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Abstract: The ongoing miniaturization of air conditioning and refrigeration systems, in order to limit,
as much as possible, the refrigerant charge, calls for smaller and smaller heat exchangers. Besides,
the new environmental regulations are calling for new pure refrigerants or refrigerants mixtures with
lower values of global warming potentials (GWPs). In this context, this paper analyzes the possible
implementation of minitubes during condensation of the azeotropic mixture R513A. Two minitubes
are tested: a smooth tube with an inner diameter of 2.5 mm, and a microfin tube with an inner diameter
at the fin tip of 2.4 mm. The effects of vapor quality (varied in the range 0.10–0.99), of mass velocity
(varied in the range 200–1000 kg m−2 s−1), and of saturation temperature (30 ◦C and 40 ◦C) on the heat
transfer coefficient are investigated. The experimental results indicate that the heat transfer coefficient
increases as both vapor quality and mass velocity increase, both in the case of the smooth tube and
of the microfin tube, but the slope of the heat transfer coefficient trend respect to vapor quality is
higher in the case of the microfin tube. The microfin tube shows, on average, heat transfer coefficients
are 79% higher than those of the smooth tube under the same working conditions. Since R513A is
a possible substitute of R134a, some experimental data during condensation heat transfer are also
compared against those for R134a. Finally, the experimental results are compared against values
estimated by empirical correlations available in the open literature.
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1. Introduction

R513A is an azeotropic mixture made of R1234yf and R134a (0.56/0.44 by mass). R1234yf
is an HydroFluroOlefin with a Global Warming Potential lower than 1 [1], and it is placed in
the A2L flammability class. R134a is among the most used HydroFluoroCarbons, not flammable
(A1 flammability class), widely implemented in existing air conditioning systems, but it must be
phased out in a near future due to its high GWP, which is 1430. Therefore, the presence of R134a
makes the mixture not flammable, whereas the presence of R1234yf lowers the warming impact of the
mixture. Coupled with small sized tubes, R513A could be a viable solution for the next generation of
air conditioning equipment.

R32 and R134a local heat transfer coefficients were measured by Matkovic et al. [2]. Experimental
tests were carried out at 40 ◦C saturation temperature inside a 0.96 mm ID circular minitube for mass
velocities in the range 100–1200 kg m−2 s−1. The heat transfer coefficient increased with mass velocity
and vapor quality; therefore, condensation was shear stress dominated, except some data at 100 and
200 kg m−2 s−1, which overlapped in the graph.

Zhang et al. [3] experimentally investigated the condensation of R22, R410A, and R407C inside two
stainless steel tubes with inner diameters of 1.088 mm and 1.289 mm. Tests were run for mass velocities
in the range 300–600 kg m−2 s−1, for saturation temperatures of 30 ◦C and 40 ◦C. The experimental
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results indicated that the condensation heat transfer coefficient increases with mass velocity and vapor
quality, increasing more rapidly in the high vapor quality region.

More recently, Guo et al. [4] obtained heat transfer coefficients during the condensation of
R1234ze(E), R290, R161, and R41 in a smooth horizontal tube with an inner diameter of 2 mm.
Mass velocity was varied from 200 to 400 kg m−2 s−1, and saturation temperature from 35 ◦C to 40 ◦C.
The experimental results showed that the heat transfer coefficient increases as vapor quality and mass
velocity increase, and as saturation temperature decreases. Other works related to condensation in
minichannels can be found in [5–7].

Adding microfins on the inner circumference of the tube has proven to enhance the two-phase
heat transfer. Small-sized microfin tubes were initially studied for applications that involve carbon
dioxide, due to its high working pressure [8–10]. Considering microfin tubes classified as minitubes,
i.e., with diameters ranging between 1 and 3 mm [11], just a few studies investigated refrigerants’
two-phase heat transfer. Experimental measurements of the heat transfer coefficient were carried out
by Diani et al. [12], who studied R1234yf and R1234ze(E) condensing inside a 2.4 mm ID microfin tube.
Mass velocities were varied from 300 to 1000 kg m−2 s−1, for saturation temperatures of 30 ◦C and
40 ◦C. R1234ze(E) and R134a showed similar values of heat transfer coefficients, whereas R1234yf
showed lower values.

Bashar et al. [13] investigated the condensation heat transfer of R134a flowing inside a microfin
tube having an equivalent diameter of 2.17 mm and inside a smooth tube with an inner diameter
of 2.14 mm. Data were measured for mass velocities from 50 to 300 kg m−2 s−1, and saturation
temperatures from 20 ◦C to 30 ◦C. The heat transfer coefficient was higher in the case of the microfin
tube for all the investigated mass fluxes and, considering the mass velocity 100 kg m−2 s−1, it was
2–5 times greater than that of the smooth tube.

