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Abstract: This study investigated the evaporative heat transfer coefficient and pressure drop charac-
teristics of R-1234yf in a horizontal tube with an inner diameter of 6.95 mm under various experimen-
tal conditions. The heat transfer coefficient increased with an increase in quality but showed a sharp
decrease in the high-quality area. In addition, the heat transfer coefficient increased as the mass flux,
heat flux, and saturation temperature increased. Although R-1234yf and R-134a presented similar
heat transfer coefficients, that of R-134a was higher. The pressure drop increased with an increase in
the quality and mass flux but decreased with an increase in the saturation temperature. The pressure
drop of R-134a was larger than that of R-1234yf. In light of the flow pattern diagram by Taitel and
Dukler, most of the experiments were included in the annular flow region, and some regions showed
intermittent and stratified corrugated flow regions. Kandlikar’s heat transfer coefficient correlation
provided the best prediction for the experimental database, with approximately 84% of the predicted
data within±30%. Moreno Quibén and Thome’s equation for pressure drop predicted approximately
88.71% of the data within ±30%.

Keywords: R-123yf; heat transfer; pressure drop; low-GWP; HFOs

1. Introduction

Hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) have been widely
used as refrigerants for refrigeration and air-conditioning systems owing to their excellent
thermodynamic and chemical stability. However, as the interest in environmental protec-
tion increases, HCFCs and HFCs are being regulated because of their high global warming
potential. As the regulations on the production and use of these refrigerants are becoming
increasingly stringent worldwide, low-global warming potential (GWP) refrigerants, such
as hydrofluroolefin (HFO), are attracting attention. In the case of HFO-based refrigerants,
the physical properties are similar to those of conventional refrigerants, but their effects
on the environment are similar to those of natural refrigerants. The working fluid in this
study, R-1234yf, has thermodynamic properties similar to those of R-134a, so it is attracting
attention as a replacement refrigerant for R134a. Upon comparing the GWP of the two
refrigerants, R-134a has a value of 1430, and is thus classified as a regulated target, whereas
R-1234yf has a value of 4. Since conversion to low-GWP refrigerants is important, research
on such compounds is essential and is being widely conducted.

In conventional studies on the heat transfer of R-1234yf, Illán-Gómez et al. [1] first
studied the condensation heat transfer between R-1234yf and R-134a in a minichannel with
an inner diameter of 1.16 mm. It was revealed that R-134 has a higher heat transfer coeffi-
cient than R-1234yf. Padiila et al. [2] analyzed the evaporative heat transfer of R-1234yf and
R-134a in straight pipes with inner diameters of 7.90 and 10.85 mm. The authors reported
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no significant difference between the two refrigerants. Saitoh et al. [3] experimentally
analyzed the evaporative heat transfer coefficient of R-1234yf in a smooth tube with an
inner diameter of 2 mm. Mortada et al. [4] conducted a study on the evaporative heat
transfer coefficient and pressure drop of R-1234yf and R-134a in a 1.1 mm inner diameter
of a minichannel. As a result, the local heat transfer coefficient was independent of the heat
flux, but largely depended on the quality and mass flux. It was determined that R-1234yf
has a higher local heat transfer coefficient than R-134a. Lu et al. [5] studied the effect of
heat flux and mass flux on the two-phase convective evaporative heat transfer coefficients
of R-1234yf and R-134a in a horizontal tube with an inner diameter of 3.9 mm. The results
revealed that R-134a and R-1234yf showed a similar trend, and the difference in the heat
transfer coefficient between them was very small. The pressure drop of R-134a has been
reported to be approximately 5–15% higher than that of R-1234yf. Diani et al. [6] conducted
a study on the evaporative heat transfer of R-1234yf and R-134a inside a mini microfin tube.
As a result, it was reported that R-134a had a higher heat transfer coefficient and a higher
pressure drop than R-1234yf. Choi et al. [7] analyzed experimental data of the evaporative
heat transfer coefficient of R-1234yf in horizontal tubes with inner diameters of 1.5 and
3.0 mm. The experimental results showed that the heat transfer coefficient increased with
an increase in the heat flux because the nuclei boiling was much stronger in the low-quality
region. It was also reported that the heat transfer coefficient increased as the saturation
temperature increased and the inner tube diameter decreased. Sempértegui-Tapia et al. [8]
studied the evaporative heat transfer of R-1234yf and R-134a in a microchannel with an
inner diameter of 1.1 mm. It was observed that the heat transfer coefficient increased when
the heat flux increased and the nuclear boiling effect was dominant, while the heat transfer
coefficient increased when the mass flow rate increased and the convection effect was
dominant. In addition, it was revealed that the heat transfer coefficients of R-134a and
R-1234yf were similar. Kedzierski et al. [9] studied the local convective heat transfer of
R-1234yf and R-134a in microfin tubes with an inner diameter of 8.8 mm. The comparison
results showed that the heat transfer performance of R-1234yf was 5% lower than that of
R-134a. Pabon et al. [10] conducted an experimental study on the pressure drop of R-1234yf
in a smooth tube with an inner diameter of 3.2–8.0 mm. It was reported that the two-phase
pressure gradient of R-1234yf was approximately 20% lower than that of R-134a. Other
research on the heat transfer and pressure drop of R-1234yf is summarized in Table 1.

