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ABSTRACT

Refrigerant mixtures R32/R1234yf and R32/R1234ze(E) are considered to be the low GWP alternatives to R32 and
R410A used in air conditioners. However, according to recent reports, severe heat transfer degradation occurs during
the evaporation process. This implies that much larger heat exchangers are required to maintain the COP and
cooling/heating capacity to adapt to R32/R1234yf and R32/R1234ze(E). The effects of the components and
composition of the mixture on the heat transfer degradation are experimentally investigated in this study. The heat
transfer coefficient of the two mixtures and their individual components, i.e., R32, R1234yf and R1234ze(E), are
experimentally quantified using horizontal copper microfin tubes with 6.00-mm outer diameters and 48, 58, and 64
fins, with 0.26-mm heights and 19 ° helical angles. The evaporation test is conducted at an average saturation
temperature of 10 °C, a heat flux of 10 kW m, and mass fluxes from 150 to 400 kg m™s"!.

1. INTRODUCTION

Refrigerants R1234yf and R1234ze(E) with GWPiq (global warming potential of 100-year time horizon) less than 1
(Myhre et al., 2013) have been proposed to replace R134a in automotive air-conditioners and also R410A in residential
air-conditioning applications. However, results of some drop-in tests with 2.0-kW class air-conditioning units showed
that the use of R1234yf or R1234ze(E) alone drastically decreases the heat load and COP (coefficient of performance)
from that achieved with R410A. The primary cause of this decrease is attributed to the considerably smaller volumetric
capacity of the new refrigerants. Therefore, to increase the volumetric capacity while preserving the low GWP, R32
is added to both R1234yf and R1234ze(E). Refrigerant mixtures with various amounts of the additive are proposed by
the manufacturers and assigned new designations by ASHRAE (AHRAE, 2015). Unlike R410A, most of the newly
assigned low-GWP mixtures are zeotropic. The performance improvements from the addition of R32 were
experimentally confirmed using several air-conditioning units (Wang and Amrane, 2014); however, the necessity or
limitation of optimizations for these new refrigerant mixtures remains many unclear points. Heat exchanger design is
one area that has not been well-studied. As reported in the literature (Jung and Radermacher, 1993; Wettermann and
Steiner, 2000), the volatility difference present in these zeotropic mixtures results in severe degradation during flow
boiling heat transfer. Therefore, larger heat exchangers are required to maintain cycle performance with the low-GWP
refrigerant mixtures.

In this study, flow boiling heat transfer in R32/R1234yf and R32/R1234ze(E) in a horizontal microfin tube, with an
outer diameter of 6.0 mm, is experimentally determined. The quantified heat transfer coefficients and pressure
gradients of the two mixtures at various mass fractions are compared. The data show the influence of the temperature
glide and volatility difference on the heat transfer.
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2. EXPERIMENT

Figure 1 (a) illustrates the experimental loop used to characterize the flow boiling heat transfer of R32/R1234yf and
R32/R1234ze(E). The refrigerant loop is a vapor compression heat pump cycle with heat source/sink water loops. The
HTC (heat transfer coefficient) and pressure drop are measured in the test sections, which also functions as the
evaporator. To determine the bulk enthalpies of superheated vapor, the bulk mean temperature and the pressure are
measured in mixing chambers placed at the outlet of the superheater. The circulation composition of the mixture is
measured by sampling approximately 1 cc of subcooled liquid at the outlet of the liquid reservoir. The sampled liquid
is completely vaporized in the sampling vessel and then assayed using a thermal conductivity detector gas
chromatograph. The refrigerant state is always evaluated at the circulation composition. Based on the bulk enthalpies
of the superheated vapor, the enthalpies in the test sections are calculated using the enthalpy changes in the superheater
obtained from the heat balance over the heat source water.

Figure 1 (b) shows two subsections of the test section to explain the structure. A horizontally oriented test microfin
tube is surrounded by four water jackets, i.e., the subsections. Pressure ports are bored (0.6-mm ID) between the
subsections to measure the heat transfer rates over the 414-mm length and the pressure drop at 554-mm intervals. At
the center of each subsection, four thermocouples are embedded in the outside tube wall. The internal tube surface
temperature, Ty, is obtained by one-dimensional heat conduction through the tube wall as follows:

Twi = (Two,top +7, wo,bottom + T wo,right +7, wo,left )/4+ [QHZO /(ZHAZﬂ’tube ):| ln(Do/deq) (1)

where Qo is the heat transfer rate in a subsection considering the heat loss to the ambient through the insulators. The
representative refrigerant temperature of each subsection, 7;, is defined as the arithmetic mean of the inlet and outlet,
calculated from the enthalpies and pressures with REFPROP 9.1 (Lemmon et al., 2013), assuming thermodynamic
equilibrium as follows:

T = (T + Tron )2 @)
Trin = fequitibrium (Fins Bos Xr32 ) » Trout = Sequitibriom (Pout» Pout» Xr32) (3.4)
Similarly, the representative vapor quality of each subsection, x, is calculated as follows:
xz(xm + Xout )/2 (%)
Xin = Joquilibrium (Pins Bos Xr3z ) s Xous = Sequilibrium (Pout> Pout» Xr32) (6,7

where Xrs; is the circulation composition of R32 determined by the liquid sampling.

