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Abstract. In order to meet current and future energy demands, the efficient use of resources, as well as the progressive 

replacement by renewable alternatives is needed. Therefore, solutions for efficient energy generation and heat 

exploitation have emerged over the last years. Organic Rankine cycles (ORCs) and high temperature heat pumps 

(HTHPs), as well as their combination in reversible energy storage systems are promising approaches. The evaporation 

process in these cycles occurs at high saturation temperatures, leading to intermediate-to-high reduced pressures for 

most of the employed refrigerants. Thermophysical properties are deeply affected by the reduced pressure increase, 

resulting in thermohydraulic behaviors different from those typically verified at low temperatures. Despite the growing 

interest in ORCs and HTHPs, there is a shortage of flow boiling experimental studies at high temperatures, and the 

literature is even more scarce considering investigations with low-global warming potential (GWP) refrigerants. In this 

context, the present work presents an evaluation of the two-phase pressure drop for the refrigerants R1233zd(E) and 

R245fa flowing at saturation temperatures between 75ºC and 95°C inside a horizontal adiabatic stainless-steel tube with 

an internal diameter of 2 mm. Pressure gradient data are reported for mass velocities varying from 180 to 570 kg/m²s.The 

effects of the experimental parameters were similar to those reported for data at low pressures, in which the pressure 

gradient increases with the mass velocity increment and the saturation temperature reduction. The experimental results 

are compared against 15 prediction methods from literature and the effect of the saturation temperature on their 

accuracy is evaluated. Reasonable agreement was verified, with five methods predicting more than 80% of the database 

within error bands of ±30%. However, only six methods presented reduction of the deviations with increasing the 

saturation temperature, with five of them being based on the homogeneous model. 
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1. INTRODUCTION  

 

Historically, most of the flow boiling experimental studies using organic refrigerants has been conducted at low 

saturation temperatures (𝑇𝑠𝑎𝑡), focused on HVAC (Heating, ventilating and air-conditioning) systems. However, it can be 

noticed a currently growing interest in high-temperature applications. One of the main technologies that has been drawing 

attention is the organic Rankine cycle (ORC), which is pointed out as a promising alternative for obtaining electricity 

from low-grade heat sources as geothermal, biomass and solar power (Liu et al., 2014, Marinheiro et al., 2022). According 

to Zhang et al. (2018), typical ORCs heat sources operate at 100-250°C, which results in evaporating temperatures ranging 

between 50 and 150°C. The high-temperature heat pumps (HTHPs) have also stood out as effective heating and cooling 

systems, which allow to recover waste heat into hot water or steam.  The HTHPs heat source temperatures are higher than 

40°C, and can reach 120°C (Arpagaus et al., 2018). In addition, Halon et al. (2022) pointed out that the rapidly processing 

speed requirements growth and, consequently, the increase of the quantity of integrated circuits, raised the typical low 

temperature working environments of electronics cooling (0-85°C) to high-temperature levels (85-500°C or more) that 

include aerospace, power and automotive industries.  
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Due to the high evaporation temperatures of the above-mentioned applications, flow boiling at intermediate-to-high 

reduced pressures (𝑝𝑟) is verified for most of the organic refrigerants typically employed in these systems. As 𝑝𝑟 rises, 

vapor density (𝜌𝑣) increases, while the liquid density decreases (𝜌𝑙), converging to the same value when the saturation 

pressure reaches the critical value (𝑝𝑟 = 1). In addition, the enthalpy of vaporization (𝑖𝑙𝑣) and the surface tension gradually 

reduce, while the liquid specific heat (𝑐𝑝,𝑙) slightly increases as 𝑝𝑟 rises. Non-linear behaviors are also verified for 𝜌𝑣, 𝜌𝑙, 

𝑖𝑙𝑣  𝑐𝑝,𝑙  in the vicinity of the critical point. According to Charnay et al. (2014), these changes in the thermophysical 

properties affect the two-phase flow characteristics, leading to different flow topologies and heat transfer mechanisms, 

which can impact the reliability of the prediction methods currently available in the literature, since most of them were 

developed for low 𝑝𝑟.  

