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Highlights  20 

- Falling film evaporation heat transfer of R1233zd(E) was experimentally investigated. 21 

- Up to 4.2-fold heat transfer enhancement could be obtained by thermal spray coating. 22 

- R1233zd(E) achieved a lower heat transfer coefficient than R134a at 20 °C. 23 

  24 
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Abstract 25 

Falling film evaporators have been expected as an alternative to flooded evaporators for reducing 26 

the refrigerant usage. It is important for the enhancement of the film evaporation heat transfer to keep 27 

a liquid film and promote nucleate boiling in the liquid film. This study focused on nucleate boiling 28 

heat transfer in the liquid film by thermal spray coating that can be applied regardless of the material 29 

of heat transfer tubes. The heat transfer performance of falling film evaporation on a horizontal copper 30 

tube was experimentally evaluated. Since nucleate boiling phenomena, such as activation of nucleation 31 

sites and bubble behaviors in the liquid film, strongly depend on the physical properties of the 32 

refrigerant, the experimental results for R1233zd(E), one of the alternative refrigerants with low GWP, 33 

were compared with those for R134a. Two types of tubes were used: the smooth tube and the thermal 34 

spray coated tube fabricated by an arc wire spraying method, with the outer diameter of 19.05 mm and 35 

the heating length of 50 mm. Pool boiling experiments were also conducted to confirm the wall 36 

superheat for nucleate boiling. The heat transfer coefficients were evaluated with a film mass flow rate 37 

range of 8.5 × 10-3 to 6.3 × 10-2 kg/(m·s), a heat flux range of 10 to 85 kW/m2, and a saturation 38 

temperature at 20 °C. The effects of the structure of the heating surface, heat flux, and thermophysical 39 

properties of the refrigerant on the heat transfer performance are discussed. Results show that the heat 40 

transfer of the falling film became the nucleate boiling dominant with a sufficient heat flux and liquid 41 

film flow rate. The thermal spray coated surface enhanced not only the nucleate boiling but also the 42 

liquid spreading by the vapor bubbles in the liquid film, and thus the coated tube produced higher heat 43 
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transfer coefficients of 2.1 to 4.8 times those for the smooth tube. The wall superheat at the onset of 44 

nucleate boiling was higher for R1233zd(E) than for R134a, because R1233zd(E) has a higher surface 45 

tension and lower vapor density. Thus, the pool boiling and falling film evaporation heat transfer 46 

coefficients were lower for R1233zd(E) than for R134a. 47 

Key words 48 

Falling film evaporation, Thermal spray coating, R1233zd(E), Pool boiling, Heat transfer enhancement, 49 

Nucleate boiling 50 

Nomenclature 51 

C parameter in Eq. (6) [-] 52 

cp specific heat at constant pressure [J/(kg·K)] 53 

D outer diameter [m] 54 

Db bubble departure diameter [m] 55 

g gravitational acceleration [m/s2] 56 

i latent heat of evaporation [J/kg] 57 

L heating length [m] 58 

ሶ݉  mass flow rate [kg/s] 59 

P pressure [Pa] 60 
ሶܳ  heating rate [W] 61 

ሶݍ  heat flux [W/m2] 62 

Ra average roughness [µm] 63 

Rz maximum height of profile [µm] 64 

r radius of cavity [m] 65 

T temperature [K] 66 

 67 

Greek symbols 68 

 heat transfer coefficient [W/(m2·K)] 69 

 mass flow rate of liquid film [kg/(m·s)] 70 

 thermal conductivity [W/(m·K)] 71 

 viscosity [Pa·s] 72 

 density [kg/m3] 73 
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 surface tension [N/m] 74 
 75 

Subscripts 76 

crt critical 77 

L liquid 78 

min minimum 79 

red reduced parameter 80 

sat saturation 81 

V vapor 82 

wall heat transfer surface 83 

  84 
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1 Introduction 85 

As most hydrofluorocarbon (HFC) refrigerants have a high global warming potential (GWP), a 86 

reduction in refrigerant charges and a shift to low-GWP refrigerants are important issues. Falling film 87 

evaporators are expected to be substitutes for typical flooded evaporators because they can operate 88 

with less refrigerant. In addition, falling film evaporators have advantages, such as a low pressure drop 89 

and high heat transfer coefficient, and thus are applicable to refrigeration, air conditioning, waste heat 90 

recovery, and chemical processes.  91 

Experimental studies on falling film evaporation using water, ammonia, and fluorocarbon 92 

refrigerants have been conducted, and an overall review was carried out by Ribatski and Jacobi [1] in 93 

