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Abstract


This paper presents a study on heat transfer in two-phase mixtures (air–water and air–oil) flowing through heated horizontal channels filled with open-cell aluminum foams characterized by porosities of 92.9–94.3% and pore densities of 20, 30, and 40 PPI. The research included mass flux densities ranging from 2.82 to 284.7 kg/(m2·s) and heat flux densities from 5.3 to 35.7 kW/m2. The analysis examined the effects of flow conditions, fluid properties, and foam geometry on the intensity of heat transfer from the heated walls of the channel to the fluid. Results indicate that the heat transfer coefficient in two-component non-boiling flow exceeds that of single-phase flow, primarily due to fluid properties and velocities, with minimal impact from flow structures or foam geometry. An assessment of existing methods for predicting heat transfer coefficients in gas–liquid and boiling flows revealed significant discrepancies—up to several hundred percent—between measured and predicted values. To address these issues, a novel computational method was developed to accurately predict heat transfer coefficients for two-component non-boiling flow through metal foams.
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1. Introduction


In the past three decades, advancements in processing technology have enabled the development of innovative, lightweight, and durable materials that find wide application in mechanical, structural, electrical, and thermal engineering. Furthermore, progress in the industrial production of multifunctional cellular materials in standard configurations and geometries has opened up new possibilities for their use in various areas of engineering [1,2,3,4,5]. Open-cell metal foams, classified as cellular materials, are eco-friendly and possess features such as low weight, porosity, fire resistance, and non-toxicity. They offer a long service life and represent a robust alternative to conventional materials [6,7]. Open-cell metal foams are particularly notable for their low density (e.g., 0.45 kg/m3), high surface area density (500–10,000 m2/m3), and excellent thermal and electrical conductivity (e.g., ∼200 W/m·K for aluminum and ∼400 W/m·K for copper) [8]. The high surface area of metal foam struts enhances heat transfer through conduction, improves mixing in both single-phase and multiphase systems, and boosts efficiency by increasing the Nusselt number and disrupting the thermal boundary layer [7,9,10]. Their lightweight structure (5–25% metal, 75–95% gas) combines high strength and rigidity with a large surface area, making them ideal for enhancing energy absorption and heat transfer in heat exchangers [11,12,13,14,15,16,17,18,19,20,21,22,23], heat sinks and solar collectors [24,25,26,27,28,29,30,31,32,33], fuel cells [34,35,36,37], and heat pipes [6,10,38].



The literature review reveals that research on thermal phenomena involving open-cell metal foams predominantly focuses on single-phase fluids, such as air or water. In contrast, studies on heat transfer in two-phase flows typically investigate scenarios where a single substance, such as water or a refrigerant, undergoes phase transitions during boiling or condensation processes. Metal foams in flow boiling processes significantly increase the nucleation rate due to the increased heat exchange area and intensified fluid disturbance, which greatly improves heat transfer efficiency.



Studies have shown that metal foams enhance boiling heat transfer in various configurations, including pipes [39,40,41,42,43,44,45], channels [46], heat exchangers and evaporators [47]. Recent experimental and numerical studies on flow boiling in metal foam tubes were conducted by Nosrati et al. [48], Haertlé [49] and Liaw et al. [50].



Zhu et al. [39] experimentally investigated the effect of copper foam (with 0.95 porosity and 5 or 10 PPI) on enhancing heat transfer during convective flow boiling of oil mixtures and refrigerant (R410a) in tubes. They observed a 1.85-fold increase in the heat transfer coefficient with copper foam, although this enhancement was diminished in the presence of oil. They also developed an empirical correlation to capture these effects. In 2014, Zhu et al. [51] extended their research to refrigerant flow in foam-filled tubes of different diameters, finding up to 220% improvement in heat transfer and transitions in flow patterns from stratified to annular flow. They noted varying effects of vapor quality on heat transfer and developed a new correlation for flow boiling predictions.



Mancin et al. [41] examined how mass flow rate, heat flux, and vapor quality affect the heat transfer coefficient for R134a and R1234ze(E) in 5 PPI copper foam (0.93 porosity) at heat fluxes of 50 and 100 kW/m2 and vapor qualities from 0.2 to 0.95. In turn, Zhu et al. [52] studied how metal foam packing affects flow boiling heat transfer in 7.9 mm ID horizontal tubes. They found that 5 PPI and 10 PPI foams improved the heat transfer coefficient by up to 111% and 139%, respectively. The enhancement was mainly due to increased heat transfer area and promotion of annular flow, especially at lower mass fluxes, with up to 2.4 times higher heat transfer coefficients compared to smooth tubes. They developed a method to correlate heat transfer coefficients for refrigerant boiling in metal-foam-filled tubes.



Conversely, Bamorovat Abadi et al. [43] examined flow boiling in 4 mm ID mini tubes packed with 20 and 30 PPI metal foams (porosity 0.9). They found that existing correlations for heat transfer were inadequate for foam-filled tubes and introduced an improvement factor of up to 3.2, demonstrating significant heat transfer enhancement. They also developed new correlations for the boiling heat transfer coefficient in packed tubes.



Gao et al. [53] introduced an open-cell metal foam mini-channel evaporator (OMFME) to enhance heat transfer in electronics cooling applications, using R134a as the working fluid. The study demonstrated that the OMFME achieved up to a 1.5 times higher heat transfer coefficient (HTC) compared to a conventional mini-channel evaporator (ME). The results showed that the HTC typically rose with higher vapor quality and heat flux, while changes in mass flow rate had only a small impact.



Samir and Hussain [42] developed correlations for predicting the Nusselt number in R-134a convective boiling in vertical tubes with copper foam. Metal foams increased the heat transfer coefficient by 270–310% (80 PPI) and 130–220% (40 PPI) compared to a smooth tube.



In a related study, Azizifar et al. [44] studied heat transfer in a horizontal steel pipe with copper foam (porosity 0.8, 10 PPI) during subcooled flow boiling of water. The metal foam increased the heat transfer coefficient by up to 580% and improved the thermal performance index by 22%.



Similarly, Weise et al. [45] and Haertlé [49] analyzed the impact of open-cell copper foam (10 and 20 PPI, 0.9 porosity) on flow boiling heat transfer in 14 mm horizontal tubes using CO2, with heat fluxes up to 65 kW/m2. They identified wetting and convective heat transfer as key performance factors and developed a predictive model for heat transfer in tubes with porous packing.



Liaw et al. [50] studied subcooled flow boiling in helical tubes with copper foam (80–95% porosity, 5, 6, and 10 PPI) and developed a 3D pore-scale model. They assessed the effects of inlet temperature, mass flux, and foam properties, deriving empirical Nusselt number correlations. Their findings show that porosity and pore density significantly affect heat transfer, with foam in the outer half of the tube yielding slightly better performance. In turn, Li et al. [44] investigated flow boiling of R141b in micro-channels (Dh = 2.5 mm) with copper foam (20 PPI, 0.95 porosity). They observed a 2.5 to 3-fold heat transfer improvement compared to empty channels and proposed a new heat transfer correlation using a Gaussian function.