Despite the growing interest in applications that involve high-temperature evaporation, flow boiling studies at high 

𝑇𝑠𝑎𝑡  has not advanced at the same rate. Pressure drop and flow pattern are key parameters in the design of evaporators for 

thermal systems, however their evaluation at high saturation temperatures were only reported in a few investigations 

(Zhang and Webb, 2001, Vijayarangan et al., 2007, Charnay et al., 2014, 2015, Layssac et al., 2018). The scenario is 

even more scarce for low-global warming potential (GWP) refrigerants (Arcasi et al., 2022, Li and Hrnjak, 2022). In this 

context, the present paper presents an experimental investigation of the two-phase frictional pressure drop and flow 

patterns of refrigerants R245fa and R1233zd(E) at saturation temperatures between 75 and 95°C. The first refrigerant is 

frequently pointed out as a high-performance fluid in ORCs (Su et al. 2017), and the second is its low- GWP substitute. 

Experimental results were obtained for a 2 mm inner diameter adiabatic tube for mass velocities (G) ranging from 180 to 

570 kg/m²s.  

 

2. EXPERIMENTAL APPARATUS 

 

The experimental facility previously used by Charnay et al. (2015) and Layssac et al. (2018) for pressure drop and 

flow pattern investigations was modified in the present study, and it is schematically shown in Fig. 1. The working fluid 

is driven along a closed loop by an oil-free gear micropump, and its mass flow rate is measured by a Coriolis mass flow 

meter. A bypass line connects the inlet and outlet of the micropump, and it is used when the mass flow rate reduction is 

necessary. A filter is installed downstream the micropump in order to remove particles dispersed in the test fluid. A needle 

microvalve is placed upstream the preheater in order to minimize the propagation of pressure fluctuations associated with 

thermal instability effects during flow boiling in a small diameter channel (Qu and Mudawar, 2003) and ensure a fine 

adjustment of the saturation pressure and mass flow rate. The working fluid is heated and evaporated along the preheater, 

in order to control the vapor quality at the test section inlet. A glass tube is placed downstream the test section to visualize 

the flow pattern, which is recorded using a high-speed camera (Photron® SA3). K-type thermocouples and absolute 

pressure sensors (Keller® PA23), installed upstream the preheater and downstream the visualization section, are used to 

measure the refrigerant temperature and pressure, respectively. The working fluid is condensed and subcooled in a plate 

heat exchanger by exchanging heat with the auxiliary fluid (Kryo 20). In order to adjust the system pressure, the refrigerant 

inside the reservoir is heated by the auxiliary fluid. Two thermostatic baths control the temperature of the liquid Kryo 20 

flowing in the plate heat exchanger and the refrigerant reservoir. The components of the main loop and the pipelines are 

insulated from the environment through ceramic fiber covered with elastomeric foam.   

 

 
 

Figure 1. Schematic diagram of the experimental apparatus.  
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Figure 2 schematically presents the preheating, test and visualization sections. The preheater consists of a spirally-

shaped stainless-steel tube with inner and outer diameters of 4 and 6 mm, respectively. The heating effect along the 

preheater is achieved through Joule effect by directly powering the surface of the tube using copper electrodes positioned 

1910 mm apart, which are connected to a DC power supply. The test section is a straight stainless-steel tube with an outer 

diameter of 6 mm, in which two pressure taps are welded 300 mm apart from each other. The inner diameter of the test 

tube was measured through confocal microscopy, and the average value obtained was 2.07 mm. The visualization section 

is a 200 mm long Pyrex tube, with inner and outer diameters of 2 and 6 mm, respectively. 

 

 
 

Figure 2. Detailed view of the preheating, test and visualization sections.  

 

The pressure drop is measured by two differential pressure sensors (Endress Hauser® Rosemount 3051) with 

measuring ranges of 0-50 mbar and 0-2 bar, which are connected to the pressure taps, as depicted in Fig. 2. Four K-type 

thermocouples are positioned at the outer surface of the preheater, 665, 809, 1347 and 1585 mm apart from the copper 

electrode. K-type thermocouples and absolute pressure sensors are used to measure the temperature of the working fluid 

at the inlet and outlet of each subsection depicted in Fig. 2. 

