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Abstract

:

R744 is the most competitive and ideal natural refrigerant when flammability and toxicity are strictly limited. However, there are still some problems when it is applied to a heating system. For example, the discharge pressure of the system exceeds 10 MPa, it increases the cost of the system, and the cycle efficiency is also low. To solve these problems, this paper proposes to replace R744 by mixing R744 and ethane at a ratio of (77.6/22.4) to form an azeotropic refrigerant. At present, there is little research on R744 azeotropic refrigerant. Therefore, this paper first establishes the CFD model and compiles the UDF program to focus on flow boiling heat transfer characteristics, and then, it analyzes the performance of R744 and its azeotropic refrigerant in a low-temperature heating system. The results show that the heat transfer coefficient of R744 and its azeotropic refrigerant decreases with an increase in mass flux and increases with an increase in heat flux and saturation temperature; the heat transfer coefficient of azeotropic refrigerant is greater than R744; and there is no dryness under the same conditions. Under a given operating condition, there is a critical point that makes the performance of azeotropic refrigerant better than R744, and this critical point is related to the outlet temperature of a gas cooler, and the system discharge temperature of azeotropic refrigerant is significantly lower than that of R744. In conclusion, azeotropic refrigerant has certain advantages in heat transfer and system performance compared with R744, which will also play an important role in promoting the replacement of refrigerant in the future.
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1. Introduction


At present, most of the refrigerant used in refrigeration and heating products is synthetic refrigerant, which has greenhouse effect potential (ODP) and ozone layer destruction potential (GWP), which have serious impacts on the environment. The natural working medium R744 receives wide concern from the industry thanks to its good environmental characteristics; however, there are still some problems when it is applied to heating systems. For example, the discharge pressure of the system exceeds 10 MPa, it increases the cost of the system, and the cycle efficiency is also low. To solve these problems, many scholars mixed R744 with other refrigerants. The research on refrigerant involves mainly the mechanism of flow boiling and the performance of the whole system. There are many experiments but few simulations on the mechanism of flow boiling in tubes with R744, and the research on R744 azeotropic refrigerant has been even more rarely reported.



In terms of experiments, Grauso et al. [1] studied the flow boiling heat transfer characteristics of R744/R290 with mass ratios of 83.2/16.8 and 70/30, respectively, through a horizontal smooth tube. The result showed that the flow boiling heat transfer characteristics of R744/R290 were evaluated. Afroz et al. [2] studied the heat transfer and pressure drop characteristics of binary mixtures (mass ratios: 39/61 and 21/79, respectively) in a horizontal smooth tube. The result showed that the heat transfer performance of R744/dimethyl ether was better than that of pure R744, and with an increase in the R744 mass ratio, the calculation formula was modified according to the experimental results. Onaka et al. [3] studied the evaporation heat transfer coefficients of pure dimethyl ether and a mixture of R744 and dimethyl ether (two mass ratios: 10/90 and 25/75, respectively) in a horizontal smooth tube with an inner diameter of 4.2 mm. The results showed that the heat transfer coefficient can be reduced by 20% for 10/90 and 48% for 25/75 by adding R744. Zhu et al. [4] studied the evaporation heat transfer characteristics of R744/R290 (75/25, 50/50, and 25/75) in a horizontal smooth microchannel pipe (inner diameter of 2 mm). The results showed that the heat transfer coefficient of the mixture is between R744 and R290, which is directly proportional to the ratio of R744 and inversely proportional to the evaporation temperature. Yun et al. [5] studied the flow boiling heat transfer of R744 in a horizontal tube with an inner diameter of 6 mm. The results showed that the heat transfer coefficient of R744 is on average 47% higher than that of R134a under the same conditions. Zhao et al. [6] studied the boiling heat transfer of R744 at low temperatures in a horizontal tube with an inner diameter of 4.57 mm. The results showed that the boiling heat transfer coefficient of R744 is much lower at low temperatures but that it increases with vapor quality. Oh et al. [7] studied the flow boiling heat transfer and pressure drop characteristics of R744 in a horizontal tube with an inner diameter of 4.57 mm. The results showed that the boiling pressure drop of R744 increased with an increase in the mass flux and decreased with an increase in the saturation temperature. Yun et al. [8] studied the convective boiling heat transfer coefficients and dry-out phenomena of R744 in rectangular microchannels whose hydraulic diameters ranged from 1.08 to 1.54 mm. The result showed that the hydraulic diameter decreases from 1.54 to 1.27 mm and from 1.27 to 1.08 mm at a heat flux of 15 kW/m2 and a mass flux of 300 kg/m2·s, respectively, and that the heat transfer coefficients increase by 5% and 31%, respectively. Ozawa et al. [9] studied the flow pattern and boiling heat transfer of R744 in horizontal small-bore tubes. The result showed that the low surface tension and latent heat also have significant influences on two-phase flow patterns and heat transfer. Huai et al. [10] studied the flow boiling characteristics of R744 in multiport minichannels in an experiment. The result showed that the pressure drop along the test section is very small, and the two-phase R744 flow exhibits a higher heat transfer coefficient than that of the single-phase liquid or vapor flow. Jiang et al. [11] studied the characteristics of heat transfer for the R744 flow boiling at a low temperature in a minichannel. The result showed that the heat transfer coefficient increases with an increase in the mass flux rate but decreases with an increase in the tubes’ inner diameter and saturation temperature, and the boiling heat transfer of R744 has a greater effect on nucleate boiling and highly depends on the heat flux. Zhang et al. [12] studied the flow boiling heat transfer characteristics of R744 in a horizontal minitube in an experiment. The result showed that an increase in the heat flux has a significant effect on enhancing the nucleate boiling heat transfer, while it can also speed up the dry-out process and decrease the starting vapor quality of dry-out. Kim et al. [13] studied the evaporative heat transfer and pressure drop of R744 flowing upward in vertical smooth and microfin tubes with a diameter of 5 mm in an experiment. The result showed that the average evaporation heat transfer coefficients for the microfin tubes were approximately 111–207% higher than those for the smooth tube under the same test conditions, and the PF was increased from 106% to 123%.



Regarding the simulation of R744, there are many studies on supercritical flow heat transfer, but few on boiling heat transfer. Wei et al. [14] used FLUENT software to simulate the flow boiling heat transfer of R744/R290 (50/50) in smooth tubes and microfin tubes with an inner diameter of 4 mm and a length of 1.4 m. The results showed that the convective heat transfer coefficient of microfin tubes is higher than that of smooth tubes. Wu et al. [15] studied the flow boiling heat transfer characteristics of R744/R290 in a horizontal smooth tube with an inner diameter of 2 mm. The initial evaporation temperature range was 0–10 °C, the heat flux was 5–15 kW/m2, and the mass flux rate was 200–400 kg/(m2·s). The results showed that the heat transfer coefficient of the mixture was between R744 and R290 and decreased with an increase in the R290 mass ratio, which was directly proportional to the initial evaporation temperature, heat flux, and mass flux rate, and the critical dryness was also proportional to the mass flux rate of R290.



On system performance, Kim et al. [16] carried out theoretical and experimental studies on the application of R744/R134a and R744/R290 in an auto-cascade refrigeration system. The results showed that with an increase in the R744 content, the COP increases and the system high pressure decreases. Sarkar et al. [17] proposed that R744/R600 and R744/R600a should be used for medium- and high-temperature heat pumps and that they should heat and cool at the same time. The results showed that R744/R600a instead of R114 for high-temperature heat pump was a good choice. Niu et al. [18] tested the performance of R744/R290 (71/29 mole fraction) for cascade refrigeration. The results showed that the COP and the cooling capacity were higher than those in the R13 system. Onaka et al. [19] analyzed the application of R744/RE170 in a heat pump water heater system. The results showed that the COP of the system was higher than that of pure R744. In addition, the research on the R744 transcritical cycle system is increasing day by day, and the research focuses mainly on the cooling performance of the R744 transcritical cycle, the R744 compressor, the expander [20,21,22,23,24,25], and the supercritical R744 [26,27,28,29,30,31,32].