2005. In falling film evaporation, the refrigerant flow rate is an important parameter because it strongly 94 

affects the wetting area on the heat transfer tubes. A wide and thin liquid film is required to obtain a 95 

high heat transfer coefficient.  96 

When fluorocarbon refrigerants with a low surface tension are used as the working fluid, strong 97 

evaporation and nucleate boiling occur at a high heat flux, and dry patches leading to heat transfer 98 

deterioration are formed. Therefore, the liquid flow rate should be increased to avoid dry patch 99 

formation. However, Fujita and Tsutsui [2] reported that such dry patches do not immediately lessen 100 

the heat transfer coefficient because dry patches move randomly on the heat transfer surface. After the 101 

dry patches are established and become predominant on the heat transfer surface, the heat transfer 102 

coefficient decreases significantly [3, 4]. In contrast, under well-wetted conditions with sufficient 103 
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liquid supply, the effect of the liquid flow rate on the heat transfer coefficient is small. The flow and 104 

heat transfer conditions are called the plateau region [5, 6].  105 

Nucleate boiling plays a significant role in the falling film evaporation heat transfer of fluorocarbon 106 

refrigerants. Without dry patches on the heat transfer surface, the heat transfer of the falling film is 107 

forced convection dominant at a low heat flux, whereas it becomes nucleate boiling dominant at a high 108 

heat flux [7]. The transition from forced convection to nucleate boiling is strongly related to the onset 109 

of nucleate boiling (ONB); thus, the heat transfer of the falling film is expected to be enhanced by 110 

promoting nucleate boiling in the liquid film.  111 

The most effective method for nucleate boiling heat transfer enhancement is to increase the 112 

nucleation site density using cavities. Complex machining processes are usually applied to the outer 113 

walls of heat transfer tubes. However, it is difficult to apply such a machining process in certain 114 

applications using corrosion-resistant tubes, such as stainless steel and Inconel tubes, in an evaporator. 115 

Since these materials are difficult to cut into fine structures, other heat transfer enhancement methods 116 

onto the tube surface are required.  117 

This study focused on a thermal spray coating method because it is a relatively simple process and 118 

can be easily applied to hard materials. A melted spraying material was sprayed to form a coating layer. 119 

Previous pool boiling experiments using refrigerants confirmed that the fine porous structure of the 120 

coating layer enhanced the nucleate boiling heat transfer [8, 9]. On examining nucleate boiling heat 121 
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transfer for a porous coated surface, Tehver et al. [10] reported a large hysteresis effect in their pool 122 

boiling experiments using a plasma-sprayed surface. 123 

Several studies have been conducted on the enhancement of falling film evaporation heat transfer 124 

by porous structures, but most of them used water as the working fluid without boiling. Abraham and 125 

Mani [11] carried out experiments on plain and thermal spray coated aluminum tubes using water as 126 

the working fluid. The heat transfer coefficients were improved by 20%–30% through the coating 127 

because of the increase in the turbulent intensity and the decrease in the film thickness. Bogan and 128 

Park [12] studied the falling film evaporation of distilled water at a saturation temperature of 60 °C on 129 

a porous surface structure made by sintering copper particles with a mean diameter of 75 µm. They 130 

evaluated the sensible and evaporation heat transfers separately and found that the evaporation heat 131 

transfer was higher on the porous surface tube than on the smooth tube. Other studies have been 132 

summarized by Abed et al. [13] in 2015.  133 

For a fluorocarbon refrigerant, nucleate boiling enhancement in the liquid film appears 134 

significantly. Ubara et al. [14] investigated the heat transfer enhancement effect of thermal spray 135 

coating using R134a at a saturation temperature of 20 °C. A copper tube with an outer diameter of 136 

19.05 mm was thermal spray coated using copper as the spraying material. The results showed that the 137 

coated tube achieved up to a 5.2-fold higher heat transfer than a smooth tube. However, the heat 138 

transfer enhancement effect of thermal spray coating for other refrigerants with different 139 

thermophysical properties is still unclear. 140 
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The heat transfer performance depends not only on the structure of the heat transfer surface, but 141 

also on the thermophysical properties of the refrigerants. Even for the same heat transfer enhancement 142 

tube, the heat transfer coefficients and enhancement factors depend on the type of refrigerant. Zhao et 143 

al. [5] investigated the falling film evaporation heat transfer of R134a and R123 on four types of 144 

mechanically processed tubes at a saturation temperature of 6 °C. The heat transfer tube that produced 145 

the highest heat transfer differed between the two refrigerants. A larger opening of the reentrant cavity 146 

was effective for R134a and a smaller opening for R123; however, further study is needed to clarify 147 

the reason. Chien and Tsai [15] investigated the falling film evaporation heat transfer of R245fa and 148 

R134a on a low finned tube with and without a covering of brass mesh at a saturation temperature of 149 

20 °C. The fin height was 0.4 mm with 60 fins per inch. The mesh was made of  0.09 mm wire with 150 

100 mesh per inch. By wrapping the low finned tube with mesh, the heat transfer was improved for 151 

R245fa and deteriorated for R134a. It has been reported that the main reason might be the difference 152 

in the specific volume of vapor.  153 

Recently, new-generation refrigerants with low GWP have been developed, and their heat transfer 154 

performances have been attracting attention. R1233zd(E) is an alternative refrigerant for relatively 155 

low-pressure or high-temperature applications, including binary power generation and waste heat 156 

recovery heat pump systems. Several recent studies have experimentally investigated the pool boiling 157 

heat transfer characteristics of R1233zd(E) [16–19]. Nagata et al. [16] investigated the pool boiling 158 

heat transfer of R1234ze(E), R1234ze(Z), and R1233zd(E) on a smooth tube at saturation temperatures 159 



 

