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Highlights

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

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

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

Falling film evaporators have been expected as an alternative to flooded evaporators for reducing
the refrigerant usage. It is important for the enhancement of the film evaporation heat transfer to keep
a liquid film and promote nucleate boiling in the liquid film. This study focused on nucleate boiling
heat transfer in the liquid film by thermal spray coating that can be applied regardless of the material
of heat transfer tubes. The heat transfer performance of falling film evaporation on a horizontal copper
tube was experimentally evaluated. Since nucleate boiling phenomena, such as activation of nucleation
sites and bubble behaviors in the liquid film, strongly depend on the physical properties of the
refrigerant, the experimental results for R1233zd(E), one of the alternative refrigerants with low GWP,
were compared with those for R134a. Two types of tubes were used: the smooth tube and the thermal
spray coated tube fabricated by an arc wire spraying method, with the outer diameter of 19.05 mm and
the heating length of 50 mm. Pool boiling experiments were also conducted to confirm the wall
superheat for nucleate boiling. The heat transfer coefficients were evaluated with a film mass flow rate
range of 8.5 x 102 to 6.3 x 102 kg/(m-s), a heat flux range of 10 to 85 kW/m?, and a saturation
temperature at 20 °C. The effects of the structure of the heating surface, heat flux, and thermophysical
properties of the refrigerant on the heat transfer performance are discussed. Results show that the heat
transfer of the falling film became the nucleate boiling dominant with a sufficient heat flux and liquid
film flow rate. The thermal spray coated surface enhanced not only the nucleate boiling but also the

liquid spreading by the vapor bubbles in the liquid film, and thus the coated tube produced higher heat
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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

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

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

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

Key words

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

Nucleate boiling

Nomenclature
C parameter in Eq. (6) [-]
Cp specific heat at constant pressure  [J/(kg-K)]
D outer diameter [m]
Dy bubble departure diameter [m]
g gravitational acceleration [m/s?]
i latent heat of evaporation [J/kg]
L heating length [m]
m mass flow rate [kg/s]
P pressure [Pa]
0 heating rate [W]
q heat flux [W/m?]
Ra average roughness [um]
Rz maximum height of profile [um]
r radius of cavity [m]
T temperature [K]
Greek symbols
a heat transfer coefficient [W/(m?-K)]
I mass flow rate of liquid film [kg/(m-s)]
A thermal conductivity [W/(m-K)]
y7, viscosity [Pa-s]
yo density [kg/m’]
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Subscripts

crt
L
min
red

sat

wall

surface tension [N/m]

critical

liquid

minimum

reduced parameter
saturation

vapor

heat transfer surface



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

1 Introduction

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

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

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

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

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

recovery, and chemical processes.

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

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

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

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

high heat transfer coefficient.

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

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

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

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

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

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

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

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

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

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

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

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

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

promoting nucleate boiling in the liquid film.

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

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

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

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

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

onto the tube surface are required.

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

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

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

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

boiling experiments using a plasma-sprayed surface.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

R245¢fa and deteriorated for R134a. It has been reported that the main reason might be the difference

in the specific volume of vapor.

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

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

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

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

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

heat transfer of R1234ze(E), R1234ze(Z), and R1233zd(E) on a smooth tube at saturation temperatures
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of 10, 40, and 60 °C. The experimental results were compared with those of R245fa and R134a. The

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

tubes, particularly the effect of the thermophysical properties.

10
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The purpose of this study is to experimentally investigate the falling film evaporation heat transfer

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

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

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

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

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

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

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

Ubara et al. [14].

2 Experimental methods

2.1 Experimental apparatus

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

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

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

vessel by changing the liquid level.

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

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

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

bottom of a horizontal copper tube. The liquid temperature was maintained using a subcooler. The flow

11
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resistance of the nozzle was sufficiently high for uniform flow distribution. A heat transfer

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

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

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

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

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

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

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

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

submerged in the liquid pool.

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

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

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

transducer at the vapor tube connected to the condenser.

12
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2.2 Tested tubes

The tested tubes were copper with an outer diameter of 19.05 mm and a length of 50 mm, as shown
in Fig. 2. The tube was heated using a cartridge heater inserted along the center axis. The heating length
of the heater was equal to the length of the test section. The input power was measured using a
wattmeter. The temperature of the heating surface was measured using T-type thermocouples placed
at the bottom of the test tube to avoid disturbance of the falling liquid film flow. Constantan wires with

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

Test tube

Cu Sleeve

s ~:~:~ Heating section =

Cartridge heater

(unit : mm)
o : Temperature measure points

Fig. 2 Details of the test tube.