In terms of the heat transfer phenomenon, Akram et al. [33] studied the results of the double-diffusion convection of Sisko nanofluids creeping along an asymmetric channel with an inclined magnetic field. The results showed that with an increase in the Dufour and thermophoresis variables, the concentration, temperature, and nanoparticle fraction significantly increase. Khan et al. [34] studied the influence factors on the creeping pumping of fourth-stage fluids in nonuniform channels. The results showed that as the influence of Brownian motion increased, the density of nanoparticles increased, which led to an increase in the fraction of nanoparticles. Athar et al. [35] studied the influencing factors of the creeping propulsion of oldroyd-4 constant nanofluids in asymmetric channels. The results showed that the temperature increased with an increase in Brownian motion and the thermophoresis constraint, while the concentration decreased. Noor et al. [36] studied the forced convection of magnetohydrodynamics (MHD) flow and its heat transfer under forced convection caused by a moving lid in a trapezoidal enclosure. The results showed that with an increase in the Reynolds number and heated length, the forced convection phenomenon became more obvious, and when the simultaneous effects of the moving lid force and heated sources moved away from the surface, the local Nusselt number decreased. Wong et al. [37] evaluated the viscous heating mechanism of Newtonian fluid filled in the cavity under the external force on the top lid by means of numerical simulation. The results showed that compared with the nonslip condition, the lower Reynolds number and larger Prandtl number (with the free-slip effect) can reduce the temperature distribution in the cavity at a faster speed, and the free-slip acted like a lubricant.



Because the multicomponent mixture can form azeotropic only in a certain proportion, none of several mixtures can form azeotropic refrigerant in a specific proportion. According to REFPROP 9.0, it is found that R744 and ethane can form azeotropic refrigerant at a ratio of 77.6/22.4. Because ethane is a flammable and explosive working medium, even if R744 can be used as a good fire-extinguishing agent to inhibit the combustion of ethane, some accidents will inevitably be encountered owing to equipment and operation problems in the experimental process, so some accidents can be avoided by using the numerical simulation method.



To sum up, this paper will conduct a numerical study on the flow boiling heat transfer characteristics of R744 and its azeotropic refrigerant. In addition, the performance of azeotropic refrigerants and R744 used in low-temperature heating systems is analyzed, so as to provide a theoretical basis for the future application of azeotropic refrigerant in system and refrigerant replacement.




2. Numerical Approach


2.1. Geometric Model


In this paper, the flow boiling heat transfer of R744 and its azeotropic refrigerant in a horizontal circular tube is studied. The geometric model is in Figure 1, because of the large amount of computation for the complex boiling flow in the three-dimensional tube grid; in order to save time and reduce the amount of computation, the geometric model is simplified as a two-dimensional rectangular fine tube with a length of 100 mm and a diameter of 1 mm.




2.2. Mathematical Model


The flow boiling problem of refrigerant in a horizontal pipe belongs to the category of a gas–liquid two-phase flow, which involves complex problems such as flow and heat transfer. The VOF multiphase flow model simulates the gas–liquid two-phase flow and heat transfer of refrigerant by solving the momentum equation, the continuity equation of each phase volume fraction, and the energy conservation equation, and the VOF model can also more accurately track the phase interface, so it is convenient to observe the flow pattern in the pipe [38]. The VOF model is often used to simulate the transient process of bubble formation during refrigerant flow boiling in channels. However, in order to obtain more-accurate flow patterns in a steady-state simulation, VOF is also applicable. Therefore, in this paper, the VOF model is chosen as the multiphase flow model for the steady-state of the flow boiling heat transfer of R744 and its azeotropic refrigerant mixture in a horizontal tube. All governing equations of the VOF model can be described as follows.



2.2.1. Basic Equation


Volume fraction equation:


    ∑  q = 1  n    α q    = 1  



(1)




where    α q    is the volume fraction of the q phase of the working fluid.



Continuity equation:


  ∇ (  ρ q    v ⇀  q  ) = 0  



(2)




where    ρ q    is the density of the q phase of the working fluid and     v ⇀  q    is the velocity of the q phase of the working fluid.



Momentum equation:


  ∇ ⋅ ( ρ  v ⇀   v ⇀  ) = − ∇ p + ∇ ⋅  [  μ  (  ∇  v ⇀  + ∇   v ⇀  T   )   ]  + ρ  g ⇀  +   F ⇀   v o l    



(3)






    F ⇀   v o l   = σ    ∑   α q   ρ q   κ q  ∇  α q      0.5  (   ρ 1  +  ρ 2   )     



(4)






    κ 1  =   Δ  α 1     |  ∇  α 1   |    .    κ v  =   Δ  α v     |  ∇  α v   |      



(5)




where p is the pressure;   g ⇀   is the acceleration vector of gravity;     F ⇀   v o l     is the volume force;  ρ  and  μ  are the density and the viscosity of each calculation unit, respectively;  σ  is the surface tension coefficient; and    κ q    is the interface curvature of the q phase of the working fluid. The surface tension is the surface force, which can be transformed into volume force by using the CFS (continuum surface force) model in [39].



Energy equation:


   ∂  ∂ t    (  ρ E  )  + ∇  [   v ⇀   (  ρ E + p  )   ]  = ∇ ⋅  (  λ ∇ T  )  +  S E   



(6)




where E is the energy; T is the temperature;  λ  is the thermal conductivity of the working fluid; and    S E    is the energy source term.




2.2.2. Turbulence Model


The RNG κ-ε model is adopted because it is suitable for simulating the complex flow and the high Re (Reynolds number), and the combination of it and the wall function method offers better performance for the near wall flow. The RNG k-ε model is given in Equation (7). The Reynolds number of R744 is 3571.4–7633.6, and the Reynolds number of the azeotropic refrigerant is 3571.4–8333.3.


      ∂  (  ρ k  )    ∂ t   +   ∂  (  ρ k  u i   )    ∂  x i    =  ∂  ∂  x j     [   α k   μ  e f f     ∂ k   ∂  x j     ]  +  G k  + ρ ε       ∂  (  ρ ε  )    ∂ t   +   ∂  (  ρ ε  u i   )    ∂  x i    =  ∂  ∂  x j     [   α ε   μ  e f f     ∂ k   ∂  x j     ]  +    C  2 ε  *   k   G k  −  C  2 ε   ρ    ε 2   k     



(7)




where k is the turbulent kinetic energy;  ε  is the turbulent dissipation rate; ui is the instantaneous velocity in the rectangular coordinate system; xi, xj are the different directions in the rectangular coordinates;    μ  e f f     is the effective dynamic viscosity coefficient;    G k    is the turbulent kinetic energy due to the time averaged velocity gradient; and    α k    =    α ε    = 1.39,    C  2 ε  *    = 1.68, and    C  2 ε     = 1.42.




2.2.3. Interphase Transition Model


On the basis of the phase change evaporation condensation model proposed by Lee in [40], a user-defined function (UDF) program is compiled, which includes the source terms of the mass transfer and the energy transfer. The interphase mass transfer source term m can be described as follows:


     m  l v   =  r 1   α 1   ρ 1    T −  T  s a t      T  s a t     , T ≥  T  s a t        m  v l   = −  r v   α v   ρ v    T −  T  s a t      T  s a t     , T <  T  s a t      



(8)




where    r 1    and    r v    are the interphase heat transfer coefficients, which indicate the heat exchange intensity. In the paper, both    r 1    and    r v    are set to be 0.1. Too much coefficient will lead to the divergence of numerical calculation, and too little coefficient will cause more deviation in the gas–liquid interface temperature from the saturation temperature.



