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The present paper presents an investigation of the effects of the refrigerant type on the heat transfer coef-
ficient during flow boiling inside micro-scale channels. Experimental results for R134a, R1234ze(E),
R1234yf and R600a for flow boiling in a circular channel with internal diameter of 1.1 mm are presented.
The experimental database comprises 3409 data points covering mass velocities ranging from 200 to
800 kg/m? s, heat fluxes from 15 to 145 kW/m?, saturation temperatures of 31 and 41 °C, and vapor qual-
ities from 0.05 to 0.95. The experimental data were parametrically analysed and the effects of the exper-
imental parameters (heat flux, mass velocity, saturation temperature and working fluid) identified.
Subsequently, the experimental data were compared against the most quoted predictive methods from
literature, including macro and micro-scale methods. Based on the broad database obtained in the pre-
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R1234ze(E) sent study, an updated version of the predictive method of Kanizawa et al. (2016) was proposed. The
R1234yf updated version provided accurate predictions of the present experimental database, predicting more
R600a than 97% and 86% of the results within error bands of +30 and +20%, respectively.

Low GWP
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1. Introduction

In the last two decades, several studies were performed con-
cerning flow boiling inside micro-scale channels. However, it
should be mentioned that the majority of these studies was per-
formed for HFCs refrigerants as observed in the review of Kim
and Mudawar [2]. In 1997, the Kyoto Protocol has established
the gradual replacement of HFCs by refrigerants with global warm-
ing potential (GWP) less than 150. In this context, a new demand
was generated for fluids that could substitute the HFCs. According
to Calm [3] and Mota-Babiloni et al. [4], the potential substitutes
for HFCs are natural refrigerants (hydrocarbons, CO, and ammo-
nia), hydrofluoroolefins (R1234yf, R1234ze(E), R1234ze(Z) and
R1233zd(E)) and mixtures of HFCs and hydrofluoroolefins (HFOs).

Table 1 shows a comparison of the principal properties of the
HFOs (R1234ze(E) and R1234yf), the hydrocarbon (R600a) and
the refrigerant R134a. According to this table, the HFOs and the
hydrocarbon meet the environmental requirements by having an
almost negligible GWP and a null ODP. The hydrocarbon R600a pre-
sents a latent heat of vaporization higher than the HFOs and R134a,
implying on the need of lower mass velocities to dissipate the same
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amount of heat. It can also be observed in this table that the prop-
erties of the HFOs and the R134a are relatively close, confirming
the HFOs as potential substitutes of the R134a. Moreover, it should
be highlighted the fact that the R600a presents a saturated vapor
density between three and four times lower than the HFOs and
the R134a, which implies a higher vapor phase velocity during
the flow boiling and, consequently, a higher pressure drop com-
pared to the other fluids, as reported by Sempértegui-Tapia and
Ribatski [5].

In the last few years, experimental results concerning flow boil-
ing of natural refrigerants and HFOs have been reported in litera-
ture. However, the majority of them correspond to data for
conventional channels (D >3 mm). Therefore, it is not surprising
the fact that is still not clear if the predictive methods available
in the literature are capable to predict the HTC of these fluids under
micro-scale conditions. Table 2 describes studies from literature
concerning the evaluation of two-phase heat transfer coefficient
for low GWP refrigerants in micro-scale single channels. Copetti
et al. [6], Choi et al. [7], Del Col et al. [8] and de Oliveira et al. [9]
performed experiments for flow boiling of hydrocarbons in
micro-scale channels. Copetti et al. [6] and Choi et al. [7] reported
that the heat transfer coefficient decreases with increasing vapor
qualities, from vapor quality values of 0.3-0.4. On the other hand,
Del Col et al. [8] and de Oliveira et al. [9] reported that the HTC
increases with increasing vapor quality until conditions close to
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Nomenclature
A area, m? Greek letters
Bd Bond number, dimensionless o void fraction, dimensionless
D diameter, m n parcel of data predicted within a certain error band, %
F enhancement factor, dimensionless ¢ heat flux, kW/m?
G mass velocity, kg/m? s n dynamic viscosity, Pa s
i enthalpy, J/kg o density, kg/m?>
h heat transfer coefficient, kW/m? K g surface tension, N/m
i specific enthalpy, kJ/kg
I electrical current, A Subscripts
L length, m 14 single-phase
M mass flow rate, kg/s 2¢ two-phase
MAE Mean Absolute Error, % eff effective
MW molecular weight, kg/kmol env environment
P pressure, kPa exp experimental
P electrical power, W in inlet
Q heat, W int internal
Ra arithmetical mean roughness, pm loss loss
Re Reynolds number, dimensionless L saturated liquid phase
S suppression factor, dimensionless G saturated gas phase
T temperature, °C LG difference between vapor and liquid properties
v voltage, V nb nucleate boiling
We Weber number, dimensionless out outlet
X vapor quality, dimensionless ph pre-heater
X Lockhart and Martinelli parameter pred predicted
z position along the tube, m sat saturation
ts test section
Table 1 the dryout and thereby, they pointed out convective effects as pre-
Characteristics of the refrigerants at a saturation temperature of 25 °C. dominant mechanism for intermediary and high vapor qualities_
Properties R134a R1234ze(E) R1234yf R600a Copetti et al. [6] found that the method of Kandlikar and Balasub-
MW [g/mol]" 102 114 114 58.12 ramanian [10] provided the best predictions of their data. Instead,
Py [kPaJ® 665.8 500.1 682.5 350.4 de Oliveira et al. [9] and Del Col et al. [8] pointed out the methods
o [kg/m>]? 1207 1162 1092 549.9 of Kim and Mudawar [11] and Thome et al. [12] as the most accu-
PG [l<g/m3]* 32.37 26.76 37.94 9.123 rate ones, respectively. Among six predictive methods from litera-
l”é [[t]l)/i; }3‘71‘2 ?gé‘g }2(15'31 ;gg ) ture, Choi et al. [7] reported the method of Gungor and Winterton
; [mN/m]* .03 3.88 6.17 986 [13] as the one that provided the best predictions of their data.
GWP 1300 7 4 3 Saitoh et al. [14], Li et al. [16], Mortada et al. [17], Tibirica et al.
opp 0 0 0 0 [18], Del Col et al. [19], Choi et al. [ 7] and Anwar et al. [20] gathered

2 Values acquired from Engineering Equation Solver, EES V10.005.

experimental results for the heat transfer coefficient of hydrofluo-

Table 2
Experimental flow boiling studies for low GWP fluid in horizontal micro-scale channels.

