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Abstract

:

To protect the environment, a new low-GWP refrigerant R1234ze(E) was created to substitute R134a. However, its flow boiling performances have not received sufficient attention so far, which hinders its popularization to some extent. In view of this, an experimental investigation was carried out in a 1.88 mm horizontal circular minichannel. The saturation pressures were maintained at 0.6 and 0.7 MPa, accompanied by mass flux within 540–870 kg/m2 s and heat flux within 25–65 kW/m2. For nucleate boiling, a larger heat flux brings about a larger heat transfer coefficient (HTC), while for convective boiling, the mass flux and vapor quality appear to take the lead role. The threshold vapor quality of different heat transfer mechanisms is around 0.4. Additionally, larger saturation pressure results in large HTC. As for the frictional pressure drop (FPD), it is positively influenced by mass flux and vapor quality, while negatively affected by saturation pressure, and the influence of heat flux is negligible. Furthermore, with the measured data, several existing correlations are compared. The results indicate that the correlations of Saitoh et al. (2007) and Müller-Steinhagen and Heck (1986) perform best on flow boiling HTC and FPD with mean absolute deviations of 5.4% and 10.9%.
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1. Introduction


With the increasing concerns on environment protection, the demand for environment-friendly refrigerants in many fields is becoming more and more urgent. As a low-GWP refrigerant, R1234ze(E) is created to supplant R134a, one of the most frequently utilized refrigerants, and its GWP value is 1430 [1,2,3,4]. However, the flow boiling characteristics of this new refrigerant are still not exceptionally clear, due to the fact that studies focused on this issue are still insufficient.



Several experimental studies are concerned over the R1234ze(E) flow boiling inside single circular pipes. Longo et al. [3] observed the flow boiling of R1234ze(E) and R134a, and quantified their heat transfer coefficient (HTC) and frictional pressure drop (FPD). Heat was imposed to a 4 mm horizontal circular pipe through refrigerated water. The saturation temperature (tsat) was maintained at 10–20 °C, mass flux (G) was controlled within 200–600 kg/m2 s, and heat flux (q) was kept within 10–30 kW/m2. HTC was influenced by vapor quality positively, and the influence was enhanced by rising mass flux but weakened by rising heat flux. Additionally, FPD was affected by saturation temperature and vapor quality significantly, but by heat flux slightly. Through the comparisons between measured and predicted data, the correlations of Kim and Mudawar [5] and Friedel [6] presented the smallest mean absolute deviations around 6% and 12%. Bortolin et al. [7] explored R1234ze(E) flow boiling heat transfer performances experimentally. Heat was imposed though liquid heating methods rather than the Joule effect method to working fluid in a microchannel with D = 0.96 mm. Instead of vapor quality and mass flux, HTC mainly depended upon heat flux. On the strength of the experimental HTC, an evaluation of five two-phase HTC correlations proposed for microchannels was performed, and the results revealed that the Sun and Mishima [8] and Bertsch et al. [9] correlations could approach the experimental trend. Sempértegui-Tapia and Ribatski [10] observed HTC of R1234ze(E) as well as R134a, R1234yf, and R600a. A 1.1 mm circular channel was utilized, with tsat = 31 and 41 °C, G = 200–800 kg/m2 s, and q = 15–145 kW/m2. The influences of these variables were identified and attributed to nucleate boiling and convective boiling. With the measured HTC, predictive correlations were assessed, and those of Kanizawa et al. [11] and Kim and Mudawar [12] generated the best predictions.



Some other investigations of R1234ze(E) flow boiling were implemented in multiport tubes. Jige et al. [13] studied the HTC of R1234ze(E) and R32 by using a horizontal multiport channel with 12 parallel rectangular minichannels (0.82 mm × 0.82 mm). The experimental conditions were set as tsat = 15 °C, G = 50–400 kg/m2 s, and q = 5–40 kW/m2. The heat transfer was mainly regulated by convective boiling, nucleate boiling, and thin liquid film evaporation. Based on these mechanisms and flow patterns, a new HTC correlation was deduced, which performed much better than the correlations of Gungor and Winterton [14], Saitoh et al. [15], and Kim and Mudawar [16]. Vakili-Farahani et al. [17] explored the upward HTC of R1234ze(E) and R245fa by using a flat extruded 7-port pipe with each channel size of 1.1 mm × 2.1 mm. The working conditions of tsat = 30–70 °C, G = 50–400 kg/m2 s, and q = 3–107 kW/m2 were applied. Larger HTC mainly depended on larger saturation temperature and heat flux, demonstrating the domination of convective boiling. The experimentally obtained HTC was compared with predictive correlations, and the comparison results showed that the three-zone model established by Thome et al. [18] performed best when the minimum liquid film thickness was modified. Li and Hrnjak [19] conducted R1234ze(E) flow boiling in a 24-port microchannel having a hydraulic diameter (Dh) of 0.643 mm. HTC augmented with heat flux and mass flux declined with saturation pressure and augmented with vapor quality first, and then dropped. Then, they evaluated the existing correlations based on the acquired HTC and uncovered that the Bertsch et al. [9] correlation yielded the smallest deviation.