Diani et al. [14] conducted experiments during R1234yf flow boiling inside a microfin tube with
an outer diameter of 3.0 mm, for mass fluxes from 375 to 940 kg m−2 s−1, heat fluxes from 10 kW m−2

to 50 kW m−2, with a saturation temperature at the inlet of the test section of 30 ◦C. The experimental
results showed that the flow boiling phenomenon is controlled by nucleate boiling, especially at low
vapor qualities, and by convective boiling, especially at high vapor qualities.

Jige and Inoue [15] investigated R32 flow boiling inside microfin tubes with equivalent diameters
of 2.1 mm, 2.6 mm, and 3.1 mm. Mass velocity was varied from 50 to 200 kg m−2 s−1 and heat flux
from 5 to 40 kW m−2. The saturation temperature was 15 ◦C. The effect of tube diameter on the flow
boiling heat transfer coefficient was more appreciable at higher vapor quality and lower mass velocity
(the lower the tube diameter, the higher the heat transfer coefficient). Frictional pressure drops were
highly affected by tube diameter: the lower the tube diameter, the higher the pressure drop.

Hirose et al. [16] studied R1234ze(E) condensation inside three different microfin tubes with the
same outer diameter of 4 mm. The effects of fin parameters, i.e., of helix angle, fin height, and fin
number were analyzed for mass velocities in the range 50–400 kg m−2 s−1, at a saturation temperature
of 35 ◦C.

There are many candidates to replace R134a. Some of them are pure fluids, such as R1234ze(E)
and R1234yf; others are azeotropic mixtures, such as R513A, R515A and R516A; others are zeotropic
mixtures, such as R450A, R445A, R430A, R436A, and R456A. Heredia-Aricapa et al. [17] overviewed
possible refrigerants mixtures as replacements of common HFCs like R134a, R404A, and R410A.
Among the replacements of R134a, they identified R445A, R430A, R515A, R436A, R456A, and R515A.
R436A and R430A are the alternatives with the greatest differences in the thermophysical properties,
due to the presence of hydrocarbons in the mixtures. The comparison among fluids was given in terms
of COP and cooling capacity in a vapor compression system.

Kedzierski et al. [18] carried out experimental tests during pool boiling on a reentrant cavity
surface for R134a, R1234yf, R513A, and R450A. At constant wall superheat and pressure, with a
saturation temperature of 277.6 K, the heat flux for R1234yf and R513A was, on average, 16% and 19%
less than that for R134a, respectively, for heat fluxes between 20 kW m−2 and 110 kW m−2, whereas the



Fluids 2020, 5, 171 3 of 16

heat flux for R450A was, on average, 57% less than that of R134a for heat fluxes between 30 kW m−2

and 110 kW m−2. Other works related to R513A can be found in Diani et al. [19,20], but no comparisons
with R134a were reported.

Being a relatively new mixture, to date, no work about R513A condensation inside mini microfin
tubes with diameters lower than 3 mm can be found in the open literature. Two minitubes are tested in
this research: the first one is a smooth tube with an inner diameter of 2.5 mm, and the second one
is a microfin tube with an inner diameter at the fin tip of 2.4 mm. This work is aimed at enlarging
the experimental database of heat transfer coefficients during R513A condensation inside smooth and
microfinned minitubes. The wide range of operative conditions will permit us to understand how
each working parameter, i.e., vapor quality, mass velocity, and saturation temperature, affects the
two-phase heat transfer both in the case of the smooth tube and of the microfin tube, highlighting the
differences among the two tubes. Finally, the experimental condensation heat transfer coefficients will
be compared against values estimated by empirical correlations.

