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Abstract

R134a was recognized as probably one of the most important refrigerants of the two past decades. Among the proposed
alternative fluids, there are certainly isobutane (R600a) and R152a. This article presents about 200 new heat transfer coefficient
and pressure drop data obtained during flow boiling of R152a and R600a inside a smooth copper tube having an internal diameter
of 4 mm. Three saturation temperatures were considered for each refrigerant, from 5 °C to 20 °C. Furthermore, for each
temperature studied, the heat flux was varied between 15 and 30 kW m 2 and the refrigerant mass flux from 100 to
400 kg m %s . After presenting the new data, a critical comparison was proposed between the performance of these refrigerants
and R134a. Finally, some classic correlations available in the literature have been implemented. The deviations between the
calculated and experimental values were reported and commented.
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1 Introduction

Following the environmental issues linked to anthropogenic
greenhouse effect and the consequent increment of ambient
temperatures, several HFC refrigerants, including R134a, are
subjected to a progressive phase-down, depending on local
legislations.

In the last years, several low-GWP (Global Warming
Potential) synthetic molecules, like R1234yf and
R1234ze (E), have been proposed (mostly
HydroFluoOlefins, HFO) as R134a replacements in
some applications like mobile air conditioning and large
chillers. However, since the nineties, some traditional
low-GWP molecules, like R152a (an HFC) and isobu-
tane (R600a) have been evaluated and in some cases
already used as substitutes of R134a in applications like
domestic appliances, heat pumps, cabin heating and
cooling for vehicles [1-3].

Despite those fluids are promising alternatives to R134a
and available for relatively longtime, the studies about heat
transfer behavior of R152a and R600a during in-tube flow
boiling are still limited. In 2019 Fang et al. [4] performed a
thoroughly literature review about saturated flow boiling heat
transfer. Considering horizontal smooth tubes, they found on-
ly four papers investigating R600a for a total number of 820
data points.

De Oliveira et al. [5] studied the local heat transfer coeffi-
cient and the flow pattern during flow boiling inside a | mm
horizontal tube. The Authors demonstrated that the heat trans-
fer coefficient was highly dependent on the mass velocity
while heat flux was found to have no significant effect.
Convective boiling was found to be predominant. While, nu-
cleate boiling was predominant only at low vapor quality. In
any case, the heat transfer coefficient increased with the in-
crease of vapor quality.

Copetti et al. [6] investigated the R600a boiling heat
transfer characteristics in a 2.6 mm tube and compared
them against R134a ones. The Authors found that in the
low quality region, there was a significant influence of
heat flux on the heat transfer coefficient. While, in the
high vapor quality region, for high mass velocities, that
influence tended to disappear. Furthermore, they detect-
ed an influence of mass velocity on the heat transfer
coefficient in most of the tests. While for the highest
heat flux value, the heat transfer coefficient did not
depend of mass velocity. When the Authors compared
R600a and R134a observed a similar behavior.
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Yang et al. [7] investigated the flow boiling heat transfer
and pressure drop characteristics of R600a in a smooth hori-
zontal tube with an inner diameter of 6 mm.

They observed that the heat transfer coefficient was nearly
independent of the mass flux in low vapor quality, while it
increased with mass flux in the high vapor quality region.
Then, the heat transfer coefficient increased with the heat flux
in low vapor quality region. But, that increasing tendency was
suppressed in the high vapor quality region.

Qiu et al. [8] collected and analyzed some saturated flow
boiling heat transfer coefficients and frictional pressure drops
data of R1234ze(E), R600a, and L-41b inside an 8 mm inner
diameter horizontal tube.

The Authors observed that the heat transfer coefficients
showed the same trend with vapor quality for each fluid.
The heat transfer coefficient strongly increased with the mass
flux and slightly increased with the heat flux. Then, the mass
flux had a strong effect on the frictional pressure drops, but the
heat flux did not show any significant influence on the fric-
tional pressure drops The comparison between refrigerant
showed that the heat transfer coefficients of R1234ze(E) were
on average 33% lower than those of R600a. While the fric-
tional pressure drops of R1234ze(E) were some 21% lower
than those of R600a.

Other isobutane data were presented by Sempertegui Tapia
and Ribatski [9]. In this paper the Authors presented some
new R134a, R1234yf, R1234z¢(E) data, including 1315 data
of R600a flow boiling in a circular channel with internal di-
ameter of 1.1 mm with mass fluxes from 200 to
500 kg m 2s !, heat fluxes from 15 to 145 kW m™2, saturation
temperatures of 31 and 41 °C. They concluded that in the
experimental conditions where the nucleate boiling effects
were predominant, the H7C increased with increasing heat
flux and it was almost independent of the mass velocity. On
the other hand, under experimental conditions where the con-
vective effects were predominant, the H7C was independent
of the heat flux and it increased when increasing the mass
velocity. Comparing the heat transfer performance of the in-
vestigated refrigerants, it was observed that 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 increased drastically with in-
creasing vapor quality reaching values up to 120% higher than
the other fluids.

Again with reference to horizontal smooth tubes, only three
sets of data with R152a were retrieved. The paper of Hamdar
et al. [10] included 50 data points during flow boiling inside
1 mm tube, at one saturation temperature (25.2 °C), mass
fluxes 210-580 kg m 2 s !, and heat fluxes 18.5—
57.5kWm >

The Authors stated that the heat transfer coefficient was
dominated by nucleate boiling regime in the range of the in-
vestigated parameters.



