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A B S T R A C T   

This paper presents two-phase heat transfer coefficient and pressure drop data of refrigerant R513A, a new 
azeotropic mixture conceived as possible alternative to R134a for medium temperature small-size refrigeration 
systems. All the experiments were performed in a commercial horizontal stainless-steel tube having an internal 
diameter of 6.0 mm and an outer diameter of 8.0 mm. The channel heating was obtained through DC current and 
Joule effect. The effect of the main operating parameters in terms of mass flux (from 150 to 500 kg/m2s), heat 
flux (from 5.0 to 40 kW/m2), saturation temperature (from 30 to 50 ◦C) and vapor quality (from the onset of 
boiling up to the dry-out occurrence) was analyzed and discussed for the heat transfer coefficient values, finding 
that both convective and nucleate boiling were significant contributions. The same ranges of mass flux and 
saturation temperature were also applied to frictional pressure gradient trends with vapor quality, taken in 
adiabatic conditions. The thermo-hydraulic performances were then compared with those of R134a, obtaining 
lower heat transfer coefficients and very similar pressure gradients. Finally, the collected experiments were 
assessed with values predicted from the most quoted correlations available in literature. A new composite 
method for nucleate-dominant or convective-dominant mechanisms was proposed for the evaluation of the heat 
transfer coefficient, with a mean absolute error of 25.3%, whereas the frictional pressure gradient values were 
well predicted with the Friedel correlation, that provides a mean absolute error of 13.8%.   

1. Introduction 

The anthropic contribution to the global warming is a well-known 
issue, becoming increasingly discussed in the latest years (Stocker, 
2013). The undesired rise of the Earth temperature has been in fact 
related to the huge amount of greenhouse gases released in the atmo
sphere and will probably increase in the developing countries all over 
the world (Ritchie and Roser, 2020). Among several fields, vapor 
compression refrigeration systems provide a substantial contribution, 
according to (Choi et al., 2017; Abas et al., 2018), mostly due to the use 
of high Global Warming Potential (GWP) hydrofluorocarbon (HFC) 

refrigerants that can be accidentally released during dismission or with 
leakages and soft faults (Pelella et al., 2022). 

R404A, R134a and R410A are still the most used HFC refrigerants in 
the sectors of refrigeration and air conditioning, depending on the 
temperature levels. Particularly, R134a is the most common fluid in 
medium temperature applications of developed countries, including 
domestic and industrial air conditioning, automotive air conditioning 
and centrifugal chillers. According to the EU Regulation 517/2014 (The 
European Parliament and the Council of the European Union 2014) this 
substance is already banned since 2015 in domestic refrigerators and 
freezers, and since 2022 from commercial systems. Other sectors 
(commercial stationary refrigeration equipment and primary circuit of 
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cascade systems) still may employ R134a, even if the use of low-GWP 
alternatives should be pursued with a certain urgency. 

Hydrocarbons such as propane or isobutane were found to be 
interesting alternatives to R134a in low-charge systems, such as do
mestic refrigerators, where the small amount of charge does not lead to 
flammability problems. Regarding synthetic refrigerants, hydro
fluoroolefins (HFOs), R1234yf and R1234ze are interesting options for 
the substitution of R134a, due to their very low GWP index (equal or 
even below unity (Sethi et al., 2016)). However, they suffer from other 
issues, such as mild flammability and insufficient cooling capacity when 
used as drop-in substitutes. These drawbacks can be partially mitigated 
by developing new HFO/HFC mixtures, like R450A (R134a and R1234ze 
(E) blend) and R513A (R134a and R1234yf blend), that are quite 
interesting as short-term replacement for medium temperature refrig
eration and air conditioning systems. 

Particularly, R513A is an azeotropic mixture composed of 44/56 
mass percentage of R134a/R1234yf, with a zero-Ozone Depletion Po
tential (ODP) and a GWP value of 573 (Mhyre et al., 2013 ). Similarly to 
R134a, R513A is classified as non-flammable fluid (ASHRAE A1), even if 
it contains per- and polyfluoroalkyl substances (PFAS), that are recently 
considered as a concern due to their persistence in the environment, 

potential adverse health effects, and their ability to accumulate in the 
bodies of living organisms. As regards the thermophysical properties, 
with respect to R134a, R513A has a lower liquid thermal conductivity 
(− 15%), lower latent heat (− 11%) and lower liquid viscosity (− 14%), 
but slightly higher reduced pressure (+15%) and vapor-to-liquid density 
ratio (+18%). The main characteristics of the two fluids are shown in 
Table 1, in which the transport and thermodynamic properties are 
evaluated according to the Refprop 10.1 (Lemmon et al., 2022) 

