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This research employed a combination of sintering and electrochemical deposi-
tion methods to prepare a micro/nanoporous coating on the inner wall of stain-
less-steel tube with an inner diameter of 10 mm. A vertical downward flow boiling
experiment was conducted using R245fa as the working fluid to compare the flow
boiling heat transfer characteristics between the smooth tube and the enhanced
tube. The experimental parameters were the saturation pressure was maintained at
0.6 MPa, mass fluxes ranged from 200-700 kg/m?s, heat fluxes varied from
5-75 kW/m? and inlet vapor qualities spanned from 0 to 1. The findings indicat-
ed that both tubes exhibited only annular flow and dryness under the vertically
downward flow conditions. The mass fluxes had a limited effect on heat transfer
performance. However, as the inlet vapor quality increased, the boiling heat trans-
fer coefficients exhibited a tendency to increase and then decrease, with the heat
transfer coefficients of the enhanced tube outperforming those of the smooth tube.
This phenomenon can primarily be attributed to the increased density of nucle-
ation sites and superior surface wettability compared to that of the smooth tube.
The enhancement factor for heat transfer and the performance evaluation coeffi-
cient achieved values of 1.884 and 1.762, respectively.

Key words: R245fa, flow boiling, vertical downward flow,
heat transfer performance

Introduction

Organic working fluid is widely used in the fields of waste heat recovery, heat pumps,
air conditioning, and refrigeration systems. As one of the core components of the aforemen-
tioned system, evaporator plays a vital role in improving energy efficiency. Boiling heat trans-
fer of organic working fluid in evaporator is a hot topic in recent years [1, 2].

The R245fa was considered an excellent organic working fluid due to its favorable
combination of environmental friendliness and thermodynamic properties [3]. Over the past
few years, scholars have conducted in-depth research on the boiling heat transfer performance
of R245fa in flat flow direction further explore its potential in industrial applications [4-7].
Al-Hajri et al. [8] conducted experimental studies on flow boiling heat transfer in micro-chan-
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nels using R134a and R245fa. The saturation temperatures ranged from 30-70 °C, and mass
fluxes varying between 50-500 kg/m?s. The experimental results showed that R245fa has a
25% higher heat transfer performance than R134a on average. Within identical conditions, the
pressure drop of R245fa is about twice as high as that of R134a.

In the actual industrial production process, with continuous technological progress and
process innovation, the factors involved in engineering design become more complex and diverse.
Heat exchangers play a crucial role in industrial production as important heat transfer equipment.
Among these factors, the spatial arrangement of heat exchangers is significant as it can directly
impact the heat transfer efficiency of the heat exchanger and the overall structure performance.
Vertical spatial structures, in certain situations, not only enable more effective use of space but
also effectively counteract the gravitational effects that may arise in horizontal arrangements.
Vertical orientation can also reduce pipe-line length, lower fluid resistance in the pipe-line, and
improve heat transfer efficiency. Moreover, the vertical arrangement contributes to the uniform
distribution of thermal loads, aiding in ensuring that the heat exchanger surfaces are fully engaged
in the heat transfer process, thereby improving the overall energy utilization efficiency of the sys-
tem. Existing research has indicated significant differences in boiling heat transfer characteristics
in the tubes between vertical and horizontal flow orientations. Abadi et al. [9] studied the flow
boiling heat characteristics of R245fa using a 3 mm inner diameter stainless steel round pipe. The
aforementioned results demonstrate that under the same working conditions, vertical flow can
transition annular flow earlier, the heat transfer coefficient is higher for vertical flow, while also
resulting in a lower pressure drop. Mohseni et al. [10] and Zakaria ez al. [ 11] investigated the flow
patterns in various flow directions and found that under experimental conditions, all flow patterns
for vertical downward flow, the flow belong to annular flow.

Simultaneously, in the study of phase-change heat transfer characteristics of organic
working fluids, it has been found that the reason for the large volume requirement of the heat
exchanger is the significant difference in the heat transfer coefficient during phase change.
Some researchers have found that techniques such as increasing nucleation sites on the heat
transfer surface and enlarging the heat exchange surface area can effectively address this issue
[12-15]. Some scholars utilize spherical copper particles, dendrite copper powder, and copper
woven tape to create the sintering layer. The results indicate a significant enhancement in heat
transfer [16-18].