Heat Mass Transfer

Anwar et al. [11] collected some experimental data of
R152a under upward flow boiling conditions inside a 1.6 cir-
cular tube in a vertical position. The Authors compared the
R152a heat transfer coefficients and the frictional pressure
drops against the R134a ones revealing a similar behavior.

The heat transfer was strongly controlled by the applied
heat flux for the whole span of tests up to vapor quality of
about 0.90, with insignificant contributions from mass flux
and vapor quality. While, the heat transfer coefficients in-
creased with increasing saturation temperature.

Finally, some older R152a measurements can be retrieved
in the report of Ross [8], inside a 9 mm smooth tube, with
mass fluxes 200-700 kg m > s~ ', and heat fluxes 10—
40 kW m 2.

All the above reviewed papers are summarized in Table 1,
where the main operating conditions are also listed.

It can be observed that the inner diameters investigated in
the open literature are devoted mostly to mini tubes (ID
<3 mm) or to macro tubes (ID >6 mm), while in the recent
years there has been an increasing interest in the industry for
“compact” or “small” copper tubes having 3 mm < ID <6 mm.

In fact, in the seek for refrigerant charge reduction, 4 mm
tube is a new target especially for air finned coil heat ex-
changers [13].

In this scenario, there is surely need for further experimen-
tal investigations during flow boiling of R152a and R600a
inside “compact” tubes, in order to assess the suitability of
available heat transfer coefficient and pressure drop models,
that have been developed with few data relative to these re-
frigerants and even less data collected in 3 to 6 mm diameter
tubes.

Hence, this paper presents new sets of heat transfer coeffi-
cient and pressure drop measurements during flow boiling of
isobutane and R152a inside a 4 mm inner diameter tube at 5,
10, 15, 20 °C saturation temperatures with mass fluxes from
100 to 400 kg m 2 sﬁl, and heat fluxes between 15, 20, 25 and
30 kW m 2, at different vapor qualities. The new data points
are compared with the measurements run with R134a in the
same rig [14]. An assessment of the new data with several

models available in the literature is finally carried out in order
to exploit the most suitable models for the design of evapora-
tors using “‘compact” tubes.

2 Experimental set up and test procedure

The experimental set up used to collect the data here presented
was designed and built to investigate both condensation and
vaporization process of refrigerants inside a double tube heat
exchanger, where the refrigerant flows in the inner tube and
water flows in countercurrent in the annulus. It has been used
to collect a large database of experimental data, under several
working conditions and to investigate several refrigerants. The
rig was designed in order to adjust and set the refrigerant
conditions at the inlet of the copper tube placed horizontally.
This tube, has an internal diameter of 4 mm and a total length
of 1300 mm. It is subdivided into an 800 mm test section, and
a 500 mm pre-section, used to assure a fully developed refrig-
erant flow regime. Furthermore, the flow rate and temperature
of the water flowing in the annulus are controlled to obtain the
desired heat flow rate in the test section.

Figure 1 shows a schematic of the system. It depicts the
loop where the refrigerant flows, pumped by means of a var-
iable speed volumetric pump that counteracts the pressure
drops. In addition, there is a hot water loop serving the mea-
suring section, providing the required heat flow rate. The en-
ergy balance discrepancy between the water in the hot loop
and phase-changing refrigerant was always less than 2%.

There is also a second hot water loop to pre-evaporate the
refrigerant to the desired inlet conditions. Finally, there is a
cold water loop (water and glycol) which allows the refriger-
ant to condense and to be sub-cooled at the exit of the test
section. The positions of the measuring instruments are also
shown in the same Fig. 1. T-type thermocouples connected to
a K170 Ice Point Reference, with stability of +0.005 °C and
accuracy of £0.005 °C were used to measure the temperature,
a Coriolis effect mass flow meter was used to measure the
refrigerant flow rate and a strain-gage differential and absolute

Table 1 Summary of the experimental data available in the literature

Reference Refrigerant Tube diameter (mm) G (kg mZsh q (kW m?) teat (°C)
De Oliveira et al. [5] R600a 1 240 to 480 5 to 60 25

Copetti et al. [6] R600a 2.6 240 to 440 44 t0 95 22

Yang et al. [7] R600a 6 67 to 194 10.6 to 75 9.2 t0 30.9
Qiu et al. [8] R600a 8 200 to 400 5to 10 20
Sempertegui Tapia and Ribatski [9] R600a 1.1 200 to 500 15 to 145 31 and 41
Hamdar et al. [10] R152a 1 210 to 580 18.5t0 57.5 25.2
Anwar et al. [11] R152a 1.6 100-500 5 to 245 27 and 32
Ross [12] R152a 9 200 to 700 10 to 40
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Fig. 1 Schematic view of the experimental test rig

pressure transducers measured the differential pressure drops
and the total pressure. The water flow rates flowing in the
auxiliary loops were measured by means of magnetic flow
meters. All the measured values are scanned and recorded
every 1 s by a data logger connected to a computer; the data
collected over a period of 300 s at steady state conditions were
time-averaged to determine the experimental data points.

The uncertainties of all these instruments are reported in
Table 2.

More detailed information on the setup of the test circuit,
on the test section, the measuring instruments and the test
procedure adopted can be found in previous works published
by the same authors [13-16].