2. Experimental Facility and Test Sections

The experimental facility is in the Laboratory of Heat Transfer in MicroGeometries at the
Department of Industrial Engineering of University of Padova, Italy. Figure 1 shows a schematic of
the liquid pumped circuit. A magnetically coupled gear pump was chosen to avoid any possible oil
traces in the refrigerant. The pump circulates the refrigerant into a Coriolis effect mass flowmeter,
which presents a reading accuracy of ±0.1%. The refrigerant enters an evaporator in subcooled
conditions, and it exits in superheated conditions. The evaporator is a BPHE where refrigerant flows
in countercurrent with hot water, supplied in the hot water loop. An electric boiler, regulated with a
PID controller, guarantees an inlet water temperature of 60 ◦C. A tube-in-tube pre-condenser is aimed
at partially condensing the superheated vapor, which flows in the inner tube. Cold water, supplied
by a water-cooled stabilized chiller, flows in the annulus. The chiller permits to set the temperature
of the water at the inlet of the pre-condenser. In addition, a valve permits variation in the water
flow rate, and therefore it is possible to adjust the heat flow rate exchanged in the pre-condenser
to set the refrigerant conditions at the inlet of the test section. The refrigerant partially condenses
in the test section, and it is later fully condensed and subcooled in the post-condenser, which is
another BPHE. In this case, the refrigerant flows in counter current with a mixture of water/glycol
supplied by an air-cooled chiller. The refrigerant passes through a drier filter prior to re-enter into the
pump. The saturation conditions are controlled by means of a damper, which is connected to the air
pressure line.
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As depicted in Figure 1, temperatures (measured by T-type thermocouples with an accuracy of
±0.05 K) and pressures of the refrigerant (measured by absolute pressure transducers with an accuracy
of ±1950 Pa) are measured in several locations throughout the circuit, so it is possible to determine
its thermodynamic state. The refrigerant conditions at the inlet of the test section, i.e., at the exit
of the pre-condenser, derive from an energy balance at the pre-condenser, as will be explained in
the next section. The water flow rate in the cold-water loop at the pre-condenser, necessary for the
energy balance, is measured by a magnetic flowmeter, with a reading accuracy of ±0.25%. The water
temperature difference at the pre-condenser is measured by a T-type thermopile, which has an accuracy
of ±0.03 K.

Two different minitubes made of copper were tested. The first one is a smooth tube with an
internal diameter of 2.5 mm and an outer diameter of 4.5 mm. The second one is a microfin tube with
an inner diameter at the fin tip of 2.4 mm, an outer diameter of 3.0 mm, having 40 fins, and each fin has
an height of 0.12 mm and an apex angle of 43◦; the helix angle is 7◦. Both the test section for the smooth
tube and the one for the microfin tube are composed of the tested tube, which is horizontally located,
around which a 1.9 mm ID smooth tube is wrapped. Cold water, supplied by a thermostatic bath and
measured by a magnetic flowmeter with an accuracy of ±0.50% of the reading, flows in the wrapped
tube, to remove the heat flow rate necessary for the condensation of the refrigerant flowing inside the
horizontally located tested tube. Two curves, one at the inlet and another at the outlet, permit to host
two T-type thermocouples (accuracy ±0.05 K), which measure the water inlet and outlet temperatures
in the test section. On the external wall of the tested tubes, T-type thermocouples were glued to
measure the wall temperature. Figure 2 shows a schematic, as well as the geometrical dimensions,
of the test section for the smooth tube. The blue dots represent the thermocouples which measure the
water temperatures, whereas the red dots represent the thermocouples attached on the external wall of
the tested tube. The tested tubes with the wrapped tubes were finally inserted inside an aluminum
housing with a U-shape. This housing was filled with an alloy of tin/lead, which was casted inside.
This alloy is needed to have a good thermal contact between the wrapped tube, inside which the
cold water flows, and the tested tube, inside which the refrigerant condenses. AF/Armaflex was used
as thermal insulation around the test section to limit the heat losses through the external ambient.
Pressure ports were soldered downstream and upstream of the test sections: the upstream pressure
port is connected to an absolute pressure transducer (accuracy of ±1950 Pa), whereas both upstream
and downstream pressure ports are connected to a differential pressure transducer (accuracy of ±25 Pa).

Fluids 2020, 5, x 4 of 16 

As depicted in Figure 1, temperatures (measured by T-type thermocouples with an accuracy of 
±0.05 K) and pressures of the refrigerant (measured by absolute pressure transducers with an 
accuracy of ±1950 Pa) are measured in several locations throughout the circuit, so it is possible to 
determine its thermodynamic state. The refrigerant conditions at the inlet of the test section, i.e., at 
the exit of the pre-condenser, derive from an energy balance at the pre-condenser, as will be explained 
in the next section. The water flow rate in the cold-water loop at the pre-condenser, necessary for the 
energy balance, is measured by a magnetic flowmeter, with a reading accuracy of ±0.25%. The water 
temperature difference at the pre-condenser is measured by a T-type thermopile, which has an 
accuracy of ±0.03 K. 