Table 1 specifies the dimensions of the test microfin tube based on the symbols in the microscopic cross-sectional
area of Figure 2. The equivalent inner diameter, deq, is the diameter of a smooth tube that envelops an equal free-flow
volume. The surface enlargement, 74, is the ratio of the actual heat transfer area to that of the equivalent smooth tube.
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sampling , & |-z water 0 i i
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electric heater I Sectio super pressure transaucer
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(a) test loop (b) test section (two subsections)

Figure 1: Experimental apparatus
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Table 1 Dimensions of the test microfin tube

outer diameter do 6.00 mm
fin tip diameter Aimin 4.80 mm
fin root diameter Amax 5.32 mm
equivalent diameter deq 5.26 mm
fin height Nfin 0.256 | mm
helix angle Prin 18.5 °
apex angle Pfin 15.4 °
number of fins Nfin 64 -
surface enlargement base on a smoot tube na 2.74 -

[ —
1000 00um

(a) 45 ° cut surface (b) cross-sectional microscopic picture
Figure 2: The test microfin tube

Table 2 Thermophysical properties of the test refrigerants at an average saturation temperature of 10 °C

R32 | RIZT | RIZHE) | (0505 ) | (0,505 math
pressure P 1.11 0.44 0.31 0.77 0.80
temperature glide AT gide 0 0 0 5.46 7.36
latent heat Ahry 299 157 178 236 238
liquid density oL 1020 1144 1210 D 1087 D 1096
vapor density oy 30.2 24.3 16.5 Y 276 D 285
liquid viscosity s 135 185 238 155 160
liquid thermal conductivity | 4, 0.137 0.068 0.079 0.105 0.108

D at a bubble point 2 at a dew point

Refrigerant mass flux is defined based on the average cross-sectional area of free-flow volume. Based on the actual
heat transfer area, the heat flux gwi, and the HTC « are as follows:

a=qu/(T, =Ty) s qui = o /(7dugn A7) 8. 9)

A deviation of up to 1 kW m? of the targeted average heat flux is allowed to adjust for the test conditions, except for
the dryout condition during evaporation. The measurements are conducted at the saturation temperature of 10 °C,
which is the average of the bubble temperature and the dew temperature.

Table 2 lists the thermophysical properties of the test refrigerants at an average saturation temperature, (Tout7dew)/2,
of 10 °C, as calculated with REFPROP 9.1 (Lemmon et al., 2013). The test mixtures are compared at a mass fraction
of 50/50 mass%. The latent heat and thermal conductivity of R32 are approximately two times greater than those of
R1234yf and R1234ze(E). This suggests that the boiling heat transfer performance of R32/R1234yf and
R32/R1234ze(E) can be improved by adding R32. However, as found in previous studies (Celata et al., 1994; Stephan
and Kern, 2004), the volatility difference represented by the temperature glide can compensate for the improvement
in boiling heat transfer. The temperature glide of R32/R1234ze(E) is 1.9 K larger than that of R32/R1234yf at a mass
fraction of (50/50 mass%).
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3. RESULTS AND DISCUSSION

Figure 3 shows the experimentally obtained HTC for R32, R1234yf, and R1234ze(E) at an average saturation
temperature of 10 °C and a heat flux of 10 kW m?2. The horizontal and vertical bars on the symbols show the
measurement uncertainties in HTC and vapor quality change over a subsection. The general trend in the HTC data is
similar to that already reported in the literature (Diani et al., 2015). The exception is the high HTC that occurs at a
vapor quality of approximately 0.8. Because of the small temperature difference between the refrigerant and the tube
wall, the uncertainty in HTC becomes large at vapor qualities above 0.8, especially in the case of R32. Comparing the
experimental HTC at vapor qualities from 0.2 to 0.6, R32 exhibits obviously higher HTC values than the other two
refrigerants. While, R1234yf exhibits a slightly higher HTC than R1234ze(E), except for the case of a mass flux of
150 kg m?s™!. At a mass flux of 150 kg m™s”!, the HTC of R1234yf started decreasing at a vapor quality of 0.5.