Table 1. Summary of R-123yf heat transfer test results.

Author Tube Type di (mm) Refrigerant G (kg/m2s) Tsat (◦C) x (-)

Illán-Gómez et al.
[1]

mini
channel 1.16 R-134a

R-1234yf 350–940 30–55 0.1–0.89

Padilla et al. [2] Straight
tube 7.90, 10.85 R134a

R1234yf 187–1702 4.8–20.7 0.04–0.98

Saitoh et al. [3] Smooth
tube 2.0 R1234yf 100–400 15 0–0.25

Mortada et al. [4] Rectangular
minichannel 1.1 R134a

R1234yf 20–100 - 0–1.0

Lu et al. [5] Smooth
tube 3.9 R134a,

R1234yf 100–500 10 0.1–0.9

Diani et al. [6] Mini microfin
tube 3.4 R134a

R1234yf 190–940 30 0.1–0.99

Choi et al. [7] Horizontal
tube

1.5,
3.0

R134a
R1234yf 100–650 5, 10 0–1.0

Sempértegui-Tapia
et al. [8]

micro
channel 1.1 R-134a

R-1234yf 200–800 31–41 0.05–0.95

Kedzierski et al. [9] microfin tube 8.8 R134a
R1234yf 96–318 0–8.8 0.03–0.87

Pabon et al. [10] Smooth
tube

3.2, 4.8,
6.4,
8.0

R134a
R1234yf 200–400 20, 30 0–1.0
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Table 1. Cont.

Author Tube Type di (mm) Refrigerant G (kg/m2s) Tsat (◦C) x (-)

Del Col et al. [11] Micro
minichannel 1.0 R134a

R1234yf 200–600 31 0.05–0.9

Oh et al. [12] Horizontal
tube 1.5, 3.0 R1234yf 50–600 0, 5, 10 0–1.0

Kim et al. [13] Horizontal
tube

1.5,
3.0 R1234yf 200–650 15 0–1.0

Anwar et al. [14] Vertical
minichannel 1.6 R134a

R1234yf 100–500 27, 32 0–1.0

Yang et al. [15] Smooth
tube 4.0 R134a

R1234yf 200–1200 14 0.191–0.249

Most previous studies on the heat transfer of R-1234yf [11–19] were conducted with
small diameters; as such, the research data on evaporative heat transfer at 5 mm or less are
insufficient. Therefore, to be applicable in households and small refrigerators, this study
analyzes the heat transfer coefficient and pressure drop of R-1234yf in a double-tube heat
exchanger with an inner diameter of 6.95 mm.