Two different minitubes made of copper were tested. The first one is a smooth tube with an 
internal diameter of 2.5 mm and an outer diameter of 4.5 mm. The second one is a microfin tube with 
an inner diameter at the fin tip of 2.4 mm, an outer diameter of 3.0 mm, having 40 fins, and each fin 
has an height of 0.12 mm and an apex angle of 43°; the helix angle is 7°. Both the test section for the 
smooth tube and the one for the microfin tube are composed of the tested tube, which is horizontally 
located, around which a 1.9 mm ID smooth tube is wrapped. Cold water, supplied by a thermostatic 
bath and measured by a magnetic flowmeter with an accuracy of ±0.50% of the reading, flows in the 
wrapped tube, to remove the heat flow rate necessary for the condensation of the refrigerant flowing 
inside the horizontally located tested tube. Two curves, one at the inlet and another at the outlet, 
permit to host two T-type thermocouples (accuracy ±0.05 K), which measure the water inlet and outlet 
temperatures in the test section. On the external wall of the tested tubes, T-type thermocouples were 
glued to measure the wall temperature. Figure 2 shows a schematic, as well as the geometrical 
dimensions, of the test section for the smooth tube. The blue dots represent the thermocouples which 
measure the water temperatures, whereas the red dots represent the thermocouples attached on the 
external wall of the tested tube. The tested tubes with the wrapped tubes were finally inserted inside 
an aluminum housing with a U-shape. This housing was filled with an alloy of tin/lead, which was 
casted inside. This alloy is needed to have a good thermal contact between the wrapped tube, inside 
which the cold water flows, and the tested tube, inside which the refrigerant condenses. AF/Armaflex 
was used as thermal insulation around the test section to limit the heat losses through the external 
ambient. Pressure ports were soldered downstream and upstream of the test sections: the upstream 
pressure port is connected to an absolute pressure transducer (accuracy of ±1950 Pa), whereas both 
upstream and downstream pressure ports are connected to a differential pressure transducer 
(accuracy of ±25 Pa). 

 

Figure 2. Schematic of the test section for the 2.5 mm ID smooth tube. 

3. Data Analysis 

The vapor quality at the inlet of the test section, hTS,in, can be extrapolated from the specific 
enthalpy at the exit of the pre-condenser, hPC,out, calculated as: ℎ , = ℎ , = ℎ −𝑚 , ∙ 𝑐 , ∙ ∆𝑇 ,𝑚  (1)

where hvs is the specific enthalpy of the refrigerant in superheated vapor conditions at the exit of the 
evaporator, which is calculated from the knowledge of its temperature and pressure. 𝑚 ,  is the 

Figure 2. Schematic of the test section for the 2.5 mm ID smooth tube.

3. Data Analysis

The vapor quality at the inlet of the test section, hTS,in, can be extrapolated from the specific
enthalpy at the exit of the pre-condenser, hPC,out, calculated as:

hTS,in = hPC,out = hvs −

.
mw,PC·cp,w·∆Tw,PC

.
mre f

(1)
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where hvs is the specific enthalpy of the refrigerant in superheated vapor conditions at the exit of the
evaporator, which is calculated from the knowledge of its temperature and pressure.

.
mw,pc is the mass

flow rate of the water flowing in the pre-condenser, cp,w is the water specific heat, ∆Tw,pc is the water
temperature difference between outlet and inlet of the pre-condenser, and

.
mre f is the refrigerant mass

flow rate. The inlet vapor quality can be calculated from the knowledge of hTS,in as:

xin =
hTS,in − hL

hV − hL
(2)

where hV and hL are the specific enthalpies of saturated vapor and liquid, respectively, calculated
from the inlet pressure. REFPROP 10 (Lemmon et al. [21]) was used to calculate all the refrigerant
thermodynamic properties, since it implements updated equations for R513A.

In a similar way, the refrigerant specific enthalpy at the outlet of the test section, hTS,out, can be
derived from an energy balance, as:

hTS,out = hTS,in −
qw,TS

.
mre f

= hTS,in −

.
mw,TS·cp,w·(tw,TS,out − tw,TS,in)

.
mre f

(3)

where qw,TS is the heat flow rate calculated in the water side, and, in this case,
.

mw,TS is the mass flow
rate of the water flowing in the test section, tw,TS,out and tw,TS,in are the water temperature at the outlet
and inlet of the test section, respectively. Once hTS,out is known, the outlet vapor quality is calculated as:

xout =
hTS,out − hL

hV − hL
(4)

where hV and hL are the specific enthalpy of saturated vapor and liquid, respectively, calculated at the
outlet pressure. Experimental results, discussed in the next section, will be referred to the mean vapor
quality, which is the arithmetic average between inlet vapor quality and outlet vapor quality.

The experimental tests permitted to calculate, both for the smooth tube and for the microfin tube,
the heat transfer coefficient (HTC), as:

HTC =
qw,TS

AD·
(
tsat − twall

) (5)

where tsat and twall are the mean saturation and wall temperatures. AD is equal to the inner surface area
in the case of the smooth tube, whereas it is equal to the inner surface area of an equivalent smooth
with the inner diameter at the fin tip in the case of the microfin tube.