10 

of 10, 40, and 60 °C. The experimental results were compared with those of R245fa and R134a. The 160 

heat transfer coefficient of R1233zd(E) was significantly lower than that of R134a, but slightly lower 161 

than that of R245fa at the same saturation temperature. Byun et al. [17] investigated the pool boiling 162 

heat transfer of R1234ze(E) and R1233zd(E) on one smooth and two mechanically processed tubes at 163 

saturation temperatures of 4.4 °C and 26.7 °C. Ji et al. [18] also investigated the pool boiling heat 164 

transfer of R1234ze(E), R1233zd(E), and R134a on two mechanically processed boiling enhancement 165 

tubes at a saturation temperature of 6 °C. In both studies, the heat transfer coefficients of R1233zd(E) 166 

were lower than those of R134a, even on the enhancement tubes. 167 

In contrast to pool boiling experiments, there have been few studies on the falling film evaporation 168 

of R1233zd(E) on a single horizontal tube, targeting the condition in a shell-and-tube evaporator. 169 

Hassani and Kouhikamali [20] conducted a 2D numerical simulation of falling film evaporation on a 170 

smooth tube considering nucleate boiling. Numerical studies are effective for evaluating the 171 

differences in the heat transfer performance using various fluids. For an accurate evaluation, complex 172 

3D phenomena, such as dry patch formation and bubble nucleation on the heat transfer surface, should 173 

be considered. Wang et al. [21] reviewed that previous studies on the numerical simulation of falling 174 

film evaporation have rarely involved boiling simulations. Experimental evaluations are still needed 175 

to clarify the falling film heat transfer characteristics with nucleate boiling on smooth and processed 176 

tubes, particularly the effect of the thermophysical properties.  177 
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The purpose of this study is to experimentally investigate the falling film evaporation heat transfer 178 

characteristics of R1233zd(E) and the heat transfer enhancement effect of thermal spray coating, 179 

focusing on nucleate boiling heat transfer in a falling liquid film. A porous coating processed by the 180 

thermal spraying of copper was applied to the heat transfer surface. The heat transfer performance of 181 

falling film evaporation and pool boiling on a single horizontal copper tube with an outer diameter of 182 

19.05 mm was evaluated at a saturation temperature of 20 °C. Pool boiling experiments were 183 

conducted to confirm the wall superheat required for nucleate boiling. The effects of the 184 

thermophysical properties were considered by comparing the results with those for R134a reported by 185 

Ubara et al. [14].  186 

2 Experimental methods 187 

2.1 Experimental apparatus 188 

A schematic diagram of the experimental apparatus is shown in Fig. 1. The details were reported 189 

by Ubara et al. [14]. The inside of the apparatus was first evacuated and then filled with the working 190 

fluid. Both the falling film evaporation and pool boiling experiments were carried out in a pressure 191 

vessel by changing the liquid level. 192 

In the falling film evaporation experiments, the liquid level was set below the test section. The 193 

refrigerant liquid was circulated by a gear pump and supplied from three needle nozzles above the test 194 

section. The nozzle length was 22 mm, the inner diameter was 1.48 mm, and it was attached at the 195 

bottom of a horizontal copper tube. The liquid temperature was maintained using a subcooler. The flow 196 
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resistance of the nozzle was sufficiently high for uniform flow distribution. A heat transfer 197 

enhancement tube with microgrooves on the outer surface (GEWA-B5H produced by Wieland) was 198 

set just above the test section to spread the liquid in the axial direction. The gap between the dummy 199 

tube and test tube was set to 1 mm to form a stable and homogeneous liquid film. Both tubes were 200 

carefully installed horizontally to prevent a maldistribution due to gravity. The mass flow rate of the 201 

refrigerant was measured using a Coriolis mass flow meter. The flow rate was maintained by the 202 

rotational speed of the pump and the opening of the valve on the bypass line. The supplied liquid 203 

temperature was measured using a K-type thermocouple just upstream of the liquid-supplying nozzles. 204 

In the pool boiling experiments, nozzles and a dummy tube were removed, and the test section was 205 

submerged in the liquid pool.  206 

The generated refrigerant vapor was condensed in a double tube condenser connected to the upper 207 

part of the pressure vessel, and the condensed liquid returned to the vessel by gravity. The vapor 208 

pressure was maintained by the temperature of the cooling water and was measured using a pressure 209 

transducer at the vapor tube connected to the condenser.  210 

 211 
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 212 

Fig. 1 Schematic diagram of the experimental apparatus. 213 

  214 
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2.2 Tested tubes 215 

The tested tubes were copper with an outer diameter of 19.05 mm and a length of 50 mm, as shown 216 

in Fig. 2. The tube was heated using a cartridge heater inserted along the center axis. The heating length 217 

of the heater was equal to the length of the test section. The input power was measured using a 218 

wattmeter. The temperature of the heating surface was measured using T-type thermocouples placed 219 

at the bottom of the test tube to avoid disturbance of the falling liquid film flow. Constantan wires with 220 

a diameter of 0.1 mm were soldered onto the copper wall to form T-type thermocouples. 221 

 222 

 223 

Fig. 2 Details of the test tube. 224 

  225 



 

15 

Thermal spray coating using oxygen-free copper (Cu 99.99 %) as the sprayed material was applied 226 

for heat transfer enhancement. The appearance of the thermal spray coated tube is shown in Fig. 3. 227 