Tang et al. [19] used supercooled and saturated deionized water under atmospheric
pressure as the working fluid. They utilized microfabrication techniques to create an intercon-
nected micro-channel network for enhanced pool boiling heat transfer. The experiment showed
that these structures have higher nucleate boiling heat transfer coefficient. Choi et al. [20]
used the impregnation method to coat a self-assembled monolayer of octadecyl trichlorosilane
branched isomers on a rectangular glass pipe with the hydraulic diameter of 500 pm for com-
parative experiments. As the experiment results proved that the heat transfer coefficient of the
experimental tube is approximately 1.6 times higher than that of the smooth pipe. Bottini et
al. [21] utilized the chemical vapor deposition method to coat the inner wall of stainless-steel
tubes with a layer of polytetrafluoroethylene acrylate. In comparison uncoated microtubes, the
heat transfer coefficient of the coated tubes increased by 61%. Yang et al. [22] carried flow
boiling experiments using organic working fluids in vertical carbon steel tubes. According to
the experimental findings, it was revealed that the heat transfer coefficient for the porous tube
ranges from 1.8-3.5 times the value for the smooth tube. Moreover, the friction pressure drop
in the porous tube is within a range of 1.1-2.9 times that experienced by the smooth tube. Deng
et al. [23] designed and developed porous structures with reentrant cavities (PS-RC) for pool
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boiling cooling systems. The experiments showed that when water and ethanol were employed
as working fluids, during the initial stage of nucleate boiling, the porous structure not only sig-
nificantly reduced the wall superheat, but also increased the heat transfer coefficients for pool
boiling by a factor of 3 and 5.3, respectively.

Nevertheless, there exists a scarcity of experimental studies that comprehensively con-
sider both aspects: the spatial flow direction and the effect of adding porous coatings on the flow
boiling of R245fa. Coupled with today’s era-defining challenges such as energy shortages and
low utilization efficiency, there is an urgent need for breakthroughs in research in this area. In pre-
vious study, our research team carried out experimental studies on the flow boiling performance
of R245fa in the horizontal direction using micro/nanoporous coated enhanced tubes. The exper-
imental results revealed a substantial enhancement in heat transfer characteristics on the micro/
nanoporous coated surface, with the maximum boiling heat transfer coefficient reaching 3.15
times that of the smooth tube [24]. Therefore, this study continues to use the micro/nanoporous
coated tubes. However, the distinction from previous experiments lies in the investigation of boil-
ing heat transfer characteristics under vertical downward flow conditions. The purpose is to ex-
plore the factors influencing the enhancement of heat exchanger performance when vertically ar-
ranged. The preparation of the micro/nanoporous coated surface in this study mainly involves the
formation of a sintered electroplating layer on the inner wall of the tube, through a combination of
high temperature sintering and electroplating processes, resulting in a micro/nanoporous coating.
Commercially available spherical copper powder with a purity exceeding 99.5% and a particle
size ranging from 130-150 pm is used. During the sintering process, particles connect with each
other and with the surface, forming sintered necks between them. The electroplating processes
enable ions to precipitate in the form of nanoscale particles from the solution, enhancing the
bond strength between the surface and substrate. Thereby resulting in a post-plating surface with
excellent adhesion strength and hardness, making the surface coating highly resistant to damage.
This research not only effectively enhances heat transfer efficiency in ORC systems, thereby im-
proving the overall system efficiency, but also plays a crucial role in the utilization of geothermal
resources, waste heat recovery, and solar collectors.

Experimental system
Experimental set-up

Building upon the previous research on the horizontal heat transfer characteristics
experimental set-up, the experimental apparatus has been optimized and upgraded [24]. A ro-
tatable bracket was designed and added to the experimental section, allowing the flow direction
of the working fluid to transition from horizontal to vertically downward. The system schematic
and the system diagram are illustrated in fig. 1, respectively. The system is primarily composed
of the following four subsystems.

The working fluid cycle system employs a cyclic process with R245fa serving as the
working fluid. The principal cycling procedure can be outlined the working medium from the
fluid reservoir first enters the strainer, then, it is diaphragm-pumped into the pressure stabiliza-
tion tank. It then enters the reheater via a mass-flowmeter. Then enters the preheating section of
the experimental apparatus. Subsequently, it enters the experimental section for the second heat
exchange. Then, the working fluid is cooled in the condenser and finally enters fluid reservoir
to complete a cycle. The flow control in the system is primarily regulated by the pump and the
bypass control valve.

