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Mixtures of hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs) are suitable as drop-in substitutes in
refrigeration and air conditioning, due to the low global warming potential (GWP) and desired thermodynamic
properties. In the present work, the flow boiling heat transfer of four HFOs/HFCs mixtures has been studied

E:iz: inside a 0.96 mm diameter channel. Three of those mixtures, R513A (R1234yf/R134a, 56/44 % by mass,
R515B GWP1g0y = 629), R516A (R1234yf/R152a/R134a 77.5/14/8.5 % by mass, GWP1po.y = 131) and R515B
R450A (R1234ze(E)/R227ea, 91/9 % by mass, GWP1go.y = 299), are azeotropic mixtures, while the fourth is quasi-

azeotropic mixture R450A (R1234ze(E)/R134a, 56/44 % by mass, GWP10.y = 547, AT, = 0.63 K at 30 °C).
The experimental campaign was conducted using a test section where the flow boiling is promoted by a sec-
ondary fluid, at 30 °C mean saturation temperature and mass flux between 300 kg m 2 s~! and 600 kg m 2 s~L.
The present data have been compared with the heat transfer coefficient of R134a, in order to assess the suitability
of its drop-in substitutes. From the comparison between experimental data and the predictions from some semi-
empirical models, a modified method is presented. The new flow boiling heat transfer correlation has been

successfully tested with data of propane, propylene, R32 and R1234yf.

1. Introduction

Over recent years increased attention has been reserved to envi-
ronmental impact related to all human activities, leading to the intro-
duction of new regulations and consequently restrictions in many
sectors, from transportation to civil applications. Among all the affected
sectors, refrigeration for civil and industrial applications has been
regulated with the EU regulation 573/2024 in which the European
Union sets the hydrofluorocarbons (HFCs) phase-out, including R134a
(GWP100.y = 1300 according to [1]). In particular, refrigerants having
global warming potential higher than 150 will be progressively banned,
with this limitation becoming effective from 2027. However, the
employment of refrigerants with GWP higher than 150 but lower than
750 will still be allowed in mono-split air conditioning and heat pump
systems. The first proposed solutions for the substitution of R134a were
hydrofluoroolefins (HFOs), such as R1234yf and R1234ze(E). The
GWP1qo.y of most HFOs is lower than 2 [1] and they are classified as
mildly flammable A2L [2]. The reliability of HFOs as substitutes of
R134a has been investigated by many studies, regarding both the
comparison of the two-phase heat transfer performance of HFOs and
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R134a and the comparative analysis operation of existing systems with
the hydrofluoroolefins and the HFC. Del Col et al. [3,4] experimentally
studied both condensation of R1234yf and R1234ze(E) and flow boiling
of R1234yf and compared the results with R134a. In their work, the
authors concluded that there was no significant difference between the
flow boiling HTC of R1234yf and R134a. Moreover, Diani et al. [5,6]
measured the experimental flow boiling HTCs of R1234yf and R1234ze
(E) inside a 3.4 mm ID microfin tube and compared the experimental
heat transfer coefficient of the hydrofluoroolefins and R134a. The au-
thors find out that the flow boiling heat transfer coefficients of R1234yf
are slightly lower than those of R134a at high vapor quality, but com-
parable at low vapor quality values, while R1234ze(E) HTCs are from 8
% to 10 % lower than the flow boiling heat transfer coefficient of R134a.
Regarding the investigation of the drop-in substitution of R134a in
existing refrigerant systems, Li et al. [7] experimentally compared the
replacement of the HFC with R1234yf in an oil-free VCR system, high-
lighting that with the hydrofluoroolefin the COP is from 5 % to 20 %
lower.

In searching for possible drop-in substitutes for R134a, mixtures of
HFC and HFO have gained more and more interest since they have low
GWP values. These mixtures generally display GWP higher than 150 but
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Nomenclature

B Scaling factor [/]

c Specific heat [J kg’1 K1

CcopP Coefficient of Performance [/]

d Diameter [m]

E Enhancement factor of the convective boiling [/]

er Mean percentage error [%], =
(1/NP) Z [(acalc - ameas)/ameas ]'100

eaB Mean absolute percentage error [%], =
(1/NP) > (locate — meas| / ¥meas )-100

F, Mixture correction factor [/]

G Mass flux [kg m 2 s ']

GWP1oo.y Global Warming Potential over 100 years [/]

h Specific enthalpy [J kg ']

hic Latent heat [J kg’l]

HTC Heat transfer coefficient [W m 2 K]

Coverage factor [/]

m Mass flow rate [kg s 1]

M Molecular mass [kg kmol™!]

N, Number of experimental data points [/]

P Pressure [bar]

Pr Reduced pressure [/],= (P/Perit)

q’ Heat flux [W m 2]

Ra Inner surface roughness according to ISO 4287 [pm]

Rp Roughness according to DIN 4762/1 [pum]

S Suppression factor of the nucleate boiling [/]

T Temperature [°C]

Tdew Dew-point emperature [°C]

U, Heat transfer coefficient standard expanded uncertainty
[%]

Uy Heat flux standard expanded uncertainty [%]

Uy Vapor quality standard expanded uncertainty [/]
x Thermodynamic vapor quality [/]

Z Axial position [m]

Greek letters

a(z) Local heat transfer coefficient, HTC [W m 2 K™ !]
ag Heat transfer coefficient calculated with a general

correlation [Wm 2K 1]
B Liquid mass transfer coefficient [/]
p Density [kg m 3]
u Dynamic viscosity [kg m™! s71]
Ahyy, Isobaric enthalpy change of the mixture [J kg™]
ATgy Mixture temperature glide [K]
y Thermal conductivity [W m K]
o Surface tension [mN m™!]
oN Standard deviation [%], =

1/2

{[Z(ef eR)z]/(Np ~1) } 100
Subscripts
cb Convective boiling
IN Inlet
L Liquid
m Mixture
nb Nucleate boiling
our Outlet
r Refrigerant
sat Saturation
14 Vapor
wat Water
wall Wall

significantly lower than pure HFCs. However, their GWP is largely below
750, thus still in the allowed range. Several researchers investigated the
possibility of a drop-in substitution of hydrofluorocarbons with HFC/
HFO mixtures [8-11]. Focusing on the replacement of R134a, Mateu-
Rojo et al. [12] tested R1234ze(E) and R515B (R1234ze(E)/R227ea,
91/9 % by mass) in a medium and moderately high heat pump designed
for R134a. The experimental analysis pointed out that R515B presents a
considerably high performance, especially for the higher temperature
and that the COPs of the mixture are similar to those of R134a. Makh-
natch et al. [13] conducted an experimental campaign with R450A
(R1234ze(E)/R134a 58/42 % by mass) and R513A (R1234yf/R134a 56/
44 % by mass) inside a small refrigeration system for high ambient
temperature countries. Comparing the obtained COP with the perfor-
mances of the refrigeration systems with R134a, they observed that
R513A presents the highest COP while there was a 5.3 % reduction in the
COP using R450A. Finally, Al-Sayyab et al. [14] tested a vapor
compression cooling and heating system operating with R1234yf,
R513A and R516A. While R516A was found to be more suitable for low
evaporation temperatures, it was found that the highest COP were
reached by R513A.

While some works regarding the deployment of R513A, R516A,
R515B and R450A in refrigerating systems and heat pumps were found
in the literature, very limited studies regard the flow boiling of these
mixtures. Considering the flow boiling inside circular channels, Diani
et al. [15] evaluated the flow boiling of R513A inside a horizontal
smooth tube microfin tube, while Kedzierski et al. [16] studied the
convective boiling of R450A inside a horizontal microfin tube. Instead,
to the best of the author’s knowledge there are no studies that investi-
gate the flow boiling heat transfer of R516A and R515B inside tubes.
Moreover, the flow boiling models used to predict the heat transfer
coefficient are often unable to give a prediction in good agreement with

the experiments. In fact, in [4,17,18] the authors reported an average
deviation of more than 25 % with the majority of the models.