First, a smooth surface was sandblasted and then coated using an arc wire spraying process in open air. 228 

In the arc wire process, two wires of spraying material are melted in a short-circuit arc, and then the 229 

melted material is sprayed using compressed air [22]. Figure 4 shows magnified images of the coating. 230 

The molten drops were sprayed and stacked randomly. As shown in Fig. 4 (a), cavities of various sizes 231 

(up to approximately 50 µm) exist on the surface of the complex multilayer structure. The average 232 

surface roughness (Ra) and maximum height of profile (Rz) were measured using a laser microscope. 233 

For the smooth surface, Ra = 0.3 µm and Rz = 11.7 µm, while for the coated tube Ra = 19.4 µm and 234 

Rz = 171.9 µm. 235 

 236 

Fig. 3 Appearance of thermal spray coated tube. 237 
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   238 

    (a) Top view                     (b) Cross-sectional view 239 

Fig. 4 Magnified images of thermal spray coating. 240 

2.3 Data reduction and uncertainty 241 

The liquid mass flow rate on one side per unit length, , is defined by Eq. (1): 242 

 243 

 244 

The heat flux, ݍሶ , is defined for the outer diameter of the base tube using Eq. (2): 245 

 246 

ሶݍ  ൌ
ሶܳ

ܮܦߨ
 (2) 

 247 

Because the effective heating length of the heater was equal to the length of the test section, the input 248 

power measured by the wattmeter was treated as the heating rate. 249 

The heat transfer coefficient, , is defined by Eq. (3): 250 

 251 

߁  ൌ
ሶ݉

ܮ2
	 (1) 
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ߙ  ൌ
ሶݍ

୵ܶୟ୪୪ െ ୱܶୟ୲
 (3) 

 252 

The saturation temperature was calculated from the measured pressure using REFPROP version 10.0 253 

[23]. The average Twall was obtained from the trimmed average of the seven measured wall 254 

temperatures.  255 

The uncertainties in the measurements and derived parameters are listed in Table 1. The 256 

uncertainties of the saturation temperature for the pressure measurement accuracy of ± 4 kPa was ± 257 

0.98 K for R1233zd(E) and ± 0.23 K for R134a. In the calculation of the heat transfer coefficient, the 258 

wall temperature measured by each thermocouple was compensated so as the wall superheat of 0 K 259 

under the vapor-liquid equilibrium condition without heating. The combined standard uncertainties of 260 

the derived parameters, , ݍሶ , and , were evaluated following JCGM 100:2008 [24]. The maximum 261 

uncertainty of the heat transfer coefficient was obtained under the lowest heat flux and highest heat 262 

transfer coefficient condition using the thermal spray coated tube.  263 

The reliability of the measurements was confirmed [14] by comparing the heat transfer coefficient 264 

of falling film evaporation on a horizontal smooth tube using R134a with the experimental results of 265 

Ribatski and Thome [25]. 266 

Table 1 Experimental uncertainties. 267 

Parameter Uncertainty 

Temperature, T ± 0.05 K 
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Mass flow rate, ሶ݉  ± 4 % R.D. 

Pressure, P ± 4 kPa 

Input power to the heater, ሶܳ  ± 5.5 W 

Mass flow rate of liquid film,  ± 4 % 

Heat flux, ݍሶ  ± 2–18 % 

Heat transfer coefficient,  ± 2–19 % 

 268 

2.4 Experimental conditions 269 

The experiments were conducted at a saturation temperature of 20 °C. The operating pressure was 270 

0.108 MPa for R1233zd(E). The liquid film mass flow rate was varied from 8.5 × 10-3 to 6.2 × 10-2 271 

kg/(m·s), and the heat flux was varied from 10 to 85 kW/m2. The inlet subcooling degree of the 272 

refrigerant was maintained within 0.5 K during the falling film evaporation experiments. The behavior 273 

of the liquid film on the test section was observed in the horizontal direction through a glass window.  274 

The experimental results for R1233zd(E) were compared with those for R134a at the same 275 

temperature reported by Ubara et al. [14] to evaluate the effect of the thermophysical properties of the 276 

working fluid on the heat transfer characteristics. The main properties of R1233zd(E) and R134a under 277 

saturation conditions at 20 °C are listed in Table 2. 278 

  279 
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Table 2 Thermophysical properties of R134a and R1233zd(E) under saturation conditions at 20 °C 280 

[23, 26†]. 281 

Fluid R1233zd(E) R134a 

Saturation pressure [MPa] 

 (Reduced pressure [-]) 

0.108 

(0.0298) 

0.572 

(0.141) 