2. Experimental Apparatus and Conditions
2.1. Experimental Apparatus

A schematic diagram of the experimental apparatus is shown in Figure 1. There were
two main loops using refrigerants and brine. The refrigerant loop consisted of a receiver
and an inserted heat exchanger, a plate heat exchanger, a magnetic gear pump, a mass
flow meter, a preheater, and a test section. The brine loop included a brine pump and a
thermostat. In the refrigerant loop, the refrigerant was cooled to a subcooled state in the
heat exchanger inserted into the receiver and the plate heat exchanger at the front of the
receiver, and then discharged through the gear pump and passed through a mass flow
meter. Subsequently, the inlet quality conditions were adjusted through the preheater, and
finally, the refrigerant entered the test section. At this time, the quality of the refrigerant at
the inlet of the test section was evaluated relative to saturated liquid line (quality = 0). The
brine loop consisted of a thermostat, pump, and mass flow meter. The brine cooled by the
thermostat circulated within the electric heater unit, and as a result, the temperature of the
brine became constant.

The temperatures of the refrigerant and cooling water were measured using an insert
type T-type thermocouple. To measure the flow rate of the refrigerant, a Coriolis mass flow
meter was used at the rear end of the magnetic gear pump, and a turbine mass flow meter
was used for the cooling water. In addition, there were two types of pressure sensors in
the entire experimental apparatus: an absolute pressure gauge and a differential pressure
gauge. Absolute pressure gauges were installed at both ends of the test section to measure
the absolute pressure. A differential pressure gauge was installed at both ends of the test
section to measure the pressure drop therein. Because the differential pressure of the test
section was small compared with the system pressure, it was difficult to accurately measure
the pressure difference of the absolute pressure gauge. Therefore, the pressure drop of the
refrigerant was precisely measured using a differential pressure gauge. In addition, it was
not possible to connect a pressure sensor to every subsection due to electrical insulation,
so the pressure drop of each subsection was assumed to be linear. For the amount of heat
supplied to the preheater, the amount of heat applied to the refrigerant was measured
using a power meter (WT-210).
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the difference between the wall temperature and the measured temperature had to be 
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Figure 1. Schematic diagram of experimental apparatus.

Figure 2 presents a detailed schematic of the test section. The subsection was 15 cm in
length and consisted of a total of 20 sections. The total length of the test section was 3 m; it
was designed to be long enough to obtain high-quality data at low heat flux. The resistivity
of the SUS 316 tube used in the test section was 740 nΩ·m, the thermal conductivity was
13.4 W/m·K at 300 K, the outer diameter was 9.25 mm, and the inner diameter was 6.95 mm.
Because the voltage was directly applied to the test part, insulating fittings were used at
both ends of the test section. In addition, by using a glass fiber insulation material and
rubber foam insulation material double insulation, heat generation to the outside was
prevented. Figure 3 presents a detailed cross-sectional view of the test part. In principle,
the thermocouple had to be electrically insulated from the test section, and the difference
between the wall temperature and the measured temperature had to be small. Therefore,
a thermal tape, which had high thermal conductivity and which served as an electrical
insulator, was used to satisfy the above two conditions. All data were collected for 15 min
at 1-s intervals after reaching a steady state. The data were transmitted and recorded to a
computer through a data logger, and the standard for a steady-state was a temperature
±0.1 ◦C, pressure ±10 kPa, and mass flow ±0.2 kg/s.
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2.2. Experimental Conditions

In this study, the heat transfer coefficient and pressure drop of the refrigerant were
measured by changing the heat flux, mass flux, and saturation temperature. The heat
transfer coefficient and pressure drop according to the change in quality were investigated
in the mass flow rate range of 100–400 kg/m2s, heat flux of 6–24 kW/m2, and saturation
temperature of 5 ◦C and 10 ◦C. Because R-1234yf, the working fluid of the experiment, is
an air-conditioning refrigerant, the saturation temperature range was set at 5 ◦C and 10 ◦C
for the experiment. The experimental conditions are presented in Table 2.

Table 2. Experimental conditions.

Parameter Unit Value

Refrigerant - R-1234yf
Quality - 0~1

Saturation temperature ◦C 5, 10
Mass flux kg/m2s 100~00
Heat flux kW/m2 6~24

Tube length mm 3000
Tube diameter mm 6.95

3. Data Reduction
3.1. Heat Transfer Coefficient

The thermophysical properties of R-1234yf were calculated using REFPROP (Ver
8.0) [20]. The heat transfer coefficient and pressure drop were calculated from the tem-
perature and pressure of the refrigerant at each point obtained in the experiment using
Equations (1)–(10).