The working fluid heating system is powered by a couple of DC power, respectively.
The DC power supplies regulate the output power of the preheating section and the experi-



Cao, S., et al.: The R245fa Vertical Downward Flow Boiling Heat Transfer ...
2398 THERMAL SCIENCE: Year 2025, Vol. 29, No. 3B, pp. 2395-2407

mental section through independently manipulating the adjustment knobs to tune the heating
capacity and conform to experimental prerequisites. Additionally, to enhance the insulation per-
formance of the experimental set-up, reduce heat diffusion, and minimize experimental errors
caused by radiation heat transfer, the preheating section and experimental section of the appa-
ratus are enveloped with 5 cm thick ceramic fiber insulation and radiation-proof rubber strips.

The cooling system primarily utilizes circulating cooling water inside the condenser
to cool the R245fa vapor. The cooling of the circulating water relies on the air-cooled chiller.
The cooling water is consistently held at an inlet temperature of 15 °C.

The data measurement system mainly consists of thermocouples and pressure sensors.
The K-type thermocouple is used to measure the fluid temperature inside the tube, and the Ome-
ga-type thermocouple is used to measure the temperature of experiment section’s tube wall.
Pressure sensors are used to measure the pressure. The collection of experimental data is per-
formed by the Advantech-417/4118 system from Advantech. The sampling period is 1 second.

Condenser Heat
7L

(@) Water chilling regenerator |

Figure 1. Experimental system; (a) physical diagram and (b) schematic diagram

Experimental section

The experimental section is composed of two segments: the experimental test section
and the stream pattern observation section. A stainless-steel tube, characterized by its 10 mm in-
ner diameter, 2 mm wall thickness, and total length of 820 mm, constitutes the experimental test
section. The section for observing flow patterns incorporates a pair of quartz glass tubes. These
three segments are interconnected by means of flanges. Figure 2(a) is the structural diagram of
the experimental tube. For the purpose of achieving accurate temperature measurements in the
experimental section, 27 w-type thermocouples are securely affixed to the surface of the heat
exchange tube along its axial line by using high temperature-resistant adhesives and insulating
tape at nine different temperature measurement cross-sections, 7;-75. As depicted in fig. 2.
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Figure 2. Experimental test section; (a) structure diagram of the experimental
section and (b) circumferential arrangement diagram of the thermocouple
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Micro-structure preparation

Stainless steel tubes are treated by a combination of sintering/plating to build up a
sintered layer on the inner wall of the stainless-steel tube. The preparation process and mi-
cro-structure are shown in fig. 3.

As shown in the figs. 3(a)-3(d), the copper powder particles were firstly adhered to
the inner wall of the tube using an adhesive. Subsequently, sintering was used to make the cop-
per powder bonded on the surface of the stainless steel, and the sintering was done by using a
GSL1200X tube furnace. Then the cooled stainless-steel tubes were taken out for plating, the
cathode of the DC power supply was connected to the stainless-steel tubes, and the anode was
connected to the copper rods, and the plating was carried out for 1 hour under a current density
of 0.05 A/cm?. Thus, one can fabricate an enhanced tube with micro/nanoporous coating. Fig-
ures 3(e)-3(h) show the microscopic morphology diagrams of the smooth tube surface, sintered
tube surface, sintering/plating tube surface, and the copper powder particles with nanocopper
electrodeposition structure of the enhanced tube coating.
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Figure 3. Surface preparation process and microscopic morphology

Experimental verification

To ensure the stability of the experiment and the reproducibility of the experimental
procedures, deionized water was used to investigate the thermal efficiency of the power source,
followed by conducting repetitive experiments. In the repeatability experiment, the boiling
temperature of the fluid is assessed under identical working conditions at various time inter-
vals, showing minimal fluctuations, with the range varying between 0.1 °C and 0.3 °C. In the
two-phase verification experiment, tests were conducted using R245fa as the working fluid in
the smooth tube. The experimentally measured heat transfer coefficient for flow boiling aligns
well with the correlations proposed of Wattelet et al. [25] and Fang ef al. [26]. The e, values
were 23.65% and 10.04%, respectively. These are considered suitable for the flow boiling heat
transfer. The validation experiment mentioned previously demonstrates that the reliability and
stability meet the requirements for the experiment.