Except for the studies in single and multiport tubes, some studies on R1234ze(E) flow boiling in enhanced channels were also conducted. Diani et al. [1] measured the R1234ze(E) flow boiling FPD in a 3.4 mm microfin pipe with tsat = 30 °C, G = 190–940 kg/m2 s and q = 10–50 kW/m2. FPD increased with vapor quality until a peak and then fell, while it rose with mass flux monotonously. Later, Diani et al. [4] explored FPD characteristics by using a 2.4 mm microfin pipe. The working conditions as well as the impacts of vapor quality and mass flux on FPD were both similar to those of Diani et al. [1]. Additionally, Mancin et al. [20] and Diani et al. [21] examined FPD variations of R1234ze(E), R1234yf, and R134a in a copper foam with tsat = 30 °C, G = 50–200 kg/m2 s and q = 50–100 kW/m2. They found that for larger mass flux and vapor quality, the corresponding pressure drop was also larger.



The above brief review demonstrates that the flow boiling investigations on R1234ze(E) are still insufficient, and different predictive correlations were recommended by different studies. Since understanding the flow boiling characteristics of R1234ze(E) more clearly and choosing suitable predictive correlations is essential to practical applications, an experimental investigation is conducted in a horizontal circular minichannel in this paper. The influences of different factors on HTC and FPD are analyzed. Moreover, with the experimentally acquired data, several well-known predictive correlations of HTC and FPD are compared, and the best ones are revealed.




2. Experimental Apparatus


The experimental system schematic regrading to R1234ze(E) flow boiling is presented in Figure 1. The refrigerant, water, and air flow were in three different loops separately, among which the water loop was applied to regulate the refrigerant temperature, and the air loop was utilized to adjust the refrigerant pressure. The 3D model and photograph of the established experimental system are shown in Figure 2 and Figure 3.



The refrigerant loop is mainly composed of a pump, pre-heater, test section, gas-liquid heat exchanger, and receiver. The liquid refrigerant from the receiver transfers heat to the cold water generated by the chiller in the subcooler. After passing through the filter, micro-gear pump, and volumetric flow meter, the subcooled refrigerant flows into the pre-heater where it is heated to two-phase state via the enameled heating wire. The two-phase refrigerant, with a certain vapor quality, flows into the test section and then is heated to a pre-defined exit vapor quality via the same electrical heating method. Then, the refrigerant flows into the gas–liquid heat exchanger and then is cooled or heated by the regulated air generated by the thermostatic air cooler/heater. Finally, the refrigerant passes through the micro metering valve and returns to the receiver. Additionally, a flow branch connects the outlet of the pump and inlet of the micro metering valve, and is controlled through the magnetic valve.



The inlet subcooling degree of the pre-heater can be controlled within 3–20 °C via the chiller and the thermostatic air cooler/heater which can produce 5–20 °C cold water and 10–60 °C outlet air. Two sight glasses were mounted before the pre-heater and after the gas–liquid heat exchanger to observe the refrigerant states as well as the refrigerant charge directly. The leakage of the refrigerant loop was examined through a 48-hour pressure maintaining test with high-pressure nitrogen around 1.4 MPa.



The test section is a 200 mm long horizontal circular cooper tube. Its inner diameter (D) and outer diameter (Do) are 1.88 and 3.86 mm, which were measured by a high-precision optical microscope with an accuracy of 1 µm, as shown in Figure 4. Its outer wall temperature was measured by uniformly spaced thermocouples fixed on the top and bottom locations with calibrated accuracies of 0.1 °C. Its pressure drop was obtained through a differential gauge connected to the inlet and outlet with an accuracy of ±0.075%FS (0–100 kPa). The transparent section is a transparent polytetrafluoroethylene tube having a length of 100 mm. and is connected with cooper tubes with specially-made joints to avoid refrigerant leakage. The thermophysical properties of the working fluid R1234ze(E) under specific saturation pressures are listed in Table 1.