The amount of heat transferred to the test section is the amount of heat supplied by
the DC power supply and is calculated using Joule’s law.

Q = η·V·I (1)

Q (kW) is the amount of heat applied to the test part, V is the voltage, and I is the
current. η is the thermal efficiency of the electric heater in the test section, with a value of
0.89 for single-phase experimental tests. Figure 4 shows the thermal efficiency of the test
section for a single-phase test.
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The heat flux q (kW/m2) was calculated by dividing the heat transfer area by the
calculated heat quantity.

q =
Q

πDiL
(2)

The temperature of the outer wall surface of the tube measured for each test section was
used as the average value of the upper, lower, left, and right parts, as shown in Figure 3.

Two =
Ttop + Tbottom + Tle f t + Tright

4
(3)

Because the temperature of the inner wall surface of the tube is unknown, the tem-
perature of the inner wall surface of the pipe must be calculated indirectly. The heat is
generated uniformly in the test section, which is an isotropic material, and because it is
thermally and electrically uniform, the temperature of the inner wall of the tube is obtained
indirectly by using the one-dimensional heat conduction equation as follows.

Twi =

.
qr2

o
4k

[1−
(

ri
ro

)2
] +

.
qr2

o
2k

ln
(

ri
ro

)
+ Two (4)

Then, the heat transfer coefficient was calculated from the temperature of the inner
wall of the tube, the saturation temperature of the refrigerant, and the heat flux.

h =
q

Twi − Tsat
(5)

The quality is defined by the following equation, and the specific enthalpy at each
point is calculated by multiplying the heat transfer area from the inlet enthalpy to the
measurement point of the heat flux and then dividing the mass flux.

x =
i− il,sat

ilv
(6)

i = iin +
q·π·Di·Lmeasured

G
(7)
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3.2. Pressure Drop

The pressure drop of the fluid flowing through the phase change inside the pipe is
expressed as the sum of the three terms. Pressure drop due to static pressure (∆Pstatic),
momentum (∆Pmomentum), and friction (∆Pfriction). The equation below expresses the total
pressure drop:

∆Ptotal = ∆Pstatic + ∆Pmomentum + ∆Pf riction (8)

Because the measured value is the total pressure drop (∆Ptotal), and the value to be
analyzed in this study is the pressure drop due to friction, two terms must be subtracted
from the measured pressure drop. In addition, as the experiment was conducted in the
range above the saturated point, the influence of the single-phase pressure drop can
be ignored.

First, ∆Pstatic = 0 because there is no pressure loss due to the static pressure head in the
horizontal pipe flow. The pressure drop due to momentum was calculated as follows [21]:

∆Pmomentum = G2[

{
(1− x)2

ρl(1− α)
+

x2

ρvα

}
out

−
{

(1− x)2

ρl(1− α)
+

x2

ρvα

}
in

(9)

Here, the void fraction, α was calculated as follows [22].

α =
x
ρg

[(1 + 0.12(1− x))
(

x
ρg

+
1− x

ρl

)
+

1.18(1− x)
{

gσ
(
ρl − ρg

)}0.25

G2ρ0.5
l

]

−1

(10)

3.3. Uncertainty Analysis

The uncertainty of the heat transfer coefficient and pressure drop was calculated using
the Kline and McClintock method [23], and it was found to be 19% and 4.2%, respectively.
The uncertainty of the measuring instrument used in this experiment is listed in Table 3.

Table 3. Uncertainty analysis.