Bamorovat Abadi and Kim [47] examined boiling heat transfer in plate heat exchangers filled with metal foam using R245fa/R134a and pure R245fa. They found that 20 PPI foam increased the heat transfer coefficient by up to 2.3 times compared to conventional evaporators, while 30 PPI and 60 PPI foams enhanced it by up to 2 and 1.3 times, respectively.



Kouidri and Madani [19] studied heat transfer in a vertical compact heat exchanger filled with various metal foams (20 PPI, 93% porosity) during flow boiling of n-pentane. They found that copper foam improved heat transfer by 1.3 to 3 times, while NiFeAlCr and Inconel foams were less effective and sometimes worsened performance compared to copper foam.



Hu et al. [54,55] examined the effect of surface wettability on flow boiling heat transfer in metal foam-filled tubes. Hu et al. [54] found that hydrophilic surfaces decreased the heat transfer coefficient by 2–18%, while hydrophobic surfaces increased it by 6–30% with R134a in copper tubes with 10–40 PPI foams, and developed heat transfer correlations. Hu et al. [55] confirmed these results with R1234ze(E), showing hydrophilic surfaces reduced heat transfer by 7–13% and hydrophobic surfaces improved it by 3–8%, and introduced new heat transfer correlations for differences in metal foam surface wettability.



A review of the literature shows that high-porosity metal foams significantly enhance convective boiling heat transfer by increasing surface area, generating turbulence, and improving wetting, which reduces film thickness and boosts vapor-phase heat transfer. Theoretical and simulation studies confirm these benefits, leading to higher Nusselt numbers, disrupted thermal boundary layers, and reduced thermal resistance, outperforming traditional heat exchangers like shell-and-tube, finned, and plate designs.



Furthermore, metal foams, with their complex matrix and high specific surface area, show significant potential for enhancing condensation heat transfer by improving surface wetting and facilitating condensate removal, as evidenced by Wang et al. [56], Shi et al. [57], and Shenming et al. [32]. Wang et al. [56] studied R134a condensation in horizontal tubes with metal foam, finding that while foam tubes improved heat transfer, they also increased pressure drop. Shi et al. [57] demonstrated that annular metal foams (10–20 PPI) enhance water vapor condensation, with 10 PPI foam offering the best performance, achieving 1.3 times higher efficiency than micro-fin tubes. Additionally, Shi et al. [58] found that hydrophobic metal foams further improved heat transfer, with a 10 PPI foam reaching an HTC of 30,153 W/m2·K under specific conditions.



The foams are increasingly utilized in chemical reactors specifically designed to support heterogeneously catalyzed multiphase reactions involving both gaseous and liquid substrates. They serve simultaneously as both a filler and a catalyst support, providing an effective alternative to conventional packing materials [59]. By improving mass transport and increasing the active surface area, open-cell metal foams significantly enhance the performance of devices used for sensing, chemical conversion, and biochemical applications [60,61], and at the same time improve heat transfer for endothermic or exothermic processes.



Reactions occurring under non-boiling gas–liquid two-phase flow conditions include catalytic hydrogenation, where hydrogen is introduced to an organic molecule in the presence of a catalyst, such as palladium, platinum, or rhodium. Hydrogenation plays a crucial role in various industries, including food production, petrochemical refining, and pharmaceuticals, by enabling the synthesis of a wide range of organic chemicals (i.e., solvents, cosmetics, food additives, chemical reagents, fuel additives, lubricants, plastics). A notable example of hydrogenation is the conversion of nitrobenzene to aniline, catalyzed by palladium at 50 °C [62]. Other significant reactions include the hydrogenation of furan to tetrahydrofuran (THF) and maleic acid to succinic acid, with reaction times for gas–liquid hydrogenation of cyclohexene using a porous silicon-supported integrated catalyst often being comparable to or better than those of traditional packed-bed reactors [63]. Traditionally, many hydrogenation processes have been conducted in batch reactors, leading to lower yields and selectivity. In contrast, continuous flow technology in tubular reactors is gaining popularity for its safety and efficiency, as seen in the continuous production of hexafluoroisopropanol (HFIP), an essential intermediate for the inhalation anesthetic sevoflurane, produced via catalytic hydrogenation of hexafluoroacetone (HFA) [64].



Based on a thorough review of the literature, it is evident that extensive investigations have been conducted on one-component two-phase flow under boiling and condensation conditions in pipes and channels packed with open-cell metal foams. In turn, research on two-phase non-boiling two-component gas–liquid flow in tubular reactors, conducted in the context of hydrogenation reactions, has primarily focused on the analysis of flow hydrodynamics and mass transfer phenomena.



To the best of the authors’ knowledge, no studies have specifically addressed convective heat transfer models for two-component, gas–liquid non-boiling flow through pipes packed with open-cell metal foams. The limited information on gas–liquid flows in open-cell metal foams, especially outside of boiling refrigerant scenarios, and the lack of predictive methods for heat transfer coefficients, significantly hinder the design and optimization of equipment utilizing metal foams (e.g., tubular flow reactors), which are of great industrial importance. To address this gap, experimental studies were conducted to investigate heat transfer conditions in two-phase gas–liquid flow through channels packed with metal foams. The focus was on evaluating factors influencing heat transfer, including fluid properties, phase velocities, volume fractions in the two-phase mixture, and the impact of flow patterns on heat transfer from the channel wall to the two-phase mixture through the metal foam. Additionally, the effect of foam parameters on these phenomena was examined. It was also considered essential to identify an appropriate method for predicting the heat transfer coefficient in gas–liquid two-phase flow through channels filled with open-cell metal foams.




2. Test Stand, Scope and Methodology of the Research


The direct objective of the experimental studies was to evaluate heat transfer from the heated channel wall, filled with open-cell metal foam, to the gas–liquid two-phase mixture flowing through the channel, based on the temperature increase of the mixture. In the research, air, demineralized water, and Velol-9Q machine oil were used as fluids to create gas–liquid two-phase mixtures. To meet the study’s objectives, the liquids were selected for their differing physical and thermal properties. The oil has a significantly lower density compared to water, more than twice lower specific heat and surface tension, and several times lower thermal conductivity. Moreover, it has relatively low viscosity, which at room temperature is about 9 times higher than that of water. Using oil with higher viscosity would have limited the study to laminar flow, as liquid flow through metal foams is characterized by relatively high flow resistance. The use of two different liquids allowed for variation in the physical properties of the generated two-phase mixtures. The experiments were conducted using a setup (Figure 1) with the main component being a heated horizontal channel fully filled with aluminum alloy foam. Three different types of foams were used, with each type having its own independent channel. All foams featured similar geometric cellular structures and comparable porosity ϕ. However, they differed in pore density (20, 30, and 40 PPI), as well as in cell size dc and pore size dp. In the context of metal foams, the term “pore” refers to the “window” connecting adjacent cells. The foams used in the study had cell sizes that differed by 53%, with a corresponding difference in thermal conductivity of 26%. Furthermore, the similar porosity of the foams allowed for a clear assessment of the impact of cell size on the thermal and flow phenomena under investigation. The aluminum alloy used for the 40 PPI foam exhibits higher thermal conductivity ks compared to the material of the foam skeletons for 20 and 30 PPI foams. The key parameters characterizing the foams are summarized in Table 1. The methods for determining cell diameter and pore size, as well as permeability and inertia coefficient, are described in ref. [65].