Nomenclature 

Roman 
c specific heat [J kg− 1 K− 1] 
D outer diameter [m] 
d inner diameter [m] 
E enhancement factor [-] 
g acceleration of gravity [m s− 2] 
G mass flux [kg‧m− 2‧s− 1] 
h heat transfer coefficient [W‧m− 2‧K− 1] 
i specific enthalpy [J‧kg− 1] 
I current [A] 
L heated length [m] 
ṁ mass flow rate [kg‧s− 1] 
M molecular mass [kg kmol− 1] 
p pressure [Pa] 
Q̇ heat power [W] 
q heat flux [W‧m− 2] 
S suppression factor [-] 
T temperature [K] 
V voltage [V] 
x vapor quality [-] 
z position on the test section [m] 

Greek 
δ±30% percentage of data points falling into a ± 30% error 

band percentage of data points falling into a ± 30% error 
band% 

Δ variation 
ε roughness [μm] 
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 
c related to the C measuring point 
CB convective boiling 
exp experimental 
fr friction 
in inlet 

L liquid 
LO liquid only 
LV liquid-to-vapor 
m, mean mean 
NB nucleate boiling 
out outlet 
preh preheater 
red reduced 
sat saturation 
th related to the thermocouple measurement 
TS test section 
tube related to the tube 
V vapor 
VO vapor only 
wall related to wall 

Statistical parameters 
ER =

hpred − hexp
hexp

⋅ 100 Error in prediction 

MAPE = 1
n
∑

i
|ERi| Mean Absolute Percentage Error 

MRPE = 1
n
∑

i
ERi Mean Relative Percentage Error 

Acronyms 
GWP Global Warming Potential 
HFC Hydrofluorocarbon 
HFO Hydrofluoroolefin 
ODP Ozone Depletion Potential 

Non-dimensional numbers 
Boiling number Bo =

q
GΔiLV 

Bond number Bd =
g(ρL − ρV )d2

σ 
Confinement number Co = Bd− 0.5 

Froude vapor number FrV = xG̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρV ⋅(ρL − ρV )gd

√

Martinelli parameter Xtt =
( 1− x

x
)0.9⋅

(
ρV
ρL

)0.5
⋅
(

μL
μV

)0.1 

Prandtl number Pr = c
μλ 

Reynolds number Re = Gd
μ 

Weber number We = G2d
ρσ  

Table 1 
Main properties of refrigerants R513A and R134a at 20 ◦C.  

Property R513A R134a 

ASHRAE Classification A1 A1 
GWP 573 1300 
Saturation pressure (bar) 5.81 5.69 
Reduced pressure (-) 0.16 0.14 
Vapor density (kg/m3) 30.3 27.7 
Vapor-to-liquid density ratio (-) 0.026 0.023 
Liquid thermal conductivity (mW/ m K) 72.6 83.3 
Liquid viscosity (105 Pa s) 18.19 20.77 
Prandtl number (-) 3.47 3.50 
Latent heat (kJ/kg) 163.6 182.4  
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database. 
According to the state of the art, R513A was mainly experimented for 

the evaluation of the performance of vapor compression systems rather 
than to assess its two-phase heat transfer and fluid flow characteristics. 
As regards the first group of studies, Mota-Babiloni et al. (2017) per
formed an experimental comparison between R513A and R134a for a 
mobile air conditioner, and later on for a small size refrigerator 
(Mota-Babiloni et al., 2018; Makhnatch et al., 2019). In all cases, the 
authors reported good performances for R513A and better adaptation to 
the refrigeration system in terms of pressure ratio, discharge tempera
ture and mass flow rate, with respect to both the reference R134a and 
the other alternative R450A. For domestic refrigerators, the optimal 
refrigerant charge and the global energy consumption for both R513A 
and R134a was experimentally evaluated by Yang et al. (2019); Bel
man-Flores et al. (2022). The first reported that alternative fluid could 
reduce both by 6% and 3.5%, respectively, and the second obtained 
similar and more encouraging results (reduction by 17% and 9%, 
respectively). Finally, Molinaroli et al. (2022) tested R513A in a 
water-to-water heat pump, obtaining a slight reduction of its cooling 
capacity (up to 15%) and a COP variation between − 2.5% and +3.0% 
with respect to the employment of the conventional R134a. 

As regards instead two-phase thermal and hydraulic experimental 
studies related to R513A, the literature review presents very few ex
amples. Kedzierski et al. (2018) quantified the pool boiling performance 
of R513A among other substances on flattened smooth and enhanced 
surfaces with re-entrant cavities. By imposing a constant wall superheat, 
the heat flux was found to be 16% lower than that of R134a. 

Diani et al. (2020) performed a direct comparison between the 
thermal performance of a 3.5 mm smooth tube and that of a 3.4 mm 
microfin tube during R513A condensation under the same working 
conditions. The authors found, for both cases, a general increase of the 
condensation heat transfer coefficient with vapor quality and mass ve
locity. The same tubes were also tested for flow boiling experiments 
(Diani and Rossetto, 2019), highlighting a strong effect of the mass ve
locity on the R513A boiling performance, especially for the smooth tube. 
For the microfin tube, instead, an increased performance up to 300 
kg/m2s was found, whereas lower heat transfer coefficients were 
recorded with further increase of the mass flux. 