Flow Meter Uncertainty: ±0.1% Flow Meter

T-type thermocouple Uncertainty: ±0.75% T-type thermocouple
Pressure transmitter Uncertainty: ±0.25% Pressure transmitter
Differential pressure

transmitter Uncertainty: ±0.25% Differential pressure
transmitter

4. Result and Discussion
4.1. Heat Transfer Coefficient
4.1.1. Influence of Mass Flux

Figures 5 and 6 show the heat transfer coefficient for the mass velocity at saturation
temperatures of 5 ◦C and 10 ◦C. As the quality increased, the heat transfer coefficient
also increased, but there was a section in which it rapidly decreased in the high-quality
region. This trend was consistent with the results reported in studies by Diani et al. [6],
Choi et al. [7], and Sajadi et al. [18]. It was considered that as the quality increased, the
vapor ratio increased, forming turbulence, developing annular flow, and increasing the
heat transfer coefficient. However, as the liquid film evaporated, the temperature of the
heating surface increased, and the heat transfer coefficient rapidly decreased, resulting in a
dry out.
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In addition, as the mass flow rate increased, the heat transfer coefficient increased.
This trend was consistent with the results reported in studies by Mortada et al. [4] and
Jige et al. [17]. This is thought to be because the mass velocity of the refrigerant increases,
the Reynolds number increases, and the flow pattern develops rapidly. It can be seen
that the influence of the mass velocity was negligible in the low-quality region, where
nuclear boiling was dominant, but the influence of the mass velocity was significant in the
high-quality region, where convective boiling was dominant. Also, beyond mass flux of
200 kg/m2s, the heat transfer coefficient increased significantly. It is thought that beyond a
mass flux of 200 kg/m2s, the annular flow rapidly increased.
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4.1.2. Influence of Heat Flux

Figures 7 and 8 show the heat transfer coefficient according to the heat flux at satura-
tion temperatures of 5 ◦C and 10 ◦C. As the heat flux increased, the heat transfer coefficient
increased. This trend is consistent with the results reported in studies by Choi et al. [7]
and Sempértegui-Tapia [8]. The effect of heat flux was considerable in the low-quality
region where nuclear boiling was dominant, but small in the high-quality region where
convective boiling was dominant. It is considered that when the heat flux increases, the
degree of superheating of the heating surface increases, and nucleation and growth are
actively performed. As the quality increases, the flow pattern transitions from bubble flow
and slug flow to annular flow.
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In this case, the liquid film was sufficiently thin to transfer the heat flux supplied
from the heating surface to the gas–liquid interface through conduction and convection.
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Therefore, the superheat of the heating surface did not satisfy the nucleation condition,
and continuous evaporation of the liquid film occurred at the gas–liquid interface. For
nuclear boiling to occur continuously, the thermal conductivity of the liquid must be low
or the thickness of the liquid film must be sufficiently thick. The results revealed that as
R-1234yf transitioned to annular flow in the high-quality, convective boiling was dominant
and nuclear boiling was suppressed.

4.1.3. Influence of Saturation Temperature

Figure 9 shows the heat transfer coefficient at a saturation temperature of 5 ◦C and
10 ◦C at a mass flow rate of 300 kg/m2s and a heat flux of 12 kW/m2. Concerning the effect
of the saturation temperature, the difference in heat transfer coefficient was prominent in
the low-quality region where nuclear boiling was dominant, and it decreased toward high-
quality region. The surface tension of R-1234yf decreased as the saturation temperature
increased. Therefore, as the surface tension decreased, the required superheat for nucleation
and bubble growth was reduced; thus, the heat transfer coefficient in the nuclear boiling
region increased as the saturation temperature increased under the same conditions.
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4.1.4. Comparison of the Heat Transfer Coefficient of R-134a and R-1234yf

Figure 10 shows the heat transfer coefficients of R-1234yf and R-134. The graph reveals
that the heat transfer coefficient of R-134a is relatively high. This is related to the physical
properties of the compound, as listed in Table 4. For example, the vapor density of R-134 is,
on average, 17% lower than that of R-1234yf, which means that R-134a has a higher vapor
velocity. Therefore, compared with R-1234yf, it can be confirmed that the turbulence of
R-134a is accelerated and the liquid film is thin, so the heat transfer coefficient is high.
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Table 4. Comparison of properties of R-134a and R-1234yf at saturation temperature.