Density [kg/m3] 
Liquid 1275 1225 

Vapor 6.07 27.78 

Thermal conductivity (liquid) [mW/(m·K)] 84.25 83.28 

Specific heat at constant pressure (liquid) [J/(kg·K)] 1208 1405 

Viscosity (liquid) [µPa·s] 300.7 207.4 

Latent heat of evaporation [kJ/kg] 193.7 182.3 

Surface tension [mN/m] 15.22 8.77 

Molar mass [kg/kmol] 130.5 102.0 

GWP100
† [-]  1 1300 

 282 

3 Result and discussion 283 

3.1 Pool boiling experiments 284 

Heat transfer in a falling film becomes nucleate boiling dominant at relatively high heat fluxes with 285 

a sufficient liquid flow rate. To evaluate the nucleate boiling characteristics, a pool boiling experiment 286 

is more suitable than a falling film evaporation experiment because evaporation and forced convection 287 

heat transfer effects can be neglected. Therefore, before discussing the falling film evaporation heat 288 

transfer, the pool boiling heat transfer characteristics are shown.   289 
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3.1.1 Effect of thermophysical properties on the onset of nucleate boiling (ONB) 290 

The activation of nucleation sites was evaluated from the transient changes of the wall superheat 291 

in a sudden heating experiment. A sufficiently high heat flux to obtain nucleate boiling on the entire 292 

heat transfer surface under steady conditions was suddenly applied. Figures 5 (a) and (b) show the 293 

temporal changes in wall superheat against the elapsed time from the start of heating for R1233zd(E) 294 

and R134a, respectively. The wall superheat rapidly increased after the heating started and reached a 295 

peak, and then rapidly decreased to a certain level. The wall superheats at the peak, Twall, ONB, were 296 

31.1 K for R1233zd(E) and 3.1 K for R134a. A lower value indicates that nucleation sites can be 297 

activated by a lower heat flux, and a higher nucleation site density is expected. Therefore, the nucleate 298 

boiling heat transfer for R134a was higher than that for R1233zd(E).  299 

The effects of the thermophysical properties of the working fluid on the onset of nucleate boiling 300 

were evaluated when considering a theoretical model in the VDI-Wärmeatlas [27]. The relation 301 

between Twall and the minimum boiling bubble radius rmin is given by Eq. (4) under the assumption 302 

that the vapor density is negligibly larger than that of the liquid.  303 

 304 

 Δ ୵ܶୟ୪୪ ൌ
ߪ2 ୱܶୟ୲

୫୧୬ݎ୚݅ߩ
൅
ሶݍ୫୧୬ݎ
୐ߣ

	 (4) 

 305 

Solving for rmin, Eq. (5) can be obtained. 306 

 307 
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୫୧୬ݎ  ൌ
୐Δߣ ୵ܶୟ୪୪

ሶݍ2
ቌ1െඨ1െ

ሶݍߪ8 ୱܶୟ୲
߂୐݅ߣ୚ߩ ୵ܶୟ୪୪

ଶቍ (5) 

 308 

At the onset of nucleate boiling, rmin can be treated as the first activated cavity radius, rc. The 309 

estimated values of rc from the wall superheat at the ONB were 0.26 µm for R1233zd(E) and 0.35 µm 310 

for R134a. These values agreed well with the Ra of the smooth tube, and thus, it can be said that the 311 

sub-microscale roughness on the tube surface acted as a nucleation site. According to Eq. (4) and the 312 

fluid properties summarized in Table 2, it is thought that the difference in the wall superheat at the 313 

ONB appeared mainly owing to the difference in vapor density, V, and surface tension, . A lower V 314 

and higher  lead to a larger difference in the saturation temperature according to the pressure 315 

difference between the inside and outside of a vapor bubble. Because the vapor density of R1233zd(E) 316 

was 78% lower than that of R134a, and the surface tension was 74% higher, the value of Twall, ONB 317 

was higher for R1233zd(E) than for R134a.  318 

 319 

(a) R1233zd(E) 320 
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 321 

(b) R134a. 322 

Fig. 5 Temporal change of wall superheat in pool boiling with sudden heating. 323 

 324 

3.1.2 Pool boiling heat transfer on a smooth tube 325 

The pool boiling heat transfer coefficients are plotted against the heat flux, as shown in Fig. 6. The 326 

error bars show the maximum and minimum values of the heat transfer coefficient among the 327 

temperature measurement points. Half-filled symbols are the results of Byun et al. [17] at a saturation 328 

temperature of 26.7 °C. The results of this study and those of Byun et al. agreed with a deviation of 329 

approximately 15 % for R1233zd(E) and approximately 30 % for R134a. The broken and chain lines 330 

show the correlation of the pool boiling heat transfer coefficient around a smooth horizontal tube 331 

proposed by Jung et al. [28] for R1233zd(E) and R134a, respectively. Jung’s correlation is expressed 332 

in Eq. (6), (7), and (8). The heat flux range of the experimental data used for the development of the 333 

correlation ranged from 10 to 80 kW/m2. The equations include several thermophysical properties, 334 
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such as the surface tension and vapor density, which influence bubble nucleation, as described in 335 

Section 3.1.1.  336 

 337 

ߙ  ൌ 10
୐ߣ
ୠܦ

൬
ୠܦሶݍ
୐ߣ ୱܶୟ୲

൰
஼

൬ ୱܲୟ୲

ୡܲ୰୲
൰
଴.ଵ

൬1െ ୱܶୟ୲

ୡܶ୰୲
൰
ିଵ.ସ

൬
୐ܿ௣୐ߤ
୐ߣ

൰
ି଴.ଶହ

 (6) 

௕ܦ  ൌ 0.511ඨ
ߪ2

݃ሺߩ୐ െ ୚ሻߩ
 (7) 