Author(s) Fluid D [mm] G [kg/m?s] Best reported prediction method
¢ [kW/m?]

Saitoh et al. [14] R1234yf 2 100-400 Saitoh et al. [15]
6-24

Lietal. [16] R1234yf 2 100-400 No one
6-24

Mortada et al. [17] R1234yf 1.1 20-100 No one - New method
2-15

Tibirica et al. [18] R1234ze(E) 1,22 50-1500 Saitoh et al. [15]
10-300

Del Col et al. [19] R1234yf 0.96 200-600 No one
15-65

Copetti et al. [6] R600a 2.6 240-440 Kandlikar and Balasubramanian [10]
44-95

Choi et al. [7] R744, R717, R290, R1234yf 15,3 50-600 Gungor and Winterton [13]
5-60

Del Col et al. [8] R290 0.96 100-600 Thome et al. [12]
5-315

Anwar et al. [20] R1234yf 1.6 100-500 Gungor and Winterton [13] Mahmoud and Karayiannis [21]
5-130

De Oliveira et al. [9] R600a 1 240-480 Kim and Mudawar [11]

5-60




D.F. Sempértegui-Tapia, G. Ribatski/International Journal of Heat and Mass Transfer 108 (2017) 2417-2432 2419

roolefins (R1234ze(E) and R1234yf). Mortada et al. [17] reported
HTCs for R1234yf about 40% higher than the one for R134a. Tibirica
et al. [18], Del Col et al. [19] and Anwar et al. [20] verified almost
similar heat transfer coefficients for the HFO and R134a. Saitoh
et al. [14], Li et al. [16] and Choi et al. [7] reported the predomi-
nance of the nucleate boiling effects for R1234yf. Anwar et al.
[20] reported that their database for the heat transfer coefficient
is satisfactorily predicted by the methods of Gungor and Winterton
[13] and Mahmoud and Karayiannis [21]. Instead, Tibirica et al.
[18] reported the method of Saitoh et al. [15] as the most accurate
to predict their experimental database. No one of the methods
from literature evaluated by Mortada et al. [17] provided reason-
able prediction of their experimental data, so, they developed a
new correlation.

In addition to the fluids listed in Table 2, it is important to high-
light the work of Huang et al. [22] that, as far as the present
authors know, is the only study for flow boiling of refrigerant
R1233zd(E) inside microchannels. However, it is important to
highlight that the present study is focused only on results for single
channels, and the work of Huang et al. [22] was performed for a
multichannel configuration, when additional thermal hydraulic
effects are present such as thermal instabilities, back flows, and
mal distribution.

According to this brief literature review, it can be concluded
that there are reasonable discrepancies among data from indepen-
dent laboratories and there is no consensus about the best method
to be applied to predict the heat transfer coefficient during flow
boiling of low GWP fluids in micro-scale channels. These facts indi-
cate the need to perform careful experiments in order to obtain
accurate data for low GWP fluids covering a wide range of experi-
mental conditions, making possible the comparison of HTC values
for different fluids. These data can be used in order to support the
development of accurate predictive methods. In this context, the
present paper concerns an experimental investigation on the effect
of the fluid refrigerant on the flow boiling heat transfer coefficient.
Experimental results for R134a, R1234ze(E), R1234yf and R600a in
a circular channel with and internal diameter of 1.1 mm are pre-
sented. The experimental database comprises 3409 data points
covering mass velocities ranging from 200 to 800 kg/m?s, heat
fluxes from 15 to 145 kW/m?, saturation temperatures of 31 and
41 °C, and vapor qualities from 0.05 to 0.95. The experimental data
were parametrically analysed and the effects of the experimental
parameters identified. Then, the experimental results were com-
pared against the most quoted predictive methods from literature,
including methods developed for macro-scale channels and meth-
ods specially developed for micro-scale channels. Additionally, an
updated version of the predictive method of Kanizawa et al. [1]
was proposed based on the broad database obtained in the present
study. The updated method was not only able to predict accurately
the experimental results, but also to capture the main behaviors of
the data obtained in the present study.

2. Experimental apparatus
2.1. General description

The experimental setup is comprised of refrigerant and water
circuits. The water circuit is intended to condense and subcool
the working fluid. The refrigerant circuit is schematically shown
in Fig. 1. In the refrigerant circuit, the test fluid is driven through
the circuit by a self-lubricating oil-free micropump. The liquid flow
rate is set by a frequency inverter acting on the micropump. Down-
stream the micropump, the mass flow rate is measured with a
Coriolis flow meter. Upstream the pre-heater, the fluid inlet condi-
tions are determined by a thermocouple and an absolute pressure

transducer. Downstream the test section, a visualization section, a
tube-in-tube heat exchanger, and a refrigerant tank are sequen-
tially located. The heat exchanger is responsible for condensing
the vapor created in the heated sections. Additional details of the
experimental set up can be found in Tibiricd and Ribatski [23]
and Sempértegui-Tapia et al. [24].

2.2. Pre-heater and test section

A 490 mm horizontal AISI-304 stainless-steel tube, acquired
from Goofellow Cambridge Limited, with external and internal
diameters of 1.47 mm and 1.1 mm, respectively, forms the pre-
heater and the test section. The arithmetical mean roughness of
the tube was measured with the optical profiling system Wiko®
NT1100 equipment, and a mean average surface roughness (Ra)
of 0.289 um was found based on three measurements along the
test section length. Fig. 2 shows an image of the inner surface of
the test section and the roughness profile obtained through the
measurements.