Figure 4 shows the experimental values of HTC for R32/R1234yf and R32/R1234ze(E) at three different
concentrations of R32 mass fraction. Except in the case of R32/R1234yf (69/31 mass%), the HTC of those the
R32/R1234yf mixture is significantly lower than that of the single component, as shown in Figure 3. This significant
heat transfer degradation is shown in the nucleate boiling dominant region of low vapor quality and also in the
convective evaporation dominant region of high vapor quality. Of the zeotropic mixtures, the nucleate boiling
suppression by volatility difference is investigated in previous studies (e.g., Thome, 1983). According to Kern and
Stephan (2003), the capillary pressure influences the liquid-vapor equilibrium and the concentration gradient in a
micro region around the nucleate bubbles, severely suppressing nucleate boiling. In addition, the concentration
boundary layer on the vapor-liquid interface suppresses the convective evaporation, resulting in a reduction of the
effective superheat from the temperature glide (Stephan, 1992). In summary, the contribution of nucleate boiling and
convective boiling are both suppressed in zeotropic mixtures.

At a mass fraction of 28/72 mass%, R32/R1234yf and R32/R1234ze(E) exhibit similar heat transfer performance. The
HTC of R32/R1234yfbarely exceeds R32/R1234ze(E) at vapor qualities below 0.7. At amass fraction of 45/55 mass%,
the difference in HTC between R32/R1234yf and R32/R1234ze(E) is more evident. As the mass fraction of R32
increases from 28 to 45 mass%, the HTC of those two mixtures increases somewhat at vapor quality below 0.8. At a
mass fraction of 69/31 mass%, the HTC of R32/R1234yf is different from that of R32/R1234ze(E). The HTC of
R32/R1234yf is almost comparable to that of R32 alone. The mass transfer resistance that suppresses nucleate boiling
and convective evaporation appears to be mitigated in R32/R1234yf flow boiling.

80 T I T I T I T I T T I T I T I T I T T I T I T I T I T
- R32 1 I RI234yf 1 [ R1234ze(E) T
0 o 150 kg m-2s°! T [ ® 150kgm-2s! T ® 150kgm-2s! B
- A 200 kg m-Zs! 17 4 200kgm>s! 11 A 200kgm2s! 1
= 60 ® 300kgm3s! < ® 300kgms! - ® 300kgm-s! m
NM L v 400kg m-2s! ) 1+ ¥ 400kgm-2! 1T ]
g 501 4+ = F —
= 1L 1L i
= 40 T 1T 1r .
5 301 .e 4+ = F —
L ’ 1L 1t Am .
E 20+ m Ao e | “ I a © |
L " 4 L 8 4 4 A i
gy o v Yy .Al o ®
o v STtk SO T L )
1 I 1 I 1 I 1 I I‘ 1 I 1 I 1 I 1 i A 1 I 1 I 1 I 1 I .I*
0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1
vapor quality, x [ - ] vapor quality, x [ - ] vapor quality, x [ - ]
(a) R32 (b) R1234yf (c) R1234z¢(E)

Figure 3: Experimental HTC of each component at 10 °C and 10 kWm?2,
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Figure 4: Experimental HTC of mixtures at varied mass fractions.
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Figure 5: Variation in vapor-liquid equilibrium, HTC and pressure drop against
the circulation mass fraction at 200 kgm2s! and 10 kWm™.

0

1
0.2

1 1 1 L
0.4 0.6 0.8 1

mass fraction of R32, Xr32 [ -]
(b) R32/R1234z¢(E)

Figure 5 shows variations in the temperature glide, the mole fraction difference, the experimental HTC, and the
experimental pressure drop as functions of the mass fraction of R32. The mass fractions of 0 and 1 mean R1234yf or
R1234z¢(E) alone and R32 alone, respectively. To show the variation, the experimental data are interpolated and
compared at vapor qualities of 0.3, 0.5, and 0.7 for a mass flux of 200 kg m?s™ and a heat flux of 10 kWm?. In the
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Table 3 Summary of the predicting correlations plotted in Figure 5

Cavallini et al. (1983)
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top graph, the temperature glide and the mole fraction difference between vapor and liquid at the equilibrium state are
plotted. In the middle graph, the experimental HTC and the predicted HTC are plotted using symbols and lines,
respectively. Similarly, in the bottom graph, the experimental pressure drop and the predicted pressure drop are plotted.
For the prediction, the following three correlations are selected. Earlier, an empirical model predicting the HTC inside
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microfin tubes has been proposed by Cavallini et al. (1998) for pure and refrigerant mixtures R407C, R410B,
R32/R134a, and R123/R134a. A summary of the correlation transcribed on the bases of the actual heat transfer area,
is shown in Table 3. Recently, Kondou et al. (2013) has proposed a correlation to predict the HTC of R32/R1234z¢e(E)
in a microfin tube with an outer diameter of 6 mm. Kubota et al. (2001) proposed a correlation to predict the pressure
drop of a single component flowing in microfin tubes. For the calculation of mixtures, only the change in the physical
properties of the mixtures was considered.