ܥ  ൌ 0.855 ൬
୚ߩ
୐ߩ
൰
଴.ଷ଴ଽ

൬ ୱܲୟ୲

ୡܲ୰୲
൰
ି଴.ସଷ଻

 (8) 

 338 

Although the experimental results were approximately 35% higher than the predicted values for 339 

most of the conditions, the gradient of the curves showed good agreement. In addition, the heat transfer 340 

coefficients for R134a were approximately 2.5 times higher than those for R1233zd(E) in both the 341 

predicted and experimental results. It can be stated that the effects of the heat flux and thermophysical 342 

properties on the nucleate boiling heat transfer were expressed through Jung’s correlation.  343 
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 344 

Fig. 6 Pool boiling heat transfer coefficients on a smooth surface for R134a and R1233zd(E). 345 

 346 

3.1.3 Effects of thermal spray coating 347 

The pool boiling heat transfer coefficients of the thermal spray coating are shown in Fig. 7. For 348 

R1233zd(E), the heat transfer coefficients for the coating were twice those of the smooth tube. 349 

Numerous cavities on the thermal coating surface resulted in a high nucleate site density. The gradient 350 

of the curve for the coated tube was constant and almost the same as that for the smooth tube. The 351 

difference in heat transfer coefficients between the process of increasing and decreasing the heat flux 352 

was slight, whereas a large hysteresis effect was observed for R134a on the coating surface.  353 

The main cause may be the difference in the ONB characteristics mentioned in Section 3.1.1. 354 

Although many cavities exist on the coated surface, activation of the nucleation sites requires a higher 355 
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wall superheat for R1233zd(E) than for R134a. Therefore, not all cavities activated in R134a can be 356 

activated in R1233zd(E) owing to an insufficient wall superheat.  357 

 358 

 359 

Fig. 7 Effect of heating surface structure on pool boiling heat transfer. 360 

 361 

3.2 Falling film evaporation 362 

3.2.1 Effect of liquid film flow rate 363 

Figure 8 shows the experimental results of the heat transfer coefficient against the liquid film mass 364 

flow rate per unit length. At a heat flux of 50.1 kW/m2 with a minimum  of 8.5 × 10-3 kg/(m·s), the 365 
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convective heat transfer. Nucleate boiling may not be active at a low heat flux. Similar results were 369 

reported by Jin et al. [29] at a heat flux of 10 kW/m2 using R600a as the working fluid. At higher heat 370 

fluxes of 33.4 and 50.1 kW/m2, the heat transfer coefficients were insensitive to film flow rate changes 371 

when  > 3.0× 10-2 kg/(m·s). This behavior is known as the plateau stage and has been observed in 372 

several studies, including those by Zhao et al. [5] and Bock et al. [6]. Active nucleate boiling in the 373 

liquid film was dominant during heat transfer. In addition, when the liquid flow rate is sufficiently high, 374 

it is expected that vapor bubbles leading to a superficial increase in the volumetric film flow rate 375 

promote the spreading of the liquid film.  376 

For the thermal spray coated tube, the heat transfer coefficients were higher than those for the 377 

smooth tube. At a heat flux of 16.7 kW/m2, the values were mostly constant over the experimental 378 

range. Nucleation sites on the thermal spray coating could be activated with a lower heat flux than 379 

with a smooth tube, and the heat transfer was dominated by nucleate boiling. At 33.4 kW/m2, the heat 380 

transfer coefficient increased to below  = 1.7 × 10-2 kg/(m·s) and became constant above that value. 381 

At 50.1 kW/m2, a transition to the nucleate boiling dominant region was observed at  = 2.8 × 10-2 382 

kg/(m·s).  383 

The film flow rate at the transition to the nucleate boiling dominant region was lower for the coated 384 

surface than for the smooth surface. A similar tendency was reported in our previous study [14] using 385 

R134a. The fine porous structure of the thermal spray coating enhanced the liquid spread and bubble 386 

nucleation in the liquid film. Focusing on cases with flow rates lower than the threshold, the decreasing 387 
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rate of the heat transfer coefficient with decreasing liquid film flow rate became larger with increasing 388 

heat flux. On the coated surface, a thinner liquid film spread by capillary force could easily dry out 389 

because of the high heat flux. 390 

 391 

 392 

Fig. 8 Heat transfer coefficient of falling film evaporation against film mass flow rate. 393 

 394 

3.2.2 Effect of the heat flux and heating history 395 

Figure 9 shows falling film flow behaviors at  = 0.033 kg/(m·s) without heating. Liquid flowed 396 
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at 0.033 kg/(m·s). The broken line shows the correlation of pool boiling heat transfer around a 400 

horizontal smooth tube as proposed by Jung et al. [28]. 401 

For the smooth tube, the gradient of the curve agreed well with that for pool boiling heat transfer 402 

at a heat flux of less than 50.0 kW/m2. It can be said that the heat transfer was dominated by nucleate 403 

boiling in the liquid film because the film flow rate was sufficient to cover the heat transfer surface, as 404 

shown in Fig. 9. However, at heat fluxes above 50.0 kW/m2, a deterioration in the heat transfer 405 