The pre-heater and the test sections are 200 and 150 mm long,
respectively. The pre-heater and the test section are heated by
applying direct DC current to their surface and both sections are
thermally insulated. The heating power is supplied to the test sec-
tions by independent DC power sources, controlled from the data
acquisitions system. The preheater and the test and visualization
sections are connected through junctions made of polyvinylidene
fluoride (PVDF) specially designed and machined to match up their
ends and keep a smooth and continuous internal surface. Once the
fluid has left the test section, its temperature is determined from a
0.25 mm thermocouple whose hot junction is flush-mounted into
the pipe wall. The corresponding absolute pressure is estimated
from the inlet absolute pressure, p;;, and the total pressure drop
given by a differential pressure transducer over the length com-
prising the preheater inlet and the test section outlet, Ap. The wall
temperatures are measured through 0.25 mm K-type thermocou-
ples fixed along the test section. There were installed ten thermo-
couples at five measuring cross-sections, one at the bottom and
another on the top of the tube. Besides the thermocouples along
the heated test section, there were positioned thermocouples
15 mm before and after the electrodes, these temperature mea-
surements are used to estimate the local saturation temperature
along the test section. All the thermocouples at the test section
were fixed tightly against the tube surface. A detailed scheme of
the pre-heater and the test section is shown in Fig. 3.

2.3. Experimental conditions

Table 3 presents a summary of the experimental conditions
evaluated in the present study.

3. Data reduction, experimental validation and uncertainties
3.1. Data reduction

3.1.1. Mass velocity

Mass velocity was calculated as the ratio between the mass flow
rate measured by the Coriolis mass flow meter and the internal
cross sectional area of the tube, according to the following
equation:

€= A M

The cross-sectional area of the circular tube is calculated as
follows:
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Fig. 1. Schematic diagram of the refrigerant circuit.
A nD?, 5 3.1.3. Vapor quality
it = "4 (2) The local vapor quality along the test section was determined

3.1.2. Heat flux

The heat flux at the test section, ¢y, is evaluated as the ratio of
the effective electrical power and the internal superficial area of
the heated tube length as follows:

_ Pts.eff
s = 1D, L. (3)

The effective electrical power is given as the difference between
the electrical power (product between the voltage and the electric
current provided by the DC power source) applied to the test sec-
tion and the heat losses to the environment:

Pts,eff = Vtslts - Qts.loss (4)

The heat losses to the environment are estimated through
experiments characterized by the imposition of a heating power
on the test section without refrigerant, and by evaluation of the
temperature difference between its heated surface and the envi-
ronment after the heating process reach steady state. Once steady
state condition is achieved, it was assumed that all the heating
electrical power is dissipated to the environment as heat losses.
Taking into account this hypothesis, experimental values for the
temperature difference with varying the heating electrical power
were acquired and a curve fitting performed, given as follows:

Qisioss = 0.0112 - (T, — Tenp) — 0.0625 (5)

through energy balances over the pre-heater and the test section
according to the following equations:

1 [PutPs@ .
V4 7@ pT+(lL.1n lLJrl(Z)) (6)

P[S(Z) = d)tsTCDintZ (7)

where iy ;,, is the enthalpy of the liquid at the inlet of the pre-heater,
irin(z) and ijgin(z) are the enthalpy of the saturated liquid and the
latent heat of vaporization corresponding to the local saturation
temperature at the position z, respectively.

3.1.4. Local saturation temperature
The local saturation temperature of the refrigerant was esti-
mated from the local saturation pressure calculated as follows:

psat(z) = Din — APin_; (8)

where p;, is the inlet saturation pressure estimated from the inlet
temperature, given by the thermocouple located just upstream
the first electrode in the test section. Ap;,_ is the pressure drop
along the test section length from the thermocouple used to evalu-
ate p;, to the position z at which the heat transfer coefficient is
being evaluated (see Fig. 3). The value of Ap;,_; is estimated through
an iterative process as the sum of accelerational and frictional com-
ponents of the pressure drop over 100 discrete elements comprising
the corresponding test section length. In this procedure, the trans-
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Fig. 2. (a) Image of the inner tube surface, (b) 3D image of the microchannel inner surface taken by the optical profiling system Wiko® NT110.
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Fig. 3. Schematic of the pre-heater section and the test section.

Table 3
Experimental conditions of the present study.
Working fluid R134a R1234ze(E) R1234yf R600a
D [mm)] 1.1 1.1 1.1 1.1
¢ [kW/m?] 15-85 15-95 15-55 15-145
G [kg/m?s] 200-800 100-500 100-400 200-500
Tsar [°C] 31,41 31,41 31,41 31, 41
x[-] 0-0.91 0-0.91 0-0.91 0-0.93
h [kW/m? °C] 4,73-21.3 3.26-17.31 4.24-14.42 2.55-32.41

port and thermodynamic properties were calculated locally based where the subscripts in and z refer to the position at the inlet of the
on the average saturation pressure of each element. test section and at the position z, respectively. The superficial void
The acceleration pressure drop was estimated according to: fraction was estimated through the method recently proposed by
) ) Kanizawa and Ribatski [25], which is based on the principle of min-

2 x2 (]_x) x2 (]_x) .. . .. .
APpe =G |4 — 2L | | =2 (9) imization of energy dissipation, analogous to the procedure initially
pe p(1—0)|  |pe p(1-0)] proposed by Zivi [26]. This method was chosen because it provided
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Fig. 4. Comparison among experimental results and different methods to estimate
the local saturation temperature.

the best estimative of a broad experimental database (more than
3000 data) when compared with previous methods available in
the literature.

The frictional pressure drop was estimated using the predictive
method recently proposed by Sempértegui-Tapia and Ribatski [5].
This method was chosen based on the comparison of experimental
and estimated local saturation temperatures under adiabatic con-
ditions, illustrated in Fig. 4. According to this figure, the assump-
tions of a linear profile saturation temperature and values given
by the method of Sempértegui-Tapia and Ribatski [5] provide
results within the range of uncertainty of the temperature mea-
surements. On the other hand, it can be observed higher discrepan-
cies between the experimental values of the saturation
temperature and the values estimated based on the predictive
pressure drop method by Miiller-Steinhagen and Heck [27]. It’s
worth to mention that the method by Sempértegui-Tapia and
Ribatski [5] is based on the method by Miiller-Steinhagen and Heck
[27] and was developed considering a broad experimental data-
base comprising the same fluids of the present study (R134a,
R1234ze(E), R1234yf and R600a).

40
® Rl134a
= R1234z¢(E)
A RI1234yf
10 " R600a
)
~
£
-_e_-
3 1
>
S
0.1
200 1000 10000

Re [-]

Fig. 5. Comparison between experimental and estimated results for single-phase
pressure for circular channels.