Finally, the same research group (Diani and Rossetto, 2020) studied 
flow boiling of R513A in narrower smooth and microfin tubes of 2.5 mm 
and 2.4 mm, respectively. It was found for the smooth tube that the 
effect of mass velocity and vapor quality started to be visible for mass 
velocities higher than 400 kg/m2 s and at low heat fluxes. For high heat 
fluxes (60 kW/m2), instead, the convective behavior was instead never 
observed. On the other hand, for the microfin tube, the heat transfer 
coefficients are highly affected by mass velocity and vapor quality, 
meaning a higher convective contribution due to the presence of the 
microfins. 

As a summary, only few studies are aimed at the investigation of two- 
phase heat transfer characteristics and are all referred to smooth or 
microfinned narrow channels, and not to conventional macro-tubes. 
This research would be useful for the correct design of condensers and 
evaporators in vapor compression cycles. Therefore, the purpose of the 
work is to explore thermal and hydraulic characteristics of R513A dur
ing flow boiling in a commercial horizontal stainless-steel tube of 6.0 
mm internal diameter. The experiments are aimed to evaluate the heat 
transfer coefficient and the frictional pressure gradient in new operating 
conditions never explored so far in scientific literature, in terms of mass 
flux, imposed heat flux, saturation temperature and vapor quality. The 
thermo-hydraulic performances are then compared with those of R134a 
in some working conditions. The assessment of the most quoted corre
lations for both heat transfer and pressure drop is carried out, and a new 
composite heat transfer prediction method is finally proposed. 

2. Test facility and instrumentation 

2.1. Experimental set-up and measurement section 

The experimental set-up is located at the Refrigeration Laboratory of 
the Università degli Studi di Napoli Federico II. The same rig was 
employed for similar flow boiling studies (Arcasi et al., 2022; Arcasi 
et al., 2021), even if some changes were made in order to help the 
thermostatic bath handling a higher cooling duty. Fig. 1 illustrates the 
test facility consisting of two loops: the refrigerant one (depicted by the 
black line) and the water loop (shown in light blue). The refrigerant, 
subcooled, is pumped using a magnetic gear pump to a Coriolis mass 
flow meter to measure its mass flow rate. The fluid then undergoes 
preheating in a vertical tube using electric heating tapes to achieve 
saturated conditions and the desired vapor quality. In the test section, 
both heat transfer coefficient and pressure drop values are assessed. The 
refrigerant is subsequently condensed in a plate heat exchanger, 
collected in a liquid vessel, and then subcooled via a tube-in-tube heat 
exchanger and the pump suction head, effectively closing the main loop. 
The secondary loop comprises a thermostatic bath and a pump, facili
tating the circulation of demineralized water through the subcooler and 
condenser, which are connected in series. Another tube in tube heat 
exchanger was added on the secondary loop using tap water to not 
overload the cooling capacity of the thermostatic bath. Bypass valves 
can be employed to independently supply either one or both heat 
exchangers. 

The test measurement section comprises a single stainless-steel tube 
with an internal diameter of 6.0 mm and an outer diameter of 8.0 mm. 
Fig. 2 shows a picture of the test section without its foam insulating 
layer. Two pressure ports are positioned at a distance of 237.5 mm for 
evaluating the inlet pressure and pressure gradient. Additionally, two 
copper electrodes are placed at a distance of 193.7 mm and welded onto 
the tube surface to enable tube heating through the Joule effect. The DC 
current for heating is supplied by a remote-controlled DC power supply 
unit. To minimize uncertainties in the imposed heat flux and account for 
electric losses in the line, the real voltage applied to the tube is measured 
between points C and E in Fig. 2. The test section provides local heat 
transfer coefficient data at point D. Four T-type thermocouples are 
placed at the top, bottom, left, and right sections of the tube to measure 
the outer wall temperature. A thin layer (0.4 mm) of adhesive Kapton 
ensures electric insulation between the tube and the thermocouples 
sensing probes. The thermal resistance resulting from the Kapton layer 
and the epoxy resin used to fix the sensors was determined to be 
negligible. Detailed geometrical features are presented in Fig. 2. 

The measurement instrumentation consists of an array of tempera
ture and pressure transducers positioned along the test facility to ensure 
accurate system control and management. AC power applied to the 
preheating section is measured by a wattmeter (accuracy ±1%), and the 
refrigerant flow rate is determined using a Coriolis mass flow meter 
(±1%). For the test section heating, the power unit measures the DC 
current with sufficient accuracy (±1% of the reading), and the DC 
voltage is obtained through a high-precision analog input module 
(±0.03%). Calibrated absolute and differential pressure transducers are 
utilized to assess the refrigerant inlet section (±0.1%) and pressure drop 
(±0.06 kPa) across the test section. Two RTD resistance thermometers 
(±0.180 ◦C) are placed at the test section inlet and outlet to obtain the 
refrigerant temperature before and after passing through the measure
ment tube. The 4 T-type thermocouples used for wall temperature 
measurement exhibit an overall accuracy of ±0.10 ◦C, achieved through 
an updated calibration procedure described in the subsequent sections. 