coefficient was observed. Fujita and Tsutsui [2] and Ribatski and Thome [3] reported that the 406 

appearance of dry patches did not directly cause the deterioration of the heat transfer coefficient. In 407 

addition, in this study, most of the dry patches were not fixed and did not drastically expand with 408 

increasing heat flux at less than 50.0 kW/m2. Figure 11 (a) shows the falling film evaporation behavior 409 

at a low heat flux of 22.1 kW/m2 during the increasing process. Stable dry patches were observed only 410 

at the bottom of both ends of the test section. When the heat flux exceeded 50.0 kW/m2, stable dry 411 

patches obviously expanded, as shown at the highest heat flux of 78.2 kW/m2 in Fig. 11 (b). It should 412 

be mentioned that, during the experimental operation, the heat flux was once set to over 80 kW/m2, 413 

and after increasing the wall temperature owing to a full dry out, the heat flux was reduced to 78.2 414 

kW/m2. As shown in Fig. 10, the heat transfer coefficients in the decreasing heat flux process were 415 

slightly lower than those in the increasing process. The difference was obvious at a high heat flux, 416 

where the deterioration in the heat transfer coefficient was observed. Because the advancing contact 417 

angle for rewetting is larger than the receding contact angle, dry patches formed at a high heat flux 418 
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could remain and cause deterioration. However, the difference was minimal below 40 kW/m2. Further 419 

analysis is required to clarify the hysteresis effect. Figure 11 (c) shows the evaporation behavior at 420 

21.7 kW/m2 in the decreasing process. Comparing Fig. 11 (c) with (a), no clear differences in the 421 

boiling behaviors, such as dry patch formation or bubble distribution, were observed. 422 

The thermal spray coated tube produced higher heat transfer coefficients than the smooth tube over 423 

the experimental heat flux range, as shown in Fig. 10. During the process of increasing the heat flux, 424 

the heat transfer coefficient monotonically increased with increasing heat flux. An obvious 425 

deterioration of the heat transfer coefficient at high heat flux, as seen in the smooth tube, did not appear 426 

because the high wickability of the rough structure was effective for spreading the liquid. Figure 12 427 

(a) shows the evaporation behavior at a low heat flux of 22.1 kW/m2 during the increasing process. 428 

Dry stable areas, as shown on the smooth tube in Fig. 11 (a), did not appear on the coated tube. At the 429 

highest heat flux of 84.2 kW/m2, as shown in Fig. 12 (b), a dry patch was observed on the left half of 430 

the test section. However, compared with the smooth tube (Fig. 11 (b)), it is obvious that the liquid 431 

film spread wider on the coated surface than on the smooth surface, even at a slightly higher heat flux. 432 

In the decreasing heat flux process shown in Fig. 10, the heat transfer coefficient was improved at a 433 

heat flux of 66.2 kW/m2, and then decreased with almost the same gradient as the smooth tube. In 434 

contrast to the smooth tube, the heat transfer coefficients were higher during the decreasing process 435 

than during the increasing process. Figure 12 (c) shows the evaporation behavior at a heat flux of 21.7 436 

kW/m2 during the decreasing process. The number of bubbles in the liquid film was larger than that 437 
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during the increasing process (Fig. 12 (a)). Because many cavities on the porous coating surface were 438 

activated at the highest heat flux, the density of the nucleation sites increased during the decreasing 439 

process.  440 

 441 

  

(a) smooth tube (b) thermal spray coated tube 

Fig. 9 Falling film flow behaviors at  = 0.033 kg/(m·s) without heating. 442 

 443 
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   444 

Fig. 10 Effect of heat flux and heating history on heat transfer coefficient of falling film evaporation 445 

using R1233zd(E). 446 

 447 

 448 

   

(a) 22.1 kW/m2, increasing (b) 78.2 kW/m2, decreasing (c) 21.7 kW/m2, decreasing 

Fig. 11 Falling film evaporation behaviors on the smooth tube at  = 0.033 kg/(m·s). 449 
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(a) 22.1 kW/m2, increasing (b) 84.2 kW/m2, increasing (c) 21.7 kW/m2, decreasing 

Fig. 12 Falling film evaporation behaviors on the thermal spray coated tube at  = 0.033 kg/(m·s). 451 

 452 

3.2.3 Comparison with pool boiling heat transfer 453 

A comparison of the heat transfer coefficients between falling film evaporation and pool boiling 454 

for the smooth and the thermal spray coated tubes is shown in Figs. 13 (a) and (b), respectively.  455 

For the smooth tube in Fig. 13 (a), the heat transfer coefficients in pool boiling were slightly higher 456 

than those in falling film evaporation. Both heat transfer modes were dominated by nucleate boiling, 457 

but heat transfer deterioration owing to the dry patches occurred during the falling film evaporation. 458 

Under high heat flux conditions, the difference increased.  459 

For the coated surface in Fig. 13 (b), the hysteresis effect of the heating procedure appeared only 460 

during falling film evaporation. The heat transfer coefficients were higher for falling film evaporation 461 

than for pool boiling during the heat flux decreasing process. At a high heat flux, nucleation sites may 462 

be more easily activated during falling film evaporation. Because small dry patches were randomly 463 

formed on the surface during falling film evaporation, the vapor remaining in the cavities may activate 464 

nucleation sites.  465 
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 466 