 

3. DATA TREATMENT PROCEDURE AND VALIDATION 

 

The average saturation temperature of the working fluid is based on the average pressure along the test section, which 

is given as follow: 

 

𝑝̅𝑠𝑎𝑡 =
𝑝𝑖𝑛,𝑇𝑆+(𝑝𝑖𝑛,𝑇𝑆+∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

2
  (1) 

 

where 𝑝𝑖𝑛,𝑇𝑆 is the pressure measured by the absolute pressure sensor placed upstream the test section and ∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  is 

the pressure drop measured by the differential sensor.  

 The mass velocity is given by the following relation: 

 

𝐺 =
4.𝑚̇

𝜋𝐷𝑖
2    (2) 

 

where 𝑚̇ is the mass flow rate measured by the Coriolis mass flow meter and 𝐷𝑖  is the internal diameter of the test section. 

The vapor quality at test section inlet is given as follows: 

 

𝑥𝑖𝑛,𝑇𝑆 =
𝑖𝑖𝑛,𝑇𝑆−𝑖𝑙(𝑝𝑖𝑛,𝑇𝑆)

𝑖𝑣(𝑝𝑖𝑛,𝑇𝑆)−𝑖𝑙(𝑝𝑖𝑛,𝑇𝑆)
  (3) 

 

where 𝑖𝑙(𝑝𝑖𝑛,𝑇𝑆) and 𝑖𝑣(𝑝𝑖𝑛,𝑇𝑆) are the liquid and vapor phase specific enthalpies of the working fluid evaluated at the 

pressure at the inlet of the test section (𝑝𝑖𝑛,𝑇𝑆). 

The specific enthalpy of the working fluid at the test section inlet is estimated by an energy balance along the preheater, 

as follows: 
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𝑖𝑖𝑛,𝑇𝑆 = 𝑖𝑖𝑛,𝑃𝐻 +
𝑄̇𝑒𝑓𝑓,𝑃𝐻

𝑚̇
  

(4) 

 

where 𝑄̇𝑒𝑓𝑓,𝑃𝐻 is the preheater effective heating power and 𝑖𝑖𝑛,𝑃𝐻 is the liquid saturated specific enthalpy corresponding 

to the temperature measured at the preheater inlet. 

The effective preheater heating power, 𝑄̇𝑒𝑓𝑓,𝑃𝐻, is given as the electrical power delivered by the power supply, (𝑄̇𝑒𝑙 =

𝐼. 𝑈) minus the heat losses to the environment (𝑄̇𝑙𝑜𝑠𝑠): 

 

𝑄̇𝑒𝑓𝑓,𝑃𝐻 = 𝐼. 𝑈 − 𝑄̇𝑙𝑜𝑠𝑠,𝑃𝐻 = (1 − 𝜂𝑙𝑜𝑠𝑠,𝑃𝐻). 𝐼. 𝑈  (5) 

 

where I is the electrical current delivered by the DC power supply, U is the corresponding voltage measured along the 

preheater, and 𝜂𝑙𝑜𝑠𝑠,𝑃𝐻  is the relative heat losses. 

The relative heat losses were estimated during single-phase flow experiments, comparing the electrical power 

delivered by the DC source with the enthalpy variation along the preheater, as described in the following relation: 

  

𝜂𝑙𝑜𝑠𝑠,𝑃𝐻 =
𝐼.𝑈−𝑚̇.𝑐𝑝,𝑙(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

𝐼.𝑈
  (6) 

 

where 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡  are the temperatures of the working fluid at the preheater inlet and outlet, respectively. 

Single-phase experimental results were obtained at different mass velocities, and it was verified the reduction of 

𝜂𝑙𝑜𝑠𝑠,𝑃𝐻  with increasing G, which is associated with the increase of the heat transfer coefficient (HTC) along the preheater 

and, consequently, the overall thermal resistance reduction. The heat transfer coefficient was calculated at the wall 

temperature measurement positions indicated in Fig. 2 through the Newton’s colling law, and the relative heat losses were 

correlated as functions of the average HTC (ℎ̅) according to a power law, 𝜂𝑙𝑜𝑠𝑠,𝑃𝐻 = 𝑎. ℎ̅𝑏. Figure 3 presents the 

experimental results obtained and the corresponding curve fits for both refrigerants, determined through the least squares 

method. The fitted correlations were used to estimate the relative heat losses during two-phase flow experiments.  