Thus, it is of utmost importance to obtain experimental data on new
mixtures to assess existing correlations. To address this gap, the present
paper experimentally investigates the flow boiling heat transfer of HFC/
HFO mixtures R513A, R516A, R515B, and R450A inside a minichannel
with an internal diameter of 0.96 mm. Research on these fluids is
crucial, considering their potential adoption in the transition from HFCs
to future refrigerants. In the transition towards natural and low GWP
refrigerants, fluids like R513A, R516A, R515B and R450A are relevant
because they can be used as direct “drop-in” replacements for R134a,
without requiring major modifications to existing systems. This study
focuses on flow boiling inside channels with azeotropic and quasi-
azeotropic mixtures. The effects of mass flux, heat flux, and vapor
quality on the heat transfer coefficient of the blends were assessed. To
evaluate the feasibility of drop-in substitution of R134a with the tested
mixtures, the obtained heat transfer coefficients are compared with
those of R134a. Additionally, the new data have been used to propose a
modification of the Bertsch et al. [36] correlation to better predict flow
boiling heat transfer coefficients. This new version has also been suc-
cessfully tested against flow boiling data of hydrocarbons, which are
expected to be used as refrigerants in heat pumps and refrigeration
systems in the near future.

2. Experimental approach
2.1. Experimental rig and test section
Experiments have been conducted using a circular channel with an

internal diameter equal to 0.96 mm. The measuring section and the
experimental apparatus are thoroughly described in [3,17]. The
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experimental setup (Fig. 1a)) is a closed pumped loop that allows the
measurements of the local heat transfer coefficients. The loop is
composed by an oil-free inverter-driven gear pump which takes the
subcooled liquid refrigerant from the post-condenser and sends it
through a Coriolis-effect mass flow meter. By acting on the inverter of
the pump and on the throttling valve present in the circuit, the mass flux
can be controlled and its stability can be verified from the instantaneous
measurements of the Coriolis-effect mass flow meter, by keeping the
mass flux variation within 2 %. After the mass flow meter, the refrig-
erant enters a counter-flow tube-in-tube heat exchanger that works as
pre-heater and uses water as secondary fluid. The temperature of the
secondary fluid is kept constant by means of a PID control system. The
refrigerant exits the pre-heater with a fixed subcooling (usually 2-3 K)
and then enters the measuring section, where hot water coming from a
thermostatic bath is used to vaporize it. The mass flow rate and tem-
peratures on the water side are measured using a Coriolis-effect mass
flow meter and various thermocouples placed along the water circuit.
After passing through the test section, the refrigerant enters the
condenser to be fully condensed and subcooled. Since the heat is pro-
vided by the water, the heat flux is not imposed but depends on the
operative conditions. During the experimental campaign, several tests at
the same refrigerant mass flux are conducted by varying the water mass
flow rate and inlet temperature. By combining the data from several
experimental tests, the analysis on the effect of the heat flux and vapor
quality is conducted.

The experimental test section is a 0.96 mm internal diameter (ID)
tube-in-tube heat exchanger with the refrigerant flowing inside the tube
and the secondary hot water flowing in counter-flow on an external
annulus. The inner surface roughness Ra is equal to 1.3 pm (ISO 4287)

e S
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and the total length of the measuring sector is equal to 230 mm. The test
section used in this work is a horizontally oriented 0.96 mm ID mini-
channel and it is presented in Fig. 1b). The tube material is copper and
the external water side of the tube has been machined to enhance the
heat transfer area and increase the water mixing in correspondence of
water thermocouples. In fact, the test section is equipped with fifteen
copper-constantan thermocouples inserted in the water path to measure
the water temperature profile, while eleven T-type thermocouples are
embedded in the wall to measure the wall temperature profile. A relative
pressure transducer is used to measure the pressure at the inlet of the
measuring section. The outlet pressure is obtained as the difference
between the inlet pressure and the measurements of two differential
pressure transducers with different measuring ranges.

2.2. Composition of the tested mixtures

The tests have been carried out with four different blends. The
mixtures were all bought in bottles already prepared by the manufac-
turers and the charge of the test rig was performed after vacuum was
created in the system by a vacuum pump. Finally, to check the compo-
sition of the mixture, preliminary tests have been conducted. The
agreement between the measured temperature at vapor quality equal to
0.6 and the saturation temperature obtained from Refprop 10 [19] is
within 0.2 K (providing as input the measured vapor quality and pres-
sure). The major components of these mixtures, which are all proposed
as drop-in substitutes of HFC R134a, are R134a, R1234yf and R1234ze
(E). Three of them (R450A, R515B, R513A) are classified as non-
flammable and non-toxic (A1) by the ANSI/ASHRAE classification [2],
while R516A is classified as mildly flammable (A2L). R450A is a near-
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Fig. 1. a) Experimental test rig (FD: filter drier; PV: pressure vessel; CFM: Coriolis-effect mass flow meter; TV: throttling valve; MF: mechanical filter; BV: ball valve);
b) 0.96 mm ID experimental test section for the measurement of the flow boiling HTC.
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azeotropic binary mixture (composed by R1234ze(E)/R134a, 56/44 %
by mass, GWP10¢.years = 547) and it presents a temperature glide ATgy,
equal to 0.63 K at 30 °C. R515B (composed by R1234ze(E)/R227¢ea, 91/
9 % by mass, GWP1gg.years = 299) and R513A (composed by R1234yf/
R134a, 56/44 % by mass, GWP1qp.years = 629) are both azeotropic bi-
nary blends. Lastly, R516A (composed by R1234yf/R152a/R134a 77.5/
14/8.5 % by mass, GWP1qq.years = 131) is a ternary azeotropic mixture.
The GWP100.years and ODP values are taken from the IPCC Sixth Report
(2023) [1]. The thermodynamic properties (obtained from NIST Refprop
10 [19]) of the mixtures tested in this work and their main pure com-
ponents are reported in Table 1. In the Supplementary Material (Section
2) the temperature composition diagram of the mixture of R1234ze(E)
and R134a at 6.77 bar (saturation pressure for R450A) is presented.

2.3. Data reduction

As explained above, the heat is provided to the refrigerant flowing in
the measuring channel by the water flow, thus the heat flux is not fixed
but depends on the operative conditions of the water. For this reason,
the local heat flux is determined from the energy balance on the water
side (Eq. (1)). The calculations of the heat flux and the HTC, as reported
in the following equations, are possible thanks to copper-constantan
thermocouples inserted in the water path (15 thermocouples) and on
the wall (11 thermocouples), which together with the Coriolis effect
mass flow meter are also used to verify the stability of the parameter
before the measure is performed:
dTya(2)

iz @

q. (Z) = Myar Cwat

q(z
Twan (Z) - TS“[(Z) ]

a(8) = 41 @

where Tyq(2) is the measured wall temperature, Tsq(2) is the local
saturation temperature obtained from the refrigerant pressure using
Refprop 10 [19] and the local heat flux q’(2) is obtained from the de-
rivative of the polynomial equation interpolating the measured water
temperature %, while a(z) is the local flow boiling HTC at the po-
sition z. The interpolation procedure does not include the water ther-
mocouples which are in the dry-out region, since these are excluded by
the data reduction procedure. As consequence, the maximum value of
vapor quality which can be studied in the present work is 0.65. Indeed,
higher vapor qualities are in the dry-out region or close to the dry-out
region.

The total latent heat gained by the refrigerant from the inlet of the
test section to the generic position qi,(z) along the test section can be
calculated following Eq. (3). Once this parameter is known, the local
vapor quality can be calculated as in Eq. (4):
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qlat(z) = mwat Cwat [Twat (Z) - TOUT.wat} - mr (hxat,L - hIN,r) (3)
_ qlat(z)
B e g @

As can be seen, Eq. (3) gives the mean heat flow rate transferred by
the water to vaporize the refrigerant, accounting for the heat required to
raise the temperature of the sub-cooled fluid at the entrance of the
measuring section to the saturation temperature.