The interphase energy transfer source term Q can be described as follows:


  Q =  h  f g   m  



(9)




where hfg is the vaporization latent heat.





2.3. Boundary Condition


In this paper, the velocity inlet boundary condition is selected at the entrance of the pipe, the flow direction is along the positive direction of the x-axis, and the velocity of inlet is calculated by G/ ρ . The outlet boundary condition is the outflow boundary condition, and the nonslip for the wall is set as the wall boundary condition. Keep the external boundary of the working fluid flow pipe as a fixed heat flux. The test conditions include the tube diameter (D), the mass flux (G), the heat flux (q), the saturation pressure (Psat), the saturation temperature (Tsat), and the specific simulation conditions, which are shown in Table 1.




2.4. Solution Strategy


In this paper, fluent 16.0 is used for the numerical simulation, the VOF multiphase flow model is used to track the gas–liquid interface, the energy equation is opened, the RNG K-ε turbulence model is selected, and the wall enhanced wall treatment is checked. Because this paper is based on the steady boiling process to compare the heat transfer characteristics of R744 and its azeotropic refrigerant, the common PISO algorithm has better results for the transient boiling process [40,41], while for the steady boiling process, through continuous calculation, it is found that the flow pattern and the results of the coupled algorithm are closer to the actual situation. The coupled algorithm is used for pressure and velocity coupling; the check coupled with the volume fraction gradient, in discrete options, is selected as the least-squares cell, the pressure is selected as the body force weighted, the volume fraction is selected as compressive, and the rest are selected as second-order upwind. The relaxation factor is selected as the default value.




2.5. The Thermophysical Properties of Working Fluids


Table 2 and Table 3 show the thermal properties of R744 and its azeotropic refrigerant at different saturation temperatures; all physical parameters are checked from the software of refprop9.0; and thanks to the fact that the different working fluids have different saturation pressures at the same saturation temperature, this paper only controls the inlet of the R744 and its azeotropic refrigerant, which are saturated liquids with the same saturation temperature.




2.6. Mesh Independent and Method Validation


A quadrilateral grid is used for the computational domain, and it is necessary to study the influence of the grid number on the results. Table 4 shows the local boundary layer grid of three grids, the number of the grid ranges are from 156,104 to 226,228, and the quality of the grid is 1. For the independent verification of the grid size, the working conditions (G = kg/m2·s, q = kW/m2, Tsat = K) are applied to three kinds of grids. Through the simulation, the temperature values at different positions are obtained. Taking the temperature value obtained by the grid number (a) as the benchmark (max relative error of T = 0), the maximum temperature error is compared with the other two groups of grids. Table 5 shows the relative error of grids (b) and (c) relative to (a), which are 0.053% and 0.081%, respectively. This shows that when the number of grids is larger, there is no substantial impact on the results. Finally, grid (a) is selected for the following simulation, and the grid division is shown in Figure 2.



In order to prove the reliability of the simulation, it is necessary to select the existing experimental data to compare them with the simulation values, but there is no experiment on the flow boiling heat transfer of the R744 azeotropic refrigerant at present. Therefore, the experimental conditions of pure R744 in [5] are selected to compare them with the simulated values of pure R744. Figure 3 shows the change in the flow boiling heat transfer coefficient with dryness. It can be found that the overall trend of the flow boiling heat transfer coefficient between the simulation value and the experimental value is the same, and most of the errors are within the acceptable range. However, there is a large error between the simulation data and the experimental data in the high dryness region, which is caused by the turbulence model, the multiphase flow boiling model, and the algorithm. The simulated values tend to decrease in the high dry area, while there are some special jumping points in the experimental values. In addition, the numerical calculation of the boiling heat transfer under different conditions will have certain deviations, and many research results have shown that the simulation value of the boiling heat transfer coefficient has a large error compared with the experimental value, but this paper focuses on a comparison of the heat transfer characteristics of R744 and its azeotropic refrigerant. Therefore, as long as the variation law obtained by numerical calculation is consistent with that obtained by the experiment, the simulation result is relatively reliable.





3. Result and Discussion


3.1. Pattern Distribution of Liquid Volume Fraction


Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 show the flow pattern of the flow boiling heat transfer of R744 and its azeotropic refrigerant under different working conditions. The evolution process of bubbles from the single-phase flow to the bubble flow and then to the slug flow can be clearly seen. Because of the working conditions, the overall dryness is not high, so the flow pattern reaches only the slug flow.



It can be seen from Figure 4 and Figure 5 that when the mass flux increases, the number of bubbles in the R744 tube decreases. This is because nuclear boiling dominates when the mass flux is small, and the dryness at the same position is larger, so more bubbles can be generated. With the increase in the mass flux, the number of bubbles in the azeotropic refrigerant library seems to first decrease and then increase, but in fact, the bubble flow transitions to the slug flow, and the number of bubbles does not increase.



It can be seen from Figure 6 and Figure 7 that the number of bubbles in R744 and its azeotropic refrigerant tube increases with the increase in the heat flux, which indicates that when the mass flux and the saturation temperature are constant, the boiling phenomenon becomes more intense with the increase in the heat flux.



It can be seen from Figure 8 and Figure 9 that the number of bubbles in the R744 tube first increases and then decreases with the increase in the saturation temperature. This is because when the temperature is between 253 K and 263 K, the number of bubbles increases, which means that the heat transfer effect is better. However, when the bubble decreases from 263 K to 273 K, it means that the heat transfer performance is further improved because there are enough bubbles at 263 K. If the bubbles continue to increase, the tube wall will be dried up. Therefore, the decrease in bubbles represents a further improvement in heat transfer performance. But this phenomenon is not so obvious in the azeotropic refrigerant, which may be related to its physical properties.




3.2. Effect of Mass Flux on Heat Transfer Coefficient of R744 and Azeotropic Refrigerant


Figure 10 and Figure 11 show the change in the heat transfer coefficient with the quality of R744 and its azeotropic refrigerant under different mass fluxes. It can be seen that the heat transfer coefficient of the azeotropic refrigerant is greater than that of R744 under the same working conditions. This is because from the point of view of the thermophysical properties, at the same saturation temperature, the viscosity of the azeotropic refrigerant is lower than that of R744, and the strong nucleate boiling makes the liquid film on the inner wall of the tube thinner and easier to break. Therefore, the enhancement effect of the low viscosity nucleate boiling on the heat transfer is greater than that of surface tension, and the heat transfer coefficient increases with the increase in viscosity. At the same time, low viscosity is easier to wet the wall with; therefore, the heat transfer performance of the azeotropic refrigerant is better than that of R744.



From Figure 10, we find that the heat transfer coefficient of R744 decreases with the increase in the mass flux. This is because when the mass flux is low, nucleate boiling dominates and the effect is greater than that of the mass flux. However, with the increase in quality, the heat transfer coefficient of the low mass flux sharply decreases. The reason may be that the wall surface is not timely wetted, owing to the low mass flux, while there is no drying phenomenon at the high mass flux, owing to its low dryness. However, with the increase in quality, the heat transfer coefficient of the high mass flux tends to exceed that of the low mass flux, which is also because the high mass flux can keep wetting the wall and prevent drying up. However, the azeotropic refrigerant did not dry out under the same conditions, which indicated that the occurrence of the dryness of the azeotropic refrigerant was higher than that of R744, which also showed that the heat transfer performance of the azeotropic refrigerant was better than that of R744.