The temperatures and pressures at the test section inlet, as well as other locations, shown in Figure 1 were also measured via thermocouples and relative pressure transducers with accuracies of ±0.3%FS (0–1.6 MPa). The volume flow rate was obtained via an oval gear flow meter. Additionally, to obtain the heat dissipation, thermocouples were embedded in different radial positions of the thermal insulation layer. To avoid the burnout of the heating wires with tolerable temperatures of 180 °C, other thermocouples were connected with the wires directly. The refrigerant pressure was regulated through adjusting the outlet air temperature of the gas–liquid heat exchanger, and the opening of the micro-metering valve. The refrigerant flow rate was regulated through controlling the pump speed and the micro-metering valve and magnetic valve openings.



All the measuring signals, including temperature, pressure, pressure drop, flow rate, and heating power, were recorded in real time by a data acquisition system which was established based on data acquisition modules (ADAM-4000 series) and a piece of configuration software (Force Control 7.1). All the controls of the micro pump, DC power supply, thermostatic air cooler/heater, chiller, and magnetic valve were all achieved through the data acquisition system, except the micro-metering valve which was regulated manually.




3. Data Reduction and Uncertainty Analysis


The mass flux is calculated by:


  G =  V A   ρ  p r e , i n    



(1)




where V represents the volume flow rate, A means the test section flow area, and ρpre,in means the subcooled liquid density at the pre-heater inlet.



The saturation pressure is calculated by:


   p  s a t   =  p  i n   −  1 2  Δ  p t   



(2)




where pin and Δpt are the test section inlet pressure and total pressure drop, respectively.



The axial heat diffusion is determined by the fin analysis method. Assuming that the parts without heating wire in the test section are fins connected with the directly heated part, then the fin efficiency is calculated by:


   η f  =   tahn   m  H ′      m  H ′     



(3)




where m is the fin parameter, H′ is the modified fin length.


  m =     α P   λ  A c       



(4)




where α is the HTC, P is the equivalent cross-sectional perimeter of the fin, and Ac is the cross-sectional area of the fin.


  P = π    D o  +  D i    / 2  



(5)






   A c  = π    D o 2  −  D i 2    / 4  



(6)




where Do and Di are the outer and inner diameter of the test section.


   H ′  = H + δ / 2  



(7)




where H is the length of the fin, and δ is the thickness of the fin.


  H =   L −  L  h e a t     / 2  



(8)






  δ =    D o  −  D i    / 2  



(9)




where L is the length of the test section, and Lheat is the heating length of the test section.



Thus, the modified heating length is determined by:


   L  h e a t  ′  =  L  h e a t   + 2 H  η f   



(10)







The heat flux is calculated by:


  q =    Q  e f f     π  D i   L  h e a t  ′     



(11)




where Qeff and Lheat represent the effective heating power and heating length, respectively.


Qeff = Qt − Qdis



(12)




where Qt and Qdis represent the total heating power and heat dissipation, respectively.


  Q =   2 π  λ  i n s    L  i n s      t  i n s , 1   −  t  i n s , 2       ln    r  i n s , 2   /  r  i n s , 1        



(13)




where λins, Lins, rins,1, rins,2, tins,1, and tins,2 represent the thermal conductivity, length, radiuses and temperatures of measure points 1 and 2 of the insulating layer, respectively.



HTC is calculated by:


  α =  q   t w  −  t  s a t      



(14)






   t w  =  t  w , o   −   q D   2 λ   ln      D o     D i       



(15)




where tw and tw,o represent the inner and outer wall temperatures, respectively, and they are both the average temperatures along the test section.



The HTC and modified heating length are obtained through the iteration of Equations (3)–(15).



Note that the heating wire resistance varied with the heating power due to the variation of its temperature. The temperature coefficient of resistance (TCR) of the heating wire can be calculated by:


  R =  R  r e f     1 + TCR ×  t  w i r e      



(16)




where twire is the temperature of the heating wire, and Rref is the resistance at reference temperature.



The calculated TCR is 0.00391, which is almost the same as that of fine copper.



The vapor quality is determined as:


  x =  1 2     x  i n   +  x  o u t      



(17)




where xin and xout represent the test section inlet and outlet vapor qualities, respectively.


   x  i n   =  1   h  l v , t e s t , i n          Q  p r e    m  −    h  l , t e s t , i n   −  h  p r e , i n        



(18)






   x  o u t   =  1   h  l v , t e s t , o u t          Q  t e s t +  Q  p r e      m  −    h  l , t e s t , o u t   −  h  p r e , i n        



(19)




where Qpre and Qtest mean the net heating powers, hpre,in means the enthalpy at the pre-heater inlet, hlv,test,in, hlv,test,out, hl,test,in, and hl,test,out mean the latent heat of vaporization and saturated liquid enthalpy at the test section inlet and outlet, respectively.