3. Method 

3.1. Data reduction 

The method chosen for the evaluation of the two-phase heat transfer 
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coefficient and frictional pressure gradient is typical for flow boiling 
researches employing electric heating. Particularly, the local heat 
transfer coefficient was evaluated through Eq. (1), in which the electric 
heating was assumed to be uniform for the whole section between points 
B and D (see Fig. 2) and calculated with the measured DC current and 
voltage. 

h =

VBD ⋅Itube
πdBD

Twall,m − Tsat,c
(1) 

The saturation temperature is linearly determined using tempera
tures measured by RTDs at the test section inlet and outlet. The mean 
wall temperature is the average of the four inner wall temperatures (top, 
bottom, left, and right sides of the tube). The inner wall temperature at 
each position was calculated assuming 1-D radial heat transfer, uniform 
heat generation inside the tube, isotropic and homogeneous material, 
and steady-state conditions. The thermal conductivity used (16.13 W/ 
(m K)) was that of AISI SS316 averaged over typical temperatures in the 
study. d and D refer to the inner and outer diameters of the test tube, 
respectively. 

Twall,i = Tth,i,out +
VBD⋅Itube

4πλtubeBD
⋅

(
D
d

)2⋅
(

1 − log
((

D
d

)2
))

− 1
(

D
d

)2
− 1

(2) 

As regards the calculation of the vapor quality at the measurement 
point C, it was evaluated as a function of both saturation temperature 
and local specific enthalpy. Although the studied mixture is almost 
azeotropic, particular attention was paid to take into account the tem
perature glide of the mixture in the evaluation of the specific properties 
in saturated conditions. The dependence on the local specific enthalpy 
was kept to increase the method accuracy, as also done in our previous 
publications with non-azeotropic mixtures having a large temperature 
glide (Mauro et al., 2020; Lillo et al., 2019; Mastrullo et al., 2019). 

xc = f
(
Tsat,c, ic

)
(3) 

The local specific enthalpy was determined using an energy balance 
over the preheating section and the test section up to the measurement 
point. The specific enthalpy at the inlet of the preheater depends on 
temperature and pressure values, both measured immediately before the 
vertical section of the preheater. 

Fig. 1. Schematic of the experimental apparatus.  

Fig. 2. Test section characteristics.  
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ic = iin,preh +
Q̇preh

ṁ
+

Q̇TS⋅
(

AC
AE

)

ṁ
(4) 

All the pressure drop values shown in this paper were referred to the 
only frictional contribution. Since the pressure drop experiments were 
performed in adiabatic conditions and with a horizontal placement, the 
momentum and gravitational contributions were not subtracted from 
the total measured pressure gradient. 

ΔP
Δz

⃒
⃒
⃒
⃒

fr
=

ΔP
PR

(5) 

The data reduction was implemented in MATLAB (2022b) software, 
and Refprop 10.1 (Lemmon et al., 2022) was used for the evaluation of 
the transport and thermodynamic properties of the liquid and the vapor 
phases. 

3.2. Experimental procedure 

For each experimental run, specific operating parameters such as 
mass flux, saturation temperature, heat flux, and vapor quality were 
carefully set to attain a steady-state condition. The user interface’s 
embedded code closely monitors these parameters, issuing a warning if 
any of them fluctuated beyond a defined threshold. The saturation 
temperature was adjusted by modifying the thermostatic bath’s set- 
point, while the mass flux was controlled by varying the gear pump’s 
rotational speed or manipulating various throttling and bypass valves in 
the loop. The desired vapor quality was achieved by adjusting the power 
of the preheater section, and the heat flux was regulated by controlling 
the DC power unit’s current. For each combination of saturation tem
perature, mass flux, and heat flux, the experimental heat transfer coef
ficient was determined by gradually increasing the vapor quality, from 
the beginning of boiling until post-dryout conditions. Once the steady- 
state condition was reached, the system was allowed to run for 90 s, 
during which 90 measurement values were recorded with a frequency of 
1 Hz. 

3.3. Thermocouple calibration, uncertainty analysis and validation 

The 4 T-type thermocouples were calibrated after being placed on 
the test tube. To achieve this, a series of 80 adiabatic tests were con
ducted, ranging from 5 ◦C to 75 ◦C, covering the entire vapor quality 
range. Since the temperature of the cold thermocouple junction was 
unknown, an additional calibrated thermocouple and RTD were posi
tioned in the surrounding environment. For each thermocouple (deno
ted by i), the function ΔTi = f(ΔVi) was obtained experimentally. Here, 
ΔTi represents the temperature difference between saturated and 
ambient conditions, and ΔVi represents the difference in voltage read
ings between the thermocouple on the tube surface and the one installed 
in the environment. The combined uncertainty (accounting for instru
mental and random fluctuations during experiments) of all parameters 
was estimated using the law of propagation of error (Moffat, 1985). A 
coverage factor of 2 was applied to ensure a confidence level greater 
than 95%. The average uncertainty calculated for all the main param
eters of interest during this experimental campaign is presented in 
Table 2. 