Following the procedure suggested by Kline and McKlintock [22], considering a level of confidence
of 95%, the mean uncertainty on the heat transfer coefficient is ±4.2%, whereas on the mean vapor
quality is ±0.027.

4. Experimental Results

4.1. Smooth Tube

4.1.1. Single-Phase Results

The test section developed for the smooth tube was first verified during single phase flow involving
the forced convection of subcooled liquid. The main purposes of these tests were to check the heat
flow rate calculated on the water side and the one on the refrigerant side and to verify if the measuring
technique was suitable by calculating the single phase heat transfer coefficients and by comparing
these results against values predicted by well-known correlations from the literature.
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These tests were run with an inlet subcooling level between 17 K and 21 K, at a pressure of about
11.5 bar, for mass velocities from 400 to 1000 kg m−2 s−1. Mass velocity is defined as:

G =
4·

.
mre f

π·D2
i

(6)

where Di is the inner diameter. The heat transfer coefficient can be calculated as in Equation (5) but in
this case, tre f is used instead of tsat. Two T-type thermocouples, downstream and upstream of the test
section, were used to measure the inlet and outlet refrigerant temperatures.

The experimental results demonstrate that the heat flow rates calculated on the water side and on
the refrigerant side are, on average, within ±4%. Figure 3 reports the heat transfer coefficients plotted
against the mass velocity. As expected, the heat transfer coefficient increases as the mass velocity
increases. Figure 3 also reports the comparison between the experimental values and the values
predicted by the correlations of Dittus and Boelter [23] and of Petukhov and Popov [24]. The correlation
of Petukhov and Popov [24] aptly predicts the experimental values, with a relative deviation of 3.9%, an
absolute deviation of 4.0% and a standard deviation of 4.0%. The correlation of Dittus and Boelter [23]
shows a relative deviation of −0.9%, an absolute deviation of 7.8% and a standard deviation of 9.1%.
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Therefore, since the percentage difference between heat flow rate on the refrigerant side and the
one on the water side is within ±4%, and since empirical correlations taken from the literature are able
to estimate the experimental values of liquid-phase heat transfer coefficients, the test section for the
2.5 mm ID smooth tube is deemed to be verified.

4.1.2. Condensation Results

The operating conditions during the condensing tests for the 2.5 mm ID smooth tube are the
following: mass velocity in the range 200–1000 kg m−2 s−1 and saturation temperature at the inlet of
30 ◦C and 40 ◦C. Experimental tests involve partial condensation inside the test tube, with a vapor
quality difference between inlet and outlet from 0.08 to 0.40, depending on the mass velocity. Therefore,
in order to investigate vapor qualities from 0.1 to 0.99, tests were run by varying the inlet vapor quality.

The collected heat transfer coefficients during condensation inside the smooth tube at a saturation
temperature at the inlet of the test section of 40 ◦C are reported in Figure 4. Only data which involve an
exchanged heat flow rate higher than 30 W are reported, in order to avoid data with high uncertainties.
Data are plotted against the mean vapor quality in the test section at different mass velocities. A clear
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effect of both mass velocity and vapor quality is visible: the higher the mass velocity and the vapor
quality, the higher the heat transfer coefficient, due to the diminishing liquid film thickness. According
to the flow regime map developed by Doretti et al. [25] and reported by Cavallini et al. [26], all the
experimental data fall in the ∆T-independent zone, i.e., annular flow, except data at G = 200 kg m−2 s−1

up to a mean vapor quality of 0.5, which fall into the ∆T-dependent zone, i.e., they are in stratified
flow regime. Data at higher mass velocity shows a higher slope of the heat transfer coefficient trend,
highlighting a higher convective effect as the mass velocity increases.
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Figure 5 reports the data collected during condensation inside the smooth tube for a saturation
temperature at the inlet of the test section of 30 ◦C. All these data fall in the ∆T-independent zone and,
as a result, the heat transfer coefficient increases as both the vapor quality and mass velocity increase.
The comparison with Figure 4 reveals the effect of the saturation temperature. A higher saturation
temperature implies a higher vapor density; thus, at constant mass velocity, it also implies a lower
vapor velocity, with consequent lower convective effects. This aspect can be observed in the heat
transfer coefficients reported in Figures 4 and 5: the heat transfer coefficient tends to decrease as the
saturation temperature increases, due to lower convective effects.
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4.2. Microfin Tube

4.2.1. Single-Phase Results

In a similar way to the validation procedure depicted in Section 4.1.1, single-phase tests were
carried out during R1234yf liquid flow to validate the test section for the 2.4 mm ID microfin tube,
and the experimental results revealed that the heat flow rate calculated on the water side was within
±1.5 W the one on the refrigerant side, and that the experimental single-phase heat transfer coefficients
were aptly estimated by empirical correlations from the literature. Therefore, the test section for the
microfin tube was deemed verified. More details can be found in Diani et al. [12].