Property Unit Tsat = 5 ◦C Tsat = 10 ◦C

R-134a R-1234yf R-134a R-1234yf
Saturation
pressure kPa 349.66 372.92 414.61 437.53

Liquid density kg/m3 1278.1 1160.4 1261.0 1144.0
Vapor density kg/m3 17.131 20.744 20.226 24.267
Liquid thermal

conductivity W/mK 89.806 73.422 87.618 71.978

Vapor thermal
conductivity W/mK 11.954 12.044 12.402 12.471

Liquid specific
heat J/kgK 1.3552 1.3080 1.3704 1.3274

Vapor specific heat J/kgK 0.9206 0.94835 0.9455 0.9717
Liquid viscosity 10−6 N/m2s 250.11 197.10 234.87 185.64
Vapor viscosity 10−6 N/m2s 10.911 11.363 11.099 11.581
Surface tension 10−6 N/m 10.844 8.6919 10.138 8.0364

4.1.5. Heat Transfer Coefficient of Top and Bottom Side

Figure 11 shows the difference between the upper and lower heat transfer coefficients.
In the low-quality region, the heat transfer coefficient was high and the upper heat transfer
coefficient was low; however, in the high-quality region, the trend was different. This
was due to the fact that in the low-quality region, where nuclear boiling was dominant,
bubbles with relatively large specific volumes rose to the top, and the nuclear boiling in
the lower part was activated as compared with the upper part, so that the low part of
the heat transfer coefficient was high. When the flow pattern formed, a thick liquid film
formed at the bottom of the tube under the influence of gravity. Because the liquid film
provided heat resistance, it was concluded that the heat transfer coefficient of the upper
part with a relatively thin liquid film was high. In addition, it was confirmed that the
dry-out phenomenon that occurred after the thin liquid film disappeared quickly also
occurred at the top side.
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4.1.6. Flow Pattern Map

Figure 12 shows the experimental results of the flow pattern diagram of Taitel and
Dukler [24], which was adopted because it can be generally applied to this experiment,
since it includes the influence of both the properties and pipe diameter. The horizontal
coordinates of the diagram are the Martinelli parameters, and the vertical coordinates are
TTD or F.
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As shown in Figure 12, annular flow occurred under most experimental conditions,
although some conditions showed intermittent flow and wavy flow at low heat flux. This
was because the refrigerant, flowing in the saturated liquid state, changed the annular,
stratified, and wavy flow and exited as a saturated vapor.

4.1.7. Comparison of the Correlations

Figure 13 is a graph comparing the correlations of Gungor and Winterton [25], Kan-
dlikar [26], Liu and Winterton [27], and Shah [28] with our experimental data. Table 5
summarizes the mean absolute error (MAE), mean relative error (MRE), standard deviation
(STD), and δ(±30%) of each correlation equation. δ(±30%) is the percentage of data within
±30% of the total data.

MRE =
1
n ∑n

i=1(ERi) (14)

MAE =
1
n

n

∑
i=1
|ERi| (15)

STD =

√
1
n

n

∑
i=1

(ERi −MRE)2 (16)

ERi =
hpred − hexp

hexp
× 100 (17)

Table 5. Comparison heat transfer coefficient with correlation.

Correlation MAE MRE STD δ ± 30%

Gungor and
Winterton [25] 48.55 47.5 27.33 30.6%

Kandilkar [26] 17.35 −6.22 20.3 81.6%
Liu and

Winterton [27] 26.97 −24.58 18.17 48.8%

Shah [28] 45.86 44.44 32.05 35.3%
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First, the correlation equations of Gungor and Winterton and Shah overestimated
the experimental results overall. Kandlikar’s correlation equation predicted 81.6% of the
data within ±30%, while that of Liu and Winterton yielded better results for low heat
transfer coefficients but showed a tendency to underestimate as the heat transfer coefficient
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increased. Comparing the best and worst predicted correlations, first, in the case of Gungor-
Winterton’s correlation equation, the convective heat transfer coefficient of the liquid phase
and pool boiling were mainly used to calculate the convective heat transfer coefficient in
the two-phase, and it was found that the error was larger than those of other correlation
equations. In the case of Kandlikar’s correlation equation, it is thought that the error
was smaller than in other equations due to the arrangement of the required variables
for different measurements for each refrigerant, and to the use of a specific constant for
each refrigerant.