 

 
 

Figure 3. Effect of the average heat transfer coefficient on the preheater relative heat losses.  

 

The frictional pressure gradient is given by the following relation: 

 

(
𝑑𝑝

𝑑𝑧
)

𝑓
=

∆𝑝𝑓

𝐿
  (7) 

 

where ∆𝑝𝑓 is the frictional component of the pressure drop and 𝐿 is the distance between the pressure taps in which the 

pressure sensors are connected. 

In the present investigation, experiments were conducted during adiabatic flow conditions, which, in general, lead to 

a negligible accelerational component of the pressure drop. In order to confirm this hypothesis, the correlation developed 

by Revellin et al. (2012) was used to predict the vapor quality increment due to the flashing effect, which remained lower 

than 0.006. As a consequence, the accelerational pressure drop associated with the flashing effect was always lower than 
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2% of the measured pressure drop, which is close to its average uncertainty of 2.1%. Therefore, in the present study, it 

was assumed that ∆𝑝𝑓 is equal to the pressure drop measured by the differential sensors (∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑). 

The validation of the experimental apparatus was also performed during single-phase flow experiments, comparing 

the measured pressure drop with the corresponding predictions according to Blasius correlation. Figure 4 presents the 

comparison between the Fanning friction factor calculated from the experimental data and the predictions based on 

Blasius correlation (𝑓 = 0.079𝑅𝑒−0.25). A reasonable agreement is verified between experimental and predicted values, 

with all data predicted within an error margin lower than ±14%, and a mean absolute error (MAE) of only 10.4%. 

 

 
 

Figure 4. Comparison between experimental Fanning friction factor and Blasius correlation.  

 

The experimental apparatus described in section 2 is monitored and controlled using a personal computer with a 

Labview (National Instruments®) interface. The K-type thermocouples are connected to a cold junction compensation 

system, which contains a platinum Pt100 used as temperature reference. A calibration process was performed for 

temperatures between 25 and 115°C prior to experiments, using a model 9142 Fluke® calibration device. The average 

uncertainty of the temperatures measured by the thermocouples was 0.15°C, which was calculated according to the 

procedure proposed by Abernethy and Thompson Jr. (1973). For the remaining sensors and measuring devices, the 

uncertainties were assumed equal to the specifications provided by the manufactures. The method of sequential 

perturbation (Moffat, 1998) was used to estimate the uncertainties of the calculated parameters. As a result, the mass 

velocity, saturation temperature, vapor quality and frictional pressure gradient average uncertainties were 4.6%, 0.22°C, 

0.025 and 2.1%, respectively. 

 

4. RESULTS 

 

4.1 Flow patterns 

 

In the present study, two main flow patterns were identified: intermittent and annular. Figure 4 presents the evolution 

of the flow patterns verified for 𝐺 = 560 kg/m²s and 𝑇𝑠𝑎𝑡 = 95°C with increasing vapor quality. It is important to remark 

that at low vapor qualities, plug flow pattern is verified (Fig. 4a), while with a slight increment of x, slug flow was 

typically verified (Fig. 4b), however, for simplicity, both flow patterns were classified as intermittent. In addition, at vapor 

qualities close to 1, the liquid film is almost imperceptible (Fig. 4e), but is not possible to guarantee the occurrence of 

dryout or mist flow, since the last thermocouple attached to the preheater surface was placed relatively far from its outlet 

(325 mm) making it impossible to identify the sharp increase of the surface temperature. Therefore, the dryout and mist 

flow patterns were not differentiated from annular in the present study. 
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Figure 4. Flow pattern evolution for 𝑇𝑠𝑎𝑡=95°C and G=560 kg/m²s.  

 

Figure 5 presents the mass velocity effect on the intermittent-annular transition at two different saturation 

temperatures. As well as reported at low 𝑇𝑠𝑎𝑡 studies (Revellin et al., 2006, Ong and Thome, 2011), the mass velocity 

increment anticipates this flow pattern transition. Comparing Figs. 5a and 5b, it is verified that increasing 𝑇𝑠𝑎𝑡  postpones 

the intermittent-annular transition. Figure 5 also presents the lines corresponding to the transition criteria proposed by 

Ong and Thome (2011). At 𝑇𝑠𝑎𝑡=75°C the prediction method of Ong and Thome (2011) seems to be more accurate in 

predicting the intermittent-annular transition for high mass velocities, however, at 𝑇𝑠𝑎𝑡=95°C, a better agreement is 

verified for mass velocities of 187 and 280 kg/m²s.   