For horizontal flow, FPD is determined as:


  Δ  p f  = Δ  p t  − Δ  p m  − Δ  p  i n   − Δ  p  o u t    



(20)




where Δpt, Δpm, Δpin and Δpout represent the total, momentum, inlet, and outlet pressure drop, respectively.


  Δ  p m  =  G 2           x 2     ρ v    ε   +       1 − x    2     ρ l    1 − ε         o u t   −        x 2     ρ v    ε   +       1 − x    2     ρ l    1 − ε         i n      



(21)




where ε is the void fraction, and is calculated from Xu and Fang [22].



The inlet contraction pressure drop and outlet expansion pressure drop is determined from Collier and Thome [23], Fu et al. [24], and Kim and Mudawar [25].


  Δ  p  i n   =    G 2    2  p l           1   C c    − 1    2  +   1 −  σ c 2        1 +  x  i n        ρ i     ρ v    − 1      



(22)




where Cc is the contraction coefficient and equal to 1 for two-phase flow according to Schmidt and Friedel [26] and Abdelall et al. [27], and σc is the contraction area ratio.


  Δ  p  o u t   =    G 2   σ e    1 −  σ e       ρ l            1 −  x  o u t      2    1 −  ε  o u t     +      ρ l   x  o u t  2     ρ v   ε  o u t          



(23)




where σe is the expansion area ratio, and εout is calculated from Kawahara et al. [28].



Note that both σc and σe are defined as the ratio of the cross-sectional area in the test section to that in the joint and less than or equal to 1.



As listed in Table 2, the uncertainties related to the measuring apparatus and calculated parameters are obtained by utilizing the Kline and McClintock [29] approach.




4. Experimental Results and Discussion


The flow boiling HTC and FPD were measured with psat = 0.6 and 0.7 MPa (tsat = 31.3 and 36.7 °C, pr = 0.165 and 0.193), G = 540–870 kg/m2 s, and q = 25–65 kW/m2. Since the flow boiling characteristics were planned for the cooling design of electronic equipment via heat sinks, the saturation temperatures were higher than those used for absorbing heat from air via evaporators. Flow boiling characteristics of R1234ze(E) under high-reduced pressures will be tried in our next-step experiments through leveraging the details in [30]. To obtain “quasi-local” experimental data, the vapor quality variation (xout–xin) was controlled within 0.05–0.24. To minimize the impact of temperature accuracy on HTC, the measured data having a temperature difference (tw–tsat) less than 4 °C were neglected. Thus, 253 experimental data points on flow boiling HTC and 475 ones on FPD were taken.



4.1. Flow Boiling HTC of R1234ze(E)


The effect of mass flux on HTC is displayed in Figure 5a,b. At lower vapor quality (x < 0.4), HTC alters with mass flux not obviously, because nucleate boiling plays a major role. However, at larger vapor quality (x ≥ 0.4), it is correlated with mass flux positively, because convective boiling dominates this region, and the increase of mass flux enhances convective boiling and then HTC. For example, when psat = 0.6 MPa and q = 65 kW/m2, HTCs corresponding to G = 540, 705, and 870 kg/m2 s are 8.48, 8.80, and 8.51 kW/m2 K for x nearby 0.20, while they are 8.71, 9.53, and 10.10 kW/m2·K for x nearby 0.60, as shown in Figure 5a. A similar explanation based on the heat transfer mechanism was also made by Sempértegui-Tapia and Ribatski [10].



The variation of HTC with saturation pressure is illustrated in Figure 5c,d. Obviously, the larger the saturation pressure is, the larger the HTC is. Moreover, the effect of saturation pressure is more significant at lower vapor quality. For instance, when G = 705 kg/m2 s, and q = 55 kW/m2, HTCs related to psat = 0.6, and 0.7 MPa are similar for x > 0.6, as shown in Figure 5c. On the one hand, this is because of the faster formation rate of bubbles at higher saturation pressure, leading to the nucleate boiling more intense. For another, the saturation pressure variation brings about the refrigerant thermophysical properties variation, affecting HTC through the coupling change of the surface tension and the vapor-liquid density ratio. A similar trend was also found by Vakili-Farahani et al. [17]



Figure 5e,f presents the impact of heat flux on HTC. HTC increases significantly with heat flux, especially at lower vapor quality. The extreme case occurs at psat = 0.7 MPa, and G = 870 kg/m2 s, where HTCs of q = 55, and 65 kW/m2 are close for x > 0.7, as shown in Figure 5f. This is due to the increase of super heat degree of the tube wall for higher heat flux, resulting in the increase of the vaporization core number, and the acceleration of the growth and detachment of bubbles, strengthening the nucleate boiling. At higher vapor quality, the nucleate boiling is inhibited, and the function of heat flux is reduced.