Considering R450A, since it displays a temperature glide equal to
0.63 K at 6.77 bar, the data reduction has been modified compared to
the one used for azeotropic mixtures or pure fluids. In particular, the
vapor quality and the local refrigerant temperature (that is between the
dew and the bubble temperature) are obtained using the local specific
enthalpy, pressure and mass composition through the Refprop 10 [19]
software. This procedure has been adopted in Berto et al. [20], Azzolin
et al. [18,21] and Kondou et al. [22] even with mixtures with larger
temperature glide.

2.4. Uncertainty analysis

The uncertainty in measured quantities was determined as indicated
in the guidelines of the JCGM (2008) [23]. As expressed in the JCGM,
the uncertainty of a measured parameter is composed by Type-A and the
Type-B contributions. The first comes from repeated observations and is
evaluated by statistical methods. In the present work, each experimental
point is obtained as the arithmetic mean of 50 signal readings performed
in 50 s, and therefore the Type-A uncertainty can be estimated as:

ON

VNp

where the numerator is the standard deviation of the 50 measures.

The second contribution to the combined uncertainty is the Type-B
uncertainty ug which includes contributions deriving from calibration’
procedures and manufacturers’ specifications. Type B uncertainties of
measured quantities are reported in Table 2.

Once both Type-A and Type-B uncertainty are evaluated, the com-
bined uncertainty u¢ can be calculated:

uc = /uj +ud (6)

For a non-directly measured quantities (e.g. HTC, vapor quality, ...)
that can be expressed as a function F of several measured quantities X;,
the combined uncertainty u is obtained as combination of the different
uncertainties uc(X;) related to each measured quantity X;, using the law
of propagation of uncertainty:

(5)

Uy =

Table 1
Thermodynamic and transport properties of the tested mixtures and their major components at 30 °C saturation temperature. The values were calculated with Refprop
10 [19].
Fluid R450A R515B R513A R516A R1234ze(E) R1234yf R134a
GWP100.years 547 299 573 131 <1 <1 1300
ASHRAE Al Al Al A2L A2L A2L Al
ODP 0 0 0 0 0 0 0
M [kg kmolfl] 108.67 117.48 108.43 102.58 114.04 114.04 102.03
Dsar [bar] 6.77 5.75 8.21 7.98 5.78 7.84 7.7
pr /] 0.18 0.16 0.23 0.22 0.16 0.23 0.19
pr [kgm—3] 1160.6 1163.9 1141.8 1048.9 1146.4 1073.3 1187.5
pv kg m~3) 34.59 31.26 43.5 39.89 30.52 46.73 37.34
y, [pPa s] 178.48 181.32 156.05 145.82 178.89 143.97 183.13
Jp (mWm K] 74.79 71.58 68.13 68.41 72.52 62.02 78.99
hig [kJ kgfl] 166.34 158.24 151.88 159.46 163.06 141.24 173.10
o [mNm™!] 7.7 8.09 6.1 6.12 8.21 5.56 7.38
Taew [°C] 30.32 - - - - - -

ATy, [K] 0.63 - _
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Table 2
Type-B experimental uncertainty of measured quantities.
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Measured parameter

Type-B uncertainty

Temperature (thermocouples)
Temperature difference (thermopile)
Water mass flow rate in sectors 1-2-3 (3.38 mm channel)

Water mass flow rate in the PS (0.96 mm channel)
Water mass flow rate in sectors 4-5 (3.38 mm channel)

Water mass flow rate in the MS (0.96 mm channel)

Refrigerant mass flow rate
Absolute pressure
Pressure difference (>1 kPa)

Pressure difference (<1 kPa)

Test section length and hydraulic diameter

+0.05°C
+ 0.03K

+0.14 % at 10 kg/h
+0.14 % at 10 kg/h
+£0.2 % at 10 kg/h

+ 0.2 % at 10 kg/h
+ 0.2 % at 2 kg/h
+ 0.1 % at 54 kg/h
+ 5 kPa
(99.7 % confidence level)
+ 0.12 kPa
(99.7 % confidence level)
+ 0.1 kPa
(99.7 % confidence level)
+ 0.02 mm

n

)

Uc =

(%) )

where n is the number of measured quantities.
Finally, the expanded uncertainty U is obtained considering a
coverage factor K equal to 2 (confidence level equal to 95 %):

i=1

U=Kuc ®

Table 3 reports the expanded standard uncertainty of flow boiling
HTC, vapor quality and heat flux. More detailed information for the
uncertainty calculation is provided in [17].

3. Flow boiling test results

Tests have been run at mean saturation temperature equal to 30 °C
and mass flux equal to 300, 400, 500 and 600 kg m 2 s’l, while the
vapor quality varied between 0.04 and 0.65. The obtained flow boiling
heat transfer coefficients were studied to evaluate the effect of mass flux,
vapor quality and heat flux. The data reduction procedure adopted in the
present work excluded all the heat transfer coefficients measured in dry-
out conditions. To evaluate if an experimental point was or was not in
dry-out, the procedure described by Del Col and Bortolin [24] was
implemented. This procedure is based on the evaluation of the standard
deviation of the wall temperature measurements: the region of the tube
where the dry-out occurs presents the highest standard deviation of the
wall temperature. The variation in HTCs within the same mass flux and
heat flux range (Figs. 2¢)-5c¢)) is due to the effect of vapor quality, which
leads to a reduction in the heat transfer coefficient as it increases.

3.1. Effect of mass flux, vapor quality and heat flux

Concerning the effect of mass flux, vapor quality and heat flux, the
experimental heat transfer coefficients are plotted in Figs. 2-5. Firstly,
the effect of the mass flux is analysed. From Figs. 2¢, 3¢, 4c and 5c, it can
be seen that the experimental data obtained at different mass fluxes for
all the refrigerants show a limited or negligible effect of the mass flux on

the heat transfer coefficient. The negligible effect of the mass flux on the
flow boiling HTC in minichannels was observed also in [5,17,25]. For
this reason, in the next graphs, the HTCs of each fluid will be presented
without distinction between the mass fluxes.

The heat flux is the parameter that affects the flow boiling heat
transfer coefficient the most. This is evident from Figs. 2a, 3a, 4a and 5a,
because the increase of the heat flux implies an increment of the heat
transfer coefficient when plotted against the vapor quality. In particular,
the heat transfer coefficient at 50 kW m~2 is on average 63.1 % lower
than the flow boiling HTG at 100 kW m~2 for R513A. Considering
R516A, R515B and R450A, the reduction of the heat flux from 100 kW
m~2 to 50 W m~2 causes a flow boiling heat transfer coefficient reduc-
tion of 53.5 %, 48.1 % and 50.9 % respectively. This suggests a pre-
dominance of nucleate boiling in the tube for all tested mixtures at the
investigated test conditions.

In Figs. 2b, 3b, 4b and 5b the flow boiling heat transfer coefficient
have been plotted against the vapor quality at fixed ranges of heat flux
(q=100+5kWm2 g=75+3kWm 2?and g =50 + 2kWm 2. In
this way, it is possible to analyse the effect of the vapor quality. Since the
local heat flux is the result of water conditions (temperature and mass
flow rate), in order to investigate the effect of vapor quality on the HTC
at constant heat flux, data from different experimental runs (performed
with the same refrigerant mass flux and saturation temperature) were
combined together, filtering the data that fall in a narrow range of heat
flux [4]. From the results presented in the figures, it can be observed that
the heat transfer coefficient slightly decreases when the vapor quality
increases. Considering the mixtures R513A and R516A (mostly
composed by R1234yf), the flow boiling heat transfer coefficient
decrease due to the vapor quality increment is limited. Indeed, when the
vapor quality goes from 0.2 to 0.4 the experimental flow boiling heat
transfer coefficient at 100 + 5 kW m ™2 reduces on average of 6.5 % for
both R513A and R516A, while when considering the experimental point
at 50 & 2 kW m 2 the same vapor quality change causes a reduction of
the heat transfer coefficient around 3.5 % for both blends. Rather,
R515B (mixture richer in R1234ze(E)) showed a higher sensibility to the
vapor quality with respect to R513A and R516A. At 100 + 5kW m~2 and
vapor quality going from 0.2 to 0.4 a 9.4 % drop in the heat transfer

