals to Lin et al. [120] model versus vapor quality for refrigerants (a) R513A, (b) R410A, (c) R410B, and (d) R450A. 
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Table 1. Comparison of thermophysical properties of pure and blended refrigerants.
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	Refrigerant
	Class
	Composition

Type
	GWP100
	ODP
	Critical Temperature (°C)
	Safety Class
	Normal Boiling

Point (°C)





	CO2 (R744)
	Inorganic compound
	Pure
	1
	0
	31
	A1
	−78



	R22
	HCFC
	Pure
	1810
	0.055
	96.14
	A1
	−41.5



	R32
	HFC
	Pure
	675
	0
	78.11
	A2L
	−52



	R134a
	HFC
	Pure
	1430
	0
	101.06
	A1
	−14.9



	R245fa
	HFC
	Pure
	1030
	0
	154.01
	B1
	58.8



	R407c
	HFC
	Zeotropic blend
	1774
	0
	86.03
	A1
	−46.5



	R410a
	HFC
	Zeotropic blend
	1890
	0
	72.8
	A1
	−48.5



	R1234yf
	HFO
	Pure
	4
	0
	94.7
	A2L
	−29.49



	R513a
	HFC+HFO
	Azeotropic blend
	573
	0
	96.5
	A1
	−29.2



	R1234ze(E)
	HFO
	Pure
	<10
	0
	109
	A2L
	−19



	R1233zd(E)
	HFO
	Pure
	6
	0
	165.5
	A2L
	18.7
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Table 2. Summary of experiments on flow boiling heat transfer of pure and mixed refrigerants in micro-finned tubes.






Table 2. Summary of experiments on flow boiling heat transfer of pure and mixed refrigerants in micro-finned tubes.





	
Authors

	
Refrigerants

	
Tube Characteristics

	
Test Section

Orientation

with X-Axis

	
Test

Parameters

	
Remarks




	
Tube

	
OD

(mm)

	
ID

(mm)

	
Length

(m)






	
Eckels et al. [62]

	
R134a

	
Micro-fin

	
9.52

	
8.72

	
1.2

	
0°

	
HTC

	
Boosted




	
Kuo et al. [63]

	
R22, R407c

	
Micro-fin

	
9.52

	
8.72

	
1.2

	
0°

	
HTC

	
Boosted




	
Cho et al. [47]

	
R22, R407c

	
Micro-fin

	
9.52

	
8.53

	
0.97

	
0°

	
HTC

	
Boosted




	
Yu et al. [24]

	
R134a

	
Micro-fin

	
12.7

	
11.1

	
1.5

	
0°

	
HTC

	
Boosted




	
Possos et al. [38]

	
R407c

	
Micro-fin

	
12

	
11.98

	
1.5

	
0°

	
HTC

	
Boosted




	
Greco et al. [39]

	
R22

	
Micro-fin

	
8

	
6

	
6

	
0°

	
HTC

	
Boosted




	
Koyama et al. [22]

	
R134a

	
Micro-fin

	
9.52

	
8.86

	
1.015

	
0°

	
HTC

	
Boosted




	
Kim et al. [67]

	
R22, R410a

	
Micro-fin

	
9.52

	
8.72

	
0.92

	
0°

	
HTC

	
Boosted




	
Wellsandt et al. [50]

	
R134a

	
Micro-fin

	
9.53

	
8.86

	
0.38

	
0°

	
HTC

	
Boosted




	
Wellsandt et al. [68]

	
R407c, R410a

	
Micro-fin

	
9.53

	
8.86

	
0.38

	
0°

	
HTC

	
Boosted




	
Filho et al. [40]

	
R134a

	
Micro-fin

	
9.52

	
8.92

	
1.2

	
0°

	
HTC

	
Boosted




	
Zhang et al. [72]

	
R22

	
Micro-fin

	
9.52

	
8.76

	
2.4

	
0°

	
HTC

	
Boosted




	
Cui et al. [30]

	
R134a

	
Micro-fin

	
12.7

	
11.2

	
1.5

	
0°

	
HTC

	
Boosted




	
Ding et al. [75]

	
R410a

	
Micro-fin

	
5

	
4.86

	
1.5

	
0°

	
HTC

	
Boosted




	
Dang et al. [77]

	
CO2

	
Micro-fin

	
2.646

	
1.996

	
1.5

	
0°

	
HTC

	
Boosted




	
Padovan et al. [80]