14
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Thermal spray coating using oxygen-free copper (Cu 99.99 %) as the sprayed material was applied

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

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

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

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

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

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

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

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

Rz=171.9 pm.

Fig. 3 Appearance of thermal spray coated tube.

15
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(a) Top view (b) Cross-sectional view

Fig. 4 Magnified images of thermal spray coating.

2.3 Data reduction and uncertainty

The liquid mass flow rate on one side per unit length, 7 is defined by Eq. (1):

r=— (1)

N
o~

The heat flux, g, is defined for the outer diameter of the base tube using Eq. (2):
g=-2 2)
Because the effective heating length of the heater was equal to the length of the test section, the input

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

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

16
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The saturation temperature was calculated from the measured pressure using REFPROP version 10.0

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

temperatures.

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

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

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

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

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

the derived parameters, 7, ¢, and «, were evaluated following JCGM 100:2008 [24]. The maximum

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

transfer coefficient condition using the thermal spray coated tube.

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

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

Ribatski and Thome [25].

Table 1 Experimental uncertainties.

Parameter Uncertainty

Temperature, T +0.05K

17
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Mass flow rate, m +4 % R.D.

Pressure, P + 4 kPa
Input power to the heater, Q +55W
Mass flow rate of liquid film, /7~ +4%
Heat flux, ¢ +2-18%
Heat transfer coefficient, +2-19%

2.4 Experimental conditions

The experiments were conducted at a saturation temperature of 20 °C. The operating pressure was
0.108 MPa for R1233zd(E). The liquid film mass flow rate was varied from 8.5 x 103 to 6.2 x 102
kg/(m-s), and the heat flux was varied from 10 to 85 kW/m?. The inlet subcooling degree of the
refrigerant was maintained within 0.5 K during the falling film evaporation experiments. The behavior
of the liquid film on the test section was observed in the horizontal direction through a glass window.

The experimental results for R1233zd(E) were compared with those for R134a at the same
temperature reported by Ubara et al. [ 14] to evaluate the effect of the thermophysical properties of the
working fluid on the heat transfer characteristics. The main properties of R1233zd(E) and R134a under

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

18
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Table 2 Thermophysical properties of R134a and R1233zd(E) under saturation conditions at 20 °C

[23,26].
Fluid R1233zd(E) R134a
Saturation pressure [MPa] 0.108 0.572
(Reduced pressure [-]) (0.0298) (0.141)
Liquid 1275 1225
Density [kg/m’]
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) [puPa-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

3 Result and discussion
3.1 Pool boiling experiments

Heat transfer in a falling film becomes nucleate boiling dominant at relatively high heat fluxes with
a sufficient liquid flow rate. To evaluate the nucleate boiling characteristics, a pool boiling experiment
is more suitable than a falling film evaporation experiment because evaporation and forced convection
heat transfer effects can be neglected. Therefore, before discussing the falling film evaporation heat

transfer, the pool boiling heat transfer characteristics are shown.

19
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3.1.1 Effect of thermophysical properties on the onset of nucleate boiling (ONB)

The activation of nucleation sites was evaluated from the transient changes of the wall superheat
in a sudden heating experiment. A sufficiently high heat flux to obtain nucleate boiling on the entire
heat transfer surface under steady conditions was suddenly applied. Figures 5 (a) and (b) show the
temporal changes in wall superheat against the elapsed time from the start of heating for R1233zd(E)
and R134a, respectively. The wall superheat rapidly increased after the heating started and reached a
peak, and then rapidly decreased to a certain level. The wall superheats at the peak, ATwai, ons, were
31.1 K for R1233zd(E) and 3.1 K for R134a. A lower value indicates that nucleation sites can be
activated by a lower heat flux, and a higher nucleation site density is expected. Therefore, the nucleate
boiling heat transfer for R134a was higher than that for R1233zd(E).