The method validation and verification of all measurement instru
mentation were conducted through multiple tests in liquid single-phase 
conditions. The discrepancies between the imposed heat rate and the 
calculated one using the energy balance were found to be below 5%. 
Additionally, the heat transfer coefficients and pressure drops in liquid 
single-phase flow were measured using the same data reduction pro
cedure as previously described. These results were compared to the 
predicted values obtained from the Dittus-Boelter correlation (Dittus 
and Boelter, 1930) for heat transfer and the Blasius friction factor for 
turbulent flows (Blasius, 1913). The comparison showed good agree
ment, with differences below 10%. 

4. Heat transfer coefficient: results 

The experimental campaign comprises approximately 300 tests, 
covering 30 fixed operating conditions concerning mass flux, saturation 
temperature, and imposed heat flux. These tests spanned from the onset 
of boiling to the dry-out and post-dry-out conditions. The working fluid 
used was R513A, with some tests also repeated using R134a for com
parison. Table 3 presents a summary of the imposed working conditions. 

4.1. Effect of mass flux, heat flux, saturation temperature and 
comparison with R134a 

Fig. 3a illustrates the effect of mass flux on the mean local heat 
transfer coefficient. It was observed that the increasing trend with vapor 
quality represents the heat transfer coefficient behavior for medium- 
high mass velocities. However, for G = 150 kg/m2s, the trend is 
decreasing, indicating a possible early dry-out or a stratified flow 
pattern. This assumption is supported by local peripheral values, which 
indicate a sudden drop in the top heat transfer coefficient just after the 
onset of boiling. Nonetheless, up to a vapor quality of approximately 
0.35, all curves exhibit nearly the same heat transfer coefficient, within 
the calculated uncertainty range. 

In Fig. 3b, the effect of imposed heat flux was demonstrated for a 
saturation temperature of 50 ◦C and a mass flux of 500 kg/m2s. It shows 
that higher heat flux results in a higher mean heat transfer coefficient, 
with an increase of almost +300% from 10 to 40 kW/m2. Despite the 
high mass flux, this behavior suggested that nucleate boiling contribu
tion was significant and was enhanced by the gradual increase of 
nucleation sites due to the rising imposed heat flux and, consequently, 
the wall superheat. 

Fig. 4a-b presents the effect of saturation temperature for both low 
and high imposed heat fluxes, focusing on medium-high mass fluxes 
(non-stratified conditions). For low imposed heat fluxes (Fig. 4a), where 
the convective contribution plays a major role, increasing the saturation 
temperature leads to lower heat transfer coefficients, particularly from 
vapor qualities of 0.40. This reduction results from the higher reduced 
pressure, which leads to a smaller difference between liquid and vapor 
phase densities, thereby weakening the slip condition at the interface 
and affecting convection heat transfer. On the other hand, for high 
imposed heat fluxes (Fig. 4b), where nucleation is the dominant heat 
transfer mechanism, a decrease in surface tension results in smaller and 
more frequent bubbles, promoting the boiling phenomenon and 
enhancing the average heat transfer coefficient. Similar behavior was 

Table 2 
Average uncertainty recorded for all the parameters of interest.  

Parameter Related uncertainty in stable conditions 

Saturation temperature Tsat ± 0.16 ◦C 
Mass flux G ±2.25% 
Heat flux q ± 0.85% 
Vapor quality x ±0.044 
Mean heat transfer coefficient hmean ±17.85% 

Pressure gradient 
ΔP
Δz  ±16.97%  

Table 3 
Summary of the operating conditions investigated.  

Parameter Range/value 

Fluid R513A 
Saturation temperature [ ◦C] 30–50 
Mass flux G [kg‧m− 2‧s− 1] 150–500 
Heat flux q [kW‧m− 2] 5.0–40 
Vapor quality x [-] 0.07 – 0.96 
Tube diameter d [mm] 6.0  
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observed with other fluids (Mastrullo et al., 2018) and in various studies, 
particularly involving microchannel geometries (Anwar et al., 2014). 

Fig. 5 presents the comparison with the reference fluid R134a at a 
mass flux of 300 kg/m2s, a saturation temperature of 40 ◦C, and a heat 
flux of 20 kW/m2. The heat transfer performance of R134a appeared to 
be notably higher than that of R513A, spanning from the onset of boiling 
until the slightly earlier occurrence of dry-out for R134a. These dis
crepancies could be attributed to the distinct thermophysical and 
transport properties of the two fluids. Specifically, R134a exhibits a 
higher latent heat (+15%) and a higher liquid thermal conductivity 
(+15%), compared to R513A under the same operating conditions. 