3.1.5. Heat transfer coefficient
The local heat transfer coefficient was calculated according to
the Newton'’s cooling law as follows:

Pes
MO = F® - To® (10)
where T, ;,(2) is the inner wall temperature at the position z. This
temperature is estimated according to Fourier’s law based on the
outer wall temperature measurements, considering one-
dimensional conduction and uniform heat generation through Joule
effect. In Eq. (10), Tse(2) is the local saturation temperature esti-
mated as explained in Section 3.1.4.

3.2. Experimental validation

3.2.1. Single-phase pressure drop

Experimental tests for single-phase flows were previously per-
formed in order to assure the accuracy of the measurements and
evaluate the effective rate of heat losses and consequently the
accuracy of the vapor quality estimative. Fig. 5 illustrates the
single-phase pressure drop results for the four fluids. The flow is
considered to be hydrodynamically developed at the inlet of the
pre-heater. This hypothesis is based on the fact that the visualiza-
tion section, located upstream the pre-heater (as shown in Fig. 1),
is 100 mm long (approximately 100 times the tube internal diam-
eter). As shown in Fig. 5, the laminar experimental data for pres-
sure drop agree reasonably well with the theory of laminar flow
(Hagen-Pouseuille). For turbulent flow, the method of Blasius
[28] provided accurate predictions, resulting a mean absolute error
(MAE) of 8.1%.

3.2.2. Single-phase heat transfer coefficient

Results for the heat transfer coefficient for single-phase flows
are also analysed in order to validate energy balances along the
pre-heater and the test section. The experimental heat transfer
coefficient for single-phase flow was estimated using the last ther-
mocouple placed on the test section in order to get a thermally
fully developed condition for turbulent flow. Unfortunately, the
test section length was not enough to achieve a thermally fully
developed condition for laminar flow. Fig. 6 illustrates the experi-
mental single-phase HTC and the corresponding predictions
according to methods from literature. As noted in this figure, the
correlation for thermally developing laminar flow of Siegel et al.

6

5| e RI34a g
= R1234z¢(E) &
A RI1234yf
M R600a

Gnielinski [30]

hy¢ [kW/m>C]

Siegel et al. [29]

D =1.1 [mm]
10000

Re [-]

Fig. 6. Single-phase heat transfer coefficient.



Table 4

D.F. Sempértegui-Tapia, G. Ribatski/International Journal of Heat and Mass Transfer 108 (2017) 2417-2432

Uncertainty of measured and calculated parameters.

Measured parameter

Uncertainty

Calculated parameter

Uncertainty

D 20 pm X <5%
Lpn, Lt 1 mm G <2%
Din 4.5 kPa hy,, for low ¢ 7-18%
Ap 150 Pa hy for high ¢ 4-6%
Ppoh, Py 0.8%

T 0.15°C

M 0.1%

[29] captures adequately the tendency of the experimental data.
However, this correlation under-predict the experimental values
in around 20%. For turbulent flow, the correlation of Gnielinski
[30] agrees quite well with the experimental values for the four
fluids. It can also be observed that the experimental transition from
laminar to turbulent flow seems to occur for a Reynolds number
between 2000 and 2500, which agrees with theory.

3.3. Uncertainties propagation

Temperature measurements were calibrated and the tempera-
ture uncertainty was evaluated according to the procedure sug-
gested by Abernethy et al. [31]. Accounting for all instrument

a) 20 T T T T
G =500 [kg/m?s] R1234ze(E)
Tsae = 31°C
15} 1
_ A4 H%Héﬁg
Y- %
E i
= 10| 4’.’/“ :
= —-e-- ¢ =15 [kW/m?]
;ﬁ --m- =25 [kW/m?]
—-a =35 [kW/m?]
—ove =45 [kW/m?]
—-v-- ¢ =55 [kW/m?]
—-x- =65 [kW/m?]
e ¢ =75 [kW/m?]
0 ‘ ‘ -0 =85 [kW/m]
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x [
b) 30 ‘ ‘ ‘
G =400 [kg/m?s] R600a
Tgae = 41°C
25¢ 1
— 20} 1
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0 0.2 0.4 0.6 0.8 1

x[-]

Fig. 7. Effect of the heat flux and vapor quality on the heat transfer coefficient, (a)
R1234ze(E), (b) R600a.
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errors, uncertainties for the calculated parameter were estimated
using the method of sequential perturbation according to Taylor
and Kuyatt [32]. All the experimental uncertainties associated with
the sensors and calculated parameters are listed in Table 4.

It is important to highlight that the experimental data were
acquired only under stable conditions, characterized by tempera-
ture and pressure oscillations within the range of uncertainty of
their measurements.

4. Experimental results
4.1. Local two-phase heat transfer coefficient

In this item, the main trends observed in the present study for
the heat transfer coefficient with the variation of the experimental
parameters are presented and discussed.

4.1.1. Effect of the heat flux and quality vapor

Fig. 7 illustrates the effect of the heat flux and vapor quality on
the heat transfer coefficient for the fluids R1234ze(E) and R600a.
According to this figure, in general, the heat transfer coefficient
increases with increasing heat flux for experimental conditions
corresponding to low and intermediary vapor qualities. For high
vapor qualities, the heat transfer coefficient becomes almost inde-
pendent of the heat flux. Such behaviors seem to be associated to
the predominance of nucleate boiling effects under conditions of
high heat fluxes and low vapor qualities. The two-phase flow
velocity increases with increasing vapor quality, implying on the
suppression of nucleate boiling and enhancement of convective
effects. The above mentioned mechanisms to explain flow boiling
behaviors in micro-scale channels are a controversial point in the
literature that however is corroborated by the results of Tibirica
and Ribatski [33]. These authors observed bubble nucleation under
conditions of elongated bubbles and annular flow patterns for flow
boiling inside micro-scale channels. Kalani and Kandlikar [34] and
Basu et al. [35] also observed the presence of bubble nucleation in
small diameter channels. Recently, Chavez et al. [36] based on their
study for flow boiling inside multi-channels observed for data
obtained under conditions of progressive decrease of heat flux that
the heat transfer coefficient decreases with reducing the heat flux
despite of the apparent absence of bubble nucleation. This heat
transfer coefficient behavior is typical of flow boiling heat transfer
and does not of forced convection. Based on this fact, Chavez et al.
[36] explained such behavior through the presence of microbub-
bles not perceptible through their high-speed camera and magnify-
ing lens. It is important to highlight that mechanistic models for
elongated bubbles and annular flow patterns and correlations
based only on convective effects are not able to explain such
behavior.