(a) Smooth tube                      (b) Thermal spray coated tube 467 

Fig. 13 Comparison in heat transfer coefficient between falling film evaporation and pool boiling. 468 

 469 

3.2.4 Comparison with the results for R134a 470 

Figure 14 shows the heat transfer coefficients of falling film evaporation for R1233zd(E) compared 471 

with those for R134a reported by Ubara et al. [14]. For the smooth tube, the deterioration in the heat 472 

transfer coefficient at a high heat flux was larger for R1233zd(E) than for R134a. Because the wall 473 

superheat for R1233zd(E) was higher than that for R134a, the edge of the liquid film could evaporate 474 

rapidly and large dry patches may be formed. This caused a weak spreading of the liquid film. It should 475 

be noted that the effect of thermophysical properties and surface structure on the spreading of liquid 476 

film with nucleate boiling has not been yet fully understood, so further investigations such as contact 477 

angle measurement, flow observation with high spatial and time resolutions, using various fluids under 478 

various saturation temperature conditions are needed. The difference in the heat transfer coefficients 479 
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between the two refrigerants agreed with the difference in the predicted values based on Jung’s 480 

correlation for pool boiling. Therefore, the heat transfer coefficient of falling film evaporation can be 481 

predicted based on a prediction method for nucleate boiling heat transfer.  482 

For the thermal spray coated tube, R134a also showed a higher heat transfer coefficient, as shown 483 

for the smooth tube. However, the trend of the heat transfer coefficient with respect to the heat flux 484 

was different. R1233zd(E) exhibited a larger hysteresis effect in the heat transfer coefficient. In 485 

addition, whereas the gradient in the heat flux decreasing process for R1233zd(E) agreed well with 486 

Jung’s correlation, that for R134a was smaller. For R134a, further heat transfer enhancement could be 487 

obtained owing to a larger nucleation site density and the resulting strong agitation in the liquid film. 488 

 489 

Fig. 14 Comparison of falling film evaporation heat transfer coefficients between R1233zd(E) and 490 

R134a at  = 0.033 kg/(m·s) on the smooth and the thermal spray coated tubes. 491 
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An enhancement of the heat transfer from the smooth tube to the thermal spray coated tube is 492 

shown in Fig. 15. For R1233zd(E), the highest value was 4.8 at heat fluxes of 10.0 and 66.2 kW/m2. 493 

The larger enhancement factor at a low heat flux during the decreasing process may be due to the larger 494 

nucleation site density activated at the high heat flux. In contrast, the enhancement at a high heat flux 495 

may be due to the suppression of dry patch formation. Compared with the values for R134a, a larger 496 

enhancement factor was obtained for R1233zd(E) at a heat flux of over 30 kW/m2. As shown in Fig. 497 

14, for a smooth surface, the heat transfer coefficient deteriorated only for R1233zd(E). This 498 

deterioration may be caused by dry patch formation. Thus, the promotion of the spreading of the liquid 499 

by the rough coating structure was more effective for R1233zd(E) than for R134a. 500 

 501 

 502 

Fig. 15 Heat transfer enhancement factor by the thermal spray coating. 503 
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4 Conclusion 505 

The falling film evaporation and pool boiling heat transfer coefficients of R1233zd(E) on a single 506 

horizontal tube were experimentally evaluated. The thermal spray coated tube, which is a novel heat 507 

transfer enhancement surface applicable to super-hard metal tubes, was tested in addition to the smooth 508 

surface. The effects of the refrigerant flow rate, heat flux, heating history, and surface structure of the 509 

thermal spray coating are discussed. The results were also compared with those of R134a to evaluate 510 

the effect of the thermophysical properties of the working fluid. The main conclusions are summarized 511 

as follows:  512 

- R1233d(E) required a higher wall superheat for the onset of nucleate boiling than R134a owing 513 

to the higher surface tension and lower vapor density. As a result, R1233zd(E) produced lower 514 

pool boiling heat transfer coefficients.  515 

- R1233d(E) produced lower falling film evaporation heat transfer coefficients than R134a. 516 

Because nucleate boiling dominated the heat transfer in the liquid film, the difference was due to 517 

the higher wall superheat to activate bubble nucleation.  518 

- With a sufficient liquid film flow rate and heat flux, the heat transfer in the liquid film became 519 

nucleate boiling dominant. Vapor bubbles in the liquid film may promote stable film formation 520 

because of the increase in the superficial liquid film thickness and flow resistance. 521 

- The thermal spray coated surface enhanced liquid spreading and nucleate boiling. Nucleate 522 

boiling occurred at a lower liquid film flow rate and produced higher heat transfer coefficients 523 
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than the smooth tube. The heat transfer enhancement factor due to the thermal spray coating was 524 

2.1–4.8 times. 525 

- The effect of the heating history was small for the smooth tube, whereas the heat transfer 526 

coefficients were higher in the heat flux decreasing process for the coated tube. The hysteresis 527 

effect was observed only for falling film evaporation. Cavities in the porous coating layer could 528 

be activated by dry patches moving randomly on the heat transfer surface at the highest heat flux. 529 
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