4.2.2. Condensation Results

The operating conditions during the condensing tests for the 2.4 mm ID microfin tube are the
following: mass velocity in the range 200–1000 kg m−2 s−1, saturation temperature at the inlet of 30 ◦C
and 40 ◦C. In this case, the mass velocity is calculated as reported in Equation (6) but the inner diameter
at the fin tip is used as Di.

Figure 6 shows the condensation heat transfer coefficients plotted against the mean vapor quality
for the microfin tube with a saturation temperature at the inlet of the test section of 40 ◦C. Again,
only data which involve an exchanged heat flow rate higher than 30 W are reported. According to
the flow regime map developed by Doretti et al. [25] and reported by Cavallini et al. [26], all the
experimental data fall in the annular flow regime. Therefore, the higher the vapor quality and mass
velocity, the higher the heat transfer coefficient will be. Compared to the results during condensation
inside the smooth tube reported in Figure 4, the condensation heat transfer coefficients for the microfin
tube are higher, and the comparison reveals that data at mass velocities of 200, 300, and 400 kg m−2 s−1

are particularly enhanced. Indeed, the slope of the heat transfer coefficients with mean vapor quality
is now much higher for these low mass velocities: taking for instance G = 400 kg m−2 s−1, the heat
transfer coefficient passes from approximately 2000 W m−2 K−1 at xmean = 0.3 to a value of about
5000 W m−2 K−1 at xmean = 0.8 for the smooth tube, i.e., it is 2.5 times higher, whereas it passes from
approximately 3500 W m−2 K−1 at xmean = 0.3 to a value of about 12500 W m−2 K−1 at xmean = 0.8 for
the microfin tube, i.e., it is 3.5 times higher.
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Results with an imposed saturation temperature at the inlet of the test section of 30 ◦C for the
microfin tube are reported in Figure 7. Again, all the experimental data fall in the annular flow regime,
and the heat transfer coefficient increases with mass velocity and vapor quality. The comparison with
Figure 6 reveals the effect of saturation temperature: as stated for the smooth tube, the higher the
saturation temperature, the lower the heat transfer coefficient, due to lower convective effects that
result from the lower vapor velocity.
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4.3. Comparison among the Tubes

The heat transfer coefficients of smooth tube and microfin tube are here compared under the same
working conditions. To better explain the comparison, the parameter called the Enhancement Factor
(EF) is introduced:

EF =
HTCmicro f in

HTCsmooth
(7)

where HTCmicrofin and HTCsmooth represent the heat transfer coefficient of the microfin tube and of the
smooth tube, respectively, under the same operative conditions.

The Enhancement Factor is plotted versus the mean vapor quality in Figure 8, considering a
saturation temperature of 40 ◦C. Adding microfins on the internal area of the microfin tube improves the
thermal behavior during condensation; indeed, the EF is always higher than 1. In addition, the benefits
of the microfins increase as mass velocity decreases, i.e., the highest EF is shown at the lowest mass
velocities. At these lowest mass velocities, the EF increases along with the increasing vapor quality.
Similar conclusions are made at tsat = 30 ◦C.

The area enhancement ratio, i.e., the ratio between the total inner surface area of the microfin
tube and the inner surface of a smooth tube having the fin tip diameter as inner diameter, is 1.89.
It is worth highlighting that, at G = 300 and 400 kg m−2 s−1 for mean vapor qualities higher than 0.4,
the EF is higher than the mere increase of the heat transfer area, and thus the microfins have a positive
effect on the heat transfer especially at low mass velocities, increasing the turbulence of the liquid film.
Considering all the experimental data, the average Enhancement Factor is 1.79.



Fluids 2020, 5, 171 10 of 16Fluids 2020, 5, x 10 of 16 

 

Figure 8. Enhancement Factor (EF) vs. mean vapor quality at tsat = 40 °C. G expressed in [kg m−2 s−1]. 

The area enhancement ratio, i.e., the ratio between the total inner surface area of the microfin 
tube and the inner surface of a smooth tube having the fin tip diameter as inner diameter, is 1.89. It 
is worth highlighting that, at G = 300 and 400 kg m−2 s−1 for mean vapor qualities higher than 0.4, the 
EF is higher than the mere increase of the heat transfer area, and thus the microfins have a positive 
effect on the heat transfer especially at low mass velocities, increasing the turbulence of the liquid 
film. Considering all the experimental data, the average Enhancement Factor is 1.79. 