 

 
 

Figure 5. Mass velocity effect on the intermittent-annular transition at (a) 𝑇𝑠𝑎𝑡=75°C and (b) 𝑇𝑠𝑎𝑡=95°C. 

 

4.2 Pressure drop 

 

Figure 6 presents the mass velocity effect on the frictional pressure gradient. At both 75 and 95°C saturation 

temperatures, the G increment increases the pressure gradient, which is associated with the flow velocity increment and, 

consequently, the increment of shear stress at the liquid-vapor interface and between liquid and tube surface. The 

experimental results also indicate that the mass velocity increase seems to anticipate the pressure gradient peak, which 

might be associated with the higher amount of entrainment at higher G, anticipating the damping of disturbance waves at 

the liquid-vapor interface (Morse et al., 2021).  
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Figure 6. Mass velocity effect on the frictional pressure gradient for (a) 𝑇𝑠𝑎𝑡=75°C and (b) 𝑇𝑠𝑎𝑡=95°C.  

 

Figure 7 presents the effect of the saturation temperature on the frictional pressure gradient. The increment of the 

saturation temperature increases the vapor phase density, which reduces the two-phase flow velocity and, consequently, 

the frictional pressure gradient. The approximation of liquid and vapor densities at higher saturation temperatures also 

accounts for the reduction of the pressure gradient, since the difference between the velocities of the phases is reduced, 

decreasing the interfacial shear. Table 1 presents the thermophysical properties of both working fluids at the saturation 

temperatures evaluated in the present study.  

 

 
 

Figure 7. Saturation temperature effect on the frictional pressure gradient for (a) 𝐺=281 kg/m²s and (b) 𝐺=467 kg/m²s.  

 

Table 1. Properties of the fluids evaluated in the present study (Lemmon et al., 2018). 

 

Property 
75°C 95°C 

R245fa R1233zd(E) R245fa R1233zd(E) 

𝒑𝒓 [-] 0.190 0.160 0.309 0.258 

𝝁𝒍 [Pa.s] 0.000214 0.000177 0.000166 0.000144 

𝝁𝒗 [Pa.s] 1.23.10-5 1.21.10-5 1.31.10-5 1.28.10-5 

𝝁𝒍/𝝁𝒗 [-] 17.40 14.63 12.67 11.25 

𝝆𝒍 [Pa.s] 1187.9 1129.9 1114.2 1066.9 

𝝆𝒗 [Pa.s] 38.295 30.692 63.898 50.004 

𝝆𝒍/𝝆𝒗 [-] 31.02 36.81 17.44 21.34 
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Figures 6 and 7 also indicate that the frictional pressure gradients for the R1233zd(E) are higher than those for the 

R245fa at all evaluated 𝑇𝑠𝑎𝑡 and G. At the same saturation temperature, the reduced pressure of the first refrigerant is 

lower than that of the second, so, reduced vapor phase densities are verified for the R1233zd(E). In addition, the liquid-

vapor densities ratio is 19-22% higher for the R1233zd(E), justifying the higher pressure gradients verified for this 

refrigerant.  

The 450 adiabatic frictional pressure gradient datapoints obtained in the present study were compared against 15 

prediction methods from literature. Table 3 presents the statistical results of the comparisons in means of the MAE and 

the percentage of data predicted within an error band of ±30% (𝜆30%). The empirical correlation proposed by Müller-

Steinhagen and Heck (1986) presented the lowest MAE, 14.8%, and predicted the largest parcel of the database within 

error bands of ± 30%, 93.1%. Curiously, this method did not consider experimental results at high saturation temperatures 

in the adjust of its empirical constants and exponents. 