	
R134a, R410a

	
Micro-fin

	
8

	
7.69

	
1.4

	
0°

	
HTC

	
Boosted




	
Colombo et al. [34]

	
R134a

	
Micro-fin

	
9.52

	
8.92

	
1.5

	
0°

	
HTC

	
Boosted




	
Wu et al. [87]

	
CO2

	
Micro-fin

	
7.94

	
7.31

	
1

	
0°

	
HTC

	
Boosted




	
Han et al. [85]

	
R1234yf

	
Micro-fin

	
7

	
6.41

	
2

	
0°

	
HTC

	
Boosted




	
Kondou et al. [84]

	
R32, R1234ze(E)

	
Micro-fin

	
6.04

	
5.21

	
2.216

	
0°

	
HTC

	
Boosted




	
Mancin et al. [86]

	
R134a

	
Micro-fin

	
4

	
3.4

	
0.3

	
0°

	
HTC

	
Boosted




	
Diani et al. [90]

	
R1234ze(E)

	
Micro-fin

	
4

	
3.4

	
0.3

	
0°

	
HTC

	
Boosted




	
Jiang et al. [88]

	
R410a, R407c

	
Micro-fin

	
12.7

	
11.43

	
1.112

	
0°

	
HTC

	
Boosted




	
Diani et al. [89]

	
R1234ze(E)

	
Micro-fin

	
3

	
2.4

	
0.3

	
0°

	
HTC

	
Boosted




	
Righetti et al. [4]

	
R1233zd(E)

	
Micro-fin

	
3

	
2.4

	
0.3

	
0°

	
HTC

	
Boosted




	
Diani et al. [42]

	
R513a

	
Micro-fin

	
4

	
3.4

	
0.3

	
0°

	
HTC

	
Boosted




	
Jige et al. [93]

	
R32

	
Micro-fin

	
4

	
3.48

	
0.4

	
0°

	
HTC

	
Boosted




	
Celen et al. [94]

	
R134a

	
Micro-fin

	
9.52

	
8.62

	
1.1

	
0°

	
HTC

	
Boosted




	
Righetti et al. [95]

	
R1233zd(E)

	
Micro-fin

	
5

	
4.3

	
0.25

	
0°

	
HTC

	
Boosted




	
Lin et al. [96]

	
R22

	
Micro-fin

	
8

	
7.14

	
1.5

	
0°

	
HTC

	
Boosted




	
Jige et al. [97]

	
R32

	
Micro-fin

	
3.5

	
3.15

	
0.4

	
0°

	
HTC

	
Boosted




	
Liu et al. [98]

	
R245fa

	
Micro-fin

	
7.8

	
5.8

	
1

	
0°

	
HTC

	
Boosted




	
Wang et al. [99]

	
R245fa/R141b

	
Micro-fin

	
9.52

	
8.72

	
1

	
0°

	
HTC

	
Boosted




	
Moon et al. [100]

	
R600a

	
Micro-fin

	
2.5

	
2.17

	
1

	
0°

	
HTC

	
Boosted




	
Wu et al. [101]

	
R1234ze(E)/R152a

	
Micro-fin

	
7

	
6.41

	
2

	
0°

	
HTC

	
Boosted
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Table 3. Micro-fin tube geometry for different experimental works of pure and mixed refrigerants from the last decade.






Table 3. Micro-fin tube geometry for different experimental works of pure and mixed refrigerants from the last decade.





	Authors
	ID

(mm)
	Tube Thickness (mm)
	Number of Fins (n)
	Fin Height (H)

(mm)
	Apex Angle (γ)

(°)
	Helix Angle (β)

(°)