The test channel was constructed as an aluminum pipe with an internal diameter of 0.02 m and a total length of 2.61 m. At the inlet of the channel, a flow stabilization section, 0.92 m in length, is included to ensure consistent flow conditions. The central part of the channel, extending 1.27 m, serves as the measurement section where variations in the temperature and pressure of the fluids were recorded. In this section, the channel is heated externally using a resistance heater wrapped around it, with a nominal power of 4400 W. The study utilized commercially manufactured aluminum foams from m-pore (20 and 30 PPI) and ERG Aerospace Corporation, in the form of plates with a thickness of 30 mm. The foams were placed inside the channel as cylindrical inserts with a diameter equal to the inner diameter of the channel, which is 20 mm, and a length of 30 mm. The inserts were cut using electrical discharge machining. To ensure effective heat transfer from the heated channel wall to the foam structure, the inserts were bonded to the surface of the tube using a high-conductivity adhesive based on aluminum powders. For this purpose, it was necessary to longitudinally cut the channel into two parts, which were then tightly joined by soldering after the foam was inserted.



In the heated section of the channel, the metal foam was bonded to the pipe using a thermally conductive epoxy-aluminum adhesive to reduce the thermal resistance between the foam structure and the channel wall. The measurement section was thermally insulated with 0.07 m thick mineral wool. A schematic of the measurement section, including the location of the measurement equipment, is shown in Figure 2.



During the experiments, temperatures of the fluids and the channel wall were measured using Type K thermocouples with a diameter of 1 mm. Temperature measurements were conducted at four transverse sections along the measurement section (see Figure 2, sections I, II, III, IV). Sections I and IV were located 160 mm from the start and end of the heated section, respectively. This distance is sufficient to establish a steady-state temperature profile of the fluid.



According to the literature, the temperature profile in horizontal flow through metal foams typically stabilizes over a length equal to 3–4 times the channel’s cross-sectional dimension (160 mm is eight times the diameter of the channel used). In each of the four transverse sections (I–IV), eight thermocouples were installed. The sensing tips of five thermocouples were positioned inside the channel at various distances from its center in the vertical plane, while the tips of three additional thermocouples were placed 0.5 mm from the inner surface of the pipe, within the channel wall. The temperature of the wall, like that of the fluids, was measured at the bottom, middle, and top sections of the channel. This setup allowed for the consideration of the vertical temperature profile’s influence on the average temperature values. The thermocouples were connected to eight-channel measurement modules, which were equipped with a reference temperature stabilization and correction system. These modules, along with a computer, formed a data acquisition system that enabled real-time observation and recording of temperature changes simultaneously at all measurement points. Before the experiments began, the temperature measurement system was calibrated. After calibration, all thermocouple readings were within ±0.2 K of the reference temperature.



The pressure drop of the gas–liquid mixture through the measurement section, along with the overpressure at the section’s inlet, were also measured. Knowledge of these parameters was crucial for determining the properties of the air and flow patterns. Pressure measurements were conducted using a set of four piezoresistive differential pressure sensors and one absolute pressure sensor. The specification of the measurement apparatus is provided in Table 2. The measurement uncertainty of the apparatus was evaluated in accordance with the guidelines outlined in the Guide to the Expression of Uncertainty in Measurement [66]. The relative standard uncertainty of the measured quantity x is described by Equation (1).


     u  ( x )   x   =    (   (   Δ d   x 2  +  Δ e   x 2   )  / 3  )    0.5    



(1)




Δdx in Equation (1) represents the uncertainty due to calibration (or reference), and Δex denotes the experimenter’s uncertainty. The calibration uncertainties were determined based on linear regression of the calibration results. The experimenter’s uncertainty, Δex, was considered to be the value of the last significant digit in the measurement result. Table 2 provides the maximum relative uncertainties (expressed as percentages) for the measurement sensors.



Simultaneously with the heat transfer investigations, the identification of flow structures developing within the channel was conducted, enabling an assessment of their potential impact on heat transport. Due to the need to observe flow structures, the final section of the channel, measuring 0.42 m in length (beyond the measurement section), was constructed from transparent acrylic glass. The identification of flow patterns was conducted concurrently through visual observations made during the experiment, supplemented by high-resolution photographs of the structures taken with a camera. Additionally, an algorithm for identifying flow structures based on fractal analysis of pressure drop fluctuations, which were recorded in real time throughout the experiment, was employed. The methodology for identifying flow structures based on the fractal analysis of pressure drop fluctuations is thoroughly described in the work of Broll and Dyga [67].



The experiments were conducted in measurement series where a constant liquid flow rate was maintained while gradually increasing the air flow rate. As the flow rate of the fluids increased, the heating power qh was also increased to ensure that the temperature of the mixture rose by at least 10 K. The heating power was adjusted by varying the voltage.



The experiments were conducted over a relatively wide range of fluid flow rates, which allowed for a broad diversity of flow structures and ensured that both laminar and turbulent flow regimes were achieved, as demonstrated in previous studies [65,68]. The main parameters characterizing the flow conditions are presented in Table 3.



It was assumed that similar hydrodynamic conditions would be achieved for both two-phase mixtures when flowing through each of the three foams. The primary criteria for the flow were the superficial phase velocities vsf, described by Equation (2), which are understood as the mean velocities of the fluids in the channel, calculated while neglecting the presence of the second fluid and foam.


   v  s f   =  V f    4  π  d 2      



(2)








3. Examination of Results


The heat transfer analysis was conducted based on the thermal balance of the fluids within the heated section of the channel, confined to the area between cross-sections I and IV (as indicated in Figure 2). These cross-sections are thus treated as the inlet and outlet of the channel, respectively. The heat absorbed by the gas–liquid mixture from the channel wall and the foam skeleton is equivalent to the sum of the heat fluxes absorbed by the gas and the liquid phases.


   Q  tp   =  Q g  +  Q l   



(3)







The heat absorbed by the gas and liquid is described by the following equations, respectively


   Q g  =  m g   (   i   g , out    −  i   g , in     ) ,   



(4)






   Q l  =  m l   (   i   l , out    −  i   l , in     ) .   



(5)







The initial and final enthalpy values of the fluids if,in and if,out were determined based on the average fluid temperatures at the inlet and outlet of the channel,      t -    in     and      t -    out    , respectively. The average values were determined based on the readings from all thermocouples measuring the fluid temperatures within the specified cross-section (“in” or “out”).