Data processing and error analysis

Heat flux density

The preheating section and the experimental section utilized direct current power for
heating. The calculation of heat flux, ¢:
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where d; [m] is the inside diameter of the pipe, L [m] — the valid heating length of the experi-
mental section, and #.,,— the evaporator thermal efficiency.
Heat transfer coefficient

Equation (2) provides the computation for the total heat transfer coefficient, 4, per-
taining to the experimental section:
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w,inave  * fave
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where d, is the external diameter of the experimental tube, T%,.. [K] — the average temperature of
the fluid, 7\ .. — the indicates average temperature of the internal face of the tube, 7\ ouave [K]
— the indicates the average temperature of the outer wall of the tube, 7\, ,..; [K] — the temperature
at each measurement point on the outer wall of the pipe, 4, [Wm™K™'] — the heat conductivity
coefficient of the experimental tube, and 7};, and 7}, — the inlet and outlet temperatures of the
experimental section, respectively.

Vapor quality

Equations (7) and (9) provide the calculation formulas for the vapor quality at the inlet
and outlet of the experimental section:
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where i, [kgs'] is the mass-flow rate of the actuating medium, H,.;, [Jkg'] — the enthalpy
of the inlet of the actuating medium in the preheating section, Hey,;, and He,, o [Jkg™] — the
enthalpies at the inlet and outlet in the experimental section, Heyaini and Hovainte, Hevaou and
Heyvaouie [Jkg™'] — the enthalpy of saturated liquid and latent heat of evaporation at inlet and out-
let pressures of the experimental section, respectively.
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Pressure drop
Equation (10) presents the calculation formula for pressure drop:
API"ZA])total_Al)g_APa (10)

where AP, [kPa] is the overall pressure drop, AP; [kPa] — the friction pressure drop, AP, [kPa]
— the gravitational pressure drop, and AP, [kPa] — the acceleration-induced pressure drop.

Uncertainty analysis

During the experiment, the parameters assessed can be divided into two categories:
those measured directly and those determined indirectly. Direct measurement parameters can
be directly measured using sensors, such as temperature, pressure, efc. Indirect measurement
parameters are calculated based on relevant formulas, including heat transfer coefficients, heat
flux density, vapor quality, etc. In the course of the experiment, the operating pressure at the en-
try point of the experimental section is maintained at approximately 0.6 Mpa. The mass fluxes,
G, is between 199.68-701.81 kg/m?s, the inlet vapor quality, x,, is 0.01~0.9, and the heat flux,
q, was controlled at 4.99~74.96 kW/m?. The uncertainty of the indirectly measured parameters
and the error values of the conclusions were calculated using the error transfer function. The
maximum relative uncertainty of indirect measurement parameters G, x, s, and ¢ is 3.67%,
5.95%, 5.64%, and 4.70%, respectively. The error values of the conclusions are represented as
error bars in the figure.

Experimental results analysis and discussion

Visualization analysis of flow patterns

Figure 4 shows the observed flow patterns in the experiment. For vertical downward
flow, both smooth tubes and micro/nanoporous coated tubes exhibit only two flow patterns:
annular flow (indicated by A), where the liquid phase surrounds the tube wall, and the central

region is occupied by high speed vapor phase; flow pattem dingram P,
and dry out flow (indicated by D), where the o Annalar flow () Dy
liquid film on the tube wall ruptures or evap- e A LREy
orates, and the vapor phase comes into contact ) ———

with the tube wall. Under the experimental go;_‘ . 4 smoothtube go_;_‘ 4, stengthened tube
conditions, except in cases of extreme dry out, v“: . . Sosf 0 o N .

the flow regime remains annular, regardless of ~ Soif® ° ¢ o o Sofe o e o .
variations in vapor quality and mass fluxes, “%fs o J 0 [ % Egj:: .Lne
which is consistent with similar findings docu- e L ¥ S T
mented in [27]. This is mainly attributed to the % & . DD I 5 3 .. ; ; ;
combined effects of gravity and vapor-liquid ola_. 3 4§0 3.3 7!0 oLL 330 3.8 ¢ 8
interface shear stress promoting the flow ofthe  ® Mass flwxes tigm™s'1—— () Mass fluxes gm”™”)
liquid phase_ Figure 4. Flow pattern comparison diagram