Reasonably accuracies were also achieved by the methods of Cicchitti et al. (1962), Zhang and Webb (2001), 

Sempértegui-Tapia and Ribatski (2017) and Kim and Mudawar (2013). The first three methods did not present relevant 

variations of the MAEs with increasing the saturation temperature, while the MAE of the method proposed by Kim and 

Mudawar (2013) raised more than 7% when 𝑇𝑠𝑎𝑡  increased from 75°C to 95°C. Considering the 15 methods evaluated, 

only 6 of them presented higher accuracy at 𝑇𝑠𝑎𝑡=95°C than in 75°C, with five of them been based on the homogeneous 

model. No slip ratio is the hypothesis adopted by the homogeneous model, so, as the difference between the liquid and 

vapor phase velocities decreases with increasing 𝑇𝑠𝑎𝑡 , it is expected that the accuracy of the homogeneous-based methods 

improves at higher saturation temperatures. 

 

Table 2. Statistical analysis results of the comparison between pressure drop database and prediction methods. 

 

Method All data 75°C 95°C 

Homogeneous-based methods 

McAdams (1942) 
MAE [%] 34.1 36.5 31.9 

𝝀𝟑𝟎% [%] 33.6 25.5 40.1 

Cicchitti et al. (1962) 
MAE [%] 19.2 18.1 19.5 

𝝀𝟑𝟎% [%] 92.0 93.6 93.0 

Dukler et al. (1964) 
MAE [%] 36.6 40.1 33.7 

𝝀𝟑𝟎% [%] 27.1 18.4 35.0 

Beattie and Whalley (1982) 
MAE [%] 29.7 32.0 27.3 

𝝀𝟑𝟎% [%] 42.0 38.3 45.9 

Lin et al. (1991) 
MAE [%] 38.7 32.8 29.3 

𝝀𝟑𝟎% [%] 31.1 35.5 42.7 

Garcia et al. (2003) 
MAE [%] 35.3 39.7 31.4 

𝝀𝟑𝟎% [%] 30.0 20.6 38.8 

Two-phase multiplier-based methods 

Lockhart and Martinelli (1949) 
MAE [%] 93.7 65.7 124.0 

𝝀𝟑𝟎% [%] 30.4 41.1 19.7 

Chisholm (1973) 
MAE [%] 69.5 64.1 75.9 

𝝀𝟑𝟎% [%] 36.7 38.3 32.5 

Friedel (1979) 
MAE [%] 23.6 18.0 27.8 

𝝀𝟑𝟎% [%] 71.8 81.6 65.0 

Mishima and Hibiki (1996) 
MAE [%] 31.2 21.2 41.4 

𝝀𝟑𝟎% [%] 68.2 83.0 54.1 

Zhang and Webb (2001) 
MAE [%] 15.4 15.1 15.1 

𝝀𝟑𝟎% [%] 89.1 87.2 91.7 

Kim and Mudawar (2013) 
MAE [%] 16.7 13.1 20.3 

𝝀𝟑𝟎% [%] 84.9 92.2 79.6 

Empirical correlations 

Müller-Steinhagen and Heck (1986) 
MAE [%] 14.8 15.2 14.0 

𝝀𝟑𝟎% [%] 93.1 94.3 91.7 

Xu and Fang (2012) 
MAE [%] 22.0 18.8 24.2 

𝝀𝟑𝟎% [%] 72.9 77.3 70.1 

Sempértegui-Tapia and Ribatski (2017) 
MAE [%] 18.9 17.7 19.5 

𝝀𝟑𝟎% [%] 84.0 88.6 82.2 
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5. CONCLUSIONS 

 

The pressure drop experimental results obtained in the present study at high saturation temperatures presented similar 

behavior to those previously reported in low-temperature studies, i.e. increase of the frictional pressure gradient with 

increasing the mass velocity and reducing the saturation temperature. Among the 15 prediction methods evaluated, 5 of 

them were able to predict more than 80% of the database raised in the present study with absolute deviations lower than 

30%. Some empirical correlations and two-phase multiplier prediction methods presented strong loss of accuracy with 

increasing the saturation temperature, while 5 of the 6 homogeneous-based methods evaluated provided more accurate 

predictions at high temperatures. In addition, flow-pattern image analysis indicated that stratification effects are verified 

despite the small diameter of the test tube and lower liquid-vapor density differences. The postponement of the 

intermittent-annular transition to higher vapor qualities was verified with reducing mass velocity and increasing saturation 

temperature. 
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