The tendency of HTC with vapor quality can be deduced from Figure 5. Since the nucleate boiling governs the heat transfer at lower vapor quality, HTC mainly relies upon heat flux rather than mass flux and vapor quality, and changes marginally in this region. Conversely, the convective boiling dominates the higher vapor quality region, where HTC rises with mass flux and vapor quality.




4.2. Comparison with HTC Correlations


With the 253 measured HTC data points, twelve existing correlations of two-phase HTC recommended by Xu et al. [31] are compared, including those of Fang [32], Wattelet et al. [33], Gungor and Winterton [34], Shah [35], Saitoh et al. [15], Sun and Mishima [8], Liu and Winterton [36], Jung et al. [37], Bertsch et al. [9], Li and Wu [38], Tran et al. [39], and Cooper [40]. The comparison results are summarized in Table 3, where MAD and MRD represent the mean absolute deviation and the mean relative deviation, and PPN10 and PPN20 mean the percentages of the data points having the relative deviation (RD) within ±10% and ±20%.


  MAD =  1 n    ∑   i = 1  N    RD    



(24)






  MRD =  1 N    ∑   i = 1  N  RD  



(25)






  R D =   y    i    p r e d   − y    i    e x p     y    i    e x p      



(26)




where y(i)pred and y(i)exp represent the predicted and experimental HTC or FPD, respectively, and N is the data points number.



It is evident from Table 3 that the correlation of Saitoh et al. [15] established according to the flow boiling HTC of R134a by introducing the effect of tube diameter (Dh = 0.51–10.92 mm) performs most accurately with an MAD of 5.4%. The MAD of the correlation of Tran et al. [39] developed based on HTC of R12 and R113 in small channels (Dh = 2.40–2.92 mm) is 8.6%. Actually, the correlation of Saitoh et al. [15] considered the coupling influence of both nucleate and convective boiling, and similar correlations are those of Wattelet et al. [33], Jung et al. [37], Liu and Winterton [36], and Bertsch et al. [9]. In contrast, the correlation of Tran et al. [39] considered only the effect of nucleate boiling and treated HTC to be independent of vapor quality, and similar correlations are those of Cooper [40], and Sun and Mishima [8]. However, both the Saitoh et al. [15] and Tran et al. [39] correlations yield the MAD less than 10%, as HTC does not alter dramatically (6.5–12.6 kW/m2 K), especially at lower vapor quality (x < 0.4) where nucleate boiling plays a dominant role. The PPN10 and PPN20 of the Saitoh et al. [15] correlation are 85.0% and 99.2%, and those of the Tran et al. [39] correlation are 66.4% and 88.9%. Their error distributions are illustrated in Figure 6.



In addition, there are eight correlations with the MAD within 10%–20%, which are those of Wattelet et al. [33], Fang [32], Shah [35], Gungor and Winterton [34], Cooper [40], Li and Wu [38], Sun and Mishima [8], and Jung et al. [37], with MADs of 12.7%, 13.3%, 13.6%, 17.6%, 18.1%, 18.1%, 18.3%, and 18.7%. Among them, those of Fang [32], Gungor and Winterton [34], Shah [35], and Li and Wu [38] considered that the flow boiling HTC could be decided via multiplying the single-phase HTC by the enhancement factors. Although the Fang [32] correlation was created according to the experimental HTC of R134a with Dh = 0.19–8 mm, it still performs satisfactorily for the present refrigerant, because it takes the effect of wall temperature into account.



Only two correlations have a MAD larger than 20%, which are those of Liu and Winterton [36] and Bertsch et al. [9] with MADs of 21.4% and 27.1%.



As displayed in Figure 7, the comparisons between the experimental HTCs and the calculated results by the top five correlations indicate that the Saitoh et al. [15] correlation catches the experimental trend best, while the Tran et al. [39] correlation does not catch at larger vapor quality.