	Colombo et al. [34]
	8.92
	0.30
	27
	0.23
	40
	18



	Han et al. [90]
	6.41
	0.33
	65
	0.10
	34
	15



	Mancin et al. [86]
	3.40
	0.30
	40
	0.12
	-
	18



	Jiang et al. [88]
	8.96
	0.28
	60
	0.14
	33
	18



	Diani et al. [90]
	2.4
	0.30
	40
	0.12
	43
	7



	Diani et al. [89]
	3.4
	0.30
	40
	0.12
	43
	18



	Diani et al. [41]
	3.4
	0.30
	40
	0.12
	43
	18



	Longo et al. [5]
	4.3
	0.23
	54
	0.12
	11
	27



	Longo et al. [91]
	4.2
	0.25
	40
	0.15
	42
	18



	Jige et al. [97]
	3.48
	0.16
	25
	0.12
	-
	11



	Celen et al. [94]
	8.62
	0.45
	60
	0.20
	-
	25



	Lin et al. [96]
	7.14
	0.43
	40
	0.18
	32
	34



	Wang et al. [99]
	8.72
	0.40
	65
	0.12
	53
	15



	Moon et al. [100]
	2.17
	0.18
	25
	0.10
	31
	-



	Wu et al. [101]
	6.41
	0.33
	65
	0.10
	15
	30
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Table 4. Comparison of experimental conditions of different authors regarding results shown above for refrigerants R134a and R513a in micro-finned tubes.
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Authors

	
Refrigerants

	
Tube Geometry

	
Test Conditions




	
OD/ID/Length in mm

	
G

	
q

	
x






	
Diani et al. [41]

	
R513a

	
4/3.4/300

	
150–800

	
12–60

	
0.2–0.9




	
Diani et al. [42]

	
R513a

	
3/2.4/300

	
200–800

	
12–60

	
0.2–0.9




	
Celen et al. [94]

	
R134a

	
9.52/8.62/1100

	
190–381

	
10

	
0.21–0.77




	
Wellsandt et al. [48]

	
R134a

	
9.53/8.95/4000

	
162–366

	
0.1–38

	
0.08–0.20




	
Bandara Filho et al. [82]

	
R134a

	
9.52/8.92/1500

	
100–500

	
10

	
0.5–0.9




	
Padovan et al. [80]

	
R134a; R410a

	
8/7.69/1400

	
80–600

	
14–83.5

	
0.1–0.99




	
Mancin et al. [86]

	
R134a

	
4/3.4/300

	
190–755

	
10,25,50

	
0.2–0.95











[image: Table] 





Table 5. Comparison of experimental conditions of different authors regarding results shown above for refrigerants R407c, R410a, and R32 in micro-finned tubes.






Table 5. Comparison of experimental conditions of different authors regarding results shown above for refrigerants R407c, R410a, and R32 in micro-finned tubes.





	
Authors

	
Refrigerants

	
Tube Geometry

	
Test Conditions




	
OD/ID/Length in mm

	
G

	
q

	
x






	
Kuo et al. [63]

	
R407c; R22

	
9.52/8.72/1000

	
100–300

	
6–14

	
0–1




	
Possos et al. [38]

	
R407c

	
12.7/10.7/1500

	
100–300

	
10–20

	
0–1




	
Wellsandt et al. [68]

	
R407c; R410a

	
9.53/8.95/4000

	
196–415

	
0.4–44

	
0.035–0.23




	
Kim et al. [67]

	
R22; R410a

	
9.52/8.52/920

	
30,45,60

	
10

	
0.2–0.8




	
Kondou et al. [84]

	
R32; R1234ze(E)

	
6.04/5.45/2216

	
150–400

	
10–15

	
0.1–0.9




	
Jige et al. [93]

	
R32

	
4/3.1/550

	
50–400

	
5,10,20

	
0.1–0.9
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Table 6. Generalized flow boiling models to calculate HTC.






Table 6. Generalized flow boiling models to calculate HTC.





	Authors
	Correlations





	Chen [102]
	   h  T P   = S ⋅  h  n b   + F ⋅  h l   

   h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )   

   h  n b   = 0.00122  (     k l     0.79    C  p , l      0.45    ρ l     0.49      σ  0.5    μ l     0.29    h  lg      0.24    ρ g     0.24      )  Δ  T  s a t      0.24   Δ  P  s a t      0.75    

  S = 1 /  (  1 + 0.055  F  0.1     Re  l     1.17    )   

  F =  {      2.35    (  1 /  X  t t   + 0.213  )    0.736        if    1 /  X  t t   > 0.1      1     if    1 /  X  t t   ≤ 0.1        

    Re  l  = G  (  1 − x  )   (     D h     μ l     )   ,    Pr  l  =    C  p , l   ⋅  μ l     k l     

   X  t t   =    (    1 − x  x   )    0.9      (     ρ g     ρ l     )    0.5      (     μ l     μ g     )    0.1    