It was assumed that in the heated section of the channel, the temperatures of the gas and liquid are equal, i.e., in the air–water flow, tg = tw = ttp, and in the air–oil flow, tg = tol = ttp. This assumption was experimentally validated for stratified flow. In this type of flow, the thermocouple positioned in the lower part of the channel was exclusively exposed to the liquid phase, while the thermocouple in the upper part of the channel was in contact solely with the gas phase and therefore measured only the air temperature. The results indicate that the temperatures of air and water equilibrate in the channel before reaching the heated measurement section. The differences between the temperature readings of the thermocouples for both phases were within the measurement error margin. In the case of non-stratified flows, where more intensive mixing of the fluids occurs, temperature equalization between the fluids is even more likely. This is particularly true considering that the initial temperatures of the air and the liquid differed by no more than 2–3 K.



The enthalpy of the liquid (il) is described by Equation (6).


   i  l , i n ( o u t )   =  c l     t -    t p , i n ( o u t )   , l ≡ w , o l .  



(6)







When calculating the enthalpy of air, its humidity Y was taken into account in Equation (7).


   i  g , i n ( o u t )   =  c g     t -    tp , i n ( o u t )   +    ( c   v     t -    tp , i n ( o u t )   +  r ) Y .   



(7)







In the case of air–oil flow, the humidity of the air was measured before its entry into the measurement channel. However, for air–water flow, the enthalpy of the air was calculated based on the assumption of air saturation. Due to the co-current flow of air and water, the air progressively becomes saturated with water vapor. Given the relatively long flow stabilization section, it was assumed that saturation is achieved before entering the measurement section and is maintained throughout its length. The heat transfer coefficient is described by Equation (8).


   h  t p   =     Q  t p     S    (     t b   ¯  −    t  t p    ¯   )   ¯     .  



(8)







In (8), the surface of the channel wall (between sections I and IV) was taken as the heat transfer surface S. The difference between the temperature of the gas–liquid mixture and the wall temperature varies along the flow path. Therefore, the average value of this temperature difference      (     t b   ¯  −    t  t p    ¯   )   ¯    was determined through approximate integration, as described by Equation (9).


     (     t b   ¯  −    t  t p    ¯   )   ¯  =   1   L  V I   −  L I       ∫    L I     L  I V      (     t b   ¯  −    t  t p    ¯   )  d L .  



(9)







The uncertainty in the value of the heat transfer coefficient u(h) was assessed based on the principle of propagating uncertainties from direct measurements:


  u ( h ) =     ∑ i     ∂ h   ∂ x    u 2   (   x i   )      ,  



(10)




where the uncertainty of directly measured quantities u(x) is described by Equation (1).



Figure 3, Figure 4, Figure 5 and Figure 6 present selected results from the experimental analysis, which are representative of all studied cases of air–water and air–oil flow through the three types of foam. In the air–water mixture flow, the heat transfer coefficient increases with rising fluid velocities (see Figure 3). The effect of increasing the water flow rate on the heat transfer coefficient is particularly pronounced. For example, a tenfold increase in water velocity, from 0.006 to 0.061 m/s, leads to an approximately twofold increase in the heat transfer coefficient. In contrast, a multiple increase in air velocity results in only a modest rise in the heat transfer coefficient, typically on the order of several percent. Particularly at higher air velocities, the impact of this phase on the heat transfer coefficient is relatively minor. For air velocities around 0.5 m/s, a nearly linear relationship between the heat transfer coefficient and air velocity becomes apparent. In the majority of the investigated cases, the heat transfer intensity in the two-phase flow was higher than in the single-phase flow of fluids transported through the channel at the same superficial velocity. The introduction of even a small amount of air into the water flow results in an increase in the heat transfer coefficient by several to tens of percent, as illustrated in Figure 3 and Figure 5, with air velocity changing from vsg = 0 to vsg = 0.07 m/s. If the introduction of air into the liquid induces a plug flow regime, the increase in the heat transfer coefficient can reach approximately 25%. Further increases in the air flow rate lead to a monotonic rise in the heat transfer coefficient due to the growing turbulence in the flow. Deviations from this trend are observed when transitioning from plug flow to stratified flow, where a decrease in the heat transfer coefficient occurs despite an increase in gas velocity.



Transition from plug flow to stratified flow results in a reduction in the contact area between the water and the channel wall, as well as the foam. The heat transfer intensity between the water and the wall or foam is significantly greater than between the air and the solid materials. Therefore, in a two-phase flow, a reduction in the liquid contact with the wall leads to a decrease in the heat transfer coefficient htp. Such singularities related to changes in flow structures are typical of multiphase flows, although they primarily pertain to flow resistance and the volumetric fractions of phases within the mixture [69,70,71]. However, with respect to heat transfer in gas–liquid flows through metal foams, these phenomena have not been previously documented. In the air–oil flow studies, a similar trend in the heat transfer coefficient was recorded, specifically an increase in htp with rising velocities of both fluids, with air having a lesser impact compared to oil. The results of these studies are presented in Figure 4. In the air–oil flow, the heat transfer coefficient is more than twice as low compared to the air–water flow under identical conditions, specifically at the same superficial phase velocities. The higher viscosity of the oil leads to reduced turbulence compared to water, which is the primary reason for the lower intensity of heat transfer in flows involving oil.



In the case of air–oil flow, the reduction in the heat transfer coefficient observed in air–water flow during the transition from plug flow to stratified flow was not evident. The air–oil flow exhibited a greater diversity of flow structures. In the air–water flow studies, stratified flow accounted for over 70% of all observed flow cases. During the air–oil flow experiments, slug and churn flows were frequently observed under conditions where stratified flow occurred in the air–water flow. In slug and churn flows, similarly to plug flow, the liquid wets a large part of the heat exchange surface. Therefore, the transition from plug flow to another type of flow, as long as it is not stratified, does not result in a significant change in the heat transfer coefficient.



The heat transfer coefficient exhibits varying values under identical flow conditions across different types of foam. This variability is likely attributable to differences in the geometric structure and thermal conductivity of the foams. As illustrated in Figure 5 and Figure 6, the highest heat transfer coefficients, for both air–water and air–oil flows, were observed through the 20 PPI foam, whereas the lowest values were recorded for the 30 PPI foam.



The 20 PPI foam, characterized by the thickest fiber structure, exhibits the lowest resistance to heat transfer from the wall to the foam. Considering the specific surface area of the foam, the heat transfer coefficient should be higher for flow through a channel filled with 30 PPI foam compared to 20 PPI foam, as 30 PPI foam has a larger specific surface area. However, the contrary observation in the experiments indicates that heat transfer in channels filled with foam primarily occurs between the channel wall and the fluid, with the foam playing a lesser role in heat transfer. The heat transfer coefficient for flow through 40 PPI foam falls between the values observed for 20 PPI and 30 PPI foams. The 40 PPI foam has geometric parameters similar to those of the 30 PPI foam but features a 26% higher thermal conductivity of the foam material. Since some of the heat is transferred via conduction through the channel wall–foam skeleton–fluid system, the thermal conductivity of the foam skeleton can influence the heat flux absorbed by the fluid, and consequently, the experimentally determined heat transfer coefficient. In the case of air–oil flow, the impact of the foam on the heat transfer coefficient is also noticeable but to a lesser extent.