Effect of inlet vapor quality on flow boiling characteristics

Figure 5 depicts the representation of the effect of inlet vapor quality on the heat
transfer coefficient and frictional pressure drop. From fig. 5(a), it can be observed that both
the smooth tube and the experimental tube exhibit a similar trend in heat transfer coefficient,
increasing initially and then decreasing with the increase in inlet vapor quality. At lower vapor
quality, nucleate boiling dominates, with bubble agitation contributing to an increase in the heat
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transfer coefficient. With further increases in inlet vapor quality, the droplets and vapor carried
by the high speed central vapor flow in the tube impact the liquid film on the internal surface of
the tube, accelerating the drying process of the film. At this point, convective heat transfer by
the vapor phase becomes dominant, leading to a decrease in the heat transfer. Overall, the heat
transfer coefficient of the experimental tube outperforms that of the smooth tube. On one hand,
the porous structure of the micro/nanoporous coated tube exhibits strong adsorption capabilities
for liquid, accelerating wall wetting and promoting more liquid attachment to the inner wall,
thereby enhancing boiling heat transfer. For another, the porous structure on the inner wall of
the micro/nanoporous coated tube provides numerous nucleation sites, facilitating the prompt
detachment of liquid after bubble formation, reducing thermal resistance, and improving heat
transfer efficiency. Figure 5(b) illustrates the schematic representation of the impact of inlet va-
por quality on the frictional pressure drop in both the smooth tubes and the experimental tubes.
Frictional pressure drop in the experimental tube increases with the rise in inlet vapor quality. In
contrast, for the smooth pipe, the frictional pressure drop initially increases and then decreases
as the inlet dryness fraction rises. Under the same operating conditions, the frictional pressure
drop in the smooth tubes is lower than in the experimental tubes.
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Figure 5. Influence of inlet vapor quality on flow boiling performance

The Impact of mass fluxes on flow boiling characteristics

Figure 6 illustrates the schematic diagram of the influence of mass fluxes on heat
transfer coefficient and frictional pressure drop. From fig. 6(a), It is clear from the data that
with the increase in mass fluxes, the heat transfer coefficient only fluctuates slightly with the in-
crease of mass fluxes, indicating that the influence of mass flux on the heat transfer coefficient
is minimal. But it is evident from the graph that under the same mass fluxes, the heat transfer
coefficient of the experimental tube is significantly better than that of the smooth tube. This
is primarily attributed to the enhanced wetting properties of the inner wall of the experimental
tube after treatment, which effectively promotes liquid spreading, accelerates bubble growth,
detachment, and release.

From fig. 6(b), it can be seen that the frictional pressure drops in both the experimental
tube and the smooth tube increase with the rise in mass fluxes. This phenomenon is mainly
attributed to the progressive rise in shear forces acting at the pipe wall and the vapor-liquid
interface as mass fluxes intensifies, which consequently results in an augmented frictional pres-
sure drop. On the identical operational circumstances, the frictional pressure drop within the
experimental tube is notably greater compared to its counterpart in the smooth tube. The main
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reason lies in the larger capillary forces generated by the porous structure on the inner wall of
the experimental tube. As liquid-flows downward, influenced by capillary forces, it can pene-
trate the porous structure more rapidly, generating resistance to the flow. Additionally, the pres-
ence of the porous structure itself with a certain thickness reduces the actual size of the pipe,
impacting the frictional pressure drop.
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Figure 6. Influence of mass fluxes on flow boiling performance;
(a) heat flux density ¢ = 30 kW/m? and (b) heat flux density g = 30 kW/m?