	Shah [103]
	   h  T P   = 230 B  o  0.5    h l   

   h  T P   = 1.8    [  C v    (  0.38 F  r l     − 0.3    )   z   ]    − 0.8    h l   

   h  T P   = F exp  {  2.47    [  C v    (  0.38 F  r l     − 0.3    )   z   ]    − 0.15    }   h l   

   h  T P   = F exp  {  2.47    [  C v    (  0.38 F  r l     − 0.3    )   z   ]    − 0.1    }   h l   

  F =  {      14.7 B  o  0.5        if    B o ≥ 0.0011       15.4 B  o  0.5        if    B o < 0.0011        

  z =  {     0     if   horizontal   with    F  r l  ≥ 0.04      1     if   horizontal   with    F  r l  < 0.04        

  C v =    (    1 − x  x   )    0.8      (     ρ g     ρ l     )    0.5    ,  B o =  q  G ⋅  h  lg      



	Gungor et al. [104]
	    h  T P   = S ⋅  h  n b   + F ⋅  h l    

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

   S = 1 /  (  1 + 1.15 ×   10   − 5    F 2    Re  l     1.17    )    

   F = 1 + 2.4 ×   10  4  B  o  1.16   + 1.371    (  1 /  X  t t    )    0.86     



	Gungor et al. [105]
	    h  T P   =  (  S ⋅  S 2  + F ⋅  F 2   )   h l    

   S = 1 + 3000 B  o  0.86     

   F = 1.12    (   x  1 − x    )    0.75      (     ρ l     ρ g     )    0.41     

    S 2  =  {      F  r l     0.1 − 2 F  r l         if   horizontal   and    F  r l  < 0.05      1    otherwise         

    F 2  =  {      F  r l     0.5        if   horizontal   and    F  r l  < 0.05      1    otherwise         



	Kandlikar [106]
	      h  T P      h l    =  C 1  C  v   C 2       (  25 F  r l   )     C 5    +  C 3  B  o   C 4     F  f l     

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    



	Wattelet et al. [50]
	    h  T P   =    [   h  n b      2.5   +    (  F ⋅ S ⋅  h l   )    2.5    ]    1 / 2.5     

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

    h  n b   = 207   Pr  l     0.533    (     k l     D b     )     (    q ⋅  D b     k l  ⋅  T  s a t      )    0.745      (     ρ g     ρ l     )    0.581     

    D b  = 0.51    [    2 σ   g  (   ρ l  −  ρ g   )     ]    0.5     

   S =  {      1.32 F  r l     0.2        if    F  r l  < 0.25      1     if    F  r l  ≥ 0.25         

   F = 1 + 1.925  X  t t      − 0.83     

    X  t t   =    (    1 − x  x   )    0.9      (     ρ g     ρ l     )    0.5      (     μ l     μ g     )    0.1     



	Cavillini et al. [107]
	    h  T P   =  h  n b   +  h  c b     

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67   ⋅ A ⋅  X  t t     B     (    OD   ID    )   C    

    h  c b   = 0.023   Re  l     0.8     Pr  l     1 / 3    (     k l    ID    )  ⋅ ϕ ⋅  R x    S     (  B d ⋅ F r  )   T     (    OD   ID    )   V     (     G o   G   )   Z    

   F r =    G 2     ρ g  ⋅ g ⋅ ID     

    R x  =  (    2 H ⋅ n  (  1 − sin  θ 2   )    π ⋅ ID ⋅ cos  θ 2    + 1  )   (   1  cos β    )    

   ϕ =    (   (  1 − x  )  + 2.63 x    (     ρ l     ρ g     )    0.5    )    0.8     

   B d =   g ⋅  ρ l  ⋅ H ⋅ π ⋅ ID   8 σ ⋅ n     



	Warrier et al. [108]
	    h  T P   =  [  1 + 6 B  o  1 / 16   − 5.3  (  1 − 855 B o  )   x  0.65    ]   h l    

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

   B o =  q  G ⋅  h  lg       



	Bertsch et al. [109]
	    h  T P   =  (  1 − x  )   h  n b   +  [  1 + 80  (   x 2  −  x 6   )  exp  (  − 0.6 ⋅ C o  )   ]   h  S P     