4. Model for Calculating the Heat Transfer Coefficient


Due to the lack of methods for calculating the heat transfer coefficient in non-boiling two-component gas–liquid flows through metal foams, an analysis was conducted to assess the applicability of methods designed for two-component gas–liquid flows in empty channels. This assessment also considered methods developed for boiling flows through channels filled with metal foams (Table 4). The analysis focused on the methods proposed by Bamorovat Abadi et al. [43], Ghajar [72], Khoze et al. [73], Kim et al. [74], Nada [75], Rezkallah et al. [76], Samir et al. [77], and Zhu et al. [40]. The selection of these methods was influenced by the fact that they are designed for horizontal channel flows, and their applicability is at least partially aligned with the experimental conditions described in this study.



As shown in Figure 7, the calculated heat transfer coefficients deviate significantly from the experimentally determined values. The results of the statistical evaluation of the heat transfer coefficient calculation methods are presented in Table 5. The mean error and standard deviation were determined using the following equations:


  δ  h  t p   =  |      h  t p , c a l   −  h  t p , exp      h  t p , exp       |  ⋅ 100 %  



(11)






  R M S =    [    1 n    (    ∑  i = 1  n      (       (   h  t p , c a l    )   i  −    (   h  t p , exp    )   i       (   h  t p , exp    )   i     )   2     )   ]    0.5   .  



(12)







Relatively good agreement between experimental and calculated values was observed when applying methods developed for non-boiling flow in empty channels to the air–water flow. For the methods proposed by Khoze et al. [73] and Kim et al. [74], the mean calculation errors are 24% and 26%, respectively. However, for air–oil flow, the deviations between calculated and measured values are significantly larger and are considered unacceptable, particularly for the method proposed by Khoze et al. The Nada method is not applicable to laminar liquid flows (which encompass the entire range of air–oil mixture studies), as it results in negative values for the heat transfer coefficient. Additionally, the heat transfer coefficient during boiling through channels filled with foams reaches significantly higher values compared to non-boiling flows. Consequently, the heat transfer coefficients calculated using the methods proposed by Bamorovat Abadi et al. [43], Samir et al. [77], and Zhu et al. [40] are several times greater than the experimentally obtained values. It was identified that one of the main sources of significant calculation errors is the method used to define the factor IF, which quantifies the impact of the foam presence on the heat transfer coefficient.



The observed inaccuracies in calculating the heat transfer coefficient underscore the necessity for developing a specialized method tailored specifically for two-component non-boiling flows.



Observations of flow structures conducted during the experimental investigations indicate that in channels filled with foams, the flow structures are similar to those observed in gas–liquid flows through empty channels. In all cases, a clear separation between the gas and liquid phases was evident; the foam does not induce fragmentation of the fluids into small portions or their uniform dispersion throughout the channel volume. Therefore, it was assumed that the heat transfer coefficient in two-phase flow through foam-filled channels can be calculated based on a separated flow model, utilizing the heat transfer coefficients for the liquid (hl) and gas (hg) phases flowing independently. Analysis of the experimental data indicates that the heat transfer coefficient in gas–liquid flow exceeds the sum of the heat transfer coefficients for the gas and liquid in single-phase flows. The mutual interaction of the fluids in the combined flow ultimately leads to flow disturbances, which contribute to more intense heat transfer. Therefore, it was decided that the heat transfer coefficient in gas–liquid flow through a channel filled with metal foam can be described by the following equation:


   h  t p   =  (   h l  +  h g   )   Φ h  .  



(13)







In Equation (13), the parameter Φh, referred to as the enhancement factor, quantifies the intensification of heat transfer in the two-phase flow compared to single-phase flow.



The equal treatment of gas and liquid in this context arises from the fact that, over a broad range of flow conditions, the gas occupies a relatively large portion of the channel volume. Consequently, it limits the contact between the liquid and the channel wall, thereby influencing the heat transfer into the two-phase mixture to a greater extent than would be expected based solely on its mass fraction. At the same time, the liquid can absorb a significantly larger portion of the heat flux exchanged between the two-phase mixture and the channel wall, due to its high heat transfer coefficient and substantial heat capacity.



The collected experimental results indicate that the intensity of heat transfer in the gas–liquid two-phase flow through a channel filled with metal foam is primarily determined by the hydrodynamic flow conditions and the thermal properties of the fluids. The influence of the foam’s geometric parameters is noticeably smaller. Similar conclusions were drawn by Dyga and Troniewski [78] in their studies of single-phase flow through metal foams. Therefore, it was assumed that the heat transfer coefficient for gas–liquid two-phase flow, described in Equation (13), can be determined using Equations (14) and (15) proposed in ref. [78].


  N  u f  = C   Re  f   c 1      Pr  f   c 2    D  a f   c 3       (      k  e f f      k f      )     c 4       (      μ f     μ  f b       )     c 5    ,  



(14)






   h f  =    N  u f   k f   d   , where : f ≡ l , g .  



(15)







Basing Equation (14) on similarity modules allows for the consideration of the significant impact of flow conditions (Reynolds number) and fluid properties (Prandtl number) on heat transfer. While the influence of the foam’s structural parameters on the heat transfer coefficient is less pronounced, it is still noticeable. The structural parameters of the foam were incorporated through the specifically defined hydraulic diameter, dh, in the Reynolds number.



Considering that Equation (14), originally developed for single-phase flow, is to be applied to two-phase flow, it was assumed that the calculation of the heat transfer coefficient for both gas and liquid must account for the presence of the second phase in the channel. According to this assumption, the Reynolds number for each phase should be determined based on the mass flux density of the two-phase mixture, gtp, and the following equation:


    Re  f  =     g  t p    d h     η f     ,  



(16)




where the hydraulic diameter is described as


   d h  =    ϕ  d p    1 − ϕ    ,  



(17)




and incorporates the geometric parameters of the foam—pore diameter dp and porosity φ. This method of defining the hydraulic diameter for flow through metal foams has been justified in the work by [57]. The influence of foam structure on heat transfer is also accounted for by introducing the Darcy number into Equation (14), based on the foam permeability K.



According to the recommendations of the authors in [79], the Darcy number should be determined using the following equation:


  D  a f  =     K f       (  0.5 d  )   2     .  



(18)







Permeability is directly influenced by structural parameters of the foam, such as porosity, cell and pore size, the shape of the struts and nodes of the skeleton, and the surface condition of the skeleton.



The calculation of the heat transfer coefficient also takes into account the significance of the thermal conductivity of the skeleton. A specific characteristic of flow through a channel filled with metal foam is that heat exchange between the channel wall and the fluid flow occurs not only via convection but also through conduction in the foam–fluid system. The contribution of this form of heat transfer is incorporated using the effective thermal conductivity coefficient, described by the following equation:


   k  e f f   = ϕ  k f  + 0.181    (  1 − ϕ  )    0.736    k s  ,  



(19)




which is based on the thermal conductivities of the skeleton ks and the fluid kf.



The constants present in Equation (14) are summarized in Table 6. Their values depend on the nature of the flow. The boundary for laminar flow is defined at Re = 1300 (according to Equation (16)).