4.1.2. Effect of mass velocity

Fig. 8 illustrates the effect of mass velocity on the heat transfer
coefficient under different experimental conditions for fluids
R1234yf and R600a. According to this figure, the HTC increases
with increasing mass velocity for intermediary and high vapor
qualities, conditions that convective effects prevails. For low vapor
qualities, the nucleate boiling effect is dominant; hence, it can be
observed heat transfer coefficient behavior almost independent
of the mass velocity.

4.1.3. Effect of saturation temperature

Fig. 9 illustrates the effect of saturation temperature on the heat
transfer coefficient. According to the figure, for the fluid R134a, the
HTC increases from 5 to 15% with increasing the saturation tem-
perature from 31 to 41 °C. On the other hand, for R600a, the heat
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Fig. 8. Effect of the mass velocity on the heat transfer coefficient, (a) R1234yf, (b)
R600a.

transfer coefficient increases with increasing saturation tempera-
ture at low vapor qualities. An opposite behavior is observed for
high vapor qualities. The vapor quality at which the trend is shifted
seems to be affected by the heat flux and mass velocity. By increas-
ing the heat flux and decreasing the mass velocity, the vapor qual-
ity corresponding to the shift of trend is postponed to higher
values. An opposite behavior occurs by decreasing heat flux and
increasing mass velocity.

4.1.4. Effect of working fluid

Figs. 10 and 11 illustrate comparisons of the heat transfer coef-
ficients for R134a, R1234yf, R1234ze(E) and R600a for saturation
temperatures of 31 and 41 °C, respectively.

According to Fig. 10, the heat transfer coefficient of R134a and
R1234yf presents close results and almost similar trends. More-
over, the heat transfer coefficient of R134a is about 2-10% higher
than R1234yf for low heat fluxes (15 kW/m?), while for high heat
fluxes (45 kW/m?) the HTC of R1234yf is about 6-10% higher than
the heat transfer coefficient of the R134a. This result agrees with
Del Col et al. [19] and Anwar et al. [20], who also reported almost
similar values of the heat transfer coefficient for R1234yf and
R134a. For low vapor qualities, the HTC of R1234ze(E) is lower than
the heat transfer coefficient of R134a and R1234yf. This difference

a
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Fig. 9. Effect of the local saturation temperature on the heat transfer coefficient, (a)
R134a, (b) R600a.

increases with increasing heat flux. For high vapor qualities, the
HTC of R1234ze(E) is higher than the heat transfer coefficient of
R134a.

On the other hand, the heat transfer coefficient of R600a,
although lower than R134a and HFOs for vapor qualities lower
than 0.2, increases significantly with increasing the vapor quality,
reaching values up to 120% higher than the other fluids for
x > 0.8. Such a behavior seems to be related to the predominance
of convective effects for R600a because the specific vapor volume
of this refrigerant is about four times higher than the other fluids,
as indicated in Table 1. This fact implies on the enhancement of
flow acceleration and of convective effects along the test section
as result of the evaporation process. As the two-phase flow velocity
increases the temperature gradient of the fluid near the tube wall
also increases, suppressing nucleate boiling effects.

Furthermore, for low heat fluxes and vapor qualities higher than
0.3, the heat transfer main mechanism seems to be related to con-
vective effects for all fluids (see Fig. 10). By increasing the heat flux
and keeping the mass velocity and saturation temperature con-
stant, the heat transfer dominant mechanism for R134a, R1234ze
(E) and R1234yf becomes nucleate boiling. However, for R600a
and under the same experimental conditions the dominant mech-
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anism is still associated to convective effects. It is worth to men-
tion that this behavior for the isobutane differ significantly from
the results by Copetti et al. [6], but agrees with the results of de
Oliveira et al. [9].

According to Fig. 11, experimental results for the fluids R134a,
R1234ze(E) and R1234yf indicate a predominance of the nucleate
boiling effects for a saturation temperature of 41 °C. While for
the isobutane the prevailing heat transfer mechanism seems to
be still related to convective effects for vapor qualities higher than
0.2. It also can be observed that the heat transfer coefficient for the
R1234ze(E) is lower than the HTC for the fluid R134a and R1234yf,
regardless the vapor quality range.

4.2. Assessment of predictive methods

The capability of the methods from literature to predict the data
obtained in the present study was evaluated by comparing their
predictions with the corresponding experimental results. The com-
parison was performed based on the resulting statistical parame-
ters and on the evaluation of the main heat transfer trends.

4.2.1. Statistical evaluation of the predictive methods

Table 5 presents de mean absolute error (MAE) and the parcels
of data predicted within an error band of +30% (1) obtained from
the comparisons between predictive methods and the experimen-
tal database. These statistical parameters were calculated consid-
ering the data for each fluid and the overall database.

For the comparisons involving the overall database, the meth-
ods of Kanizawa et al. [1] and Kim and Mudawar [11] provided
the best predictions of the experimental database, predicting
82.0 and 81.1% of the data within an error band of +30%, respec-
tively. The methods of Kew and Cornwell [41] and Sun and Mis-
hima [44]| also provided reasonable agreement with the
experimental data, predicting 78.9% and 76.8% of the overall data-
base within an error band of 30%, respectively. Chen [37], Lazareck
and Black [38], Liu and Winterton [39], Zhang et al. [42], Saitoh
et al. [15] and Mahmoud and Karayiannis [21] performed relatively
well, providing mean absolute errors between 22.4 and 27%. The
methods by Tran et al. [40], Thome et al. [12], Bertsch et al. [43]
and Li and Wu [45] provided MAEs higher than 31% and a n lower
than 55%. Although not listed in Table 5, it is worth to mention that
the methods of Warrier et al. [46], Kandlikar and Balasubramanian
[10], Oh and Son [47], Oh et al. [48], Cioncolini and Thome [49] and
Costa-Patry and Thome [50] were also compared with the database
obtained in the present study. In general, these methods predicted
less than 20% of the database within an error band of +30%.