Table 3

Expanded uncertainty of flow boiling HTC (U,), heat flux (U,") and vapor quality (U,) (coverage factor k = 2). The values are referred to the entire database.
Fluid U, [%] Uy [%] Uy [-]

min mean max min mean max min mean max

R513A 3.6 7.9 16.6 1.4 6.3 25.9 0.01 0.02 0.03
R516A 3.7 7.1 10.9 1.3 5.1 18.9 0.01 0.02 0.03
R515B 3.4 7.3 9.8 0.9 4.9 16.2 0.01 0.02 0.03
R450A 3.2 7.1 12.5 1.2 5.4 21.4 0.01 0.02 0.03
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Fig. 2. Flow boiling heat transfer coefficients of R513A measured in the 0.96 mm diameter channel at mean saturation temperature of 30 °C: a) HTC versus heat flux;
b) HTC versus vapor quality; ¢) HTC versus mass flux. In b) all the studied mass fluxes have been considered.
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coefficient can be observed. While at 50 + 2 kW m ™2, when the vapor
quality goes from 0.2 to 0.3 the heat transfer coefficient presents a 4 %
drop. Thus, at both 100 + 5 kW m™2 and 50 + 2 kW m~2, R515B dis-
plays a higher reduction of the HTC than R513A and R516A. Lastly,
R450A for vapor quality increasing from 0.2 to 0.4 at both 100 + 5 kW
m~2 and 50 + 2 kW m~2 displays a flow boiling HTC reduction around
5.6 %.

For the examined mixtures, and the present experimental conditions,
it can be summarized that an increase in heat flux significantly enhances
the heat transfer coefficient, while the vapor quality increase slightly
reduces the heat transfer coefficient, and mass flux contribution on the
flow boiling heat transfer is negligible. These trends for the flow boiling
HTC in minichannels were observed in previous papers [4,18]. These
works analysed the flow boiling of pure fluids and azeotropic mixtures.
Moreover, the same behaviour for flow boiling in minichannels was
reported by Shiferaw et al. [26], Anwar et al. [27] and Bertsch et al.
[28], showing that the heat transfer coefficient increases with the heat
flux and slightly decreases with the vapor quality, while no effect of the
mass flux was observed.

The present experimental data can be interpreted as evidence that
the dominant heat transfer mechanism is nucleate boiling. In fact, for all
the fluids, we observed a strong dependence of the heat transfer coef-
ficient on the heat flux, no dependence on the mass flux and a slight
decrease of the heat transfer coefficient with vapor quality. This
behaviour is consistent with a heat transfer condition controlled by
nucleate boiling, where boiling occurs at nucleation sites on the tube
wall surface. With higher heat flux, more nucleation sites become acti-
vated, resulting in a higher heat transfer coefficient; conversely, an in-
crease in vapor quality reduces the presence of liquid, leading to fewer
active nucleation sites.

It is true that the three-zone evaporation model by Thome et al. [29],
based on the assumption of convective heat transfer in the confined
bubble regime without contribution from nucleate boiling (with the
exception for the bubble formation frequency) predicts an increasing
trend of the HTC with the heat flux and a decreasing trend of the HTC
with the vapor quality, as found in the present experiments. However, as
reported in Shiferaw et al. [26], the three-zone model predicts also an
effect of the mass flow rate on the HTC, effect that is not found in the
present experimental data. Furthermore, recent visualizations per-
formed in even smaller channels (0.4 mm), in which the bubble
confinement effect is expected to be even more evident, show the
presence of bubbles nucleation. In particular, Tibiri¢a and Ribatski [30]
investigated flow boiling with R134a and R245fa inside a 0.4 mm
microchannel and they detected vapor bubbles departing from the

channel wall and nucleation sites active for all the flow patterns. This
strengthens the assumption of nucleate boiling as dominant heat transfer
mechanism in the experimental conditions investigated in the present
paper.

The nucleate boiling heat transfer coefficient can be calculated
considering the correlation from Cooper [31]:

HTC = 55pr0A12—0.2 logRp ( _ 10gp,)’°'55 M5 q’0v67 ©)

where Rp is the wall surface roughness according to DIN 4762/1, M is
the molecular mass of the considered fluid, g’ is the heat flux and p, is the
reduced pressure (the ratio between the actual pressure and the critical
pressure of the fluid). In Eq. (9) the heat transfer coefficient is a function
of the heat flux power to 0.67.

As reported in the work of Bortolin et al. [32], the nucleate boiling
phenomenon can be active also in annular flow regime inside small
diameter channels since numerous bubbles were detected by the authors
at the tube wall. The hypothesis that nucleate boiling is the dominant
mechanism can be supported by an analysis of the experimental heat
transfer coefficient data as a function of heat flux in the 0.96 mm
channel as presented in Fig. 6. Data from selected vapor quality ranges
were analysed, particularly within x = 0.3 £+ 0.05 (Figs. 6a-b) and x =
0.2 £ 0.05 (Figs. 6¢-d). The choice to present two distinct vapor quality
ranges for all four mixtures was made to confirm the findings under
varying conditions. As observed in Figs. 6a and 6b for x = 0.3 £ 0.05, all
the mixtures exhibit a relation with heat flux that aligns with the Cooper
equation. Specifically, the exponent of the power function interpolation
is equal to 0.64, 0.68, 0.65 and 0.66 respectively for R516A, R513A,
R515B and R450A. The same behaviour can also be seen for the other
vapor quality range x = 0.2 + 0.05 (Figs. 6¢-d), with all the mixtures
showing a power law coherent with the Cooper correlation. This is of
particular interest especially for R450A, which despite presenting a not-
null temperature glide, even if lower than 1 K, did not show a significant
deviation from the prediction of the Cooper equation.

3.2. Comparison between mixtures and their pure components

The comparison between the four tested mixtures and the major pure
fluids components R134a, R1234yf and R1234ze(E) is presented in
Fig. 7. The data of the pure fluids were taken in the same experimental
apparatus at similar operative conditions and can be found in [4,17,25].
The comparison reported in Fig. 7 in terms of heat transfer coefficient
versus heat flux has been made considering a vapor quality x = 0.3 +
0.05. The heat transfer coefficients of the mixtures and of the pure fluids
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present a similar trend. In particular, from Fig. 7a): when comparing the
heat transfer coefficient of R513A with those of R516A, it emerged that
R516A presents HTC on average 8 % higher than R513A; when
comparing the HTCs of R513A and R516A with those of R134a (Fig. 8a)
the maximum difference is 5 %, thus within the experimental uncer-
tainty range. Moreover, when comparing the HTCs of R513A and R516A
with those of R1234yf (Fig. 8b), R516A heat transfer coefficient differs
from those of R1234yf by less than 5 % while R513A present an average
reduction with respect to R1234yf around 10 %. This difference between
the flow boiling HTCs of R1234yf and R513A can be explained with a
combination of the different properties of the two fluids in particular
molecular mass, reduced pressure and surface tension.

Differently from R513A and R516A it can be observed from Fig. 7b)
and Fig. 8a) that R515B and R450A present lower heat transfer co-
efficients with respect to R134a: the reduction is respectively equal to
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Fig. 9. Experimental heat transfer coefficients of R450A, R513A and the pure
components R1234yf, R1234ze(E) and R134a measured in the 0.96 mm
channel at vapor quality equal to 0.3 and heat flux equal to 70 kW m 2. Dashed
lines refer to the ideal linear behaviour. Mass composition equal to O corre-
sponds to pure R1234yf or R1234ze(E) and equal to 1 corresponds to
pure R134a.