4.3. Flow Boiling FPD of R1234ze(E)


The impact of mass flux on FPD is displayed in Figure 8a,b. FPD is affected by mass flux positively whose effect is enhanced with the increasing vapor quality. For example, when psat = 0.6 MPa, and q = 65 kW/m2, FPDs corresponding to G = 540, 705, and 870 kg/m2 s are 14.66, 22.27, and 30.73 kPa/m for x nearby 0.20, while they are 59.24, 93.75, and 134.5 kPa/m for x nearby 0.60, as shown in Figure 8a. This is because the increasing mass flux brings about the increasing velocity of both liquid and vapor phases as well as the vapor–liquid shear stress, resulting in larger FPD.



The relation between FPD and saturation pressure is illustrated in Figure 8c,d. FPD presents diminution for greater saturation pressure. For instance, when G = 870 kg/m2 s, and q = 65 kW/m2, FPDs of psat = 0.6 and 0.7 MPa are 127.79, and 108.38 kPa/m for x nearby 0.60, as shown in Figure 8d. This is because of the refrigerant property change. Specifically, the decrease of saturation pressure brings about the increase of vapor velocity due to the reduction of vapor viscosity and density, as well as the increase of liquid viscosity, yielding the increase of FPD.



As apparent in Figure 8e,f, the impact of heat flux on FPD is not significant or negligible in most conditions, except in larger vapor qualities where FPD rises slightly with heat flux. Previous experiments of Longo et al. [3] also revealed a similar trend.



An FPD trend with vapor quality is clearly displayed in Figure 8. Larger FPD corresponds to larger vapor quality. This is because with the increase of vapor quality, the average density of the vapor–liquid mixture decreases and the average velocity increases, leading to larger FPD. However, as vapor quality increases, FPD slows down or even begins to decline. This is because the dry-out occurs, the liquid film is destroyed, and the liquid phase enters the vapor phase in the form of liquid drops, resulting in smaller FPD.




4.4. Comparison with FPD Correlations


Based on the 475 measured FPD data points, ten existing correlations of two-phase FPD suggested by Xu et al. [41] are compared, including those of Xu and Fang [42], Friedel [6], Müller-Steinhagen and Heck [43], Cavallini et al. [44], Kim and Mudawar [45], Cicchitti et al. [46], Grönnerud [47], Zhang and Webb [48], Shannak [49], and Li and Wu [50]. The comparison results are summarized in Table 4.



It is obvious from Table 4 that the correlation of Müller-Steinhagen and Heck [43] developed based on an extrapolation method and evaluated by 9300 measurements of FPD for various fluids yields the smallest MAD of 10.9%. There are another four correlations with MAD less than 20%, which are those of Zhang and Webb [48], Cavallini et al. [44], Friedel [6], and Kim and Mudawar [45] with MADs of 15.7%, 17.7%, 17.7%, and 19.7%. Actually, all these five correlations are separated flow models for two-phase FPD. The Friedel [6] correlation was proposed on the strength of 25,000 two-phase FPD data points by introducing the Froude number and Weber number to consider the gravity and surface tension functions. The Zhang and Webb [48] correlation was proposed by modifying the Friedel [6] correlation via introducing the reduced pressure (psat/pcrit) on the basis of adiabatic two-phase FPD data of R134a, R22, and R404A in tubes with Dh = 2.13–6.25 mm. The Cavallini et al. [44] correlation could also be treated as a modification of the Friedel [6] correlation for condensing flow of halogenated refrigerants. The Kim and Mudawar [45] correlation was generated on the strength of 7115 FPD data points of adiabatic and condensing mini/micro-channel flows of 17 fluids with Dh = 0.0695–6.22 mm by introducing the Suratman number. Among these five correlations, those of Zhang and Webb [48], Cavallini et al. [44], and Kim and Mudawar [45] were developed for mini/micro-channels, and shows satisfied predictions. Although those of Müller-Steinhagen and Heck [43] and Friedel [6] were developed for conventional channels, they also yield great performances. Their deviations indicate that taking the property variations and/or force interactions of fluid flowing in different scale channels into consideration is essential for yielding reasonable predictions. The PPN10 and PPN20 of the Müller-Steinhagen and Heck [43] correlation are 64.4% and 90.7%, and its error distribution is displayed in Figure 9.



Furthermore, the correlations of Cicchitti et al. [46] and Shannak [49] are the homogeneous models, and their MADs are 21.5% and 32.9%, which are larger than those of the top five separated flow models.



As illustrated in Figure 10, the comparisons between the experimental flow boiling FPDs and the calculated values by the top five correlations indicate that the Müller-Steinhagen and Heck [43] correlation can give the best tracking performance.