The experimental data were expressed as a function
of average heat transfer coefficient (H7C) and frictional
pressure drops. To evaluate the average HTC, the tem-
perature of the tube wall was measured using four T-
type thermocouples.

Table 2 Specification of the different measuring devices

Devices Uncertainty (k=2) Range

T-type thermocouples 0.1 K —20/80 °C
T-type thermopiles 0.05 K —20/80 °C
Abs. pressure transducers 0.075% f.s. 0/3.0 MPa
Diff. pressure transducers 0.075% f.s. 0/0.3 MPa
Coriolis effect flow meters 0.1% 0/300 kg h™!
Magnetic flow meters 0.15% fs. 100/1200 1 h™!
Data logger +2.7 uv 0/100 mV

REFRIGERANT PUMP

SUB-COOLER

Two thermocouples were inserted 100 mm from the mea-
suring section entrance and the other two 100 mm from the
measuring section output. For each pair, one thermocouple
was embedded inside a groove and sealed in the upper part
of the tube and the other in the lower part of the tube.

In this way it was possible to evaluate the H7C according
to Eq. 1.

Oy

HTC =————
A (twall_[sat)

(1)

Where Q,, is obtained from a thermal balance on the
heating water loop and #, is the average saturation
temperature evaluated from the average refrigerant

Table 3  Experimental campaign testing conditions
Refrigerant R600a
Runs t.vat Dsar G q X

[°C] [bar] kem?s'] [kWm?] []
31 20.2-20.0 3.045-3.018 302-99 312-146  0.08-0.75
32 10.3-9.9  2.237-2.199 306-101 306-147  0.12-0.75
30 52438 1.195-1.855 304-102 309-149  0.13-0.71
Refrigerant R152a
Runs tsat Dsar G q X

[°C] [bar] kgm?s'] [kWm?] []
34 20.0-19.9 5.140-5.118 404-149 310-151  0.07-0.84
35 15.1-149 4.404-4.377 403-147 307-149  0.10-0.85
33 10.0-9.9 3.736-3.702 408-151 309-149  0.10-0.79
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Fig. 2 Average HTC vs. mean
vapor quality during R600a flow
boiling at G =100, 150, 200, and
300 kg m 2 s 'and the heat flux
¢ =20 kW m™2. Saturation
temperature of 20 °C (left), 10 °C
(centre) and 5 °C (right)
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Fig. 3 Average HTC vs. mean
vapor quality during R600a flow
boiling at ¢ = 15, 20, 25, and
30kWm ™ and G=

200 kg m 2 s~'. Saturation
temperature of 20 °C (left), 10 °C
(centre) and 5 °C (right)
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Fig. 4 Frictional pressure drop
vs. mean vapor quality during
R600a flow boiling at G =100,
150, 200, and 300 kg m % s .
Saturation temperature of 20 °C
(left), 10 °C (centre) and 5 °C
(right)
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Fig.5 Average HTC vs. mean | 0150 @200 4300 400 |

vapor quality during R152a flow 15000
boiling at G = 150, 200, 300, and L1 g =20 kW m2
400 kg m* s 'and the heat flux L| T sat =20 °C
¢ =20 kW m™>. Saturation |
temperature of 20 °C (left), 15 °C R152a
(centre) and 10 °C (right) I °
= 10000 |
X I
o ¢ A
S L
= : 4
(=1 - A ° o (@]
(@] s (¢} O o
= 5000 % o0 m|
T I
0 ||||||||| [ Lol Lid a1

0.0 0.2 0.4 0.6 0.8 1.0
MEAN VAPOR QUALITY [-]

| 0150 200 4300 400 |

15000
L g =20 kW m2
L | Tsat=15°C
- | R152a ¢
=-10000 ¢
X i ®
|
£ ® A
=3 *a e
. 4 © [m]
|C_) 5000 A o 0 m] m]
I
O ||||||||| [FEEE RN [EE NN RN RN EEEE [N NN N RN
0.0 0.2 0.4 0.6 0.8 1.0
MEAN VAPOR QUALITY [-]
[ 0150 200 4300 400 |
15000
- | g =20 kW m2
- | Tsat=10 °C o
" | R152a
< 10000
X I ®
o~ A
S 3 A
S ® A o)
O A e ° o
E 5000 ° o - a o
0 ......... Lo Lo a1 Lia a1 [N

0.0 0.2 04 0.6 0.8 1.0
MEAN VAPOR QUALITY [-]

@ Springer



Heat Mass Transfer

Fig. 6 Average HTC vs. mean
vapor quality during R152a flow
boiling at ¢ = 15, 20, 25, and
30kWm ™ and G=

300 kg m 2 s~'. Saturation
temperature of 20 °C (left), 15 °C
(centre) and 10 °C (right)
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Fig. 7 Frictional pressure drop
vs. mean vapor quality during
R152a flow boiling at G =150,
200, 300, and 400 kg m % s .
Saturation temperature of 20 °C
(left), 15 °C (centre) and 10 °C
(right)
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Table 4 Relative and absolute deviations between correlations and
experimental H7C data

Mean relative deviation (%)