Figure 8 shows the dependence of the enhancement factor on the flow conditions. The enhancement factor was determined based on Equation (13), using the experimentally measured heat transfer coefficient for the gas–liquid flow and the heat transfer coefficients for the gas and liquid calculated with Equation (14):


   Φ  h , exp   =     h  t p , exp      h  l , c a l   +  h  g , c a l      .  



(20)







To maintain clarity in the data presented in Figure 8, only selected results that are representative of all collected data are shown. The value of Φh is only slightly greater than one and exhibits minimal dependence on the flow conditions (fluid velocities). The enhancement factor increases slightly with liquid velocity and shows an almost linear dependence on air velocity.



The properties of the two-phase mixture do not exhibit a distinct influence on the heat transfer enhancement factor, as it shows similar values under analogous conditions for both air–oil and air–water flows. At equivalent flow velocities in both studied two-phase systems, the introduction of air into the liquid results in a comparable increase in the intensity of heat transfer. The functional relationship describing the heat transfer enhancement factor,


   Φ h  = 1 + 0.002 R  e l  0.2   R  e g  0.45      [   (      μ l     μ w      )     (      ρ w     ρ l      )   2   ]    0.33   ,  



(21)




was established considering the condition Φh ≥ 1 and the significance of flow conditions and phase properties. The values of the constant and the exponents in Equation (21) were determined based on correlation calculations. The comparison between heat transfer coefficients calculated using Equation (13) and the corresponding experimental data, presented in Figure 9 and Figure 10, clearly indicates that the developed method accurately captures both the magnitude and the behavior of the heat transfer coefficient under the examined flow conditions.



The accuracy of the developed computational method was statistically validated. As illustrated in Figure 11, over 90% of the results, representing various flow conditions, fall within a ±20% error margin. This degree of accuracy is deemed highly satisfactory, especially given the challenges of achieving such precision in two-phase flow analysis. The proposed method for calculating the heat transfer coefficient in gas–liquid flow through channels filled with metal foams remains valid even under conditions where one phase diminishes, i.e., as vf → 0.




5. Conclusions


The experimental studies described in this paper aimed to investigate the influence of flow conditions on heat transfer during the flow of a gas–liquid two-phase mixture through channels filled with metal foams. Particular emphasis was placed on analyzing the impact of flow velocity, the physical properties of both phases, the characteristics of flow structures, as well as the geometric parameters and thermal conductivity of the metal foams. Additionally, it was deemed essential to develop a method for determining the heat transfer coefficient for non-boiling flows in channels packed with metal foams. The study investigated the flow of two types of gas–liquid mixtures, air–water and air–mineral oil, through pipes filled with three types of open-cell aluminum foams with pore densities of 20, 30, and 40 PPI. The corresponding cell sizes of the foams were 3.45, 2.25, and 2.39 mm, respectively. The porosity of the foams ranged between 92.9% and 94.3%. The measurements were conducted over a range of superficial gas velocities from 0.060 to 2.264 m/s and liquid velocities from 0.006 to 0.063 m/s. The volumetric gas fraction in the two-phase mixture varied between 0.488 and 0.988. A total of 360 heat transfer coefficient values were obtained from the measurements. Based on the analysis of the collected data and a comprehensive review of the relevant literature, the following conclusions have been formulated, which, in the context of the established research objectives, can be divided into three key groups.



The influence of flow conditions—A significant impact of phase velocities, flow turbulence, liquid viscosity, and thermal properties of the fluids was observed.



	
In gas–liquid flow through metal foams, the heat transfer coefficient is generally higher compared to single-phase gas or liquid flows.



	
The heat transfer coefficient increases with the rise in superficial velocity of each phase. In the air–water flow, this increase is exponential with an exponent less than 1. In the case of air–oil flow, the variation in the heat transfer coefficient (htp) with increasing air velocity resembles a linear function, as the flow involving oil exhibits a laminar character over a wide range of phase velocity variations.



	
The lower turbulence of the air–oil flow results in a heat transfer coefficient that is more than two times smaller compared to the values obtained under the same flow conditions for air–water flow. In the studies, the heat transfer coefficient values were recorded as htp = 340–1082 W/(m2·K) for the air–oil flow and htp = 754–2430 W/(m2·K) for the air–water flow. Furthermore, oil has a thermal conductivity that is more than four times lower than that of water, which further diminishes the intensity of heat transfer.



	
Liquids play a crucial role in heat transfer. The significant mass fraction of liquid in the mixture, even with a considerable volumetric fraction of air, along with the high intensity of heat transfer into the liquid, enables this phase to absorb up to 800 times more heat when compared to equivalent flow rates of gas and liquid. A tenfold increase in the air flow rate results in a maximum enhancement of the heat transfer coefficient by 17%. In contrast, an equivalent increase in the liquid flow rate leads to an approximate rise of 65% in the heat transfer coefficient for oil and about 90% for water.



	
The intensity of heat transfer in stratified flow is lower compared to other flow regimes. Under conditions of transition from plug or slug flow to stratified flow, a sudden reduction in the heat transfer coefficient occurs by several percentage points, despite an increase in gas velocity. This phenomenon was observed solely in the case of air–water flow.






The influence of metal foam—Analyses have demonstrated a significant impact of geometric parameters and the thermal conductivity of the foam’s structure on the heat transfer process. Although this influence is noticeable, it is generally less pronounced than the effects of hydrodynamic conditions and the physical properties of the fluids.



	
Differences in the heat transfer coefficient for flows through the examined metal foams, under identical air–water flow conditions, can reach up to 50%. In contrast, for air–oil flows, these differences do not exceed 20%. This observation highlights the significance of fluid properties in heat transfer during flow through metal foams.



	
The highest intensity of heat transfer was recorded for the flow through 20 PPI foams, which exhibit the largest cell size among the utilized foams. The larger cells promote the development of turbulent flow, which compensates for the lower specific surface area of the 20 PPI foam compared to foams with higher pore densities.



	
Similar values of the heat transfer coefficient were observed during the flow through the 40 PPI foam, which is characterized by the smallest cells. However, it is noteworthy that the skeleton material of this foam exhibits a thermal conductivity that is 26% higher compared to the 20 PPI and 30 PPI foams.






Prediction of the heat transfer coefficient value



	
The methods developed for predicting the heat transfer coefficient in two-component non-boiling flows through empty channels or boiling flows through metal foam-filled channels are not applicable to two-component non-boiling flows through channels filled with metal foams. The accuracy of the results obtained using these methods is insufficient. Among the analyzed methods, the approach by Rezkallah et al. [76] demonstrates the smallest average error of 40%; however, the resulting values of the heat transfer coefficient exhibit an incorrect trend with respect to air velocity.



	
The heat transfer coefficient in non-boiling flows through channels filled with metal foams can be derived from the coefficients for single-phase gas and liquid flows, considering phase interactions. This interaction is represented in a newly developed correlation (Equation (21)), which quantifies the enhancement of heat transfer intensity in two-phase flows compared to single-phase flows.