In addition, it can be found from Figure 10 and Figure 11 that within the given quality range, when the mass fluxes of R744 are 50 kg/m2·s, 75 kg/m2·s, and 100 kg/m2·s, the corresponding average heat transfer coefficients are 5137.58 W/m2K, 4678.85 W/m2K, and 4656.93 W/m2K, respectively, and when the mass flux is 50 kg/m2·s, the average heat transfer coefficients are 9.8% and 10.3% higher than when the mass fluxes are 75 kg/m2·s and 100 kg/m2·s, respectively. Similarly, the corresponding average heat transfer coefficients of the azeotropic refrigerants are 6527.55 W/m2K, 5881.89 W/m2K, and 5406.93 W/m2K; when the mass flux is 50 kg/m2·s, its average heat transfer coefficient is 10.9% and 20.7% higher than when the mass flux is 75 kg/m2·s and 100 kg/m2·s, respectively. The results show that the heat transfer performance of the azeotropic refrigerant is better than R744, and the increase in its heat transfer coefficient has certain advantages.



Finally, under the given working conditions, when the mass flux of R744 is 50 kg/m2·s, 75 kg/m2·s, and 100 kg/m2·s, its heat transfer coefficient decreases by 25.8%, 7.1%, and 1.7%, respectively, with the increase in quality. The heat transfer coefficient of the azeotropic refrigerant decreases by 17.1%, 7.9%, and 2.5%, respectively.




3.3. Effect of Heat Flux on Heat Transfer Coefficient of R744 and Azeotropic Refrigerant


From Figure 12 and Figure 13, we can find the heat transfer coefficient of R744 and its azeotropic increases with the increase in the heat flux, but it decreases with the increase in quality. This is because the heat flux increases and enhances the nucleate boiling and convective heat transfer, which makes the heat transfer coefficient increase. However, because of the low mass flux, the effect of the convection heat transfer is still less than that of the nucleate boiling, which causes the wall to not be wetted in time, so the heat transfer coefficient decreases. In addition, it is found that the decrease in the heat transfer coefficient at the high heat flux is larger than that at the low heat flux, which is also because the high heat flux intensifies the nucleate boiling, increases the film on the wall, and aggravates the heat transfer deterioration.



In addition, it can be found from Figure 12 and Figure 13 that within the given quality range, when the heat flux of R744 is 10 kW/m2, 20 kW/m2, and 30 kW/m2, the corresponding average heat transfer coefficients are 5137.58 W/m2K, 9648.19 W/m2K, and 12,688.94 W/m2K, respectively, and when the heat flux is 30 kW/m2, the average heat transfer coefficients are 146.9% and 31.5% higher than when the heat fluxes are 10 kW/m2 and 20 kW/m2, respectively. Similarly, the corresponding average heat transfer coefficients of the azeotropic refrigerants are 6527.55 W/m2K, 12,176.86 W/m2K, and 16,017.91 W/m2K; when the heat flux is 30 kW/m2, its average heat transfer coefficient is 145.3% and 31.5% higher than when the heat fluxes are 10 kW/m2 and 20 kW/m2, respectively. It can be seen that under the influence of different heat fluxes, the increases in their heat transfer coefficients are basically the same.



Finally, under the given working conditions, when the heat flux of R744 is 10 kW/m2, 20 kW/m2, and 30 kW/m2, its heat transfer coefficient decreases by 25.8%, 40.8%, and 61.2%, respectively, with the increase in quality. The heat transfer coefficient of the azeotropic refrigerant decreases by 17.1%, 41.5%, and 61.7%, respectively.




3.4. Effect of Tsat on Heat Transfer Coefficient of R744 and Azeotropic Refrigerant


From Figure 14 and Figure 15, we can find that the heat transfer coefficient of R744 and its azeotropic increases with the increase in Tsat because the viscosity of the fluid decreases with the increase in the saturation temperature, and the decrease in the viscosity of the fluid increases the influence of the convective heat transfer, which is conducive to wetting the wall. At the same time, the nuclear boiling makes the liquid film on the inner wall of the tube thinner and easier to break, so the heat transfer coefficient increases when the viscosity is low. In addition, it is found that when R744 is 253 K, the heat transfer coefficient sharply decreases after the quality reaches a certain degree, which is also due to the high viscosity and the earlier drying, resulting in the deterioration of the heat transfer. However, because of the low viscosity of the azeotropic refrigerant increases, there is no sharp decrease in the heat transfer coefficient thanks to the lack of dry-out.



In addition, it can be found from Figure 14 and Figure 15 that within the given quality range, when Tsat of R744 are 253 K, 263 K, and 273 K, the corresponding average heat transfer coefficients are 5137.58 W/m2K, 6289.71 W/m2K, and 8004.55 W/m2K respectively, and when the Tsat is 273 K, the average heat transfer coefficients are 55.8% and 27.3% higher than when the Tsat values are 253 K and 263 K, respectively. Similarly, the corresponding average heat transfer coefficients of the azeotropic refrigerants are 6527.55 W/m2K, 7992.84 W/m2K, and 10,303.96 W/m2K; when the Tsat is 273 K, its average heat transfer coefficient is 61.9% and 28.9% higher than when the Tsat values are 253 K and 263 K, respectively. It can be seen that under the influence of different Tsat values, the increase in the heat transfer coefficient of the azeotropic refrigerants has certain advantages.



Finally, under the given working conditions, when the Tsat of R744 is 253 K, 263 K, and 273 K, its heat transfer coefficient decreases by 25.8%, 19.5%, and 24.6%, respectively, with the increase in quality. The heat transfer coefficient of the azeotropic refrigerant decreases by 17.1%, 20.3%, and 25.3%, respectively.




3.5. Comparison of Heat Transfer Performance of R744 and Its Azeotropic Refrigerant


Figure 16, Figure 17 and Figure 18 show the change in the heat transfer coefficient with the quality of R744 and its azeotropic refrigerant under different working conditions. It can be seen that the greater the heat transfer coefficient of the two, the greater the difference between them, indicating that the heat transfer performance of the azeotropic refrigerant is better than that of R744. On this basis, if the heat transfer is enhanced by changing the working conditions, the heat transfer performance of the azeotropic refrigerant will be even stronger in R744. In addition, it can be seen from Figure 16, Figure 17 and Figure 18 that the boiling heat transfer coefficient of the azeotropic refrigerant is 24.37% higher than that of R744 on average when the heat flux is 10 kW, the Tsat is 253–273 K, and the mass flux is 50–100 kg/m2·s. Similarly, when the mass flux is 50 kg/m2·s, the Tsat is 253 K, and the heat flux is 10–30 kW; the boiling heat transfer coefficient of the azeotropic refrigerant is 26.61% higher than that of R744 on average. When the mass flux is 50 kg/m2·s, the heat flux is 10 kW and the Tsat is 253–273 K; the boiling heat transfer coefficient of the azeotropic refrigerant is 27.73% higher than that of R744 on average.




3.6. Comparison of Low-Temperature Heating System Performance of R744 and Its Azeotropic Refrigerant


In Figure 19, the principle of the subcritical and the transcritical heating cycle systems is demonstrated. The supercritical cycle system uses the large temperature drop in the working medium to exchange heat with the outside world, so it uses a gas cooler instead of a condenser. Figure 20 shows a simple subcritical low-temperature heating cycle: the gas of refrigerant enters the compressor from the evaporator (1); the working fluid is compressed into a high-temperature gas state by the compressor, cooled by sensible heat of 2–3, and then condensed and releases heat by condensation of 3–4 (2); then through 4–5, the condensed liquid phase is led through the pressure relief expansion valve, which reduces the pressure of the liquid and partly evaporates it (3); and finally, the fluid in this state is at its saturation point when it arrives in the evaporator, where it receives heat at low temperatures until it has completely evaporated (4). After this step, the gas is again compressed in the compressor, and the whole cycle is repeated. Figure 21 shows a simple transcritical low-temperature heating cycle: the cycle process is roughly the same as that of the subcritical cycle, but the difference is that the subcritical 2–4 process changes to the 2–3 cooling process with a large temperature drop in the gas cooler, and the state point 3 is unsaturated. Table 6 shows the critical pressure and temperature of R744 and its azeotropic refrigerant. The simulation uses EES software as the calculation tool.