The macro-scale predictive method of Chen [37] provided accu-
rate predictions of the data of R134a and performed relatively well
for R1234ze(E) and R1234yf. Liu and Winterton [39] ended up
being the most adequate predictive method for the hydrocarbon
R600a, predicting 69.4% of the data within an error band of +30%.
However, it is important to mention that despite providing the best
predictions, a N3oy around 65-70% is not satisfactory.

The method of Thome et al. [12] performed relatively well for
the fluid R134a and R1234ze(E), but failed to predict the experi-
mental data for R1234yf and R600a. Tran et al. [40] and Zhang
et al. [42] provided reasonable predictions of the results of
R1234yf and R134a, respectively. Li and Wu [45] performed rela-
tively well for R1234yf and R134a. Mahmoud and Karayiannis
[21] provided reasonable predictions for R1234yf and performed
relatively well for R134a and R1234ze(E). The method of Bertsch
et al. [43] wasn’t able of providing reasonable predictions of any
of the fluids evaluated in the present study.

Despite being developed based on data for vertical flow of R113,
the method of Lazareck and Black [38] agreed reasonably well with
the experimental data for R134a and R1234yf. The method of Kew
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Table 5
Statistical parameters resulting from the comparison of the experimental data with the predictive methods.*
Predictive method Fluid R134a R1234ze(E) R1234yf R600a Overall
#Data 772 847 475 1315 3409
Chen [37] MAE 16.9% 20.8% 22.5% 26.6% 22.4%
n 90.5% 77.4% 74.1% 57.7% 72.3%
Lazareck and Black [38] MAE 22.1% 20.4% 17.6% 28.3% 23.4%
n 75.6% 76.6% 88.0% 59.8% 71.4%
Liu and Winterton [39] MAE 27.7% 28.8% 32.7% 22.2% 26.5%
n 58.4% 53.0% 25.1% 69.4% 56.6%
Tran et al. [40] MAE 43.2% 31.4% 11.8% 55.7% 40.7%
n 6.7% 59.6% 94.5% 4.3% 31.2%
Kew and Cornwell [41] MAE 16.4% 15.9% 10.2% 24.2% 18.4%
n 82.9% 83.7% 96.6% 67.1% 78.9%
Thome et al. [12] MAE 20.5% 25.6% 30.3% 41.2% 31.1%
n 76.7% 65.2% 49.9% 36.1% 54.5%
Zhang et al. [42] MAE 21.1% 26.5% 25.7% 31.4% 27.0%
n 81.7% 61.9% 63.2% 50.5% 62.1%
Saitoh et al. [15] MAE 22.1% 18.4% 15.8% 31.5% 23.9%
n 80.6% 79.5% 88.6% 54.5% 71.3%
Bertsch et al. [43] MAE 39.2% 38.5% 35.7% 39.5% 38.6%
n 15.2% 26.6% 28.8% 39.0% 29.1%
Sun and Mishima [44] MAE 11.6% 15.5% 8.0% 27.3% 18.1%
n 86.8% 83.9% 97.3% 59.1% 76.8%
Li and Wu [45] MAE 23.9% 26.8% 20.6% 48.9% 33.8%
n 70.6% 60.0% 77.3% 18.9% 48.9%
Kim and Mudawar [11] MAE 11.0% 13.2% 10.0% 23.8% 16.8%
n 94.8% 88.0% 96.8% 62.9% 81.1%
Mahmoud and Karayiannis [21] MAE 23.9% 25.9% 22.3% 29.2% 26.2%
n 69.4% 65.9% 81.9% 57.0% 66.3%
Kanizawa et al. [1] MAE 18.4% 13.2% 16.7% 22.8% 18.4%
n 90.0% 90.8% 98.7% 65.7% 82.0%

2 Bold numbers indicate a MAE below 20% and more than 80% of the data predicted within the +30%.

and Cornwell [41] whose development was based on the work of
Lazareck and Black [38] provided good predictions of the data for
R134a, R1234ze(E) and R1234yf. However, considering that this
method is based on the predominance of nucleate boiling effects,
it is not surprising that the method of Lazareck and Black [38] does
not predicts satisfactorily the results of R600a, fluid for which con-
vective effects are predominant, as discussed in Section 4.1.4. The
methods of Sun and Mishima [44] and Kim and Mudawar [11] pro-
vided accurate predictions of the experimental databases of the
fluids R134a, R1234ze(E) and R1234yf. However, both methods
failed to predict the experimental data of R600a, probably due
the fact that none of these methods includes R600a in the experi-
mental database used for their development. The predictions pro-
vided by the method of Saitoh et al. [15] are in good agreement
with the experimental data for R134a, R1234ze(E) and R1234yf.
It is important to highlight that the method of Saitoh et al. [15]
was developed based on a database containing experimental
results only for R134a and tube diameters from 0.51 to
10.92 mm. For the same fluids, the method of Kanizawa et al. [1]
predicted more than 90% of the experimental data within an error
band of +30% while Saitoh et al. [15], in general, provided a value of
n higher than 79%. The method of Kanizawa et al. [1] was devel-
oped based on the work of Saitoh et al. [15].

Fig. 12 illustrates comparisons between the experimental data-
base segregated according to the fluids with the predictive meth-
ods of Kew and Cornwell [41], Sun and Mishima [44], Kim and
Mudawar [11] and Kanizawa et al. [1]. According to this figure,
the four methods mostly underestimate a significant parcel of
the experimental data independently of the fluid and heat transfer
coefficient range.

4.2.2. Trend evaluation of the predictive methods

Since a good predictive method should be not only statistically
accurate, but also be able of capturing the main trends of the
experimental results, Fig. 13 displays the evolution of the heat

transfer coefficient with the vapor quality according to the predic-
tive methods and the experimental data.

According to Fig. 13a and b, none of the methods capture the
behavior of the heat transfer coefficient of R1234ze(E) for vapor
qualities higher than 0.4, independently of the range of heat fluxes
and mass velocities. For vapor qualities lower than 0.4, it can be
observed that the methods of Sun and Mishima [44], Kim and
Mudawar [11] and Kanizawa et al. [1] capture the tendency of
the experimental data. For the fluid R1234yf, only the method of
Sun and Mishima [44] was able to adequately capture the predom-
inance of nucleate boiling effects of the experimental data for a sat-
uration temperature of 41 °C (see Fig. 14d). On the other hand, for a
saturation temperature of 31 °C (see Fig. 13c), Saitoh et al. [15] and
Kanizawa et al. [1] capture the behavior of the experimental data
for vapor qualities lower than 0.4. However, none of these methods
captures the predominance of convective effects and the corre-
sponding increase of the heat transfer coefficient with increasing
the vapor quality. For the isobutane (see Fig. 13e and f), the method
of Kew and Cornwell [41] capture the tendency of the experimen-
tal data for a saturation temperature of 41 °C, but for a saturation
temperature of 31 °C, the method underestimate the heat transfer
coefficient for vapor qualities lower than 0.5.