	
The value of the heat transfer coefficient in non-boiling flows through channels filled with metal foams can be determined based on the set of Equations (13)–(21) developed in this study. These equations constitute a comprehensive computational model that provides satisfactory accuracy in predicting the value of the heat transfer coefficient; 90% of the results fall within a margin of error not exceeding 20%. This model can be applied to horizontally heated channels filled with metal foams similar to those used in the study, through which flow mixtures of gas and liquids with low viscosity—up to 10 times greater than the viscosity of water—regardless of the type of flow structure. The model is valid for the flow conditions specified in Table 3. The application of the model over a wider range of hydrodynamic conditions requires further validation.
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Glossary




	
Nomenclature




	
asf

	
metal foam specific surface area, m2/m3




	
A

	
total heat transfer area (channel and the foam), m2




	
Ach

	
channel area, m2




	
Asf

	
foam area, m2




	
c

	
specific heat, J/(kg·K)




	
dc

	
cell diameter, m




	
d

	
channel diameter, m




	
dl

	
diameter of foam skeleton ligament, m




	
dp

	
pore diameter, m




	
f

	
Fanning friction factor, -




	
g

	
mass flux, kg/(m2·s)




	
h

	
heat transfer coefficient, W/(m2·K)




	
hcb

	
convective boiling heat transfer coefficient, W/(m2·K)




	
hnb

	
nucleate boiling heat transfer coefficient, W/(m2·K)




	
ks

	
skeleton thermal conductivity coefficient, W/(m·K)




	
keff

	
effective thermal conductivity coefficient, W/(m·K)




	
K

	
foam permeability, m2




	
L

	
channel length, m




	
m

	
mass flow rate, kg/s




	
Nu

	
Nusselt number, -




	
Pr

	
Prandtl number, -




	
R

	
void fraction, -




	
Re

	
Reynolds number, -




	
r

	
heat of vaporization, J/kg




	
S

	
heat transfer area, m2




	
q

	
heat flux, W/m2




	
Q

	
heat, W




	
t

	
temperature, °C




	
vs

	
superficial velocity (related to the cross-sectional area of the empty channel (without filling)), m/s




	
V

	
volume flow rate, m3/s




	
x

	
mass fraction of vapor, -




	
Greek symbols




	
Δp/Δl

	
unit pressure drop, Pa/m




	
Δt

	
temperature difference, K




	
ϕ

	
porosity of metal foam, -




	
ε

	
inlet volume fraction, -




	
μ

	
viscosity, Pa∙s




	
ρ

	
density, kg/m3




	
Θdry

	
dry angle, o




	
ω

	
pore density, PPI




	
Subscripts

	




	
g

	
gas/air




	
cal

	
calculated




	
exp

	
experimental




	
in

	
inlet condition




	
l

	
liquid




	
ol

	
oil




	
out

	
outlet condition




	
s

	
solid/foams skeleton




	
tp

	
two-phase




	
b

	
channel wall




	
v

	
vapor




	
w

	
water
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Figure 1. Diagram of the experimental setup. 
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Figure 2. Measurement section. Scheme (a), real view (b). 
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Figure 3. Variation in the heat transfer coefficient for air–water flow through a 40 PPI foam-filled channel. 
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Figure 4. Variation of the heat transfer coefficient for air–oil flow through a channel filled with 30 PPI foam. 






Figure 4. Variation of the heat transfer coefficient for air–oil flow through a channel filled with 30 PPI foam.



[image: Energies 17 05250 g004]







[image: Energies 17 05250 g005] 





Figure 5. Heat transfer coefficient for air–water flow through 20, 30, and 40 PPI foams. 
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Figure 6. Heat transfer coefficient for air–oil flow through 20, 30, and 40 PPI foams. 
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Figure 7. Comparison of heat transfer coefficient values calculated using literature methods with experimental data [40,43,72,73,74,75,76,77]. 
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Figure 8. The heat transfer enhancement factor Φh. 
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Figure 9. Comparison of experimental heat transfer coefficient values for air–water flow with calculated values using Equation (13) for 20 PPI foam. 
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Figure 10. Comparison of measured heat transfer coefficient values in air–oil flow with calculated values using Equation (13) for 40 PPI foam. 
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Figure 11. Comparison of measured heat transfer coefficient values in air–oil and air–water flow with calculated values using Equation (13). 
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Table 1. Foam specifications.






Table 1. Foam specifications.





	
Foam 20




	
alloy

	
AlSi7Mg

	
[image: Energies 17 05250 i001]




	
pore density, ω [PPI]

	
20




	
porosity, ϕ

	
0.934




	
cell diameter, dc [m]

	
3.45∙10−3




	
pore diameter, dp [m]

	
1.09∙10−3




	
thermal conductivity, ks [W/(m·K)]

	
150.4




	
permeability, K [m2]

	
1.274∙10−7




	
inertial coefficient, β [m−1]

	
154.1




	
Foam 30




	
alloy

	
AlSi7Mg
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pore density, ω [PPI]

	
30




	
porosity, ϕ

	
0.943




	
cell diameter, dc [m]

	
2.25∙10−3




	
pore diameter, dp [m]

	
0.71∙10−3




	
thermal conductivity, ks [W/(m·K)]

	
150.4




	
permeability, K [m2]

	
0.659·10−7




	
inertial coefficient, β [m−1]

	
191.1




	
Foam 40




	
alloy

	
Al 6101
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pore density, ω [PPI]

	
40




	
porosity, ϕ

	
0.929




	
cell diameter, dc [m]

	
2.39∙10−3




	
pore diameter, dp [m]

	
0.82∙10−3




	
thermal conductivity, ks [W/(m·K)]

	
189.4




	
permeability, K [m2]

	
0.700·10−7




	
inertial coefficient, β [m−1]

	
277.0











 





Table 2. Specification of the measurement equipment.
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	Measurement
	Measurement Range
	Sensor Accuracy Class *
	Relative Uncertainty **





	Air flow rate, [m3/s]
	0–3.33·10−4

3.33·10−4–3.33·10−3
	0.2

0.3
	2.4%

1.7%



	Water flow rate, [m3/s]
	2.5·10−7–1.17·10−5

8.33·10−6–8.33·10−5
	1.0

1.0
	4.1%

4.2%



	Oil flow rate, [m3/s]
	3.33·10−7–6.67·10−5
	2.0
	6%



	Differential pressure, [Pa]
	(0–2)·103

(2–10)·103

(10–50)·103

(5–150)·103
	1.6

0.4

0.25

0.25
	3.7%

1.2%

0.7%

0.4%



	Pressure, [Pa]
	(0–600)·103
	0.25
	0.3%



	Temperature, [°C]
	(0–100)
	Δdx = 0.2 K **
	0.3%







* declared by the producer in relation to the measuring range. ** refers to the measured value determined based on calibration.