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

   C o =    [   σ  g  (   ρ l  −  ρ g   )   D h    2     ]    0.5     

    h  S P   = x ⋅  h g  +  (  1 − x  )  ⋅  h l    

    h g  =  [  3.66 +   0.0668   Re  g    Pr  g   D h  / L   1 + 0.04    (    Re  g    Pr  g   D h  / L  )    2 / 3      ]   (     k g     D h     )    

    h l  =  [  3.66 +   0.0668   Re  l    Pr  l   D h  / L   1 + 0.04    (    Re  l    Pr  l   D h  / L  )    2 / 3      ]   (     k l     D h     )    
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Table 7. Flow boiling models for pure refrigerants to calculate HTC.
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	Authors
	Correlations





	Lazarek et al. [110]
	   h  T P   = 30   Re  l     0.857   B  o  0.714    (     k l     D h     )   

    Re  l  = G  (  1 − x  )   (     D h     μ l     )   ,  B o =  q  G ⋅  h  lg      



	Jung et al. [111]
	    h  T P   = S ⋅  h  n b   + F ⋅  h l    

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

    h  n b   = 207   Pr  l     0.533    (     k l     D b     )     (    q ⋅  D b     k l  ⋅  T  s a t      )    0.745      (     ρ g     ρ l     )    0.581     

    D b  = 0.51    [    2 σ   g  (   ρ l  −  ρ g   )     ]    0.5     

   S =  {      4048  X  t t      1.22   B  o  1.13        if     X  t t   ≤ 1       2 − 0.1  X  t t      − 0.28   B  o  − 0.33        if    1 ≤  X  t t   ≤ 5         

   F = 2.37    (  0.29 + 1 /  X  t t    )    0.85     



	Liu et al. [98]
	    h  T P   =    [     (  S ⋅  h  n b    )   2  +    (  F ⋅  h l   )   2   ]    1 / 2     

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

   S = 1 /  (  1 + 0.055  F  0.1     Re  l     0.16    )    

   F =    [  1 + x ⋅   Pr  l   (     ρ l     ρ g    − 1  )   ]    0.35     



	Fujii et al. [112]
	   N  u  m i c r o   = N  u l   (    4.5    X  t t      )    

   N  u l  = 0.045   Re  l     0.8     Pr  l     0.4     

     Re  l  = G  (  1 − x  )   (     D  m e a n      μ l     )    

    D  m e a n   =  (  ID −  H 2   )    

    X  t t   =    (    1 − x  x   )    0.9      (     ρ g     ρ l     )    0.5      (     μ l     μ g     )    0.1     



	Koyama et al. [22]
	    h  T P   =  h  n b   +  h l    

    h  n b   = 207   Pr  l     0.533    (     k l     D b     )     (    q ⋅  D b     k l  ⋅  T  s a t      )    0.745      (     ρ g     ρ l     )    0.581     

    h l  = 0.028   Re   T P      0.8     Pr  l     0.4    (     k l     D h     )    

    D b  = 0.51    [    2 σ   g  (   ρ l  −  ρ g   )     ]    0.5     

     Re   T P   =  F  1 / 0.8     Re  l    

   F = 1 + 2    (   1   X  t t      )    − 0.88   + 0.8    (   1   X  t t      )    1.03     

    X  t t   =    (    1 − x  x   )    0.9      (     ρ g     ρ l     )    0.5      (     μ l     μ g     )    0.1     
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Table 8. Flow boiling models for blended refrigerants to calculate HTC.
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Authors

	
Correlations






	
Kaul et al. [2]

	
   N  u l  =    h l  ⋅  k l     D h    = K   Re  l      C 6    B  o   C 7       (   x g  −  x l   )   g    

    C 6  = a + b ⋅  x q  + c ⋅  x q    2       ,  C 7  = d + e ⋅  x q  + f ⋅  x q    2    

    D h  =   4  A c  ⋅ cos β   n ⋅  S p         ,    A c  =   π ⋅   OD  2   4  − n ⋅  A w    




	
Kew et al. [113]

	
    h  T P   = 30   Re  l     0.857   B  o  0.714      (   1  1 − x    )    0.143    (     k l     D h     )    

     Re  l  = G  (  1 − x  )   (     D h     μ l     )       ,   B o =  q  G ⋅  h  lg       




	
Wang et al. [114]

	
    h  T P   = S ⋅  h  n b   + F ⋅  h l    

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    

    h  n b   = 207   Pr  l     0.533    (     k l     D b     )     (    q ⋅  D b     k l  ⋅  T  s a t      )    0.745      (     ρ g     ρ l     )    0.581     