R600a R152a
Gungor and Winterton [19] =5.1 -9.5
Liu and Winterton [20] 11.2 -0.9
Zhang et al. [21] -17.5 —-15.7
Saitoh et al. [22] —24.4 -26.6
Sun and Mishima [23] -33.4 -15.9
Oh and Son [24] —-19.6 —-14.5
Kim and Mudawar [25] —14.9 —8.7
Fang et al. [26] —6.2 5.1
Sempertegui Tapia and Ribatski [9] 29.8 16.5
Mean absolute deviation (%)

R600a R152a
Gungor and Winterton [19] 19.4 15.8
Liu and Winterton [20] 18.1 7.1
Zhang et al. [21] 22.1 15.8
Saitoh et al. [22] 24.4 26.6
Sun and Mishima [23] 334 18.2
Oh and Son [24] 19.9 16.0
Kim and Mudawar [25] 15.1 9.6
Fang et al. [26] 6.2 5.1
Sempertegui Tapia and Ribatski [9] 29.8 16.6

pressure. Refprop v.10 [17] is used to calculate the re-
frigerants’ thermophysical properties. A thermal balance
at the pre-evaporator is used to estimate the vapor qual-
ity at the inlet of the test section, as:

n;lwcp,w (tpre,iiz_tpre,aut) = n.’lref(t]in_]sub) (2)

Where rﬁw is the water mass flow rate, c,,,, is the specific
heat capacity of the water, f,.,;, and #,,. .. are the water

temperatures measured at the inlet and outlet, respectively of
the pre-evaporator. n'1,ef is the refrigerant mass flow rate and
J;, the specific enthalpy of the refrigerant at the inlet of the test
section while J,,,;, is the specific enthalpy of the refrigerant at
the inlet of the pre-evaporator, which is evaluated with
Refprop v10 [17] from the measured values of the refrigerant
pressure and temperature. The specific enthalpy J;, is then
used to estimate the inlet vapor quality and with a second
thermal balance at the test section it is possible to evaluate
the outlet vapor quality and, eventually, the mean value by
averaging those two.

Subsequently, pressure drops are also analyzed. The focus
was placed on frictional pressure drops which are evaluated
according to Eq. 3.

Apf - Aptot_Apa_Apc (3)

a length between the two pressure taps of 1300 mm is taken
into consideration which considers the entire 4 mm tube.

The homogeneous model for the two phase flow
is adopted, to be consistent with other data already published
and to allow a comparison between them and the new ones
[13, 16]. So, the momentum pressure drops are calculated
according Eq. 4:

Ap, = G*(va—vL)|Ax] (4)

Again, to be consistent to the previous data base of data
published, the local pressure drops are are calculated accord-
ing Eq. 5.

where the average two phase density is used according to the
homogeneous model.

Using the procedure proposed by the Kline and
McClintock [18], an uncertainty analysis was carried out on
the of HTC and frictional pressure drop.

Fig. 8 Calculated vs. ® Liu and Winterton (1991) ® Liu and Winterton (1991)
experimental average HTC © Kim and Mudawar (2013) © Kim and Mudawar (2013)
obtained with R152a and R600a A Fang et al. (2017) 4 Fang et al. (2017)
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Table 5 Relative and absolute deviations between correlations and
experimental frictional pressure drops data

Mean relative deviation (%)

R600a R152a
Friedel [28] -4.9 -7.8
Miiller Steinhagen and Heck [29] -7.9 -14.5
Mishima and Hibiki [34] 15.4 13.3
Wang et al. [33] 4.1 0.0
Sun and Mishima [23] 7.5 -04
Kim and Mudawar [32] -1.2 -84
Mean absolute deviation (%)

R600a R152a
Friedel [28] 19.69 23.02
Miller Steinhagen and Heck [29] 16.28 21.14
Mishima and Hibiki [34] 24.28 24.22
Wang et al. [33] 15.49 14.87
Sun and Mishima [23] 27.74 32.18
Kim and Mudawar [32] 19.89 22.03

The maximum uncertainty on H7C is of 7% and on the
friction pressure drop is of 8%.

3 Results and discussion

The experimental campaign presented in this work aimed to
collect new average heat transfer coefficient and frictional
pressure drop data during flow boiling of two refrigerants:
R600a and R152a inside the same 4 mm smooth tube.

93 new experimental points were collected using R600a
and 102 with R152a. For each refrigerant: three saturation
temperatures, four mass velocities, and four heat flux were
investigated.

In detail, R600a was studied at 20, 10 and 5 °C of satura-
tion temperature. At each temperature, the specific mass flow
rates of 100, 150, 200 and 300 kg m 2 s ! were taken into
consideration. They have been tested maintaining a constant
heat flux of 20 kW m 2.

Then, the specific mass flow rate G =200 kg m ? s ' was
kept constant and four heat fluxes of 15, 20, 25 and
30 kW m ? were investigated.

A similar test campaign was also conducted with R152a as
refrigerant. Since its thermophysical properties are different
from those of R600a, it was decided to investigate it under
different operating conditions.

In any case, three saturation temperatures were studied: 20,
15 and 10 °C.

For each temperature, four specific mass flow rates were
taken into account (G =150, 200, 300, and 400 kg m 2 sfl)
and the heat flux was set at 20 kW m 2. Finally, at G=
300 kg m * s ' the same heat fluxes were imposed (¢ = 15,
20, 25 and 30 kW m 2).

In this way, it was possible to separately analyze the effects
of the saturation temperature, the heat flux and the mass flow
rate on the flow boiling heat transfer.