4.4. Comparison among Refrigerants 

Being one of the possible direct drop in replacements of R134a in the near future, the 
performance of R513A is compared against that of R134a. Heat transfer coefficients during R134a 
condensation inside a microfin tube with an inner diameter at the fin tip of 2.4 mm are borrowed by 
Diani et al. [12]. The comparison can start by comparing the different thermophysical and transport 
properties of the two fluids. Table 1 reports the main properties of R134a and R513A. 

Table 1. Thermophysical and transport properties of R134a and R513A. Values from REFPROP 10 
(Lemmon et al. [21]). 

Properties R134a R513A 
tsat [°C] 30 30 

psat [bar] 7.702 8.211 
ρL [kg m−3] 1188 1115 
ρV [kg m−3] 37.54 43.50 

λL [W m−1 K−1] 0.079 0.068 
λV [W m−1 K−1] 0.014 0.015 
μL [μPa s] 183 156 
μV [μPa s] 11.9 11.8 

cp,L [J kg−1 K−1] 1447 1436 
cp,V [J kg−1 K−1] 1066 1092 

PrL [-] 3.35 3.29 
PrV [-] 0.885 0.888 
σ [N m−1] 0.0074 0.0061 

pr [-] 0.190 0.225 

Figure 8. Enhancement Factor (EF) vs. mean vapor quality at tsat = 40 ◦C. G expressed in [kg m−2 s−1].

4.4. Comparison among Refrigerants

Being one of the possible direct drop in replacements of R134a in the near future, the performance
of R513A is compared against that of R134a. Heat transfer coefficients during R134a condensation
inside a microfin tube with an inner diameter at the fin tip of 2.4 mm are borrowed by Diani et al. [12].
The comparison can start by comparing the different thermophysical and transport properties of the
two fluids. Table 1 reports the main properties of R134a and R513A.

Table 1. Thermophysical and transport properties of R134a and R513A. Values from REFPROP 10
(Lemmon et al. [21]).

Properties R134a R513A

tsat [◦C] 30 30
psat [bar] 7.702 8.211
ρL [kg m−3] 1188 1115
ρV [kg m−3] 37.54 43.50
λL [W m−1 K−1] 0.079 0.068
λV [W m−1 K−1] 0.014 0.015
µL [µPa s] 183 156
µV [µPa s] 11.9 11.8

cp,L [J kg−1 K−1] 1447 1436
cp,V [J kg−1 K−1] 1066 1092

PrL [-] 3.35 3.29
PrV [-] 0.885 0.888
σ [N m−1] 0.0074 0.0061

pr [-] 0.190 0.225

Among the listed properties, R134a shows a lower vapor density than R513A, i.e., at constant
mass velocity the vapor velocity is higher, with consequent higher convective effects. Furthermore,
the liquid thermal conductivity of R134a is higher than that of R513A, with consequently better thermal
characteristics of the liquid film thickness. Considering the pressure drop, the higher vapor velocity at
constant mass velocity for R134a will also be reflected in the hydraulic behavior.

Figure 9 shows a comparison between R134a and R513A heat transfer coefficient during
condensation inside the microfin tube. As it appears from the figure, the heat transfer coefficients
of R134a are higher than those of R513A, especially in the high vapor quality region, due to the
aforementioned motivations. Similar conclusions can be drawn at a saturation temperature of 40 ◦C.
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Frictional pressure gradients can be evaluated from the total measured pressure drop by subtracting
the momentum pressure gradient. The model of Rouhani and Axelsson [27] is applied to estimate
the void fraction, needed for the calculation of the momentum term. Figure 10 shows the comparison
of frictional pressure gradients at tsat = 30 ◦C. The frictional pressure gradient increases as the mass
velocity increases and as the mean vapor quality increases, until a maximum value is reached at mean
vapor qualities in the range 0.8–0.9, and then it slightly decreases. The comparison between the two
fluids reveals that R134a shows a slightly higher frictional pressure gradient, especially at high vapor
qualities, due to its lower vapor density with the consequent higher vapor velocity at constant mass
velocity. A similar conclusion can be drawn at a saturation temperature of 40 ◦C.Fluids 2020, 5, x 12 of 16 
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5. Empirical Modelling