   S =    [  1 +    K 3     (    Re  l   F  1.25   ×   10   − 4    )   2       (  B o ×   10  4   )     K 4     X  t t       K 5       ]    − 1     

   F = 1 +  K 1     (   1   X  t t      )     K 2      

    X  t t   =    (    1 − x  x   )    0.9      (     ρ g     ρ l     )    0.5      (     μ l     μ g     )    0.1     




	
Wongsa-ngam et al. [66]

	
    h  T P   = 5.5864 ⋅  h l     (  B o ×   10  4   )    0.35    X  t t      − 0.14     

    h l  = 0.023   Re  l     0.8     Pr  l     0.4    (     k l     D h     )    




	
Zhang et al. [49]

	
    h  T P   =    E  m f      (   F C  ⋅  h  n b    )   3  +    (   E  R B   ⋅  h  c b    )   3  ⋅  (  2 π −  θ  d r y    )  +  θ  d r y   ⋅  h g    2 π     

    h  c b   = 0.02787   Re  l     0.5362     Pr  l     0.4    (     k l   δ   )    

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

    E  m f   = 1.7046    (   G   G  r e f      )   2  − 2.1366  (   G   G  r e f      )  + 1.6497   

    E  R B   =    [  1 +    {  2.64   Re  l     0.036      (   H   d r     )    0.212      (   p   d r     )    − 0.21   ×    (   β    90  ∘     )    0.29     Pr  l     − 0.024    }   7   ]    1 / 7     

   p =   π ⋅  d r    n ⋅ tan β     




	
Hu et al. [73]

	
    h  T P   = S ⋅  h  n b   + F ⋅  h  c b     

    h  c b   =  E  R B   ⋅  h l    

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

    E  R B   =    [  1 +    {  2.64   Re  l     0.036      (   H   d r     )    0.212      (   p   d r     )    − 0.21   ×    (   β    90  ∘     )    0.29     Pr  l     − 0.024    }   7   ]    1 / 7     

   S = 1 + 2.53 ×   10   − 6    F  1.489     Re  l     1.17     

   F = 1 + 33686.87 ⋅ B  o  1.16   + 1.169 ⋅  X  t t      − 0.86     




	
Oh et al. [115]

	
    h  T P   = S ⋅  h  n b   + F ⋅  h l    

    h l  =  {          4.36  (     k l    ID    )       if      Re  l  < 3000                  (    Re  l  − 1000  )    Pr  l   (     f l   2   )   (     k l    ID    )    1 + 12.7  (    Pr  l     2 / 3   − 1  )     (     f l   2   )    0.5          if   3000  ≤   Re  l  ≤   10  6                0.023   Re  l     0.8     Pr  l     0.4    (     k l    ID    )       if      Re  l  >   10  6              

    h  n b   = 55  P R     0.12      (  −   log   10    P R   )    − 0.55    M  − 0.5    q  0.67     

   S = 0.279    (   ϕ l    2   )    − 0.029   B  o  0.098     

   F = max  [   (  0.023 ⋅  ϕ l    2  + 0.76  )  , 1  ]    

     Re  l  =   G  (  1 − x  )  ⋅ ID    μ l         ,   Re  g  =   G ⋅ ID    μ g      

     Pr  l  =    C  p , l   ⋅  μ l     k l      

   f =  {        64   Re        for    Re < 2300       0.079   Re   − 0.25        for    Re > 3000         




	
Mortada et al. [116]

	
   N  u l  = 8678.5    (  B  o 2  W  e l   )    0.2415   C v ⋅   Re  l     − 0.115     

   W  e l  =    G 2  ⋅  D h     ρ l  ⋅ σ     




	
Rollmann et al. [117]

	
   N  u l  = 1.2 ⋅ A ⋅   Re  l     2 / 3    [  ln B o + 12.17  ]   x A    

   A =  (    − 3.7     Pr  l    2    + 0.71  )    




	
Mendoza-Miranda et al. [118]

	
    h  T P   = 4.05 ×   10   − 3     Re  l     0.98    F α     0.38      (  1.55 − x  )    0.95      (      Pr  l     X  t t      )    1.09     

    F α  =  {     1     if    x ≤ 0.7       1 + 0.2  x  1.2   cos  (    15 π   180    )       if    x > 0.7         