The effect of heat flux density on flow boiling characteristics

Figure 7(a) is the schematic diagram of the effect of heat flux on heat transfer coef-
ficient. Overall, with the escalating heat flux, the heat transfer coefficients of both smooth and
experimental tubes significantly increase. Under the same operating conditions, the heat trans-
fer coefficients of experimental tubes are better than those of smooth tubes. With the increase in
heat flux, there is a corresponding rise in the temperature difference on the heated area, which
results in the generation of more vaporization nuclei. The increase in the number of vaporiza-
tion nuclei promotes the generation of more bubbles in the pipe-line, which carry away a large
amount of heat and lead to an increase in the heat transfer coefficient. Due to the porous struc-
ture on the inner surface of the experimental tube, there are more vaporization nuclei compared
to smooth tubes, resulting in higher heat transfer efficiency. However, as the heat flux increases
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Figure 7. Influence of heat flux on flow boiling performance; (a) mass fluxes
G =400 kg/m’s and (b) mass fluxes G = 400 kg/m’s
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further, small bubbles in the tube aggregate into a liquid film attached to the inner wall of the
tube. This causes a sudden decrease in the heat transfer coefficient.

Figure 7(b) demonstrates the influence of varying heat flux on the frictional pressure
drop. It reveals that, for both smooth and experimental tubes, there is no substantial alteration in
the frictional pressure drop as the heat flux increases. Meanwhile, due to the strong wettability
of the experimental tube surface, the frictional pressure drop inside the smooth tube is lower
than that of the experimental tube.

Analysis of strengthening mechanism

With the aim of more intuitively demonstrate the heat transfer enhancement char-
acteristics of the experimental tube, the enhanced heat transfer factor (EF) and performance
evaluation coefficient (PEC) are defined:

(1)

(Apﬂs J”G (12)
Ap,

where A, and / are the boiling heat transfer coefficient of experimental tube and smooth tube,
respectively, and APy, [kPa] — the friction pressure drop of the experimental tube.

From figs. 8(a) and 8(b), it can be observed that under various operating conditions,
the enhanced heat transfer factor is always above 1. Moreover, with the increase of the inlet
vapor quality, the enhanced heat transfer factor generally shows an increasing trend, indicat-
ing a pronounced enhancement effect of heat transfer in the experimental tube. As inlet vapor
quality increases to a high level, the convective heat transfer of steam plays an important role,
leading to a sharp decrease in the enhanced heat transfer factor. Additionally, a high degree of
consistency in the trends of the enhancement heat transfer factor and comprehensive evaluation
factor is observed in the graph comparison.
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Figure 8. Effect of inlet vapor quality on enhanced heat transfer and
comprehensive evaluation factors; (a) mass fluxes G' = 400 kg/m?s and
(b) mass fluxes G = 400 kg/m?s
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Analysis of changes in liquid film thickness

Figure 9 shows the characterization of
changes in liquid film thickness at the inlet
and outlet of the experimental section. The
mass fluxes, G = 100 kg/m?s, x = 0.05, the in-
side diameter of the tube, d;, is 10 mm. The
curved portion of the figure is the ratio of the
liquid film thickness to the, d;, of the tube, and
the change of the liquid film thickness is rep-
resented by the value of d/d;. The liquid film
thickness on both sides of the inlet section is
significantly higher than that of the outlet sec-
tion, and the overall liquid film thickness at
the outlet decreases by about 28.6%. For ver-
tical downward flow, where the gravitational
direction aligns with the flow direction, it ac-
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celerates the downward movement of the working fluid and the rate of diffusion penetration,
thereby reducing the liquid film thickness.

With the reduction in liquid film thickness, the increase in liquid phase velocity is due
to the constant mass fluxes and inlet vapor quality in the tube. The mass fluxes G ~ 100 kg/m?s,
x =~ 0.05. The liquid and gas phase velocities are calculated separately:

= m

Y (13)
where v [ms™] is the velocity, m [kgs™] — the mass-flow rate, and p [kgm=] — the density. The
area, A, can be calculated from the total cross-sectional area of the tube and the average thick-
ness of the liquid film. The density, p, can be found by the physical property software accord-
ing to the working condition information. The result of the incoming data are the liquid phase
velocity, v, at the inlet is 0.0912 m/s, the vapor phase velocity, v,, is 1.0973 m/s. In the same
way, the liquid phase velocity, v/, at the outlet is 0.1129 m/s, the vapor phase velocity, v, is
0.4966 m/s. The calculated liquid phase velocity is increased by about 21.9%, the vapor phase
velocity is reduced by about 54.8%. In-tube flow boiling heat transfer is mainly the result of the
combined effect of nuclear state boiling and convective heat transfer. Establish a flow boiling
superposition model inside the tube, taking into account the effects of nuclear state boiling and
convective heat transfer on the total heat transfer coefficient. It was analyzed using the Gungor
and Winterton [28] correlation. Since the effect of nuclear state boiling is small, the flow boil-
ing heat transfer coefficient enhancement is about 21.4%.