 





Table 3. Conditions for conducting experimental research.
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Fluid Flow Parameters




	
Fluid, f

	
vsf, m/s

	
gf, kg/(m2·s)

	
Ref *, -

	
εf/x **, -






	
air, a

	
0.060–2.664

	
0.07–2.93

	
42–2502

	
0.488–0.988

0.001–0.361




	
water, w

	
0.006–0.063

	
5.56–62.57

	
106–1487




	
oil, o

	
0.006–0.063

	
4.86–53.39

	
17–253




	
Properties of oil Velol-9Q




	
density ρ, kg/m3

	
ρ = 875.03 − 0.783t + 0.0012t2




	
viscosity μ, Pa·s

	
μ = 0.1172t−0.865




	
conductivity k, W/(m·K)

	
k = 0.1232–2.55·10−4t + 1.25·10−6t2




	
specific heat c, J/(kg·K)

	
c = 1767 + 4.122t + 0.0016t2








* determined using Equation (16). ** at the inlet to the channel.













 





Table 4. Methods for calculating the heat transfer coefficient in gas–liquid flow.
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Source

	
Correlation Describing Nutp, htp

	
Main Complementary Variables

	
System and Range of Parameter Changes






	
Two-component gas–liquid flow in an empty channel




	
Ghajar [72]

	
        h   t p       h  l     =  (  1 −  R g   )   [    1 + 65   (    x  1 − x     )   0.25     (      R g    1 −  R g      )   0.25       ⋅   (       Pr  g      Pr  l      )   0.33     (      μ g     μ l      )   0.33    e  1.4 θ      ]    

	
laminar flow

    h  l  = 1.86    (    Re  l      Pr  l    d L    )    0.33      (      μ  l b      μ l      )    0.14       k l   d    

turbulent flow

    h  l  = 0.027     Re  l  0.4       Pr  l  0.33      (      μ  l b      μ l      )    0.14       k l   d    

    Re  l  =    4 m   π   1 −  R g     μ l  d     

	
air–water flow in a horizontal channel

    Re  l  = 2836 − 8298  




	
Khoze et al. [73]

	
      N u    t p   = 0.26     Re  g  0.2       Re  l  0.55       Pr  l  0.4     

	
    Re  l  =     ρ l  d  v  s l      μ l      ;       Re  g  =     ρ g  d  v  s g      μ g      

	
gas–liquid flow in rectangular channels

air–water,

air–diphenyloxide,

air–polymethylsiloxane

    Re  l  = 3.5 − 210  

    Re  g  = 4000 − 37000  




	
Kim et al. [74]

	
        h   t p       h  l     =  (  1 −  R g   )   [    1 + 2.86   (    x  1 − x     )   0.42     (      R g    1 −  R g      )   0.35       ⋅   (       Pr  g      Pr  l      )   0.66     (      μ g     μ l      )   − 0.72    e  1.4 θ      ]    

	
laminar flow

    h  l  = 1.86    (    Re  l      Pr  l    d L    )    0.33      (      μ  l b      μ l      )    0.14       k l   d    

turbulent flow

    h  l  = 0.027     Re  l  0.4       Pr  l  0.33      (      μ  l b      μ l      )    0.14       k l   d    

    Re  l  =    4 m   π   1 −  R g     μ l  d     

	
air–water slug, bubbly-slug, bubbly-slug-annular flow in a horizontal channel

    Re  l  = 2468 − 35503  




	
Nada [75]

	
         N u    t p        N u   l     = 1 − 0.2314     Re  l  − 0.77    (    10   − 5     Re  g 2  −   Re  g   )    

	
     N  u l  =     (  f / 8  )   (    Re  l  − 1000  )    Pr  l    1 + 12.7   f / 8    (    Pr  l  0.66   − 1  )             ⋅  (  1 +    (  d / L  )    0.66    )      

   f =    (  1.82 log   Re  l  − 1.64  )    − 2     

	
air–water slug/stratified/annular flow in a horizontal empty channel

    Re  l  = 7000 − 17800  

    Re  g  = 1000 − 7000  




	
Rezka-llah et al. [76]

	
        h   t p      h l     =    (  1 −  R g   )    − 0.9     

	
     h  l  = 1.86    (    Re  l      Pr  l    d L    )    0.33      (      μ  l b      μ c      )    0.14       k l   d     

	
air–water, air–glycerin water solution (58–42% by weight)

air–silicone liquid

bubble and slug flow




	
Single-phase vapor–liquid flow (boiling) in a empty channel/filled with metal foam channel




	
Zhu et al. [40]

	
     h   t p   =   h   e m p t y   I F   

     h   e m p t y   =     θ  d r y    h v  +  (  2 π −  θ  d r y    )     (   h  n b  3  +  h  c b  3   )    1 / 3     2 π      

   I F =    (    A   A  c h       )    0.005129 P P I + 0.0447  θ  d r y   − 5.796   q   q  c r      + 0.3249     

	
     h  v  = 0.023     Re  v  0.8       Pr  v  0.4       k v   d     

     h   c b   = 0.0133     Re  l  0.69       Pr  l  0.4       k l   d     

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

	
boiling of R-410a in a copper foam-filled horizontal channel

gtp = 90–270 kg/(m2·s)




	
Bamo-rovat Abadi et al. [43]

	
     h   t p   =   h   e m p t y   I F   

     h   e m p t y   =    [     (  F  h  c b    )   2  +    (  S  h  n b    )   2   ]    0.5     

   I F =    (     A    A  c h       )    0.3253 + 4.3799  (     1 −  R g   4    )      

	
     h   c b   = 0.023     Re  l  0.8       Pr  l  0.4       k l   d     

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

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

   S =    [  1 + 0.55    F 0.1      Re  l  0.16    ]    − 1     

	
boiling of R245fa in a copper foam-filled mini tube.

annular flow, intermittent slug flow

gtp = 400–700 kg/(m2·s)




	
Samir et al. [77]

	
   N  u  t p   = 5.57     Re  K  0.631     B  o  0.21       Pr   0.74     

	
    Re  K  =     ρ l   v  s l    K     μ l      ;   B o =   q   ρ l   v  s l    r l      

	
boiling of R-134a in a copper foam-filled vertical channel

gtp = 8–40 kg/(m2·s)
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	Method (Author)
	Relative Error

δhtp [%]
	Root Mean Square

RMS [–]





	
	air–water/air–oil
	air–water/air–oil



	Bamorovat Abadi et al. [43]
	659/658
	7.05/8.68



	Ghajar [72]
	272/64
	3.28/0.65



	Khoze et al. [73]
	24/2808
	0.30/28.94



	Kim et al. [74]
	26/85
	0.32/0.86



	Nada [75]
	44/–
	0.50/–



	Rezkallah et al. [76]
	40/45
	0.52/0.49



	Samir et al. [77]
	439/2359
	4.62/24.93



	Zhu et al. [40]
	254/459
	2.96/5.54










 





Table 6. Constants in Equation (14).
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	C
	c1
	c2
	c3
	c4
	c5





	Laminar flow Ref ≤ 1300
	3.9
	0.3
	0.2
	0.1
	0.4
	0.14



	Turbulent flow Ref > 1300
	1.9
	0.4
	0.3
	0.1
	0.33
	0
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