The effects of the thermophysical properties of the working fluid on the onset of nucleate boiling
were evaluated when considering a theoretical model in the VDI-Wérmeatlas [27]. The relation
between ATwan and the minimum boiling bubble radius rmin is given by Eq. (4) under the assumption

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

2O-Tsat + rminq

pVirmin /1L

ATyan = 4)

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

20
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i 2q ,DVAL i4 Twallz

At the onset of nucleate boiling, 7min can be treated as the first activated cavity radius, rc. The
estimated values of 7. from the wall superheat at the ONB were 0.26 pm for R1233zd(E) and 0.35 pm
for R134a. These values agreed well with the Ra of the smooth tube, and thus, it can be said that the
sub-microscale roughness on the tube surface acted as a nucleation site. According to Eq. (4) and the
fluid properties summarized in Table 2, it is thought that the difference in the wall superheat at the
ONB appeared mainly owing to the difference in vapor density, pv, and surface tension, o. A lower pv
and higher o lead to a larger difference in the saturation temperature according to the pressure
difference between the inside and outside of a vapor bubble. Because the vapor density of R1233zd(E)
was 78% lower than that of R134a, and the surface tension was 74% higher, the value of ATwai, onB

was higher for R1233zd(E) than for R134a.

40 T [ T T T T I | .
R1233zd(E) ¢ of mucleate bol
" Tsat=18.1°C Onset of nucleate boiling
q = 17.4 kWinf
30+ |

N
o

-
o

Degree of wall superheat [K]

60 80 100
Time from the start of heating [s]

() R1233zd(E)
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Fig. 5 Temporal change of wall superheat in pool boiling with sudden heating.

3.1.2 Pool boiling heat transfer on a smooth tube

The pool boiling heat transfer coefficients are plotted against the heat flux, as shown in Fig. 6. The
error bars show the maximum and minimum values of the heat transfer coefficient among the
temperature measurement points. Half-filled symbols are the results of Byun et al. [17] at a saturation
temperature of 26.7 °C. The results of this study and those of Byun et al. agreed with a deviation of
approximately 15 % for R1233zd(E) and approximately 30 % for R134a. The broken and chain lines
show the correlation of the pool boiling heat transfer coefficient around a smooth horizontal tube
proposed by Jung et al. [28] for R1233zd(E) and R134a, respectively. Jung’s correlation is expressed
in Eq. (6), (7), and (8). The heat flux range of the experimental data used for the development of the

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

Section 3.1.1.

. C . —1. -0.
L 10l ( gDy ) (Psat)“ (1 _ Tsat> L (#LCpL> o ©)
Db ALTsat Pcrt Tcrt /1L
20

D, =0511 |——— (7)

b g(pL— pv)
0.309 ,p —0.437

C = 0.855 (&> ( Sat) ®)

pL Pcrt

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

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

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

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

properties on the nucleate boiling heat transfer were expressed through Jung’s correlation.
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Fig. 6 Pool boiling heat transfer coefficients on a smooth surface for R134a and R1233zd(E).

3.1.3 Effects of thermal spray coating

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

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

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

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

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

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

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

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

activated in R1233zd(E) owing to an insufficient wall superheat.
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Fig. 7 Effect of heating surface structure on pool boiling heat transfer.

3.2 Falling film evaporation

3.2.1 Effect of liquid film flow rate

Figure 8 shows the experimental results of the heat transfer coefficient against the liquid film mass
flow rate per unit length. At a heat flux of 50.1 kW/m? with a minimum 7 of 8.5 x 10 kg/(m-s), the
entire surface of both tubes was dried out, and the wall temperatures increased significantly.

For the smooth tube, at a heat flux of 16.7 kW/m?, the heat transfer coefficient increased with an

increase in the liquid film flow rate over the experimental range owing to the improvement in forced
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convective heat transfer. Nucleate boiling may not be active at a low heat flux. Similar results were
reported by Jin et al. [29] at a heat flux of 10 kW/m? using R600a as the working fluid. At higher heat
fluxes of 33.4 and 50.1 kW/m?, the heat transfer coefficients were insensitive to film flow rate changes
when /77> 3.0x 10”2 kg/(m-s). This behavior is known as the plateau stage and has been observed in
several studies, including those by Zhao et al. [5] and Bock et al. [6]. Active nucleate boiling in the
liquid film was dominant during heat transfer. In addition, when the liquid flow rate is sufficiently high,
it is expected that vapor bubbles leading to a superficial increase in the volumetric film flow rate
promote the spreading of the liquid film.