	
Mehendale et al. [119]

	
   N  u  T P   =    h  T P   ⋅  d r     k l      

    N  T P   =  C 0   ∏  34       C 1     ∏  35       C 2     ∏ 1      C 3     ∏  26       C 4     ∏ 7      C 5     ∏ 5      C 6     ∏  24       C 7     ∏  21       C 8     ∏ 6      C 9     ∏ 8      C  10      ∏  33       C  11       

    ∏  34   =   q ⋅  d r     h l  ⋅  μ l         ,    ∏  35   =  q   h l     1.5    (   ρ g  −  ρ l   )      

    ∏ 1  =  (    2 ⋅ H ⋅ n   π ⋅  d r     )   (     (   1    cos  2  β   +   tan  2   (   γ 2   )   )    0.5   − tan  (   γ 2   )   )  + 1   

    ∏  26   =    d r  ⋅    (  G ⋅ x  )   2    ρ ⋅ g ⋅ σ        ,    ∏ 7  =   1 − x  x    

    ∏ 5  = G  a g  =    ρ g  ⋅ g  (   ρ g  −  ρ l   )  ⋅  d r    3     μ g    2      

    ∏  24   = S  u g  =   ρ ⋅ g ⋅ σ ⋅  d r     μ g    2      

    ∏  21   = W  e l  =    G 2  ⋅  d r     ρ l  ⋅ σ        ,  ∏ 6  =    ρ g  −  ρ l     ρ l         ,    ∏ 8  =  M   M   H 2        

    ∏  33   =   g  (   ρ g  −  ρ l   )  ⋅ H ⋅  d r    σ ⋅ n     

    C 0   = 0.03771       ,    C 1   = 1.459 ,        C 2   =  − 1.139 ,       C 3   = 0.6214 ,    

    C 4   = 0.2249 ,        C 5   = 0.2253 ,        C 6   =   − 0.1209 ,        C 7   =   − 0.6149 ,    

    C 8   =   − 0.04878 ,        C 9   = 1.661 ,        C  10    =   − 0.04224  ,        and    C  11    = 0.1121    




	
Lin et al. [120]

   h  t p   =  {           (     λ f     D h     )   [    7730  (    Re  f  0.1329     Pr  f  0.3359     Co   − 0.0318     Bo   0.1912    P R  0.0555    M W  − 0.3428     Bd   0.2880    )      + 3.094  (    Re  f  − 0.1039     Pr  f  − 0.8458     Co   − 0.2494     Bo   − 0.2031    P R  − 0.1398    M W  0.7766     Bd   − 0.0485    )  − 581.3    ]       ;   for     z 1  > 0 ,  z 2  > 0                (     λ f     D h     )   [    7803  (    Re  f  0.2044     Pr  f  0.3081     Co   − 0.0529     Bo   0.1954    P R  0.0509    M W  − 0.3207     Bd   0.3128    )      + 2.675  (    Re  f  − 0.2797     Pr  f  − 0.4217     Co   0.0724     Bo   − 0.2674    P R  − 0.0697    M W  0.4389     Bd   − 0.4281    )  − 581.3    ]       ;   for     z 1  > 0 ,  z 2  ≤ 0                (     λ f     D h     )   [    528.9  (    Re  f  − 0.0115     Pr  f  0.0278     Co   0.0211     Bo   − 0.0042    P R  0.0046    M W  − 0.0221     Bd   − 0.0248    )      + 121.5  (    Re  f  0.1758     Pr  f  − 0.4241     Co   − 0.3218     Bo   0.0643    P R  − 0.0701    M W  0.3377     Bd   0.3796    )  − 581.3    ]         ;   for     z 1  ≤ 0 ,  z 2  > 0                (     λ f     D h     )  × 57.7        ;   for     z 1  ≤ 0 ,  z 2  ≤ 0            

where;

   z 1  = ln  (    Re  f  0.4197     Pr  f  0.6327     Co   − 0.1086     Bo   0.4012    P R  0.1045    M W  − 0.6585     Bd   0.6423    )  + 5.507  

   z 2  = ln  (    Re  f  0.1527     Pr  f  − 0.3684     Co   − 0.2796     Bo   0.0559    P R  0.0609    M W  0.2933     Bd   0.3298    )  + 0.1263  
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