As shown in the top graph of Figure 5, the difference in mole fraction between vapor and liquid of vapor qualities 0.3,
0.5, and 0.7 are maximal at mass fractions 0.15, 0.2, and 0.21, respectively. Accordingly, the temperature glide is
maximized at a mass fraction of 0.12 in R32/R1234yf and a mass fraction of 0.2 in R32/R1234ze(E). These
equilibrium data show that R32/R1234ze(E) exhibits a large volatility difference in a wide range of mass fractions.
R32/R1234yf exhibits a more moderate volatility difference at mass fractions above 0.7.

As shown in the middle graph of Figure 5, the HTC values of the mixtures are lower than those of the single
components in most of the mass fraction range. The heat transfer of the mixture is severely degraded in the mass
fraction range 0.1 to 0.6 for R32/R1234yf, and in the range 0.1 to 0.8 for R32/R1234ze(E). In these ranges, the
predicted HTC agrees well with the experimentally determined HTC. The variation in HTC is inversely related to the
variation in the mole fraction difference. This relation confirms the mechanism of heat transfer degradation caused by
the volatility difference as stated in previous studies. Therefore, the HTC of R32/R1234yf is slightly higher than that
of R32/R1234ze(E). The HTC of R32/R1234yf is nearly ideal at mass fractions above 0.7, where the volatility
difference is moderate. In this regard, the R32/R1234yf is favorable, relative to R32/R1234ze(E), for keeping the heat
exchanger size small. However, none of the selected correlations satisfactorily predicated this HTC behavior for
R32/R1234yf.

The pressure drop with R32 is lower than that with R1234yf or R1234ze(E) because R32 has a lower viscosity and a
higher vapor density. The pressure drop of the mixtures moderately decreases as the mass fraction of R32 increases.
The predicted pressure drop, which considers only the property change, agrees with the experimental pressure drop.
This comparison indicates that the volatility difference does not affect the momentum transfer.

4. CONCLUSIONS

The heat transfer coefficients and the pressure gradients of the binary mixtures R32/R1234yf and R32/R1234ze(E) in
horizontal microfin tubes have been experimentally investigated in this study. The heat transfer is degraded most at
the composition where the temperature glide and mole fraction difference between vapor and liquid phases are
maximum. This result suggests that the heat transfer degradation is most dependent on the mass transfer resistance
caused by the concentration boundary layer and the reduction of effective wall superheating. Although the heat transfer
coefficients of R1234yf and R1234ze(E) are comparable, the magnitude of heat transfer degradation is greater for
R32/R1234ze(E) than for R32/R1234yf. This can be explained by the higher volatility difference of R32/R1234ze(E)
compared to R32/R1234yf. The heat transfer degradation of R32/R1234yf is mitigated considerably at R32 mass
fractions above 0.7. In this regard, R32/R1234yf is favorable, relative to R32/R1234ze(E).

NOMENCLATURE
Asa actual cross sectional area (m?)
A nominal cross sectional area  (m?)
Cp specific heat Jkg!' K™
D1, mutual diffusion coefficient  (m?s™")
D, outer diameter (m)
G mass flux (kg m2s™)
M molar weight (2)
Nu Nusselt number )
P pressure (Pa)
Pr reduced pressure )
0 heat transfer rate W)
Re Reynolds number (-)
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Subscript
1

2
H20
L
LO
R32
v
VO
bub
cv
dew
€q

f

h

id
in
max
min
mix
nb
out
r

sat
tube
wi
WO

temperature °O)

mass fraction in liquid (kg/kg)
mole fraction in liquid (mole/mole)
mole fraction in vapor (mole/mole)
thermal diffusivity (m?s™)
inner diameter (m)
frictional coefficfient )
gravitational acceleration (m s?)
specific enthalpy T kgh

fin height (m)

heat flux (W m?)
velocity (ms™)
vapor quality (-)
Lockhart-Martinelli parameter (-)
temperature glide (K)

tube length (m)

latent heat of vaporization JT kgh)
heat transfer coefficient (W m?ZK")
helix angle ©)
surface enlargement (-)
thermal conductivity (W m'K")
viscosity (Pas)
density (kgm)
surface tension (Nm™)
void fraction (-)

the less volatile component
the more volatile component
water

liquid

liquid only

R32

vapor

vapor only

bubble point
convective evaporation
dew point

equivalent

mixed fluid

hydraulic

ideal

inlet

fin root

at fin tip diameter
mixture

nucleate boiling

outlet

refrigerant

saturation

microfin tube

inner wall

outer wall
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