5. Conclusions


	(1)

	
The R1234ze(E) flow boiling HTC and FPD inside a 1.88 mm horizontal circular minichannel was investigated experimentally. The saturation pressure, mass flux, and heat flux fell in the scopes of 0.6–0.7 MPa, 540–870 kg/m2 s, and 25–65 kW/m2, respectively.




	(2)

	
The influences of various factors on flow boiling HTC and FPD are analyzed thoroughly. The nucleate boiling and convective boiling dominate the lower and higher vapor quality regions with a threshold vapor quality nearby 0.4. HTC mainly rises with heat flux for nucleate boiling, but increases with mass flux and vapor quality for convective boiling. HTC rises with saturation pressure, especially at lower vapor quality. Larger FPD is found for larger mass flux and vapor quality, but smaller saturation pressure. FPD is not sensitive to heat flux in most conditions.




	(3)

	
Twelve existing correlations of two-phase HTC and ten ones of two-phase FPD are compared with the current experimental data, respectively. The correlations of Saitoh et al. [15] and Müller-Steinhagen and Heck [43] yield the best predictions and tracking performances on the flow boiling HTC and FPD with MADs of 5.4% and 10.9%, respectively. The reasonable prediction results indicate that the previous correlations suggested for R134a are mostly effective for R1234ze(E), as the thermophysical properties of R1234ze (E) are similar to those of R134a and their flow boiling characteristics are close.
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Nomenclature








	A
	Sectional area (m2)



	Ac
	Cross sectional aera of fin (m)



	Cc
	Contraction coefficient (–)



	Di
	Internal diameter (m)



	Dh
	Hydraulic diameter (m)



	Do
	Outer diameter (m)



	Fr
	Froude number



	G
	Mass flux (kg/m2 s)



	g
	Gravitational acceleration (m/s2)



	h
	Enthalpy (J/kg)



	H
	Fin length (m)



	H′
	Modified fin length (m)



	hlv
	Latent heat of vaporization (J/kg)



	L
	Test section length (m)



	Lheat
	Heating length (m)



	L′heat
	Modified heating length (m)



	m
	Fin parameter (–)



	n
	Data point number



	p
	Pressure (Pa)



	P
	Cross-sectional perimeter of fin (m)



	pr
	Reduced pressure (–)



	q
	Heat flux (W/m2)



	Qdis
	Heat dissipation (W)



	Qeff
	Effective heating power (W)



	r
	Radius (m)



	Re
	Reynolds number



	t
	Temperature (°C)



	tw
	Inner wall temperature (°C)



	tw,o
	Outer wall temperature (°C)



	V
	Volume flow rate (m3/s)



	x
	Vapor quality



	Δp
	Pressure drop (Pa)



	Greek Symbols
	



	α
	Heat transfer coefficient (W/m2 K)



	δ
	Fin thickness (m)



	ε
	Void fraction (–)



	ηf
	Fin efficiency (–)



	ρ
	Density (kg/m3)



	λ
	Thermal conductivity (W/m K)



	σc
	Contraction area ratio (–)



	σe
	Expansion area ratio (–)



	Subscripts
	



	exp
	Experimental



	in
	Inlet



	ins
	Insulating layer



	l
	Liquid



	out
	Outlet



	pre
	Pre-heater



	pred
	Predicted



	sat
	Saturation



	t
	Total



	test
	Test section



	v
	Vapor
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Figure 1. Experimental system: schematic diagram. 
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Figure 2. Experimental system: 3D model. 






Figure 2. Experimental system: 3D model.



[image: Energies 14 05972 g002]







[image: Energies 14 05972 g003 550] 