Conclusions

This study investigates the boiling heat transfer characteristics of R245fa flowing
vertically downward within both a micro/nanoporous coated tube and a smooth tube. The con-
clusions drawn from the research are as follows.

e Flow pattern visualization analysis indicates that both enhanced tubes and smooth tubes
exhibit only the annular flow pattern, with drying flow occurring at higher inlet vapor qual-
ities.

e The porous coating on the inner wall surface of the experimental tube demonstrates excel-
lent rewetting characteristics, effectively facilitating the rapid replenishment of liquid on
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the heat exchange surface. Micro/nanoporous coated tubes show a substantial improvement
in boiling heat transfer, with the maximum enhancement factor reaching 1.88 times that of
smooth tubes.

For vertical downward flow, the direction of gravity aligns with the flow direction, which
further accelerates the downward movement of the liquid. Additionally, the porous structure
enhances the rate of diffusion and penetration of the liquid, resulting in a reduction of the
liquid film thickness. Specifically, the liquid film thickness is reduced by approximately
28.6%, leading to a significant decrease in thermal resistance and thereby improving flow
boiling heat transfer. Furthermore, the liquid phase velocity has increased by approximately
21.9%, while the vapor phase velocity has decreased by about 54.8%.
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Nomenclature

d; — internal diameter of the pipe-line, [m] v, —inlet liquid phase velocity, [ms™]
d, — outside diameter of pipe, [m] v, — inlet vapor phase velocity, [ms™]
hs — enhanced tube heat transfer coefficient v, — outlet vapor phase velocity, [ms™]
h —smooth tube heat transfer coefficient v" — outlet liquid phase velocity, [ms™]
e, —mean absolute deviation Xin — inlet vapor quality

m — mass-flow rate, [kgs™)

Reference

(1]
(2]
(3]
(4]
(3]

(6]
(7]
(8]
(9]

(10]

(1]

Tang, J. P., et al., An Effective Method for Working Fluid Design of Organic Rankine Cycle, Processes.,
10(2022), 9, 1857

Herath, H., et al., Working Fluid Selection of Organic Rankine Cycles, Energy Reports, 6 (2020),
Suppl. 9, pp. 680-686

Chen, T., et al., Experimental Analyses of Moderately High-Temperature Heat Pump Systems with
R245fa and R1233zd(E), Energy Engineering, 119 (2022), 6, pp. 2231-2242

Luo, X., et al., Experimental Investigation on High-Temperature Flow Boiling Heat Transfer Characteris-
tics of R245fa in a Horizontal Circular Tube, Applied Thermal Engineering, 225 (2023), 120260

Dang, C., et al., Experimental Study on Saturation Pool Boiling Heat Transfer Characteristics of R245fa
on the Surface Covered by Sintered Copper Powder, Case Studies in Thermal Engineering, 37 (2022),
102223

Xu, W., et al., The PVTx Properties of the R600a/R245fa for Low Temperature Organic Rankine Cycle,
The Journal of Chemical Thermodynamics, 176 (2023), 106904

Li, C., et al., An Experimental Investigation of Flow Boiling Instability of R245fa in a Horizontal Tube,
Physics of Fluids, 35 (2023), 8, 084122

Al-Hajri, E., et al., Performance Characterization of R134a and R245fa in a High Aspect Ratio Mi-
cro-Channel Condenser, International Journal of Refrigeration, 36 (2013), 2, pp. 588-600

Abadi, G., B., et al., Effect of Gravity Vector on Flow Boiling Heat Transfer, Flow Pattern Map, and Pres-
sure Drop of R245fa Refrigerant in Mini Tubes, International Journal of Multi-phase Flow, 83 (2016),
July, pp. 202-216

Mohseni, S., et al., Flow Pattern Visualization and Heat Transfer Characteristics of R134a during Evapo-
ration Inside A Smooth Tube with Different Tube Inclinations, International Communications in Heat and
Mass Transfer, 59 (2014), Dec., pp. 39-45