4.2. Effect of vapor quality and symmetric/asymmetric local values 

The typical evolution of the local circumferential heat transfer co
efficient values at medium-high mass fluxes versus vapor quality is 
shown in Fig. 6a. For the particular conditions set, namely high mass 
velocity and low heat flux, the trend with vapor quality was increasing 
significantly for all the peripheral positions, highlighting the non- 
negligible convective contribution. It is also evident that the heat 
transfer coefficient at the top side of the tube is higher than the one 
measured on the bottom, whereas right and left sides have approxi
mately the same intermediate values. These discrepancies are due to the 
horizontal tube, that promotes an asymmetric distribution of the liquid 
film around the wall, leading to lower thermal resistances and therefore 
higher heat transfer performance where the liquid film is thinner, at 

(a) (b)

Fig. 3. Mean heat transfer coefficient as a function of the vapor quality, showing the effect of the: (a) mass flux; (b) heat flux, for a fixed saturation temperature.  

(a) (b)

Fig. 4. Mean heat transfer coefficient as a function of the vapor quality, showing the effect of the saturation temperature, for: (a) low imposed heat flux (convective 
behavior); (b) high imposed heat flux (nucleative behavior). 

Fig. 5. Mean heat transfer coefficient as a function of the vapor quality for 
R134a and R513A in the same test tube and sharing the same oper
ating conditions. 
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least up to the dry-out occurrence at approximately x = 0.85, in which 
the liquid no longer wets the top side and the corresponding heat 
transfer performance drops below those of the other portions of the tube. 
The asymmetric behavior during annular flow was also observed in our 
previous publication Lillo et al. (2019), and could be related to the vapor 
Froude number, as defined in Cioncolini and Thome (2013), and 
showing the effect of the inertia over the buoyancy forces: 

FrV =
xG

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρV ⋅(ρL − ρV)gd

√ (6) 

For the present data points, the top-over-bottom heat transfer coef
ficient ratios are shown in Fig. 6b, divided according to their Boiling 
number value: 

Bo =
q

GΔiLV
(7) 

Experimental data with Bo > 2 10− 4 pertain to low mass fluxes and 
high imposed heat fluxes, predominantly associated with the nucleate 
boiling driven heat transfer mechanism or intermittent rewetting of the 
top surface, indicating partial dry-out. As a consequence, most of these 
data points exhibit higher bottom heat transfer coefficients compared to 
their corresponding top values. Conversely, data with Bo < 2 10− 4 

mainly relate to symmetric annular flow (at high vapor Froude numbers) 
or asymmetric annular flow (at low vapor Froude numbers), repre
senting a convective driven heat transfer mechanism. 

5. Heat transfer coefficient: assessment of methods and new 
composite correlation 

The R513A heat transfer coefficient data points were compared with 
predictions from well-known correlations. Table 4 presents the Mean 
Absolute Percentage Error (MAPE), Mean Relative Percentage Error 
(MRPE), and the percentage of data points whose error was limited to 

±30%, for all the tested methods. None of the selected models satis
factorily predicted the R513A heat transfer coefficient for the entire 
database. The Gungor and Winterton correlation (Gungor and Winter
ton, 1986) performed comparatively better with an overall MAPE of 
41%, but only 55% of the points fell within a reasonable error band of 
30%, as shown in Fig. 7a. Other predictive methods were also assessed 
but yielded worse outcomes. 

Due to the limited accuracy of the available correlations, a new 
composite method was here proposed for the calculation of the boiling 
heat transfer coefficient of refrigerant R513A. Particularly, from the 
observations of Fig. 6b, the whole database was split in points belonging 
to convective-driven (Bo < 2 10− 4) and nucleate-driven or partial dry- 
out (Bo > 2 10− 4) heat transfer mechanism. In the first case, both 
symmetric and asymmetric annular flow data were satisfactory pre
dicted by the Lillo et al. (2019) approach, as a function of the Froude 
vapor number and the symmetric heat transfer coefficient hC− T evalu
ated with the Cioncolini and Thome method (Cioncolini and Thome, 
2013) for vertical tubes: 

h = 1.25⋅
(

0.0789Fr1.90
V

1 + 0.0789Fr1.90
V

)− 0.13

hC− T , for Bo < 2 10− 4 (9) 

For the remaining database (Bo > 2 10− 4), the best statistic was 
obtained by using different correlations according to the specific value 
of the heat transfer coefficient. Particularly, the correlation of Bertsch 
et al. (2009), Gungor and Winterton (1986), Li and Wu (2010) and Kim 
and Mudawar (2013) were suggested for the evaluation of the heat 
transfer coefficient in the following ranges:h < 2.5 kW/m2K; 
2.5 < h ≤ 5.0 kW/m2K; 5.0 < h ≤ 10.0 kW/m2K; h > 10 kW/m2K. The 
assessment of the present composite method is shown in Fig. 7b. 

h = hBertsch, for Bo > 2 10− 4 and h ≤ 2.5 kW
/

m2K (10)  

h = hG− W , for Bo > 2 10− 4 and 2.5 < h ≤ 5.0 kW
/

m2K (11)  

h = hLi− Wu, for Bo > 2 10− 4 and 5.0 < h ≤ 10.0 kW
/

m2K (12)  

h = 1.4⋅hKim− Mudawar , for Bo > 2 10− 4 and h > 10 kW
/

m2K (13) 

The complete expression of each correlation is given in the Appendix 
section. From a practical point of view, a potential user of the correlation 
for Bo > 2 10− 4 might evaluate the heat transfer coefficient starting from 
the Bertsch et al. (2009) prediction method and going on with the 
subsequent models, eventually stopping when the calculated value of h 
falls in the specified range. 