Figure 22 and Figure 23 show the variation in the COP and the discharge temperature with the evaporation temperature at a certain condenser outlet temperature in a subcritical system, respectively. The discharge pressure is constant to the saturated pressure of the working medium at the outlet temperature of the condenser.



As can be seen from Figure 22, the COP increases with the increase in the evaporation temperature, the COP decreases with the increase in the condensation temperature, which is due to the increase in the evaporation temperature, the increase in suction pressure, and the constant discharge pressure, which leads to the decrease in power consumption and the increase in the COP. It is worth noting that the COP of R744 is lower than that of the azeotropic refrigerant when the outlet temperature of the condenser is low, as shown in Figure 23a,b, and the increase is very small. When the outlet temperature of the condenser is high, as shown in Figure 23c, the COP of R744 is higher than that of the azeotropic refrigerant, and the increase in the COP of the azeotropic refrigerant becomes slow. It can be concluded that the outlet temperature of the condenser is the key factor in determining whether the COP of the azeotropic refrigerant exceeds that of R744.



It can be seen from Figure 23 that no matter how the condenser outlet temperature changes, the discharge temperature decreases with the increase in the evaporation temperature, and the discharge temperature of the azeotropic refrigerant is lower than R744, which indicates that the discharge temperature can be significantly reduced when using the azeotropic refrigerant compared with R744, making the system more stable.



Figure 24 and Figure 25 show the variation in the COP and the discharge temperature with the evaporation temperature at a certain condenser outlet temperature in a transcritical system, respectively. The discharge pressure is 7.5 MPa.



The change in the COP with the evaporation temperature is shown in Figure 24 when the discharge pressure is certain. Compared with Figure 22, it is obvious that there is an intersection point between R744 and azeotropic COP (corresponding to the evaporation temperature): the COP of R744 on the left side of intersection will be higher than that of the azeotropic refrigeration, while the COP of R744 on the right side will be lower than that of the azeotropic refrigeration. We call this intersection the critical point for determining whether the azeotropic refrigerant COP is higher than that of R744. In addition, the position of the critical point is determined by the condenser temperature. The position of the critical point moves to the right with the increase in the condenser temperature, which means that the COP of R744 is higher than that of the azeotropic refrigerant in a given evaporation temperature range. Therefore, if we want to ensure that the COP of the azeotropic refrigerant is higher than that of R744, we need to appropriately reduce the condenser temperature.



It can be concluded from Figure 25 that the discharge temperature of the azeotropic refrigerant is lower than that of R744 in a subcritical system or a transcritical system, which provides a strong basis for the azeotropic refrigerant to replace R744.





4. Conclusions


In this paper, in order to develop new mixed refrigerant to replace R744, a 2D numerical simulation was established to simulate the flow boiling heat transfer of R744 and its azeotropic refrigerant in a horizontal pipe and then analyze the performance of R744 and its azeotropic refrigerant in the low-temperature heating system. The following conclusions are available:




	
At the low mass flux, the heat transfer coefficients of R744 and its azeotropic refrigerant decrease with the increase in the mass flux.



	
Within a given working condition, the heat transfer coefficients of R744 and its azeotropic refrigerant increase with the increase in the heat flux and the Tsat.



	
Under the influence of different factors, the average boiling heat transfer coefficient of the azeotropic refrigerant is 24.37% (mass flux), 26.61% (heat flux), and 27.73% (Tsat) higher than R744, respectively.



	
Under the given working conditions, compared with R744, the azeotropic refrigerant is not found to be dry.



	
Compared with R744, the bubble change in the azeotropic refrigerant is more conducive to enhancing the heat transfer.



	
It is found that the critical evaporation temperature makes the COP of the azeotropic refrigerant higher than that of R744.



	
The critical evaporation temperature is determined by Tco, and it increases with the increase in the Tco.








In conclusion, compared with R744, the azeotropic refrigerant has certain advantages in the boiling heat transfer, and by controlling the condensation temperature, the system performance of the azeotropic refrigerant can also be better than that of R744. According to the conclusion of this paper, it has certain reference significance for the replacement research of R744. At the same time, relevant experimental research will be carried out in the future to better understand its heat transfer and system characteristics.
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Nomenclature








	    c p    
	specific heat at constant pressure (kJ/kg·K)



	    C  2 ε     
	turbulence model’s constants



	    C  2 ε  *    
	turbulence model’s constants



	D
	tube diameter (m)



	E
	energy



	F
	volume force



	g
	acceleration due to gravity (m/s2)



	G
	mass flux (kg/(m2·s))



	Gk
	turbulent kinetic energy due to time averaged velocity gradient



	h
	heat transfer coefficient (W/m2·K)



	hgf
	vaporization latent heat (kJ/kg)



	k
	turbulence kinetic energy (m2/s2)



	m
	mass of working fluid (kg)



	p
	pressure (MPa)



	Q
	quantity of heat (kW)



	q
	heat flux (kW/m2)



	Re
	Reynolds number



	  r  
	interphase heat transfer coefficients



	s
	source term



	T
	thermodynamic temperature (k)



	v
	velocity (m/s)



	x
	cartesian coordinates (m)



	X
	quality



	Greek symbols
	



	  α  
	volume fraction



	  ε  
	rate of dissipation of k (m2/s3)



	  λ  
	thermal conductivity (W/(m·K))



	  μ  
	dynamic viscosity (Pa·s)



	  ρ  
	density (kg/m3)



	  σ  
	tension (N/m)



	    σ k    
	turbulent Prandtl number for k



	    σ ε    
	turbulent Prandtl number for ε



	  κ  
	interface curvature



	Subscripts
	



	co
	outlet temperature of condenser



	d
	discharge temperature



	e
	evaporation



	eff
	effective



	l
	liquid phase



	i,j
	general spatial indices



	q
	phase



	sat
	saturation



	v
	vapor phase



	Acronyms
	



	R744
	carbon dioxide



	COP
	coefficient of performance



	GWP
	global warming potential



	ODP
	ozone-depleting potential
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Figure 1. Geometric model. 
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Figure 2. Grid diagram of computing domain. 
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Figure 3. Change in heat transfer coefficient with dryness (the experimental conditions include D = 6 mm, G = 240 kg/m2·s, Tsat = 283 K, and q = 10–20 kW/m2 [7]). 
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Figure 4. Volume fraction distribution of R744 liquid phase at different mass fluxes: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.28; (b) Tsat = 253 K, G = 75 kg/m2·s, q = 10 kW, X = 0.19; (c) Tsat = 253 K, G = 100 kg/m2·s, q = 10 kW, X = 0.14. 
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Figure 5. Volume fraction distribution of R744 liquid phase at different heat fluxes: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.28; (b) Tsat = 253 K, G = 50 kg/m2·s, q = 20 kW, X = 0.56; (c) Tsat = 253 K, G = 50 kg/m2·s, q = 30 kW, X = 0.84. 
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Figure 6. Volume fraction distribution of R744 liquid phase at different Tsat values: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.28; (b) Tsat = 263 K, G = 50 kg/m2·s, q = 10 kW, X = 0.31; (c) Tsat = 273 K, G = 50 kg/m2·s, q = 10 kW, X = 0.35. 
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Figure 7. Volume fraction distribution of az-refrigerant liquid phase at different mass fluxes: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.26; (b) Tsat = 253 K, G = 75 kg/m2·s, q = 10 kW, X = 0.18; (c) Tsat = 253 K, G = 100 kg/m2·s, q = 10 kW, X = 0.13. 
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Figure 8. Volume fraction distribution of az-refrigerant liquid phase at different heat fluxes: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.26; (b) Tsat = 253 K, G = 50 kg/m2·s, q = 20 kW, X = 0.52; (c) Tsat = 253 K, G = 50 kg/m2·s, q = 30 kW, X = 0.78. 
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Figure 9. Volume fraction distribution of az-refrigerant liquid phase at different Tsat values: (a) Tsat = 253 K, G = 50 kg/m2·s, q = 10 kW, X = 0.26; (b) Tsat = 263 K, G = 50 kg/m2·s, q = 10 kW, X = 0.29; (c) Tsat = 273 K, G = 50 kg/m2·s, q = 10 kW, X = 0.32. 
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Figure 10. Effect of mass flux on heat transfer coefficient of R744. 