10 % and 15 % for R515B and R450A. The reduction can be explained by
the lower value of molecular mass and the higher value of reduced
pressure of R134a that, following Eq. (9), are key parameters of nucleate
boiling. When compared to R1234ze(E), both R450A and R515B present
comparable heat transfer coefficients with a difference below 4 % for
both fluids (see Fig. 8b). The same behaviour can be observed when
comparing R515B and R450A. The heat transfer coefficient of R515B is
slightly higher than that of R450A, however, the differences are never
higher than 6 %. Since the molecular mass and the reduced pressure are
similar for these fluids, the smaller difference of R450A can be a
consequence of its near azeotropic behaviour.

Summarizing, most of the differences in terms of heat transfer co-
efficients between the tested mixtures and the main pure components
(R134a, R1234ze(E) and R1234yf) are within the experimental uncer-
tainty. The only exception is the comparison of the heat transfer co-
efficients between R134a and R515B, as well as between R450A and
R134a, where a difference greater than 10 % was observed.

In Fig. 9, the flow boiling heat transfer coefficients of R450A and
R513A were compared with the heat transfer coefficients of the pure
components R134a and the hydrofluoroolefins R1234yf and R1234ze
(E). The comparison was carried out at vapor quality equal to 0.3 and
heat flux equal to 70 kW m ™2 (as shown in Section 3.1, in this condition
there is no effect of the mass flux on the HTC). As can be seen, the heat
transfer coefficient of both mixtures is lower than the one resulting from
a linear interpolation of the heat transfer coefficients measured with the
pure fluids (9.1 % for R450A and 4.7 % for R513A). The deviation of
R513A is within the uncertainty of the experimental tests, thus con-
firming its azeotropic behaviour, while the difference is slightly higher
than the average error for R450A. This can be explained by the near-
azeotropic behaviour of the mixture.

4. Comparison with vaporization models
4.1. Models for pure fluids and azeotropic mixtures

The heat transfer coefficients measured during flow boiling of the
four blends were used to assess the predictions of five different HTC
models. These are semi-empirical correlations that can be found in the
literature. In particular, the models of Sun and Mishima [33], Lazarek
and Black [34], Gungor and Winterton [35], Bertsch et al. [36] and
Thome et al. [29,37] were used. These models have been selected since
they were developed using a large experimental database, encompassing
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different fluids (natural refrigerants, HFCs, HCFCs, HFOs, ...) and a wide
range of operative conditions (mass fluxes between 20 and 3000 kg m?
s!, diameters between 0.16 mm and 6 mm, vapor qualities between 0.01
and 0.99, saturation pressures between 1 bar and 57 bar). In previous
works conducted in minichannels [4,18,26], these models were used to
predict heat transfer data coming from different experimental databases.
From these papers, similar accuracy of the predictions of the models
with respect to the experimental data was obtained, especially with the
model of Sun and Mishima [33] and Bertsch et al. [36]. Among the
previous correlations, the Sun and Mishima [33] and the Lazarek and
Black [34] models consider the nucleate boiling phenomenon as the
dominant one. On the contrary, the models of Gungor and Winterton
[35] and Bertsch et al. [36] are based on the Chen [38] approach, in
which both the contribution of the nucleate boiling and convective
evaporation components are considered:

a=Sap+Eay (10)

In Eq. (10), the nucleate boiling HTC is multiplied by the suppression
factor S while the convective boiling HTC is multiplied by the
enhancement factor E.

Differently from the previous correlations, the model of Thome et al.
[29,37] evaluates the heat transfer coefficient following a description of
the physical phenomenon based on a frequency analysis of the bubble
and considering the film evaporation as the dominant factor.

The Gungor and Winterton [35] model and the Bertsch et al. [36]
model, adopt the Cooper correlation to evaluate the nucleate boiling. In
his original work, Cooper [31,39] stated that the equation as reported in
Eq. (9) should be used when investigating pool boiling over plane sur-
faces while in the case of pool boiling around copper tubes, Eq. (9)
should be multiplied by an additional constant equal to 1.7. In the
present analysis, the models were evaluated with both versions of the
Cooper correlation. This was done to identify the best version of the
Cooper correlation for each fluid. In fact, the models that require the
Cooper correlation recommend to use Eq. (9) or they don’t specify which
version to use. However, in previous experimental campaigns with HFOs
and HFCs performed by the present authors, the version of Cooper
equation for pool boiling over circular copper tube was found to give
better predictions [4,17]. In Table 4 the results of the comparison are
reported. As can be seen in Table 4, the model by Bertsch et al. [36]
presents a better agreement with the experimental data when Cooper
correlation (Eq. (9)) is multiplied by 1.7. Indeed, the average absolute
deviation with all fluids is less than 20 %. On the contrary, the model of
Gungor and Winterton [35] gives a better agreement with the experi-
mental results when Eq. (9) is used (Cooper correlation for pool boiling
over plane surfaces), with an average absolute deviation equal to 22.7
%. This difference can be explained by considering the other equations
adopted in the two correlations: the two models are both based on the
Chen correlation, but their suppression and enhancement factors are not
the same, resulting in a different prediction. In particular, for the
investigated mixtures, the Bertsch et al. [36] model shows larger

Table 4
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deviation from the experimental data when using the basic version of the
Cooper equation, as it does not adequately account for the effect of the
nucleate boiling component even at low vapor quality values, when the
suppression factor is close to zero. Consequently, increasing the nucleate
boiling HTC led to more accurate predictions.

Thus, in the following comparison, the model of Gungor and Win-
terton [35] has been considered using Eq. (9) for the nucleate boiling
heat transfer coefficient, while in the model of Bertsch et al. [36] Eq. (9)
was multiplied by 1.7.

Figs. 10 and 11 show the comparison with the models of Sun and
Mishima [33] and Bertsch et al. [36]. The results of the comparison are
presented as the ratio of the calculated HTC to the experimental HTC.
This value is presented as function of the vapor quality (Fig. 10) and as
function of the heat flux (Fig. 11). These two models were chosen since
they have been developed for channels with a diameter range that
covers the present minichannel. The mean percentage error eg, the mean
absolute percentage error e,p and the standard deviation oy of the five
models for all the fluids are reported in Table 5.

In Figs. 1011, it can be seen that both models tend to underestimate
the flow boiling heat transfer coefficient for R513A and R516A.
Nevertheless, some differences can be observed between their pre-
dictions. Indeed, the model of Bertsch et al. [36] foresees an important
effect of the vapor quality on the HTC which in this case is not seen
experimentally. For the present data, the heat transfer coefficient is
slightly affected by x (see Figs. 2-5). The absolute deviation of the model
increases from 5 to 10 % to more than 40 % for both R513A and R516A
when the vapor quality is increased from 0.1 to 0.55. This is a conse-
quence of the high penalization that the correlation applies to the
nucleate boiling part at high vapor quality. On the contrary, the corre-
lation by Sun and Mishima [33] does not appear to be subjected to an
effect of the vapor quality. In particular, the mean absolute error of Sun
and Mishima [33] model for R513A is equal to 19.7 % and for R516A is
equal to 24.7 % and for both fluids this value is constant with the vapor
quality. For Bertsch et al. [36] correlation the mean absolute errors are
equal to 9 % for R513A and to 11.8 % for R516A. Lastly, considering the
effect of the heat flux on the correlations of Sun and Mishima [33] and
Bertsch et al. [36] similar conclusions can be drawn. In fact, both
models’ prediction did not show a particular trend as function of the
heat flux.

Considering the predictions of the models with R515B and R450A,
reported in Figs. 10-11, the results are similar to those obtained with the
other blends. The model of Sun and Mishima [33] underestimates the
heat transfer coefficient with a mean absolute error equal to 27.5 % and
18.9 % considering R515B and R450A respectively. The mean absolute
error of the model of Bertsch et al. [36] increases with the vapor quality
and the increases are comparable to those of R513A and R516A. The
mean absolute error of the model is equal to 14.6 % and to 8 % for
R515B and R450A respectively.