For the thermal spray coated tube, the heat transfer coefficients were higher than those for the
smooth tube. At a heat flux of 16.7 kW/m?, the values were mostly constant over the experimental
range. Nucleation sites on the thermal spray coating could be activated with a lower heat flux than
with a smooth tube, and the heat transfer was dominated by nucleate boiling. At 33.4 kW/m?, the heat
transfer coefficient increased to below /7= 1.7 x 10 kg/(m-s) and became constant above that value.
At 50.1 kW/m?, a transition to the nucleate boiling dominant region was observed at /"= 2.8 x 107
kg/(m-s).

The film flow rate at the transition to the nucleate boiling dominant region was lower for the coated
surface than for the smooth surface. A similar tendency was reported in our previous study [14] using
R134a. The fine porous structure of the thermal spray coating enhanced the liquid spread and bubble

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

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

because of the high heat flux.
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Fig. 8 Heat transfer coefficient of falling film evaporation against film mass flow rate.

3.2.2 Effect of the heat flux and heating history

Figure 9 shows falling film flow behaviors at /"= 0.033 kg/(m-s) without heating. Liquid flowed
down as a uniform and continuous sheet to the top of the test tube through a narrow gap. It was
confirmed that the entire heat transfer surface was covered by a film under this condition. Figure 10

shows the falling film evaporation heat transfer coefficients against a heat flux for the film flow rate
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at 0.033 kg/(m-s). The broken line shows the correlation of pool boiling heat transfer around a
horizontal smooth tube as proposed by Jung et al. [28].

For the smooth tube, the gradient of the curve agreed well with that for pool boiling heat transfer
at a heat flux of less than 50.0 kW/m?. It can be said that the heat transfer was dominated by nucleate
boiling in the liquid film because the film flow rate was sufficient to cover the heat transfer surface, as
shown in Fig. 9. However, at heat fluxes above 50.0 kW/m?, a deterioration in the heat transfer
coefficient was observed. Fujita and Tsutsui [2] and Ribatski and Thome [3] reported that the
appearance of dry patches did not directly cause the deterioration of the heat transfer coefficient. In
addition, in this study, most of the dry patches were not fixed and did not drastically expand with
increasing heat flux at less than 50.0 kW/m?. Figure 11 (a) shows the falling film evaporation behavior
at a low heat flux of 22.1 kW/m? during the increasing process. Stable dry patches were observed only
at the bottom of both ends of the test section. When the heat flux exceeded 50.0 kW/m?, stable dry
patches obviously expanded, as shown at the highest heat flux of 78.2 kW/m? in Fig. 11 (b). It should
be mentioned that, during the experimental operation, the heat flux was once set to over 80 kW/m?,
and after increasing the wall temperature owing to a full dry out, the heat flux was reduced to 78.2
kW/m?. As shown in Fig. 10, the heat transfer coefficients in the decreasing heat flux process were
slightly lower than those in the increasing process. The difference was obvious at a high heat flux,
where the deterioration in the heat transfer coefficient was observed. Because the advancing contact

angle for rewetting is larger than the receding contact angle, dry patches formed at a high heat flux
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could remain and cause deterioration. However, the difference was minimal below 40 kW/m?. Further
analysis is required to clarify the hysteresis effect. Figure 11 (c) shows the evaporation behavior at
21.7 kW/m? in the decreasing process. Comparing Fig. 11 (c) with (a), no clear differences in the
boiling behaviors, such as dry patch formation or bubble distribution, were observed.

The thermal spray coated tube produced higher heat transfer coefficients than the smooth tube over
the experimental heat flux range, as shown in Fig. 10. During the process of increasing the heat flux,
the heat transfer coefficient monotonically increased with increasing heat flux. An obvious
deterioration of the heat transfer coefficient at high heat flux, as seen in the smooth tube, did not appear
because the high wickability of the rough structure was effective for spreading the liquid. Figure 12
(a) shows the evaporation behavior at a low heat flux of 22.1 kW/m? during the increasing process.
Dry stable areas, as shown on the smooth tube in Fig. 11 (a), did not appear on the coated tube. At the
highest heat flux of 84.2 kW/m?, as shown in Fig. 12 (b), a dry patch was observed on the left half of
the test section. However, compared with the smooth tube (Fig. 11 (b)), it is obvious that the liquid
film spread wider on the coated surface than on the smooth surface, even at a slightly higher heat flux.
In the decreasing heat flux process shown in Fig. 10, the heat transfer coefficient was improved at a
heat flux of 66.2 kW/m?, and then decreased with almost the same gradient as the smooth tube. In
contrast to the smooth tube, the heat transfer coefficients were higher during the decreasing process
than during the increasing process. Figure 12 (c) shows the evaporation behavior at a heat flux of 21.7

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

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

440  process.