Figure 10. Effect of mass flux on heat transfer coefficient of R744.



[image: Energies 16 01313 g010]







[image: Energies 16 01313 g011 550] 





Figure 11. Effect of mass flux on heat transfer coefficient of azeotropic refrigerant. 
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Figure 12. Effect of heat flux on heat transfer coefficient of R744. 
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Figure 13. Effect of heat flux on heat transfer coefficient of azeotropic refrigerant. 
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Figure 14. Effect of Tsat on heat transfer coefficient of R744. 
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Figure 15. Effect of Tsat on heat transfer coefficient of azeotropic refrigerant. 
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Figure 16. Comparison of heat transfer coefficients between azeotropic refrigerant and R744 at different mass fluxes: (a) G = 100 kg/m2·s; (b) G = 75 kg/m2·s; (c) G = 50 kg/m2·s. 






Figure 16. Comparison of heat transfer coefficients between azeotropic refrigerant and R744 at different mass fluxes: (a) G = 100 kg/m2·s; (b) G = 75 kg/m2·s; (c) G = 50 kg/m2·s.



[image: Energies 16 01313 g016]







[image: Energies 16 01313 g017 550] 





Figure 17. Comparison of heat transfer coefficients between azeotropic refrigerant and R744 at different heat fluxes: (a) q = 10 kW; (b) q = 20 kW; (c) q = 30 kW. 
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Figure 18. Comparison of heat transfer coefficients between azeotropic refrigerant and R744 at different Tsat values: (a) Tsat = 253 K; (b) Tsat = 263 K; (c) Tsat = 273 K. 
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Figure 19. Scheme of the subcritical vapor compression heating working cycle. 
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Figure 20. T-S diagram of the subcritical vapor compression heating working cycle. 
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Figure 21. T-S diagram of the transcritical vapor compression heating working cycle. 
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Figure 22. Comparison of COP values of azeotropic refrigerant and R744 varies with evaporation temperature at different outlet temperatures of condenser: (a) Tco = 273 K; (b) Tco = 278 K; (c) Tco = 283 K. 
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Figure 23. Comparison of discharge temperature of azeotropic refrigerant and R744 varies with evaporation temperature at different outlet temperatures of condenser: (a) Tco = 273 K; (b) Tco = 278 K; (c) Tco = 283 K. 
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Figure 24. Comparison of COP of azeotropic refrigerant and R744 varies with evaporation temperature at different outlet temperatures of condenser: (a) Tco = 273 K; (b) Tco = 278 K; (c) Tco = 283 K. 
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Figure 25. Comparison of discharge temperature of azeotropic refrigerant and R744 varies with evaporation temperature at different outlet temperatures of condenser. 
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Table 1. Simulation conditions.






Table 1. Simulation conditions.





	Case
	D (mm)
	G (kg/m2·s)
	Q (kW/m2)
	Psat (MPa)
	Tsat (K)





	R744
	1
	50/75/100
	10/20/30
	2.3/3.03/3.92
	253/263/273



	azeotropic refrigerant
	1
	50/75/100
	10/20/30
	1.96/2.64/3.47
	253/263/273
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Table 2. Thermophysical parameters of R744.






Table 2. Thermophysical parameters of R744.





	Parameter
	R744
	R744
	R744





	Tsat (K)
	253
	263
	273



	   ρ 1    (kg/m3)
	1032.4
	983.7
	928.33



	   ρ v    (kg/m3)
	51.45
	70.85
	97.18



	CPL (kJ/(kg·K))
	2.1636
	2.3046
	2.5377



	CPV (kJ/(kg·K))
	1.2867
	1.5050
	1.8578



	   λ 1    (mW/(m·K))
	134.82
	122.72
	110.61



	   λ v    (mW/(m·K))
	15.069
	16.928
	19.621



	   μ 1    (μPa·s)
	1.4 × 10−4
	1.2 × 10−4
	1.0 × 10−4



	   μ v    (μPa·s)
	1.31 × 10−5
	1.38 × 10−5
	1.4 × 10−5



	hgf (kJ/kg)
	282.78
	259
	231.35



	 σ  (N/m)
	8.62
	6.53
	4.57



	Psat (MPa)
	1.96
	2.64
	3.47
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Table 3. Thermophysical parameters of the azeotropic refrigerant.






Table 3. Thermophysical parameters of the azeotropic refrigerant.





	Parameter
	Az-Refrigerant
	Az-Refrigerantv
	Az-Refrigerant





	Tsat (K)
	253
	263
	273



	Liquid density (kg/m3)
	748.9
	704.14
	649.59



	Vapor density (kg/m3)
	58.99
	81.49
	114.01



	L of specific heat capacity (kJ/(kg·K))
	2.5278
	2.8231
	3.4261



	V of specific heat capacity (kJ/(kg·K))
	1.7603
	2.1978
	3.1137



	T-conductivity of l (mW/(m·K))
	109.53
	98.56
	87.47



	T-conductivity of v (mW/(m·K))
	17.54
	20.53
	25.54



	Liquid viscosity (μPa·s)
	0.9 × 10−4
	0.78 × 10−4
	0.65 × 10−4



	Vapor viscosity (μPa·s)
	1.2 × 10−5
	1.3 × 10−5
	1.4 × 10−5



	Latent heat of vaporization (kJ/kg)
	301.12
	276.34
	247.42



	Tension (N/m)
	5.24
	3.56
	2.03



	Psat (MPa)
	2.3
	3.03
	3.92
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Table 4. The local boundary layer grid of three grids.






Table 4. The local boundary layer grid of three grids.











	Number of Grid
	156,104
	182,104
	226,228





	Grid
	 [image: Energies 16 01313 i001]
	 [image: Energies 16 01313 i002]
	 [image: Energies 16 01313 i003]



	
	(a)
	(b)
	(c)



	Grid quality
	1
	1
	1
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Table 5. Independent verification of grid size.






Table 5. Independent verification of grid size.





	Number of Grids
	Grid Quality
	Max Relative Error of T





	156,104
	1
	0%



	182,104
	1
	0.053%



	226,228
	1
	0.081%
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Table 6. Critical parameters of R744 and azeotropic refrigerant.






Table 6. Critical parameters of R744 and azeotropic refrigerant.