Looking at the values reported in Table 5, it emerges that the model
of Bertsch et al. [36] is the more accurate among the models based on

Mean percentage error eg, mean absolute percentage error e,p and standard deviation oy of the model of Gungor and Winterton [35] and Bertsch et al. [36] with the
two versions of the Cooper [31,39] correlation. The value reported for R450A are corrected for the near-azeotropic behaviour as reported in Section 4.2.

Gungor and Winterton [35]

Bertsch et al. [36]

er [%] eap[%] on [%] er [%] eap[%] on [%]

Cooper [31,39] correlation for nucleate boiling over plane surfaces (Eq. (9))

R513A 31.9% 31.9% 15.7 % —39.6 % 39.6 % 5.6 %
R516A 16.6 % 17.1 % 11.8 % —45.6 % 45.6 % 5.1 %
R515B 21.7 % 21.7 % 8.2% —46.1 % 46.1 % 3.5%
R450A 20.2 % 20.2 % 9.7 % —45.2 % 45.2 % 4.5 %
Cooper [31,39] correlation for nucleate boiling over round copper tubes (Eq. (9)*1.7)

R513A 76.0 % 76.0 % 27.7 % —-10.1 % 11.4 % 10.6 %
R516A 53.4 % 53.4 % 21.9 % -19.2% 19.2 % 8.3 %
R515B 59.6 % 59.6 % 15.5 % -21.4 % 21.4 % 5.9 %
R450A 53.7 % 53.7 % 17.7 % -19.8 % 19.8 % 7.5 %

10
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Fig. 10. Comparison of the flow boiling heat transfer coefficients of the tested mixtures with the models of a-b) Sun and Mishima [33] and c-d) Bertsch et al. [36].
The comparison is made as function of the vapor quality. The placement of the fluids in the graphs is based on the pure HFO component.

the Chen [38] correlation, while the model of Sun and Mishima [33] is
the more accurate for the nucleate boiling type correlations. The model
by Gungor and Winterton [35] shows a mean absolute error around 25
%, while for the model of Bertsch et al. [36] the average esp is equal to
17 %. The predictions from the models of Lazarek and Black [34] and
Sun and Mishima [33] are less accurate compared to Bertsch et al. [36]
correlation, displaying esp equal to 28 % and 23 %, respectively.
Regarding the model of Thome et al. [29,37], the average eap is gener-
ally the highest compared to the other models (esp = 34 %).

Considering the two correlations with the highest accuracy (Sun and
Mishima [33] and Bertsch et al. [36]), the best one is a Chen-type cor-
relation (Bertsch et al. [36]). This seemed in contradiction with the
conclusion of the vaporization process being mostly dominated by
nucleate boiling. However the model by Sun and Mishima [33] does not
foresee an effect of the vapor quality on the heat transfer coefficient.
Moreover, the prediction of the model of Bertsch et al. [36] is less ac-
curate at higher vapor quality because the flow boiling component of the
model is not able to compensate the excessive reduction of the nucleate
boiling, which is still the dominant mechanism. This can be caused by
the equation chosen by the authors for the suppression factor of the
nucleate boiling. Since in the case of the present minichannel there is an
effect of the vapor quality even though not high as the one foreseen by
the model of Bertsch et al. [36], both models could be improved.
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4.2. Correlations for zeotropic mixtures

The models used in this work have been developed for pure fluids
and azeotropic mixtures. The tested blends are azeotropic except for
R450A, which is a near-azeotropic mixture with a temperature glide
equal to 0.63 K at 30 °C saturation temperature. For this reason,
following the work of Azzolin et al. [18] a correction can be necessary to
consider the non-azeotropic behaviour of the blend, although the tem-
perature glide is below 1 K. The correction terms presented in Azzolin
et al. are here adopted because they proved to be effective in the pre-
diction of the flow boiling HTC of zeotropic mixtures in previous studies
by the present authors. In the work of Azzolin et al.,, a two-step
correction is proposed. The first is the application of correction factor
F; by Thome [40]:

AT,

-1
Bq
— e piAhm B

1)

This correction factor is multiplied by the boiling number Bo for
nucleate boiling correlations [33,34], or for the nucleate boiling HTC
contribution in Chen type correlations [35,36]. In Eq. 11, B is a scaling
factor considered equal to 1, Ahy, is the isobaric enthalpy change at the
given composition of the mixture, and the liquid mass transfer coeffi-
cient g; is assumed equal to 0.0003 m s~ . Lastly, the ideal flow boiling
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Fig. 11. Comparison of the flow boiling heat transfer coefficients of the tested mixtures with the models of a-b) Sun and Mishima [33] and c-d) Bertsch et al. [36].
The comparison is made as function of the heat flux. The placement of the fluids in the graphs is based on the pure HFO component.

heat transfer coefficient ay is calculated with a correlation for pure
fluids.

The second correction is introduced to consider the penalization of
the HTC due to the additional thermal resistance and the sensible
heating at the liquid-vapor interface (Cavallini et al. [41]). This
correction was first developed by Bell and Ghaly [42]:

1 ATg /AR, 7
Uy = <_+XCG GL/ m>
ag

aG
where ag is the vapor phase convective HTC, c¢ is the vapor phase
specific heat and ayis the flow boiling heat transfer coefficient. Thus, the
Bell and Ghaly [42] correction is applied after the nucleate boiling
correction factor. These two correction factors are computed as
described above for all the considered models, with the only exception of
the Thome et al. [29,37] model where only the correction of Bell and
Ghaly [42] was applied. The calculated values considering the addi-
tional mass transfer coefficients for R450A are reported in Table 5, while
Fig. 12 presents the results of the comparison with the models of Sun and
Mishima [33] and Bertsch et al. [36]. Since the temperature glide of
R450A is below 1 K at 6.77 bar the introduction of the corrections causes
only a slight change in the heat transfer coefficient predicted by the
models, as can be seen from the graphs and also from the values reported
in Table 5. From the observation of Fig. 9, the experimental heat transfer
coefficient of R450A is 9.1 % lower if compared with a linear

(12)

12

interpolation of the HTCs of the pure components and this is due to the
nearly azeotropic behaviour of the mixture. The error esp changes from
18.9 % to 24 % for the Sun and Mishima [33] model, from 23.6 % to
29.2 % for the Lazarek and Black [34] model, from 33.5 % to 20.2 % for
the Gungor and Winterton [35] model, from 11.3 % to 19.8 % for the
Bertsch et al. [36] model and from 26.5 % to 28.2 % for the Thome et al.
[29,37] model. Generally, the corrections did not improve the models’
prediction accuracy: since the models for pure fluids already under-
estimated the heat transfer coefficient, the introduction of a mass
transport resistance results in an even higher reduction of the predicted
HTC.

4.3. Proposed modified suppression factor to be included in the model of
Bertsch et al. [36]

An analysis of Figs. 10 and 11 reveals that the predictive accuracy of
the Bertsch et al. [36] declines as vapor quality increases. Specifically,
the model exhibits optimal performance at low vapor quality, but its
precision progressively diminishes with rising vapor quality. In partic-
ular, the Bertsch et al. [36] model is highly sensitive to increases in
vapor quality, whereas the experimental data did not show such a sig-
nificant reduction. This led to the hypothesis that the suppression factor
for nucleate boiling requires further investigation. In fact, the suppres-
sion factor is a linear function of the vapor quality (as reported in Eq.



Table 5
Mean percentage error eg, mean absolute percentage error e,p and standard deviation oy of the models of Sun and Mishima [33], Lazarek and Black [34], Gungor and Winterton [35], Bertsch et al. [36] and Thome et al.
[29,37] for the tested fluids. (*) Results for R450A are obtained using the correlations for zeotropic mixtures.