Table 3 lists the experimental datasets, subdivided by refrig-
erant and saturation temperature. It also highlights the maximum
and minimum values reached in each set of: saturation
temperature, saturation pressure, specific mass flow rate,
heat flux, and average vapor quality- evaluated as the
average value between inlet and outlet vapor quality.
The datasets were collected by varying vapor quality.

Each set started with low vapor quality values.
Subsequently, the average vapor quality was increased to the
point where the dryout phenomenon was observed. This phe-
nomenon is extremely abrupt, and it involves a drastic reduc-
tion of HTC. It is anticipated by a strong instability of the wall
temperatures closed to the outlet of the measuring section.

This article wants to focus on the analysis of average HTC
before the dryout phenomenon, so the last experimental point
of each series was recorded just before the instability on the
wall temperatures occurred.

Furthermore, repeatability tests were carried out. In these
tests, the data set order was reversed. The data were generated
starting from the maximum vapor quality up to the minimum
vapor quality. No hysteresis phenomena were observed. All
the repeated conditions gave overlapping results within +2%.
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Table 6 R134a, R600a, and R152a main thermophysical properties
evaluated with Refprop v.10 [17] at 20 °C of saturation temperature

Parameter Unit R134a R600a R152a
Perit [bar] 40.591 36.290 45.167
Pat [bar] 5717 3.022 5.129
Pred - 0.141 0.083 0.114
oL [kg m™] 1225.3 556.9 912.0
oy [kg m™] 27.78 791 1591
Cor [Tkg' K™Y 1404.9 2398.2 1776.5
Cov [Tkg' K" 1000.7 17573 12173

r [kJ kg™ 182.28 33433 285.32
Ky, [mW m ' K] 83.284 91.071 100.205
ky [mW m ' K] 13.335 16.292 14.240
. [uPas™] 207.37 159.34 172.76
Ly [uPas™] 11.49 737 9.88
o [mNm™] 8.69 10.56 10.38

3.1 NEW R600a EXPERIMENTAL DATA

Figure 2 reports the average H7C plotted against the mean
vapor quality at different mass flow rates (G =100, 150,

200, and 300 kg m 2 s™') and at the same heat flux of
20 kW m™>.

The three charts report data relating to three different satu-
ration temperatures: 20 °C, 10 °C, and 5 °C. At G=
100 kg m 2 s ', the HTC remains almost constant as a func-
tion of the mean vapor quality with values around
4000 W m 2 K. Under these conditions, the convective ef-
fects are likely to be negligible, in fact, the HTC is not affected
by the variation in vapor quality. On the other hand, in the case
of high mass flow rates, HTC grows considerably (up to 2.5
times, when G =300 kg mZ2stis investigated) as a function
of the vapor quality. Under these conditions, it is very proba-
ble that the heat transfer is more affected by convective mech-
anisms as compared to the nucleate boiling. They become
more intense at high flow rates, high vapor qualities and low
saturation pressures (Kim and Mudawar [19]). The experi-
mental data obtained reflect precisely what stated by the
theory.

For these reasons, at low vapor quality, the HTC changes
very little when passing from one mass flow rate to another.
Instead at high vapor qualities, the HTC increases significantly
with the increase in the mass flow rate (up to +160% from G =
100 kgm s ' to G=300 kgm *s ' at x=0.75).
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Fig. 3 reports the average HTC plotted against the mean
vapor quality at different heat fluxes (¢ =10, 15, 20, and
30 kW m?) and at the same mass flow rate of 300 kgm s .

Again, the three charts report data relating to three different
saturation temperatures: 20 °C, 10 °C, and 5 °C.

Contrary to what was observed when the mass flux chang-
es (see Fig. 2), when the heat flux changes (Fig. 3), at the same
vapor quality there is a reduced variation of H7C (up to +20%,
but on average + 15%). Then, HTC tends to grow with in-
creasing vapor quality (up to +320% at g=15 kW m 2 and
tsar =5 °C). This increase is more significant at low saturation
temperatures (the increase is more than 200% at t,,=5 °C,
while is slightly lower than 100% at ts,; =20 °C). In fact, a low
pressure enhances the convective mechanisms that lead to
increase the heat transfer. Furthermore, it can be noted that
HTC’s sensitivity to the increase in vapor quality is more
noticeable at low heat flux because, at these operating condi-
tions, the convective boiling is stronger. This behavior was
also observed and theorized by Kim and Mudawar [19] in
their comprehensive review of the underlying heat transfer
mechanisms during flow boiling.

Figure 4 reports three charts, one for each saturation tem-
perature (20, 10, and 5 °C) where the frictional pressure drops
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are plotted against the mean vapor quality at different mass
flow rates (G = 100, 150, 200, and 300 kg m 2 s ).

As expected, frictional pressure drops increase as the mass
flow rate increases. Furthermore, they also increase with an
increase in vapor quality. At very high vapor qualities they
begin to decrease because they are going to reach the value
they would have in case of only vapor flow.

The frictional pressure drop measurements are not affected
by the heat flux variation. For this reason, the related graphs
are here reported.

3.2 NEW R152a EXPERIMENTAL DATA

In this paragraph the experimental results obtained with
R152a are reported. Figure 5 shows the average H7C values
plotted against the mean vapor quality at different mass flow
rates (in this case G = 150, 200, 300, and 400 kg m 2 s_l) and
at the same heat flux of 20 kW m 2.