	Parameter
	Critical Pressure (MPa)
	Critical Temperature (K)





	R744
	7.37
	304.13



	azeotropic refrigerant
	4.87
	305.32
















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











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






media/file8.jpg





media/file52.png





media/file48.jpg
Discharge temperature/K

w
%

Wow oW W oW W oW W W
S EE2 88489 ¢g
%5 & 8% a2 3B
L S B B S B B N p

w

@

8
T

T T T T T
= COPOfR744
®  COP of azeotropic

Tw=273K, Discharge pressure=7.5MPa

230

L
235

240 A5 250 255 260
Evaporation temperature/K.






media/file27.png
9500
9000

)

o0
)
-
-

8000

Heat transfer coefficient (W/mzK

D=1Imm,G=5

T
Okg/m’s,q=10kW/m” -

-~ Ts=253K
—@— Ts.=263K

—A— Tu=273K

0.00

0.05

0.10

0.15 0.20
Quality

0.25

0.30

0.35





media/file43.png
NnE T 1 - I 1 - | J J
. — 8 COP of R744
20 @  COP of azeotropic
18 [ Tw=273K
16 |
14 |-
A 12
8 L
10 |
8 |
6 -
4k
2 =
O [ [ ] [ ] [ ] [ ] I ] ]
230 235 240 245 250 255 260
Evaporation temperature/K
(a)
— - | - | - I J |
14 b —®—COPofR744
| ® COP of azeotropic
p E Te=273K
10 |-
N I
© 8F
O
6 —
4 L
2 F
] I '] I
230 235 240 245 250 255 260
Evaporation temperature/K
(b)
11 - - I J ' J ' J |
| m COPofR744
10 @ COP of azeotropic
[ To=283K
0L
8 —
7 =
n X
O 6F
O |
5
4 |
3 —
2 —
1 [ [ ] [ ] ' ] [ ] [ ] ]
230 235 240 245 250 255 260

Evaporation temperature/K

(c)






media/file12.jpg
050
S SO P PPN S TSRO O P N P TR ST

50100
(@

50100
(b)

050

50100
©





media/file14.jpg





media/file35.png
7200 |-

6800 |-

(@)
=
e
)
I

D
-
-
-
I

N
N
-
-
!

5200 |-

Heat transfer coefficient (W/mzK)

D=1mm, G=50k g/mzs, q=10k W/m’ -

Tsa=253K
—— R744

—@ — Azeotropic refrigerants

0.00

0.15 0.20
Quality

0.25

0.30

2
T

Heat transfer coeffic ient (W/m'K

7600 |-

7200 |

6800 -

(@)Y

hi

-

-
|

6000 |-

5600 |-

Tsa=2 63K

—m— R744
—@— Azeotropic refrigerants

T T T T | ]
D=1mm G=50k g/mzs =10 kW/mz_

0.10

0.15 0.20
Quality

(b)

0.25

0.30

12,000
11,500
11,000
10,500
10,000
9,500
9,000
8,500
8,000

Heat transfer coefficient (W/ mzK)

7,500
7,000

D=Imm,G=50kg/ m s,q=1 OkW/ m |

Ta=273K
—m— R744

—@— Azeotropic refrigerants

6,500
0.00

0.05

0.10

0.15 0.20
Quality

(c)

0.25

0.30

0.35





media/file20.jpg
L S " D=1 m Tsar-253K q=T 0k W/nr ]

200 F Mass flox ]
= - 100kg/n's
3; 6800 |- o 75kg/ms 1]
Z 6600 S0kg/m’s ]
z
S 6400 4
&
3 6200 1
5 .
Z o000 [ > " 1
g .
5380 - . . ]
o .

5600 . ]

L |
sa00 | . 1
L bl . L .

000 004 008 002 016 020 024 028
Quality





media/file53.png





media/file5.png
14,000 - | - | - I - | - | - I '
13,000 |- —#— Experimental
§ ’ - —A— Experimental
o 11,000 N .".\\\_ W Simulation
;10’000 - T m ---@® - Simulation
< - h ---&-- Simulation
= 9,000 |
2 i
% 8,000 T e @ D
§ 7,000 - - A A ® .
Z 6000 | A e
< - . . -
£ 5000 [ lom
— 4,000 | om e
B A -
3,000 A
= \'
2,000
[ ] | [ ] | [ ] | [ ] l [ ] l [ ] | [ ]
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Volume fraction of vapor phase





media/file19.png
58 OO LJ | L) l L] l L] ' ] l L] l ]
- D=Imm,Tsat=253K.q=10kW/m?

5600 |- Mass flux -
i —m 100kg/m’s '
>400 1= -~ @ 75kg/m’s i

—A— 50kg/m’s

wn
[\
]
)
|

5000 -

4800 -

+ +
-+ AN
] ]
) )
|

Heat transfer coefficient (W/mzK)

4200 -

40 OO [ | [ | [ | [ | [ | [ | 1

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28
Quality





media/file45.png
320

- —&— Discharge temperature of R744
315 L —@— Discharge temperature of azeotropic
I T.~273K
310 | 4
< | .
o
2305 | -
g X .
E300 -
) L 4
2
S295 -
2
290 |- -
285 | -
2 80 1 ] 1 ] ' ] ' ] 1 ] 1 ]
230 235 240 245 250 255 260
Evaporation temperature/K
(a)
340 v T T T ' T ' T T T T T
I —1#— Discharge temperature of R744 |
— @ Discharge temperature of azeotropic
330 [© T.=278K 7
&
&)
3320 7
= | .
2.
£ _ _
2310
)
o0 i l
S
<=
Q L -
Z 300
A
290 7
2 | A | 2 1 2 | A | A |
280
230 235 240 245 250 255 260
Evaporation temperature/K
(b)
340 y T y | - | - | - | - |
R —=— Discharge temperature of R744
335 —@ — Discharge temperature of azeotropic -
R T.=283K
330 -
% R
2
5325 F -
<
G;)-‘ - L
e 320 F .
& I )
]
%D 315 | .
< | .
2
A 310 i
305 -
300 .
. I . | : | : | . | : |
230 235 240 245 250 255 260

Evaporation temperature/K

(c)





nav.xhtml


  energies-16-01313


  
    		
      energies-16-01313
    


  




  





media/file11.png





media/file41.png
T

Out of gas cooler

K

3

Liquid phase ,

Out of compression —»

4

In of evaporator

1

Out of evaporator

Gas phase






media/file37.png
Low temperature of environment

11

Condenser/gas cooler

Expansion valve \

Evaporator

Il

High temperature of environment

\ | Compressor





media/file46.jpg
®
u ¥
¥

@






media/file10.jpg
50100
(a)

050
[ & ob.ma ol S 5 vasthn S0t o6 oot Babent = e ]

50100
(b)






media/file40.jpg
Out of gas cooler

In of evaporator

Outof compression — 2

Gas phase

P
Out of evaporator






media/file16.jpg
050
Y T S T P S BT
50100
(b)

., T .

T R e A, R e I A ]
050
I C— Y S S —_ — 4
50100

(©





media/file3.png
Y Local boundary layer mesh

‘ Heated wall(Constant heat flux)

Inlet i Outlet

> -
K kepwe divestion t Heated wall(Constant heat flux)





media/file22.jpg
T T T T r T r

18000 A D=1mm T
) ‘ Heat flux

16000 = 10kW/m' ]
) ® - 20kW/m'

Z 1a000 F A 30kW/m ]

1200 oo ]

s .

10000 |- . ]
.