4.2. Pressure Drop
4.2.1. Influence of Mass Flux

Figures 14 and 15 show the pressure drop for mass flux. As the mass flux increased,
the shear stress also increased. In addition, the pressure drop increased for the same quality
because the interfacial friction increased as the slip ratio between the liquid and vapor
increased (Anwar et al. [14]).
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4.2.2. Influence of Saturation Temperature

Figure 16 shows the heat transfer coefficient as the saturation temperature changes. It
can be seen that the pressure drop decreased as the saturation temperature increased. This
was because, as shown in Table 4, the viscosity and surface tension of R-1234yf decreased
as the saturation temperature increased. As a result, the slip ratio between the liquid and
vapor reduced, as well as the friction pressure drop.
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4.2.3. Comparison of the Pressure Drop of R-134a and R-1234yf

Figure 17 shows a graph comparing the pressure drops of R-1234yf and R-134a. It can be
seen that the pressure drop was slightly higher for R-134a. This is because the surface tension
of R-134a is larger than that of R-1234yf, but the liquid viscosity of R-134a, and the vapor
viscosity of R-1234yf is larger, and the pressure drop of R-134a is slightly larger. A similar
tendency was reported by Lu et al. [5], Diani et al. [6], Pabon et al. [10], and Yang et al. [15].
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4.2.4. Comparison of the Correlations

Figure 18 compares the well-known correlations of pressure drop reported by Mar-
tinelli [29], Friedel [30], Muller-Steinhagen and Heck [31], and Moreno Quibén and
Thome [32] with our experimental data. This method is the same as the heat transfer
coefficient. Table 6 summarizes the MAE, MRE, STD, and δ (±30%) of each correlation
equation. First, the correlation equation of Martinelli and Friedel overestimated the overall
experimental results. Muller-Steinhagen and Heck’s correlation equation predicted 67.31%
of the data within±30%, but showed a tendency to slightly underestimate the experimental
results. Moreno Quibén and Thome’s correlation equation predicted 88.71% of the data
within ±30%. Comparing the best and worst predicted correlations, first, in the case of
Lockhart-Martinelli’s correlation equation, which showed the greatest error, a refrigerant
completely different from that used in this experiment was applied (Oil, benzene, etc). In
addition, there was a large difference depending on the refrigerant because the variables
necessary for prediction were fixed. In the case of Moreno Quibén’s correlation equation,
which showed the most similar appearance, R-134a, the refrigerant tested to present the
correlation equation, showed a tendency which was very similar to the refrigerant used in
this experiment (R-1234yf). So Moreno Quibén’s correlation yielded the best predictions.
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Table 6. Comparison pressure drop with correlation.

Correlation MAE MRE STD δ ± 30%

Martinelli [29] 51.85 51.85 21.9 12.96%
Friedel [30] 48.71 48.21 25.62 19.64%

Muller-Steinhagen
and Heck [31] 25.51 –25.51 12.42 67.31%

Moreno Quibén and
Thome [32] 14.12 7.45 19.95 88.71%

5. Conclusions

In this study, the heat transfer coefficient and pressure drop of R-1234yf for a smooth
tube with an inner diameter of 6.95 mm were experimentally determined. The heat transfer
coefficient increased with an increase in the mass flux, saturation temperature, and heat
flux. The pressure drop increased with an increase in the mass flow rate and a decrease in
saturation temperature. In addition, according to the flow patterns of Taitel and Dukler,
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most of the experiments were conducted in the annular flow area. When comparing the heat
transfer coefficient correlations, Kandlikar’s correlation provided the best prediction for the
experimental database, with approximately 84% of the predicted data within ±30%. The
Gungor and Winterton correlation overestimated the experimental results as a whole, and
the correlation of Liu and Winterton was well predicted at a low heat transfer coefficient,
although it tended to be underestimated as the heat transfer coefficient increased. For the
pressure drop, Moreno Quibén and Thome’s equation predicted approximately 88.71%
of the data within ±30%. As stated, most of the aforementioned studies were conducted
with small diameters. Therefore, in this study, the data can be used for the design of an
evaporator for households and small refrigerators.
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