When R152a was studied, three different saturation tem-
peratures were investigated: 20 °C, 15 °C, and 10 °C. The
three charts are related to these temperatures.

At a first glance, in the present range of operating condi-
tions, the trend of the graphs obtained with R152a is very
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similar to that observed with R600a. Again, it is possible to
notice an increase in H7C as the mass flow rate increases
(+130%). Furthermore, the H7C remains almost constant in
function of the vapor quality at low mass flow rates (H7C
increases up to +15% at G=150 kg m > s~'). On the other
hand, when the investigated mass flow rate is high, H7C is
strongly dependent on vapor quality (H7C increases up to
+140% at G=400 kg m 2 s ). These evidences confirm that
the two competing heat transfer mechanisms: nucleate boiling
and convective flow boiling seem to behave as expected and
as it was observed for R152a.

Figure 6 reports the same information shown in Fig. 3, but
in this case the data refers to R152a. The average HTC is
plotted against the mean vapor quality at a constant mass flow
rate of 300 kg m 2s ! and at four heat fluxes (15, 20, 25, and
30 kW m ).

Again, HTC’s tendency is to slightly increase as a function
of heat flux (up to +70% at lower vapor qualities, but on
average + 18%). Furthermore, it increases when increasing
vapor quality, especially in the datasets obtained at lower heat
flux (+150% at g = 15 kW m 2 and ty, = 10 °C). Finally, Fig. 7
plots the frictional pressure drops exhibited by R152a flowing
in the 1300 mm long tube. The frictional pressure drops are
plotted against the mean vapor quality at different mass flow

Mean vapor quality [-]

rates (G =150, 200, 300, and 400 kg m 2 s '). Again, the
saturation temperatures of 20, 15, and 10 °C are investigated.
Also in this case, the experimental trend obtained reflects
what was expected. Frictional pressure drops increase with
increasing mass flow rate and average vapor quality.

3.3 Models assessment

To confirm the quality of the experimental data obtained, it
was chosen to compare the values of H7C and frictional pres-
sure drop against several correlations present in the open
literature. The investigated tube has a diameter of 4 mm, hence
it can be considered a “small” or “compact” tube since its
diameter is of small size for being a standard tube, but large
for being a mini-channel. There are not many experimental
data collected in channels having such a hydraulic diameter.
For this reason, it is quite difficult to find correlations devel-
oped with a databank containing many 4 mm diameter data. It
was chosen to consider classical correlations, which are uni-
versally recognized to be reliable for the estimation of heat
transfer coefficient during flow boiling inside tube. Among
these, the correlation proposed by Gungor and Winterton
[19] which was developed on 3693 data, mainly of water
and other refrigerants used at the time like R11 and R12, in
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tubes with diameters between 2.95 mm and 32 mm. In any
case, the bulk of the data was collected in tubes with a diam-
eter between 15 and 20 mm. The Liu and Winterton correla-
tion [20] was also taken into consideration. It is based on a
database of 4202 data generated by flow boiling in tubes hav-
ing diameters between 3 and 32 mm. Once again, data are
obtained from water flow boiling and numerous refrigerants
present at the time like R12 and R22. Subsequently, the cor-
relation of Zhang et al. [21] has been investigated. It focuses
on data collected with small diameter tubes, ranging between
0.7 mm and 3.1 mm. Once again there are data of water and
refrigerants now phased off, such as R11, R12, and R113.

More recent is the model of Saitoh et al. [22] which pro-
poses a modified Chen-type correlation based on a databank
containing also data collected with R134a and 3.1 mm diam-
eter tubes.

The Sun and Mishima model [23] used a database of 2505
data obtained in tubes with a diameter between 0.21 mm and
6.5 mm, among which there are R134a data.

R134a flow boiling data are also present in the Oh and Son
correlation [24], in this case inside a 3.36 mm diameter tube.

Even more recent is the correlation proposed by Kim
and Mudawar [25]. It is based on a very large database
of experimental tests carried out in channels having di-
ameters between 0.3 mm and 6 mm. In this case there
are also 45 data of R152a which flows in a I mm
diameter tube by Hamdar et al. [7].

Finally, the correlation of Sempertegui Tapia and Ribatski
[6] contains 1315 data of R600a within the database of 3409
data used to generate it. These data were collected by the same
authors in a small diameter tube (1.1 mm) at relatively high
saturation temperatures (31 °C and 41 °C).

Finally, the model by Fang et al. [26] was included. This
equation is fitted on a very large database, including R600a
data of Yang et al. [4] and the R152a data of Hamdar et al. [7].
Fang and his group, in their review [1] tested several models
and found that the Fang et al. [26] equation used for R134a,
R600a and R152a outperformed any other equation consid-
ered by them. It is worth to underline that they included,
among others, all the models considered in the present paper
with the only exceptions of Sempertegui Tapia and Ribatski
[6] and Oh and Son [25] models.

Table 4 reports the mean relative deviation and the mean
absolute deviation between the results calculated by the cor-
relations listed above in chronological order and the HTC
experimental data presented in this article.

The models with a lower absolute deviation are Fang
et al. [26], Liu and Winterton [20] and Kim and
Mudawar [25].