441

(a) smooth tube (b) thermal spray coated tube
442 Fig. 9 Falling film flow behaviors at /7= 0.033 kg/(m-s) without heating.
443

30



444

445

446

447

448

449

450

T T T T I T T T I T T T T I T
- R1233zd(E) .
I'=0.033 kg/(m-s)
Teat =20°C
10 -
Q - . .
< 5 ]
é - i
= | i
=
< I i
Heating procedure
increase decrease
s e Smooth —@— O
. Coated —O— —D—
i ----Jung et al. (2003) i
05 | ] ] ] | I | ]
5 10 50 100
q [kW/m?]

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

using R1233zd(E).

(a) 22.1 kW/m?, increasing

(b) 78.2 kW/m?, decreasing

(c) 21.7 kW/m?, decreasing

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

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

3.2.3 Comparison with pool boiling heat transfer

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

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

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

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

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

Under high heat flux conditions, the difference increased.

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

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

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

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

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

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

3.2.4 Comparison with the results for R134a

Figure 14 shows the heat transfer coefficients of falling film evaporation for R1233zd(E) compared
with those for R134a reported by Ubara et al. [14]. For the smooth tube, the deterioration in the heat
transfer coefficient at a high heat flux was larger for R1233zd(E) than for R134a. Because the wall
superheat for R1233zd(E) was higher than that for R134a, the edge of the liquid film could evaporate
rapidly and large dry patches may be formed. This caused a weak spreading of the liquid film. It should
be noted that the effect of thermophysical properties and surface structure on the spreading of liquid
film with nucleate boiling has not been yet fully understood, so further investigations such as contact
angle measurement, flow observation with high spatial and time resolutions, using various fluids under

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

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

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

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

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

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

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

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

obtained owing to a larger nucleation site density and the resulting strong agitation in the liquid film.
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Fig. 14 Comparison of falling film evaporation heat transfer coefficients between R1233zd(E) and

R134a at /= 0.033 kg/(m-s) on the smooth and the thermal spray coated tubes.

34



492

493

494

495

496

497

498

499

500

501

502
503

504

An enhancement of the heat transfer from the smooth tube to the thermal spray coated tube is
shown in Fig. 15. For R1233zd(E), the highest value was 4.8 at heat fluxes of 10.0 and 66.2 kW/m?.
The larger enhancement factor at a low heat flux during the decreasing process may be due to the larger
nucleation site density activated at the high heat flux. In contrast, the enhancement at a high heat flux
may be due to the suppression of dry patch formation. Compared with the values for R134a, a larger
enhancement factor was obtained for R1233zd(E) at a heat flux of over 30 kW/m?. As shown in Fig.
14, for a smooth surface, the heat transfer coefficient deteriorated only for R1233zd(E). This
deterioration may be caused by dry patch formation. Thus, the promotion of the spreading of the liquid

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

—_— 8 T T LI I T T T I T T T T I
L Teat =20°C .
2 . Heating procedure

_g == 0.033 kg/(ms) increase decrease
8 R1233zd(E) —@— —O—
o 6 R134a —A— —/\— _
>
o
3 5 -
>
o]
5 4T .
S
< 31 i
C
£
& 2 |
o
C
e -
(0

0 Lo | 1 1 1 | Lo |

5 10 50 100

g [kw/m?]

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

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

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

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

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

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

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

as follows:

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

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

pool boiling heat transfer coefficients.

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

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

the higher wall superheat to activate bubble nucleation.

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

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

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

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

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

525 2.1-4.8 times.

526 - The effect of the heating history was small for the smooth tube, whereas the heat transfer
527 coefficients were higher in the heat flux decreasing process for the coated tube. The hysteresis
528 effect was observed only for falling film evaporation. Cavities in the porous coating layer could
529 be activated by dry patches moving randomly on the heat transfer surface at the highest heat flux.
530
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