3 8000 ]
6000 |y ]
4000 L - s L L X

00 01 02 03 04 05 06 07

Quality





media/file25.png
24,000 |
22,000 |
20,000 |
18,000 |-
16,000 |-
14,000
12,000 |-

10,000 |-

Heat transfer coefficient (W/ mzK)

3,000

6,000 _"'iln“..“

D=1mm, Tsat=25 3K .G=50kg/m"s T

Heat flux

—m 10kW/m’
-~ ® 20kW/m’
— A 30kW/m’






media/file0.jpg





media/file26.jpg
9500

T T T T
D=1mm.G=50kg/m’s,q=1 0kW /m’
000 u TR25K
L ~o Ta=263K
Aa A Te2TK
a
F A
a
A
+ a
A
s £
s a
e
- . .
.
5 . °
2 o .
a . .
g - *e
E] N ey
2 "a g
= L =
5000 —
4500 | \
4000 L— L L L L LI

000 005 010 0I5 020 025 030 0.
Quality

o





media/file34.jpg
@






media/file13.png





media/file31.png
5500

5400

W )
) (V)
- -
- -

~
o0
-]
o

Heat transfer coefficient (W/mzK)

4700

4600

6200

6000

K
W
S0
=
S

N
(o)
-
<o

5400

5200

5000

Heat transfer coefficient (W/m2 )

4;
oo
(e
o

4600

4400

D
-
-
-

5600

5200

N
o0
-]
()

Heat transfer coefficient (W/mZK)

4400

4000

—@ Azeotropic refngerants -

D=1mm, G=100kg/m’,q=10kW/m”

Tw=253K
—m R744

0.02

0.04

0.06 0.08
Quality
(a)

0.10

0.12

D=1mm,G=75 kg/m2 s,q=1 0kW/ m

Tsat=2 53K
—M R744

—@&— Azeotropic refrigerants

I -
D=1mm,G=50kg/ m s,g=10kW/ m _

Tsat=253 K
—m R4

—@— Azeotropic refrigerants

0.00

0.05

0.10

0.15

0.20

Quality

(c)

0.25

0.30





media/file39.png
Out of condenser:

N4

Out of compression —

Liquid phase ,

Gas phase

2D

/" In of evaporator

]

Out of evaporator






media/file18.jpg
5800 T T T

T
D=Imm,Tsat

253K.q=10kW/)

5600 A, Mass flux 1
s - ® 100kg’s

25400 e % 1
L a ® 75kym’s

& S0kg/m’s

ent (W/m
2
2
g
T

8

3

8
T
4

L
-

.o B 4
w0l S e o o "

L e ]
4600 | RS ] . ]

.

4400 |- 1
200 - N
e L L L \ L .

0.00 004 008 012 016 020 024 028

Quality





media/file9.png





media/file42.jpg
®






media/file23.png
' I ' | ' | ' | v | ' | v |
D=1mm, Tsa=253K,G=50kg/m’s |
Heat flux

— - 10kW/m’
—@— 20k W/m’
—A— 30k W/m’

18,000 -

16,000

14,000

12,000

10,000 -

3,000

Heat transfer coefficient (W/ mzK)

6,000 | -

4 OOO A | 1 | 1 | 1 | [ | 1 | [ |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Quality






media/file36.jpg
Low temperature of environment

|11

Expansion valve Compress

Evaporator

fit

High temperature of environment






media/file15.png





media/file28.jpg
12500 T T T T T T T =
12000 G 10kW/m’.
11.500 | e
11,000 | A
10500 5

10000 | a

9500 | .
900 F o A
8500 e .

8000 | *e,
7500 | b
7000 F
6500 F
6,000

5500 L— L s L L L L
000 005 010 015 02 025 030 035

Quality

Heat transfer coeflicient (W/m'K)
¥






media/file49.png
385 ' J ' | ' J ' J ' | ' |
—m— COPofR744
— @  COP of azeotropic

Te=273K, Discharge pressure=7.5MPa |

D
-]

94
-

Discharge te mperature/K
S~
Wn

(OS]
o~
-

335
330
| : | : | : | : | : |

W W W W W
n
N
' T 1T 77T T 7T T T T T T TT T T

230 235 240 245 250 255 260

Evaporation temperature/K





media/file2.jpg
Local boundary layer mesh

[P

-

e oule

S exdndia 1§ e i Consant s )





media/file32.jpg
@






media/file6.jpg





media/file24.jpg
24000 D=Imm, Tsat=253K.G=50kg/m’s

Ty Heatflux
= 10kW/m'
20,000 ® 20kW/m’
A 30kW/m®

18.000
16000

14,000

12,000

10,000

8.000

6000






media/file29.png
12,500
12,000
11,500
11,000
10,500
10,000
9,500
9,000
8,500
8,000
7,500
7,000
6,500
6,000
5,500

Heat transfer coefficient (W/ mzK)

D=1mm,G=50kg/m’s,q=10kW/m"]

+ Ts at:25 3K

— @ Tsu=263K
—A— Tw=273K

0.00

0.05

0.10

0.15
Quality

0.20

0.25

0.30

0.35





media/file1.png
Inlet

100mm

Imm

Direction of flow

‘6
=4





media/file7.png





media/file33.png
oo B ! ' J ' J ' J ' 1 ' ]
D=Imm, G=50k g/mzs, q=10kW/m2 |

Tsa=2 53K
——R744
—@— Azeotropic refrigerants

6000 |-

Heat transfer coefficient (W/mzK)

40 OO L | % | 1 | 1 | % | L |

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Quality

16,000 - I - I - I - I - I
i D=1mm,G=50k g/m’s,q20kW/m" 1
15,000 - T2 53K .

—— R744 '
—@— Azeotropic refrigerants

14,000
13,000 |-

12,000

11,000

10,000

9,000

>

Heat transfer coefficient (W/ mzK)

8,000

7,000

0.0 0.1 0.2 0.3 0.4 0.5
Quality

— T T T T T T T T
24,000 D=1mm,G=50k g/m’s,q=30kW/m""
i Tsa=2 53K '
22,000 = —8—R744 ]

—@  Azeotropic refrigerants

20,000
18,000 |-
16,000
14,000 |-
12,000 |-

10,000 |-

Heat transfer coefficient (W/ mzK)

3,000 -

6 OOO 1 | 1 | 1 | 1 | 1 | 1 | 1 |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Quality





media/file44.jpg





media/file47.png
7.0 y ) g ) g J T J g ) g )
. —— COP of R744
65 | —® COP of azeotropic
Tw=273K, Discharge pressure=7.5MPa
6.0 |-
55F
2 X
O 50 F
45 |
40 |
35
1 | 1 | 1 | 1 | 1 | 1 |
230 235 240 245 250 255 260
Evaporation temperature/K
(a)
6.5 ' ) ' ) ' ) ' ) ' ) ' )
- —i— COP of R744
6.0 @ COP of azeotropic
Tw=278K, Discharge pressure=7.5MPa
55 F
50 F
5 |
O
45
4.0
35
30 2 | 2 | 1 | . | . | . |
230 235 240 245 250 255 260
Evaporation temperature/K
(b)
L) I L] I L] I L] I L) l L] l
60  —®— COP of R744
—— COP of azeotropic
55 Tw=283K, Discharge pressure=7.5MPa
50
®
O 45 |
40
35 F
30 1 ] I ] i ] i ] 1 ] 1 ]
230 235 240 245 250 255 260

Evaporation temperature/K

(c)





media/file38.jpg
Ty

Out chnndensﬂ\‘

Liquid phase

5

In of evaporator

Out of compression —4 2

Gas phase

A
Out of evaporator






media/file17.png





media/file4.jpg
14,000
13,000
12,000
11,000
10,000
9.000
8,000
7,000
6,000
5,000
4,000
3,000
2,000

Heat transfer coefficient(W/(m’K))

0.1

- m— Experimental
@ Experimental
& Experimental
y ® Simulation
® e “m ® Simulation
A Simulation

' s s ' L L

0.2 0.3 04 05 0.6 0.7

Volume fraction of vapor phase

0.8





media/file30.jpg
@





media/file51.png





media/file21.png
n | I T T ' T 7
7200 D=1mm, Tsat=253K ,q=1 0k W/m' |

Mass flux
—m— 100kg/m’s
— @ 75kg/m’s
—A— 50kg/m’s

7000 |-

2
K

N

S0

o

S
|

Heat transfer coefficient (W/m
>
-
<
I

0.00 0.04 0.08 0.12 0.16 0.20
Quality

0.24

0.28