All the three models were generated based on a very large
database, both in terms of number of data, of hydraulic diam-
eters investigated and of refrigerants used.
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Instead, the Sempertegui Tapia and Ribastki model [6],
which contains many R600a data, estimates the present
R600a data by 29.8% (absolute deviation). However, it should
be emphasized that the model was proposed for tubes with a
smaller diameter than that studied in the present work.

Figure 8 finally shows two graphs plotting the HTC calcu-
lated with the correlations of Fang et al. [26], Kim and
Mudawar [25] and Liu and Winterton [20] (the three best
correlations) and the experimental data. The correlation of
Fang et al. [26] is able to well predict both the trend and the
values of the experimental data.

Regarding pressure drops, the number of data sets available
in the literature for R600a and R152a is rather limited, as
presented in Table 1.

Copetti et al. [3] observed that the frictional pressure drops
measurements carried out with R600a showed quite large de-
viations from results obtained by usual correlations. Qiu et al.
[5] observed that the Gronnerud model [27] was the unique
method capable to properly capture their isobutane pressure
drop measurements, while classical models like Friedel [28]
and Miiller Steinhagen and Heck [29] did not perform accept-
ably. Differently, Yang et al. [4] found an acceptable consis-
tency of their data with Miiller Steinhagen and Heck [29].
Similar results were found by Hamdar and co-authors [7] for
their R152a measurements. Sempertegui Tapia and Ribatski
[30] observed that Del Col et al. [31] model outperformed
both the Miiller Steinhagen and Heck [29] and the Friedel
[28] model in the estimation of their R600a pressure drop
measurements.

For this reason, in the present research, it was decided to
implement six correlations.

The one proposed by Kim and Mudawar [32] is the most
recent and it is based on a very extensive databank of 2378
data, mostly obtained with R134a flowing in tubes having a
hydraulic diameter between 0.3 and 5.3 mm.

Also the correlations of Sun and Mishima [23] and Wang
etal. [33] were developed with some R134a data. The first one
contains data in tube with a diameter from 0.2 mm to 6.5 mm,
while the second one R134a was flowing in a round rube
having a diameter of 6.5 mm.

In addition, more classic correlations have been tested,
such as Mishima and Hibiki [34], Friedel [28], and Muiller-
Steinhagen and Heck [29]. The last two equations were im-
plemented and tested on very large databases, however they
have been developed on other groups of refrigerants that were
present at the time, now phased out. Mishima and Hibiki [34]
was finally developed on water-air two-phase flow in vertical
small tube.

Table 5 shows mean relative deviation and mean absolute
deviation between these frictional pressure drop correlations
listed in chronological order and the experimental data.

The correlation that presents the lowest absolute deviation
was the Wang et al. [33] (15.9% and 14.9% for R600a and
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R152a data respectively) followed by the Kim and
Mudawar [32], the Miller Steinhagen and Heck [29]
and the Friedel [28] ones.

In addition, to give a direct and clear information about the
best four correlations, the estimated values are plotted against
the experimental frictional pressure drops of R600a and
R152a in Fig. 9.

3.4 Refrigerants comparison

The main purpose of these experimental tests is to expand the
literature database, by adding heat transfer and pressure drop
data of refrigerants that may be used to replace R134a.

In fact, the issue of the phase out of R134a is still very
urgent. R134a is probably one of the most widespread refrig-
erants in the past twenty years. It has been used in the most
varied areas of refrigeration: domestic refrigeration, automo-
tive, large chillers, air conditioning. For this reason it is essen-
tial to find environmentally friendly alternatives that can re-
place it. Table 6 lists the main thermophysical properties of
R134a, R600a, and R152a evaluated with Refprop v.10 [17]
at 20 °C of saturation temperature.

R152a and R134a exhibit a similar saturation pressure,
while R600a has a saturation pressure about half of R134a
one.

R134a has the highest reduced pressure. R152a has a re-
duced pressure 20% lower, while R600a has it around 40%
lower than R134a.

R134a has also the highest liquid and vapor densities, while
R600a has the lowest (—55% for liquid and — 72% for vapor).

Another property that is different among the three refriger-
ants is the latent heat. In this case, R600a has the highest,
almost double that of R134a. R152a has a latent heat 50%
greater than that of R134a.

Thermal conductivity, on the other hand, is similar between
the three refrigerants. R152a has a liquid thermal conductivity
20% greater than that of R134a, while the R600a one is about
10% greater than that of R134a.

The different thermophysical properties cause a different
heat transfer behavior. Several theoretical or semi-empirical
approaches can be used as reported for example in Longo et al.
[35] in order to properly rank the fluids heat transfer perfor-
mance by coupling their heat transfer coefficient to their sat-
uration temperature drop that is linked to their pressure drops.
This comprehensive approach goes beyond the scope of the
present paper. Here we prefer to compare the original exper-
imental points previously presented with some experimental
measurements obtained with R134a in the same rig and al-
ready presented in [14].

Figure 10 presents a comparison between R134a, R600a
and R152a HTC at the same working conditions. They are:
heat flux ¢ =20 kW m 2, G=300 and 200 kg m * s ', and
saturation temperatures 20 and 10 °C.

The first graph shows G =300 kg m 2s 'and 7,,,=20 °C.