In general, it can be concluded that the methods don’t capture
adequately the tendency of experimental data under conditions
where convective effects are predominant. Moreover, only the
method of Chen [37], Saitoh et al. [44]| and Kanizawa et al. [1] con-
sider the occurrence of surface dryout at high vapor qualities. It
should be also highlighted the fact that most of the methods dis-
played in Fig. 13 present huge divergences from the experimental
trends.

5. Heat transfer coefficient predictive method

Due to the fact that none of the predictive methods from liter-
ature was able to predict accurately the experimental data for all
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Fig. 12. Comparison of the experimental database segregated by fluids with predictive methods by: (a) Kew and Cornwell [41], (b) Sun and Mishima [44], (¢) Kim and
Mudawar [11] and (d) Kanizawa et al. [1].

range of conditions evaluated in the present study, in this item an B — [(F 2+ (S ho)2 05
updated version of the predictive method of Kanizawa et al. [1] is 20 [( L)+ (S - fiwy) ]
proposed.

(11)

where h; and h,;, are the heat transfer coefficients related to convec-
tive and nucleate boiling effects, respectively. The HTC related to
convective effects is estimated assuming only the liquid phase flow-
ing in the tube as turbulent flow according to the correlation of Dit-
According to the results showed in the last section, in general,  ys and Boelter [51]. The heat transfer coefficient related to nucleate

the predictive method of Kanizawa et al. [1] predicted reasonably  pojling effects is estimated according the correlation of Stephan and
well the experimental data for the fluids R134a, R1234ze(E) and Abdelsalam [52].

R1234yf. However, this method failed in the prediction of the
HTC under conditions where convective effects are predominant,
corresponding to most of data for R600a. On the other hand, it
was verified in this study that the transition between the predom-
inance of nucleate boiling effects to convective effects occurs more

5.1. Description of the updated predictive method

The convective enhancement factor, F, and the nucleate boiling
suppression factor, S, are estimated according to the correlation
forms proposed for Kanizawa et al. [1], as follows:

Cf2
X

abruptly than what is captured by a linear composition of these F=1+ (1 + WerC}) (12)
effects. Therefore, it was decided to adjust the method of Kanizawa

et al. [1] by adopting an asymptotic exponent equal to two, as rec- o

ommended by Liu and Winterton [39]. Therefore, the updated S = Cs1Bd (13)

method for prediction of the heat transfer coefficient for vapor - 1+¢s3 (10'4ReLF1'25>CS'4
qualities lower than the dryout vapor quality is given as follows:
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Fig. 13. Comparison of frictional pressure drop trends according to predictive methods and the experimental data for non-circular channels.
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Fig. 14. Comparison of the new experimental database with the updated proposed
correlation.

Table 6
Stadisticals parameters from the comparison between the present experimental data
and the predictions of the developed method.”

Exp. database Data points MAE N3ox Na20%

R134a 772 9.8% 100% 95.9%
R1234ze(E) 847 8.8% 97.8% 92.1%
R1234yf 475 10.8% 97.9% 86.1%
R600a 1315 14.0% 96.0% 77.0%
Overall 3409 11.3% 97.7% 86.3%

4 Bold numbers indicate a MAE below 20% and more than 80% and 70% of the data
predicted within the +30% and +20%, respectively.

where the empirical coefficients were adjusted through the least
square fitting method for non-linear equations given by the soft-
ware MATLAB R2015a. Through this procedure values of ¢, cf2,
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Fig. 15. Parcel of data predicted within the +20% of error band according to
predictive methods of the literature and the updated proposed method segregated
by the fluid.

i3, Cs,1, Cs20 Cs3 and G54 equal to 2.55, —1.04, —0.194, 1.427, 0.032,
0.1086 and 0.981 were found, respectively.

Considering that in the present study post-dryout experimental
data were not obtained, the procedure proposed by Kanizawa et al.
[1] for vapor qualities higher than the dryout (X > Xgryour) is
recommended.

5.2. Evaluation of the updated predictive method

5.2.1. Statistical evaluation of the updated predictive method

Table 6 lists de mean absolute error, the parcel of data predicted
within +30% and +20% of error band obtained from comparisons
between the experimental database and the new version of the
predictive method proposed originally by Kanizawa et al. [1].
According to this table, for the overall database, the method pre-
dicted almost 98% and 86% of the experimental data within error
bands of +30% and +20%, respectively. The new method also pro-
vides accurate predictions of the particular datasets regardless of
the fluid, providing values of MAE lower than 14% and 3oy higher
than 95%.

) 400
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Fig. 16. Parcel of data predicted within the +20% of error band according to (a) mass velocity, (b) vapor quality, and (c) heat flux and HTC ranges.
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Table 7

Stadisticals parameters from the comparison between data from the literature and the predictions of the developed method.”
Author(s) Fluid Diameter [mm)] #Data MAE N30x%
Tibirica and Ribatski [23] R134a 2.32 1334 16.0% 89.6%
Anwar et al. [20] R1234yf 1.6 200 23.1% 89.5%
Kanizawa et al. [1] R134a 0.38 23 11.9% 91.3%

2 Bold numbers indicate a MAE below 20% and more than 80% of the data predicted within the +30%.

Fig. 14 illustrates a comparison between the experimental
results and the predictions given by the modified version of the
method. According to this figure, the method is reasonably accu-
rate independently of the range of heat transfer coefficient and
refrigerant.

Figs. 15 and 16 depict the parcel of experimental results pre-
dicted with an error band of +20% according to different opera-
tional ranges for the three predictive methods from literature
that provided the best predictions, according to Section 4.2, and
the updated version of the method of Kanizawa et al. [1] proposed
in this study.