It is worth mentioning, however, that the satisfactory results 

(a) (b)

Fig. 6. Asymmetry effect: (a) Local peripheral heat transfer coefficients versus vapor quality; (b) Top-over-bottom heat transfer coefficient ratio as a function of the 
vapor Froude number, for different boiling numbers. 

Table 4 
Assessment of two-phase boiling heat transfer coefficient prediction methods 
with R513A data.  

Correlation MAPE (%) MRPE (%) δ±30% (%) 

Gungor and Winterton (1986) 40.5 − 0.88 55.9 
Sun and Mishima (2009) 47.3 +6.72 58.4 
Li and Wu (2010) 54.7 +38.1 56.2 
Wojtan et al. (2005) 53.9 − 5.30 34.2 
Bertsch et al. (2009) 65.3 − 21.3 28.9 
Kim and Mudawar (2013) 72.6 − 19.5 24.3 
New composite method 25.3 − 0.21 74.6  
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obtained with this composite method are intended to be effective in the 
specific range of operating conditions used for this work and might be 
influenced by the test tube and its specific features (internal roughness) 
that would significantly affect the share between nucleate-driven and 
convective-driven heat transfer. 

6. Pressure drop results and assessment of correlations 

All the pressure drop results were obtained under the same operating 
parameters as the heat transfer coefficient tests presented in Table 3, 
except for the heat flux, which was maintained at zero to ensure an 

(a) (b)

Fig. 7. Experimental versus predicted heat transfer coefficient values according to the new composite method. Points are split according to the boiling number.  

(a) (b)

(c)

Fig. 8. Frictional pressure gradient as a function of the vapor quality. (a) Effect of the mass flux for R513A; (b) Effect of the saturation temperature for R513A; (c) 
Comparison between R513A and R134a at the same mass flux and saturation temperature. 
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adiabatic condition. 
The effect of mass flux and saturation temperature is illustrated in 

Fig. 8a-b. The high uncertainty observed for points with high vapor 
quality was attributed to significant fluctuations in operating parame
ters near dry-out conditions. As expected, increasing the mass flux re
sults in higher flow velocities and, consequently, larger frictional 
pressure gradients, ranging from approximately 1 kPa/m to 8 kPa/m 
when transitioning from 150 kg/m2s to 500 kg/m2s. In the latter case, 
the experiment was terminated before dry-out occurrence, as the pre
heating section supply was insufficient to further increase the vapor 
quality. With higher saturation temperatures, the frictional pressure 
gradient decreased due to the higher vapor-to-liquid density ratio near 
the critical point, leading to a lower slip ratio. When the same operating 
conditions were applied, R513A exhibited slightly lower pressure drops 
than R134a, as depicted in Fig. 8c. This discrepancy arose because most 
of the thermodynamic and transport properties relevant to the friction 
phenomenon (reduced pressure, densities, and viscosities of the two 
phases) are nearly identical for both fluids when the same saturation 
temperature is applied (see Table 1). 

The experimental data were compared with well-known predictions 
from the literature. The complete evaluation, including MAPE, MRPE, 
and the percentage of data falling within the ±30% error range, is 
presented in Table 5. The separate flux model of Friedel (1979), based 
on the liquid-only two-phase multiplier, demonstrated the best accu
racy, yielding a MAPE of 13.8% and an MRPE of − 3.8%, with 88% of the 
tests falling within the specified error range. The mechanistic method of 
Mauro et al. (2022), initially designed for annular flow, also provided 
satisfactory results for the entire database, with a MAPE of 23.1% and 
nearly 69% of the data within the ±30% error range. As shown in 
Fig. 9a, this method provides a sudden change of the frictional pressure 
gradient, at a vapor quality of approximately 0.60 for the chosen con
ditions. This is due to the transition from turbulent to laminar flow with 
the progressive reduction of the liquid film thickness. The Friedel (1979) 
correlation captured the experimental trend more effectively (see also 
Fig. 9b), even though it somewhat overpredicted the vapor quality at the 
pressure drop peak. Among the other prediction methods, the method of 
Jung et al. (1989) led to significant overpredictions, while the remaining 
correlations, including the homogeneous models, exhibited lower er
rors, all underestimating the experimental values. 