Figure 3. Experimental system: photograph. 
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Figure 4. Test section: (a) photograph; (b) cross profile. 
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Figure 5. Flow boiling HTC of R1234ze(E) versus vapor quality: (a) effect of mass flux on HTC at p = 0.6 MPa and q = 65 kW/m2; (b) effect of mass flux on HTC at p = 0.7 MPa and q = 55 kW/m2; (c) effect of saturation pressure on HTC at G = 705 kg/m2 s and q = 55 kW/m2; (d) effect of saturation pressure on HTC at G = 870 kg/m2 s and q = 65 kW/m2; (e) effect of heat flux on HTC at p = 0.6 MPa and G = 705 kg/m2 s; (f) effect of mass flux on HTC at p = 0.7 MPa and G = 870 kg/m2 s. 
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Figure 6. Error distributions of the heat transfer correlations: (a) Saitoh et al. [15]; (b) Tran et al. [39]. 
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Figure 7. Comparison of HTC trends based on predictive correlations and measured data: (a) p = 0.6 MPa, G = 850 kg/m2 s and q = 55 kW/m2; (b) p = 0.7 MPa, G = 705 kg/m2 s and q = 65 kW/m2. 
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Figure 8. Flow boiling FPD of R1234ze(E) versus vapor quality: (a) effect of mass flux on FPD at p = 0.6 MPa and q = 25 kW/m2; (b) effect of mass flux on FPD at p = 0.7 MPa and q = 55 kW/m2; (c) effect of saturation pressure on FPD at G = 705 kg/m2 s and q = 40 kW/m2; (d) effect of saturation pressure on FPD at G = 870 kg/m2 s and q = 65 kW/m2; (e) effect of heat flux on FPD at p = 0.6 MPa and G = 540 kg/m2 s; (f) effect of mass flux on FPD at p = 0.7 MPa and G = 705 kg/m2 s. 
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Figure 9. Error distribution of the best FPD correlation. 
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Figure 10. Comparison of FPD trends based on predictive correlations and measured data: (a) p = 0.6 MPa, G = 850 kg/m2 s and q = 55 kW/m2; (b) p = 0.7 MPa, G = 705 kg/m2 s and q = 65 kW/m2. 
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Table 1. Thermophysical properties of R1234ze(E).
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	Properties
	p = 0.6 MPa
	p = 0.7 MPa





	Saturation temperature (°C)
	31.3
	36.7



	Liquid density (kg/m3)
	1142.2
	1123.3



	Vapor density (kg/m3)
	31.673
	37.027



	Liquid viscosity (Pa s)
	1.8519 × 10−4
	1.7367 × 10−4



	Vapor viscosity (Pa s)
	1.2516 × 10−5
	1.2770 × 10−5



	Liquid conductivity (W/m K)
	0.0721
	0.0703



	Vapor conductivity (W/m K)
	0.0141
	0.0146



	Surface tension (N/m)
	8.0483 × 10−3
	7.3648 × 10−3



	Latent enthalpy (kJ/kg)
	162.05
	157.61
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Table 2. Experimental uncertainties.






Table 2. Experimental uncertainties.





	Parameter
	Uncertainty





	Diameter
	±1 μm



	Length
	±1 mm



	Temperature
	±0.1 °C



	Flow rate
	±0.5%



	Relative pressure
	±0.3%FS (0–1.6 MPa)



	Differential pressure
	±0.075%FS (0–100 kPa)



	Heat flux
	±1.44%



	Vapor quality
	±1.66%



	HTC
	±4.01%
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Table 3. Prediction deviations of the existing HTC correlations (%).






Table 3. Prediction deviations of the existing HTC correlations (%).





	Correlation
	MAD
	MRD
	PPN10
	PPN20





	Saitoh et al. [15]
	5.4
	−0.7
	85.0
	99.2



	Tran et al. [39]
	8.6
	−4.0
	66.4
	88.9



	Wattelet et al. [33]
	12.7
	−6.9
	47.8
	79.1



	Fang [32]
	13.3
	−10.1
	49.0
	74.3



	Shah [35]
	13.6
	−1.2
	36.8
	76.3



	Gungor and Winterton [34]
	17.6
	8.5
	29.6
	60.5



	Cooper [40]
	18.1
	−18.0
	19.0
	64.4



	Li and Wu [38]
	18.1
	−15.1
	35.6
	59.3



	Sun and Mishima [8]
	18.3
	17.0
	24.1
	60.1



	Jung et al. [37]
	18.7
	18.3
	23.7
	61.7



	Liu and Winterton [36]
	21.4
	−21.4
	17.0
	47.0



	Bertsch et al. [9]
	27.1
	−27.0
	9.1
	48.6
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Table 4. Prediction deviations of the existing FPD correlations (%).
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	Correlation
	MAD
	MRD
	PPN10
	PPN20





	Müller–Steinhagen and Heck [43]
	10.9
	−0.3
	64.4
	90.7



	Zhang and Webb [48]
	15.7
	12.9
	67.4
	75.2



	Cavallini et al. [44]
	17.7
	16.3
	46.3
	72.2



	Friedel [6]
	17.7
	5.6
	43.4
	80.0



	Kim and Mudawar [45]
	19.7
	−0.7
	33.9
	62.5



	Cicchitti et al. [46]
	21.5
	–12.8
	18.7
	42.5



	Xu and Fang [42]
	32.3
	32.3
	8.4
	49.3



	Shannak [49]
	32.9
	−25.4
	11.4
	21.1



	Li and Wu [50]
	33.1
	−32.2
	4.8
	11.2



	Grönnerud [47]
	54.5
	54.2
	3.2
	8.6
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