In Fig. 15, comparisons are performed for the data segregated
according to the working fluid. According to this figure, the new
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version provided reasonable results for the four fluids evaluated
in this study, predicting more than 77% of the experimental data
within an error band of +20%. It can also be observed that the
updated method improves the predictions of the original method
developed by Kanizawa et al. [1]. Moreover, it is important to high-
light the fact that the updated version of Kanizawa et al. [1] pro-
posed in this study improves significantly the results for R600a,
considering that the methods of literature predicted less than
50% of the experimental data within an error band of +20%.

As shown in Fig. 16, the new version of the method predicted
higher parcels of the experimental data within an error band of
+20% than the methods of Sun and Mishima [44], Kim and Mudawar
[11] and Kanizawa et al. [ 1], regardless of the range of mass velocity,
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Fig. 17. Comparison between experimental data and estimated trends according to the updated version of the predictive method of Kanizawa et al. [1].
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vapor quality, heat flux and heat transfer coefficient. It can also be
observed that the parcel of data predicted by the updated method
within an error band of +20% does not vary significantly according
to the experimental condition range, presenting values between
75 and 96%. Moreover, it is worth to mention that the updated pro-
posed method improves considerably the predictions, compared to
the methods from literature for mass velocities higher than
520 kg/m? s (see Fig. 16a) and for vapor qualities higher than 0.6
(see Fig. 16b). For vapor qualities higher than 0.8, the methods from
literature predicted less than 25% of the experimental data within an
error band of +20%. This result can be explained by the fact that the
methods from the literature do not capture satisfactorily the pre-
dominance of convective effects for vapor qualities higher than
0.4, especially for the isobutane. According to Fig. 16d, the methods
of Sun and Mishima [44], Kim and Mudawar [11] and Kanizawa et al.
[1], provided reasonable predictions for heat transfer coefficients
lower than 15 kW/m? K, but failed to predict HTCs higher than
15 kW/m? K. On the other hand, the updated proposed method pro-
vides accurate predictions regardless the heat transfer coefficient
range, improving in 800% the parcel of data predicted within an error
band of +20% for HTCs higher than 20 kW/m? K, corresponding to
high vapor quality conditions with the refrigerant R600a.
According to Table 7, the updated version of the predictive
method of Kanizawa et al. [1] predicts satisfactorily the experi-
mental results of the independent databases of Tibirica and
Ribatski [23], Anwar et al. [20] and Kanizawa et al. [1], providing
more than 89% of the predictions within an error band of +30%.

5.2.2. Parametric analysis of the updated predictive method

As shown in Fig. 17, the updated method proposed in this study
is able to capture the effects of the heat flux, mass velocity, satura-
tion temperature and working fluid on the heat transfer coefficient.
Moreover, the method predicts satisfactorily the vapor quality for
which the effect of the saturation temperature in the heat transfer
coefficient is shifted. It can be observed that for vapor qualities
lower than 0.4-0.6, according to the conditions of heat flux and
mass velocity, the proposed method predicts adequately the
increasing of the HTC with increasing saturation temperature. On
the other hand, for high vapor qualities, the method predicts the
decreasing of the heat transfer coefficient with increasing the sat-
uration temperature. It also should be highlighted the fact that the
updated proposed method predicts satisfactorily the vapor quality
where the experimental HTC for isobutane overcomes the heat
transfer coefficient of the fluids R134a, R1234ze(E) and R1234yf.
Finally, taking into account that care was exercised during the
experimental campaign in order to obtain heat transfer coefficient
results for vapor qualities as closer as possible to the wall dryout,
the new version of the method of Kanizawa et al. [1] seems to pre-
dict accurately the vapor quality corresponding to the onset of
dryout.

6. Conclusions

The following remarks summarize the conclusions of the pre-
sent investigation:

e A broad experimental database for HTC during flow boiling of
R134a, R1234ze(E), R1234yf and R600a in a 1.1 mm ID tube is
presented. The database comprises 3409 experimental results,
heat fluxes ranging from 15 to 145 kW/m? K, mass velocities
from 100 to 800 kg/m? s, saturation temperatures of 31 and
41 °C and heat transfer coefficients up to 32.4 kW/m?.

e For experimental conditions where the nucleate boiling effects
are predominant, the HTC increases with increasing the heat
flux and is almost independent of the mass velocity. On the

other hand, under experimental conditions where the convec-
tive effects are predominant, the HTC is independent of the heat
flux and increases when increasing the mass velocity. In gen-
eral, the HTC increases with increasing the saturation tempera-
ture at low vapor qualities and decreases for high vapor
qualities.

o The heat transfer coefficients for R134a and R1234yf are almost
similar. For low vapor qualities, the HTC of R1234ze(E) is lower
than the heat transfer coefficient of R134a and R1234yf. This
behavior is accentuated with increasing heat flux. For high
vapor qualities, the HTC of R1234ze(E) is higher than the heat
transfer coefficient of R134a. The HTC for R600a is lower than
the HTC of the fluids R1234a, R1234ze(E) and R1234yf for vapor
qualities lower than 0.2. However, the HTC for R600a increases
drastically with increasing the vapor quality reaching values up
to 120% higher than the other fluids.

e The experimental database was compared with 14 predictive
methods of the literature. Statistically, the methods of Kanizawa
et al. [1] and Kim and Mudawar [11] provided the best predic-
tions of the overall database, predicting 82% and 81% of the
experimental data within an error band of +30%, respectively.
In general, the predictions according to the methods of Kew
and Cornwell [41] and Sun and Mishima [44] also agreed rea-
sonably well with the experimental data for the overall
database.
In general, Kanizawa et al. [1] and Kim and Mudawar [11] pro-
vided satisfactory predictions of the data of R134a, R1234ze(E)
and R1234yf. However, this methods were able to capture sat-
isfactorily only the tendencies of the HTC with increasing the
vapor quality for low and intermediate vapor qualities. None
of the predictive methods was able to provide satisfactory pre-
dictions for the isobutane.
Considering the overall analysis of the experimental data and
the comparison with the predictive methods of the literature,
an updated version of the predictive method of Kanizawa
et al. [1] was proposed. The updated proposed version of the
predictive method predicts 97.7% and 86.3% of the experimental
database used on its development within an error margin of
+30% and +20%, respectively. Moreover, the updated proposed
method captures adequately the trends of the experimental
data. The updated version was also able to provide satisfactory
predictions of independent data from literature.
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