‘D 32 0ZZNIIDI N

€1

Fluid G kgm2s7'] Sun and Mishima Lazarek and Black Gungor and Winterton [35] Bertsch et al. Thome et al.
[33] [34] [36] [31,29,37]
er [%] eap[%] on [%] er [%] eap[%] on [%] er [%] eap[%] on [%] er [%] eap[%] on [%] er [%] eap[%] on [%]
300 —20.5 % 20.5 % 6.5 % —29.5 % 29.5 % 4.8 % 30.1 % 30.1 % 13.9% -13.2% 13.9% 10.4 % -31.2% 31.2% 4.8 %
R513A 400 —18.4% 18.4 % 5.3% —26.0 % 26.0 % 4.6 % 31.9% 31.9% 11.8% —-10.2% 10.6 % 7.1 % -31.1% 31.1% 4.3 %
500 —-18.2 % 18.2% 7.1 % —25.4 % 25.4 % 3.5% 29.5% 29.5 % 159 % —10.7 % 11.5% 10.1 % —-32.1% 321 % 7.1 %
600 -13.4% 14.3 % 9.4 % -19.2% 19.2% 5.7 % 36.2 % 36.3 % 18.9 % —6.2 % 9.4 % 10.1 % —29.7 % 29.7 % 8.2 %
mean —-17.6 % 17.9 % 7.1 % —25.0 % 25.0 % 4.6 % 31.9% 31.9% 15.7 % —-10.1 % 11.4 % 10.6 % —-31.0% 31.0 % 6.1 %
300 —27.8 % 27.8 % 5.6 % —34.9 % 349 % 5.2 % 13.5% 13.9% 10.9 % —22.2% 22.2% 8.4 % —41.4 % 41.4 % 4.4 %
400 —25.9 % 25.9 % 4.6 % -31.3% 31.3% 4.4 % 17.1 % 17.6 % 11.1% —21.5% 21.5% 9.1 % —42.3 % 42.3 % 4.9 %
500 —23.0 % 23.0 % 4.9 % —28.7 % 28.7 % 4.0 % 18.7 % 189 % 11.9% —-17.5% 17.5% 8.3 % —40.9 % 40.9 % 5.4 %
R516A 600 —22.0% 22.0 % 5.3% —25.3% 25.3 % 4.1 % 18.1 % 18.7 % 129 % —-15.4% 15.4 % 7.6 % —40.4 % 40.4 % 5.6 %
mean —24.7 % 24.7 % 5.1 % —30.0 % 30.0 % 4.4 % 16.6 % 17.1% 11.8% —-19.2% 19.2% 8.3 % —41.3% 41.3 % 5.1 %
300 —29.0 % 29.0 % 5.4 % —36.6 % 36.6 % 5.5% 21.4 % 21.4 % 10.4 % —21.5% 21.5% 5.5% —40.6 % 40.6 % 3.2%
R515B 400 —27.0% 27.0 % 3.3% -32.4% 32.4% 4.3 % 242 % 242 % 5.5% —21.2% 21.2% 5.6 % —41.6 % 41.6 % 4.3 %
500 —27.6 % 27.6 % 3.0 % —29.6 % 29.6 % 4.2 % 20.1 % 20.1 % 6.9 % —21.8% 21.8% 6.5 % —42.7 % 42.7 % 5.4 %
600 —-26.2 % 26.2 % 4.4 % —-27.1% 271 % 6.0 % 20.9 % 20.9 % 8.5 % —21.1% 211 % 5.9 % —43.4% 43.4 % 5.3%
mean —-27.5% 27.5% 4.0 % -31.4 % 31.4% 5.0 % 21.2% 21.2% 8.2 % —21.4% 21.4 % 5.9 % —42.1 % 42.1 % 4.6 %
300 —-19.4% 19.4 % 4.7 % —29.7 % 29.7 % 5.6 % 38.6 % 38.6 % 9.9 % —-10.5% 10.5 % 7.4 % —24.8% 24.8 % 4.1 %
400 —-21.1 % 21.1% 3.4 % —22.7 % 22.7 % 6.9 % 29.6 % 29.6 % 6.5 % —-13.6 % 14.1 % 9.8 % —26.8 % 26.8 % 7.4 %
R450A 500 —-17.5% 17.5% 5.1 % —-22.1 % 221 % 7.2% 35.1% 351 % 129 % —9.8 % 10.1 % 8.8 % —26.6 % 26.6 % 6.3 %
600 —-17.8% 17.8 % 4.1 % -19.9% 19.9 % 6.5 % 32.2% 32.2% 11.7 % —-10.5% 10.5 % 8.2 % —279% 27.9 % 6.3 %
mean —-18.9% 189 % 4.3 % —23.6 % 23.6 % 6.6 % 335 % 335 % 10.9 % -11.1% 11.3% 8.6 % —26.5 % 26.5 % 6.0 %
300 —24.2% 242 % 5.1 % —-34.3% 343 % 4.2 % 23.9% 23.9% 9.7 % —18.7 % 18.7 % 7.1 % —26.7 % 26.7 % 4.0 %
R450A (*) 400 —26.5 % 26.5 % 3.1 % —28.9 % 28.9 % 5.5% 16.3 % 16.3 % 5.5 % —22.6 % 22.6 % 7.8 % —28.9 % 28.9 % 6.9 %
500 —22.6 % 22.6 % 5.2% —-27.7 % 27.7 % 5.7 % 21.8% 21.8 % 11.2% —18.5% 18.5 % 7.9 % —28.1 % 28.1 % 6.2 %
600 —-22.9% 229 % 4.4 % —25.9 % 25.9 % 4.9 % 19.7 % 19.7 % 9.9 % -19.4 % 19.4 % 7.3% —29.3 % 29.3 % 6.4 %
mean —24.0 % 24.0 % 4.4 % —29.2 % 29.2 % 5.1 % 20.2 % 20.2 % 9.7 % —19.8 % 19.8 % 7.5 % —28.2% 28.2% 5.9 %
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Fig. 12. Comparison of the flow boiling heat transfer coefficients of R450A with the models of Sun and Mishima [33] (SM) and Bertsch et al. [36] (B) corrected with
the Thome [40] and Bell and Ghaly [42] corrections. The comparison is made as function of the a) vapor quality and b) heat flux.
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Fig. 13. Prediction of the model of Bertsch et al. [36] with the suppression factor for the nucleate boiling modified as in Eq. (12) for all fluid studied. The correction
for the near-azeotropic behaviour of R450A have been considered.
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Table 6
Thermodynamic and transport properties of R32, R1234yf, propane and pro-
pylene at 30 °C saturation temperature. The values were calculated with Refprop
10 [19].

Fluid R290 R1270 R1234yf R32
GWP100.years 3 2 <1 675
M [kg kmol ] 44.09 42.08 114.04 52
Dsac [bar] 10.79 13.05 7.84 19.27
Drea [/] 0.25 0.29 0.23 0.33
pr [kg m~3] 484.4 497.5 1073.3 939.62
pv [kg m™3] 23.45 27.72 46.73 54.78
uy, [pPa s] 92.13 90.01 143.97 107.23
A [mWm K1 91.41 103.13 62.02 122.10
hye [kJ kg1 326.7 324.98 141.24 260.4
o [mN m™'] 6.43 6.34 5.56 6.00

(13)) and this progressively reduces the nucleate boiling component.
The result is that the difference between experimental and calculated
heat transfer coefficients is higher when increasing the vapor quality. To
address this issue, in the present work, a modification of the original
Bertsch et al. [36] model is proposed (the complete original model is
reported in the Supplementary material). In the model of Bertsch et al.
[36], the suppression factor is calculated as:
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S=1-x 13)

The authors of the model stated that, among the various functions
that could be chosen, this was the simplest one that could give the
required trend for the nucleate boiling heat transfer when the vapor
quality increases. In the present case, the nucleate boiling phenomena is
highly contributing to the heat transfer process and thus the suppression
factor S has an important impact on the prediction accuracy of the model
strongly decreasing the heat transfer coefficient with the increasing
vapor quality (see Fig. 10). The following equation for the suppression
factor is proposed to modify the penalization on the nucleate boiling
component while keeping a simple equation as originally stated in
Bertsch et al. [36].