5.1. Smooth Tube

This section provides a comparison between the experimental condensation heat transfer
coefficients collected for the smooth tube and the values estimated by empirical correlations available
in the literature. Figure 11 shows a comparison between the experimental heat transfer coefficients for
the smooth tube and the values estimated by the correlations developed by Dobson and Chato [28],
Shah [29], Cavallini et al. [30], and Dorao and Fernandino [31]. The correlation of Dobson and Chato [28]
is able to estimate the experimental values with a relative deviation of 29.6%, an absolute deviation of
29.6%, and a standard deviation of 16.2%; the correlation of Shah [29] with a relative deviation of 16.3%,
an absolute deviation of 18.0%, and a standard deviation of 18.4%; the correlation of Cavallini et al. [30]
with a relative deviation of 5.9%, an absolute deviation of 9.7%, and a standard deviation of 13.6%;
the correlation of Dorao and Fernandino [31] with a relative deviation of 2.5%, an absolute deviation of
15.3%, and a standard deviation of 22.8%. Therefore, the comparison reveals that the correlation of
Cavallini et al. [30], even if it was developed for internal diameters larger than 3 mm, as well as that by
Dorao and Fernandino [31], are the ones that better predict the experimental values.Fluids 2020, 5, x 13 of 16 
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5.2. Microfin Tube

This section shows the comparison between the condensation heat transfer coefficients for the
microfin tube against the values predicted by the correlation developed by Cavallini et al. [26].
A comparison between experimental and calculated condensation heat transfer coefficients is reported
in Figure 12. The correlation can predict the experimental values with a relative, absolute, and standard
deviation of 3.5%, 21.2%, and 31.1%, respectively. This correlation was developed from data obtained
during condensation, for mass velocity in the range 80–890 kg m−2 s−1, saturation temperature in
the range −15 ◦C–70 ◦C, inside microfin tubes with inner diameters at the fin tip from 5.9 mm and
14.2 mm. This aspect may partly explain the reason why the correlation tends to underestimate the
experimental values at the lowest mass velocities in the high vapor quality zone, whose trend is
peculiar of small-sized microfin tubes.
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6. Conclusions

The paper presented experimental data during condensation of R513A inside a smooth minitube
with an inner diameter of 2.5 mm and inside a mini microfin tube with an inner diameter at the fin
tip of 2.4 mm. The following working conditions were investigated: mass velocities in the range
200–1000 kg m−2 s−1 and saturation temperatures at the inlet of the test section of 40 ◦C and 30 ◦C.

The test section for the smooth tube was verified during single-phase tests, involving liquid forced
convection: once the heat flow rate calculated on the water side and the one on the refrigerant side
were verified to be within ±4%, and once the experimental heat transfer coefficients were found to be
well estimated by correlations from the literature, the new test section was deemed verified.

The condensation tests revealed that the heat transfer coefficient increases as both vapor quality
and mass velocity increases, both for the smooth tube and for the microfin tube. However, the increase
of the heat transfer coefficient with vapor quality is more evident with the microfin tube at mass
velocities up to 400 kg m−2 s−1, highlighting its better convective properties, in particular at the
lowest mass velocities. Concerning the saturation temperature, the higher the saturation temperature,
the lower the heat transfer coefficient, for both the smooth tube and the microfin tube.

The average Enhancement Factor, i.e., the ratio between the heat transfer coefficient of the smooth
tube and the one of the microfin tube under the same operative conditions, is 1.79, with the highest
values shown at G = 300 kg m−2 s−1 at high vapor quality.

Experimental R513A heat transfer coefficients and frictional pressure drops obtained for the
microfin tube were compared against the counterpart with R134a. R134a shows higher values of
condensation heat transfer coefficient, particularly at high vapor qualities, but also slightly higher
values of frictional pressure gradients.

The comparison against values predicted by empirical correlations revealed that the correlation of
Cavallini et al. [30] and Dorao and Fernandino [31] are the most suitable to predict the condensation
heat transfer coefficient inside the smooth tube, and the correlation of Cavallini et al. [26] is suitable to
predict the condensation values for the microfin tube.
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Nomenclature

A area [m2]
c specific heat [J kg−1 K−1]
D diameter [m]
G mass velocity [kg m−2 s−1]
h specific enthalpy [J kg−1]
HTC heat transfer coefficient [W m−2 K−1]
L length [m]
.

m mass flow rate [kg s−1]
p pressure [bar]
q heat flow rate [W]
Pr Prandtl number [-]
t temperature [◦C]
x thermodynamic vapor quality [-]
Greek symbols
∆p pressure drop [Pa]
∆T temperature difference [K]
λ thermal conductivity [W m−1 K−1]
µ dynamic viscosity [Pa s]
ρ density [kg m−3]
σ surface tension [N m−1]
Subscripts
f frictional
i inner
in at the inlet
L of the saturated liquid
out at the outlet
PC at the pre-condenser
r reduced
ref of the refrigerant
sat saturated
TS in the test section
V of the saturated vapor
vs of the superheated vapor
w of the water
wall at the wall
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