7. Conclusions 

In this study, data on the two-phase heat transfer coefficient during 
evaporation and adiabatic frictional pressure drop for refrigerant R513A 
inside a 6.0 mm horizontal stainless-steel tube were collected. The key 
new findings, experimental trends, correlation assessments, and com
parison with the reference fluid R134a are summarized as follows:  

• At high mass velocities and low imposed heat fluxes, the heat transfer 
coefficients exhibited an increasing trend with vapor quality. Local 
values at the top were generally higher than those at the bottom, 
suggesting a non-negligible asymmetry in the liquid film thickness at 
the wall. However, for low mass velocities (tests at G = 150 kg/m2s), 
the decreasing trend with vapor quality indicated the possibility of 
earlier dry-out and a stratified flow.  

• Both convective and nucleate boiling mechanisms contributed to 
two-phase heat transfer. High mass velocities (>300 kg/m2s) and 
low heat fluxes (<10 kW/m2) emphasized convective contributions, 
while the effect of heat flux was significant, enhancing the heat 
transfer coefficient by up to +300% as the heat flux increased from 
10 kW/m2 to 40 kW/m2.  

• The effect of saturation temperature depended on the imposed 
operating conditions. In cases with significant convective contribu
tions, increasing reduced pressure led to a reduction in heat transfer 
performance. Conversely, when nucleate boiling was the dominant 
mechanism, the heat transfer coefficient benefitted from higher 
saturation temperatures.  

• None of the tested correlations satisfactorily predicted the heat 
transfer coefficient, with the Gungor and Winterton (1986) method 
offering the best accuracy (MAPE = 40%). A new composite method 
was then developed according to the Boiling number and existing 
correlations, providing a MAPE of 25.3%.  

• Adiabatic frictional pressure gradients increased with higher mass 
fluxes and lower saturation temperatures. The Friedel (1979) sepa
rate flux model could predict 88% of the data within an error range 
of ±30%, providing a MAPE of 13.8%.  

• When compared to the reference fluid R134a at the same operating 
conditions, R513A exhibited considerably lower heat transfer per
formance (likely due to its lower liquid thermal conductivity and 
latent heat) and almost identical frictional pressure gradients 
(attributed to the very similar viscosities of both fluids). 

It is important to highlight that more accurate deductions related to 
the heat transfer mechanism would require the direct observation of the 
occurring flow pattern. Also, the declared accuracy of the new com
posite heat transfer coefficient prediction method is intended only for 
the specific operating conditions explored by the experimental 
campaign. More reliable data on this mixture in wider conditions would 
be useful to extend the validity of the proposed correlation. 
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Appendix 

Bertsch et al. (2009) correlation: 

hBertsch = hCooper(1 − x) + hCB
(
1+ 80

(
x2 − x6)e− 0.6⋅Co)

hCooper = 55⋅p0.12− 0.2⋅log10ε
red ⋅

(
− log10(pred)

− 0.55
)

⋅M− 0.5⋅q0.67  

hCB = hHausenLO⋅(1 − x) + hHausenVO⋅x  

hHausen =
3.66 + 0.0688⋅Re⋅Pr⋅d/L

1 + 0.04⋅Re⋅Pr⋅d/L
⋅
λ
d 

Gungor and Winterton (1986) correlation: 

hG− W = E⋅hDB + S⋅hCooper    

Table 5 
Assessment of two-phase pressure drop prediction methods with R513A data.  

Correlation MAPE (%) MRPE (%) δ±30% (%) 

Friedel (1979) 13.8 − 3.8 87.8 
Mauro et al. (2022) 23.1 − 3.6 68.6 
Müller-Steinhagen and Heck, (1986) 27.2 − 22.3 66.8 
Zhang and Webb (2001) 29.5 − 26.3 55.2 
Jung et al. (1989) 63.4 +50.9 13.7 
Homogeneous Cicchitti et al, (1960) 33.3 − 33.1 36.5 
Homogeneous Dukler et al. (1964) 48.8 − 48.8 5.9 
Homogeneous McAdams et al. (1942) 46.8 − 46.8 5.9  
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hDB = 0.023⋅Re0.8
L ⋅Pr0.4

L ⋅λL
/

d  

E = 1 + 24, 000⋅Bo1.16 + 1.37⋅
(

1
Xtt

)0.86  

S =
(
1 + 1.15⋅10− 6⋅E2⋅Re1.17

L

)− 1 

Li and Wu (2010) correlation: 

hLi− Wu = 334⋅Bo0.3( Bd⋅Re0.36
L

)0.4⋅λL

/
d 

Kim and Mudawar (2013) correlation: 

hKim− Mudawar =
(
h2

NB + h2
CB

)0.5  

hNB = 2345⋅Bo0.7⋅p0.38
red ⋅(1 − x)− 0.51⋅hDB  

hCB = 5.2⋅Bo0.08⋅We− 0.54
LO + 3.5⋅

(
1

Xtt

)0.94

⋅
(

ρV

ρL

)0.25

⋅hDB  
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