Zakaria, M., L., et al., An Empirical Investigation on Flow Pattern, Heat Transfer, and Pressure Drop
during flow Boiling of R1234yf in an Inclined Plain Tube, International Journal of Thermal Sciences,
170 (2021), 107100



Cao, S., et al.: The R245fa Vertical Downward Flow Boiling Heat Transfer ...
THERMAL SCIENCE: Year 2025, Vol. 29, No. 3B, pp. 2395-2407 2407

[12] Chen, G., Non-Fourier Phonon-Heat Conduction at the Microscale and Nanoscale, Nature Reviews Phys-
ics., 3 (2021), 8, pp. 555-569

[13] Tan, K., et al., Effect of Wettability on Flow Boiling Heat Transfer in a Microtube, Case Studies in Ther-
mal Engineering, 26 (2021), 101018

[14] Enoki, K., et al., Water Flow Boiling Heat Transfer in Vertical Mini-Channel, Experimental Thermal and
Fluid Science, 15 (2020), 19, 7050

[15] Marseglia, G., et al., Enhancement of Micro-Channel Heat Sink Heat Transfer: Comparison between
Different Heat Transfer Enhancement Strategies, Experimental Thermal and Fluid Science, 150 (2024),
111052

[16] Sun,Y., et al., Flow Boiling Enhancement of FC-72 from Microporous Surfaces in Minichannels, Therm.
Fluid Sci., 35 (2011), 7, pp. 1418-1426

[17] Bai, P, F., et al., Enhanced Flow Boiling in Parallel Micro-Channels with Metallic Porous Coating, Ap-
plied Thermal Engineering, 58 (2013), 1-2, pp. 291-297

[18] He, B., et al., Flow Boiling Characteristics in Bi-Porous Mini-Channel Heat Sink Sintered with Copper
Woven Tape, International Journal of Heat and Mass Transfer, 158 (2020), 119988

[19] Tang, Y., et al., Effect of Structural Parameters on Pool Boiling Heat Transfer for Porous Interconnected
Micro-Channel Net, International Journal of Heat and Mass Transfer, 93 (2016), Feb., pp. 906-917

[20] Choi, C., et al., Flow Boiling Behaviors in Hydrophilic and Hydrophobic Micro-Channels, Experimental
Thermal and Fluid Science, 35 (2011), 5, pp. 816-824

[21] Bottini, J., L., et al., Influence of Wettability Due to Laser Texturing on Critical Heat Flux in Vertical Flow
Boiling, International Journal of Heat and Mass Transfer, 127 (2018), Part A, pp. 806-817

[22] Yang, D., et al., Experimental Studies on the Enhanced Flow Boiling Heat Transfer and Pressure Drop of
Organic Fluid with High Saturation Temperature in Vertical Porous Coated Tube, AIP Conf. Proceedings,
1547 (2013), 1, pp. 442-453

[23] Deng, D., X., et al., Pool Boiling Heat Transfer of Porous Structures with Reentrant Cavities, Internation-
al Journal of Heat and Mass Transfer, 99 (2016), Aug., pp. 556-568

[24] Cao, S., et al., The R245fa flow Boiling Heat Transfer in a Sintering and Electroplating Modulated Tube,
Applied Thermal Engineering, 219 (2022), 119459

[25] Wattelet, J., P., et al., Evaporative Characteristics of R-134a, MP-39, and R-12 at Low Mass Fluxes,
Ashrae Transactions, 100 (1993), May, pp. 603-615

[26] Fang, X., D., et al., A General Correlation for Saturated Flow Boiling Heat Transfer in Channels of
Various Sizes and Flow Directions, International Journal of Heat and Mass Transfer, 107 (2016), Apr.,
pp- 972-981

[27] Fang, X., et al., A General Correlation for Saturated Flow Boiling Heat Transfer in Channels of Var-
ious Sizes and Flow Directions, International Journal of Heat and Mass Transfer, 107 (2017), Apr.,
pp- 972-981

[28] Gungor, K., et al., A General Correlation for Flow Boiling in Tubes and Annuli, International Journal of
Heat and Mass Transfer, 29 (1986), 3, pp. 351-358

Paper submitted: July 5, 2024
Paper revised: September 13, 2024 2025 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: September 20, 2024 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.