S=1-x2 14

When considering this new version of the suppression factor, the
predicted value of the heat transfer coefficient calculated with the model
of Bertsch et al. [36] are shown in Fig. 13. For R450A the values reported
have been corrected as shown previously. As can be seen, in the new
version of the correlation the prediction accuracy as a function of the
vapor quality is improved. The average absolute deviation is below 8 %
with all the tested fluids, in particular, is equal to 5.6 %, 4.9 %, 4.1 %
and 6.6 % with R513A, R516A, R515B and R450A respectively.

14
13
12
11

1
0.9
0.8
0.7
0.6
0.5
0.4
03 R1234yf

0.2 Tt =30°C
0.1 d=0.96 mm

0

b)

HTCCALCULATED/HTCEXPERI MENTAL [/]

OBertsch et al. modified
W Bertsch et al.

0 50 100 150

HEAT FLUX [kW m?]

200 250

14
1.3
1.2
1.1

0.9
08
0.7
06
05
04
03
02 | | T,,=30°C
0.1

HTCCALCULATED/HTCEXPERIMENTAL [/]

OBertsch et al. modified
W Bertsch et al.

100 150
HEAT FLUX [kW m-2]

200 250

Fig. 14. Prediction of the model of Bertsch et al. [36] and the proposed modification to the model of Bertsch et al. (modified suppression factor for the nucleate
boiling as in Eq. (6)) for R1234yf and R32. Data of these fluid taken from [4,25].

15



N. Mattiuzzo et al.

14
13
12
1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

HTCCALCULATED/HTCEXPERIMENTAL [/]

OBertsch et al. modified
W Bertsch et al.

0 01 02 03 04 05

VAPOR QUALITY [/]

06 07 08

14
1.3
1.2
1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

R1270
Tet=30°C
d=0.96 mm

HTCCALCULATED/HTCEXPERI MENTAL [/]

OBertsch et al. modified
HBertsch et al.

0 01 02 03 04 05 06 07 08

VAPOR QUALITY [/]

International Communications in Heat and Mass Transfer 164 (2025) 108929

1.4
1.3
1.2
1.1

0.9
0.8
0.7
0.6
0.5
0.4
03 R290

0.2 Teat=30°C
01 d=0.96 mm

HTCCALCULATED/HTCEXPERIMENTAL [/]

OBertsch et al. modified
W Bertsch et al.

0 50 100 150 200

HEAT FLUX [kW m™]

250

14
1.3
1.2
1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

O o

8@

Mg OO0
(@]

HTCCALCULATED/HTCEXPERI MENTAL [/]

R1270
Teat=30°C
d=0.96 mm

OBertsch et al. modified
WBertsch et al.

0 50 100 150

HEAT FLUX [kW m<2]

200 250

Fig. 15. Prediction of the model of Bertsch et al. [36] and the proposed modification to the model of Bertsch et al. (modified suppression factor for the nucleate
boiling as in Eq. (6)) for propane and propylene. Data of these fluid taken from [43,44].

The modified Bertsch et al. [36] correlation proposed in this work
has been compared with other fluids, in particular HFC R32, HFO
R1234yf and hydrocarbons propane (R290) and propylene (R1270). The
data for these fluids were taken from Del Col et al. [4,25,43,44]. These
fluids were chosen because their thermodynamic and transport prop-
erties are different (Table 6) compared to the new database of the
mixtures.

In Fig. 14 the corrected model for R1234yf and R32 was compared to
the model of Bertsch et al. [36] without modification. For these fluids,
the model was applied with the Cooper equation for pool boiling over
copper tubes (Eq. (9) multiplied by 1.7), the same as the previously
tested mixture. As can be seen from Fig. 14, the proposed modification
leads to a general improvement in the prediction of the model. In
particular, the mean absolute deviation with R1234yf drops from 32.4 %
with the model of Bertsch et al. [36] to 15.6 % with the modification
proposed in the present work. Furthermore, the prediction accuracy
reduction with the increasing vapor quality is less important with the
new model. Fig. 15 shows the comparison between the original Bertsch
et al. [36] correlation and the modified correlation presented in this
paper for propane and propylene. In this case, the Cooper correlation
was applied as reported in Eq. (9) and thus without the factor 1.7. In
fact, for these fluids, the model prediction is more accurate with this
version of the Cooper correlation. The reason behind this can be found in

16

the development of the correlation of Cooper [39]: the database used in
the work of Cooper was interpolated to find the constant that fit the data.
Since the database was wide and included a lot of fluids (with molecular
mass from 2 kg kmol ™! to 200 kg kmol 1), the constant obtained from
the interpolation procedure may fit the data for natural refrigerant,
whereas not working properly for the synthetic refrigerant. The modi-
fied correlation is able to increase the accuracy of the model for both the
hydrocarbons: with propane the average deviation with the modified
model is equal to 20.2 % while with the original model is equal to 31.6
%. Similarly with propylene, the adoption of the new suppression factor
results in an absolute deviation equal to 15.4 % compared to 27.4 %, as
before. Moreover, it can be easily seen from Figs. 14-15 that the
modification of the model presented in this work led to the better result
and the decrease of the prediction accuracy when the vapor quality in-
creases is reduced when adopting the new proposed correlation. For
instance, at vapor quality equal to 0.4, the model of Bertsch et al. [36]
displayed a deviation always higher than 30 % with R1234yf, R32,
propane and propylene, while the proposed correlation reduced this
deviation to a maximum value of 20 %.

To summarize, the procedure suggested in this paper to modify the
Bertsch et al. [36] correlation is as follows: 1) for synthetic fluids and
mixtures the authors suggest the use of the modified suppression factor
as reported in Eq. (14) for the nucleate boiling and the Cooper equation
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for pool boiling over circular copper tubes (Eq. (9) multiplied by 1.7); 2)
for hydrocarbons the authors suggest the use of the modified suppres-
sion factor as reported in Eq. (14) for the nucleate boiling and the
Cooper equation for pool boiling over plane surfaces as reported in Eq.

9).
5. Conclusions

In this paper the flow boiling heat transfer of four mixtures of HFC/
HFO was studied. The effects of mass velocity, heat flux and vapor
quality on the heat transfer coefficient of R513A (R1234yf/R134a, 56/
44 % by mass), R516A (R1234yf/R152a/R134a 77.5/14/8.5 % by
mass), R515B (R1234ze(E)/R227ea, 91/9 % by mass) and R450A
(R1234ze(E)/R134a, 56/44 % by mass) were analysed. The tests were
conducted inside a 0.96 mm internal diameter horizontal smooth tube,
using hot water to promote the boiling.

The results of the experimental study can be briefly listed as follows.

- The heat flux has the greater impact on the flow boiling heat transfer.
The heat transfer coefficient increment is always on average higher
than 45 % for all blends when the heat flux is doubled from 50 kW
m~2 to 100 kW m~2,

The mass flux does not affect the flow boiling heat transfer coeffi-
cient, while the vapor quality poorly affect the heat transfer phe-
nomenon, causing HTC reductions never higher than 6.5 % except
for R515B for which the vapor quality increase from 0.2 to 0.4 causes
a reduction up to 9.5 %.

The heat transfer coefficient as function of the heat flux followed the
correlation for nucleate boiling by Cooper [31], thereby supporting
the assumption that nucleate boiling is the dominant mechanism.
R513A and R516A display flow boiling heat transfer coefficients
comparable with those of R134a, with a maximum difference of 5.5
%, indicating a similar behaviour of these mixtures in the dry
expansion evaporators.

Regarding the prediction of the flow boiling heat transfer coefficient,
the model of Bertsch et al. [36] showed the lowest mean absolute
percentage error and mean percentage error for all the tested fluids,
with maximun values esg = 14.1 % and eg = —14.6 % with R515B.
The prediction by the model of Sun and Mishima [33] is slightly less
accurate, but the model presents a lower standard deviation (5.1 %
on average with all the fluids).

The proposed modification of the Bertsch et al. [36] correlation was
found to give a better agreement with respect to the original model
with all the four mixtures tested. Moreover, the modified model was
tested with R32, R1234yf, propane and propylene and resulted in a
mean absolute error always lower or equal to 20 %.
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