At low vapor qualities the three refrigerants have similar
performances. The HTC of R600a, however, is more affected
by the convective contribution and it increases more signifi-
cantly with the increase in vapor quality (moving from the
minimum to the maximum vapor quality, R600a H7C in-
creases of about +110%, while R134a one of about +20%).
For this reason, at high vapor qualities R600a outperforms the
other refrigerants (H7C about 45% higher than R134a).

The convective mechanism is reinforced by the lower re-
duced pressure of R600a and also by the lower vapor density.

Instead, when the refrigerants are compared at lower mass
velocity (see the second graph where G =200 kg m 2 s ') the
convective mechanism is less relevant and it gives a lower
contribute to the increase of the H7C. For this reason, the
performances of the three refrigerants are equivalent.

A decrease in saturation temperatures strengthens the con-
tribution of convective heat transfer. The third and the fourth
graphs of Fig. 10 are collected at 10 °C of saturation
temperature.

R600a is the fluid mostly influenced by the reduction in
saturation temperature, due to its lower saturation pressure and
reduced pressure. For this reason, it is mainly affected by the
increase in the convective contribution, and it outperforms
other refrigerants at high vapor qualities (+75% with respect
to R134a).

For the same reason, R134a is the refrigerant that has the
lowest HTC, among the three investigated.

The reduced pressure also has a great influence on pressure
drops. Fig. 11 presents the frictional pressure drops at the
same working conditions illustrated in Fig. 10.

In this case, higher reduced pressure leads to lower pressure
drops. And for this reason, R134a has the lowest pressure
drops among the refrigerants in all conditions (up to 3 times
lower at high vapor qualities and high mass velocities).

Since two alternative refrigerants are proposed to replace
R134a within refrigeration systems, it can be interesting to
compare the three fluids having as the objective “the same
cooling capacity”, that is defined as the product of latent heat
and mass flow rate. Consequently, to have an equal cooling
capacity, for a given vapor quality change and keeping as a
reference the needed mass flow rate of the R134a, the mass
flow rate of R600a must be almost half while that of R152a
must be around 40% lower of that R134a one. Thus, consid-
ering the whole latent heat (i.e. a vapor quality change of 1), it
is possible to run a rationale comparison between the three
refrigerants.

Figure 12 presents a comparison between refrigerants with
the same cooling capacity, at two saturation temperatures:
20 °C and 10 °C both in terms of H7C and frictional pressure
drops.

In this case, the performances of the three refrigerants are
very similar to each other. R134a slightly outperforms the
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other two fluids at 20 °C of saturation temperature, but at
10 °C the performances are superimposable. The same con-
clusions can be drawn by analyzing the respective frictional
pressure drops.

As demonstrated with the experimental tests presented in
this paper, during the flow boiling process within a round rube
it is possible to say that both R600a and R152a are potentially
good substitutes for R134a. It remains up to the designer to be
able to exploit the characteristics and capabilities of each
refrigerant.

4 Conclusions

This article presented 93 new R600a data points and 102 new
R152a data points during flow boiling inside at 4 mm ID
horizontal round tube.

Saturation temperatures of 10, 15, 10, and 5 °C were inves-
tigated, the mass flux ranged between 100 and 300 kgm s '
and the heat flux between 15 and 30 kW m 2.

In the first part of the paper, all the collected experimental
data were presented in terms of average heat transfer coeffi-
cient and frictional pressure drop.

For both refrigerants, it was observed that the heat transfer
coefficient remarkably increased with the increase of the mass
flux while it slightly increased with the heat flux.

Then, it was noted that under some working conditions, the
heat transfer coefficient is more affected by the convective
mechanism. In fact, it enhances the heat transfer coefficient
at low saturation temperatures, high mass fluxes, low heat
fluxes, and high vapor qualities.

As expected, frictional pressure drops increased as the in-
creasing of the mass flow rate, while they were not affected by
the heat flux variation.

Following, several heat transfer coefficient and frictional
pressure drop correlations were assessed against the experi-
mental data.

The heat transfer coefficient models by Fang et al. [26], Liu
and Winterton [20] and Kim and Mudawar [25] present-
ed the lowest mean absolute deviations for R152a and
R600a, but it was the Fang et al. model [26] that better
captured the data trend.

The frictional pressure drops correlation that presented the
lowest absolute deviation was the Wang et al. [33] (15.9% and
14.9 for R600a and R152a data respectively) followed by the
Kim and Mudawar [32], the Miiller Steinhagen and Heck 291]
and the Friedel [28] ones.

Finally, the heat transfer performance of R600a and R152a
were compared against that of R134a. In fact, the issue of the
R134a phase-out is still very urgent, and there is a strong need
to find out valid low GWP alternatives to R134a. The exper-
imental data were compared at the same mass flux and heat
flux, and at the same cooling capacity.

@ Springer

At the same working conditions, R134a was the refrigerant
that had the lowest H7C but also the lowest frictional pressure
drops, among the three investigated. R600a, mainly due to a
lower reduced pressure, was more affected by convective boil-
ing mechanism that enhanced its performance, but also raised
up its frictional pressure drops.

When the same cooling capacity was considered, the per-
formances of the three refrigerants were very similar to each
other.

So, it is possible to conclude that during flow boiling heat
transfer inside a compact smooth circular tube both R600a and
R152a are potentially good substitutes for R134a. It remains
up to the designer to be able to exploit the characteristics and
capabilities of each refrigerant.
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