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ABSTRACT

This paper presents an experimental analysis of a vapor compression system using R1234yf as a
drop-in replacement for R134a. In this work, we compare the energy performance of both
refrigerants, R134a and R1234yf, in a monitored vapor compression system under a wide range
of working conditions. So, the experimental tests are carried out varying the condensing
temperature, the evaporating temperature, the superheating degree, the compressor speed, and
the internal heat exchanger use. Comparisons are made taking refrigerant R134a as baseline, and

the results show that the cooling capacity obtained with R1234yf in a R134a vapor compression
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system is about 9% lower than that obtained with R134a in the studied range. Also, when using
R1234yf, the system shows values of COP about 19% lower than those obtained using R134a,
being the minor difference for higher condensing temperatures. Finally, using an internal heat

exchanger these differences in the energy performance are significantly reduced.

KEYWORDS: Drop-in, R1234yf, R134a, Vapor compression system, internal heat exchanger,

low GWP.

NOMENCLATURE

CopP Coefficient of performance

C, Specific heat (kJ kg” K™)
f Compressor drive frequency (Hz)
GR Superheating degree (K)

GS Subcooling degree (K)

h Specific enthalpy (kJ kg™)

m Mass flow rate (kg s

N Compressor rotation speed (rpm)
P Pressure (kPa)

0, Heat transfer rate (kW)

S Specific entropy (kJ kg K™)

T Temperature (K)




Vs Geometric volume (m®)

n, Volumetric efficiency

Pasp Density at suction (kg m’3)
Subscripts

brine Propileneglycol brine

k Condensation

0 Evaporation

pi Evaporator inlet (brine side)
po Evaporator outlet (brine side)
ref Refrigerant

1. INTRODUCTION

During 1900's, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) were
extensively used in refrigeration and air conditioning vapor compression systems. When their
ozone-depleting potential became recognized, the Montreal Protocol was adopted by many
nations to begin the phase out of both CFCs and HCFCs (UNEP, 1987). So, hydrofluorocarbons
(HFCs) were developed as long term alternative to substitute CFCs and HCFCs, and while they
were non-ozone depleting, they did have large global warming potential (GWP). In 1997, HFCs

were considered as greenhouse gases (GHGs) and currently they are target compounds for GHG




emission reduction under the Kyoto Protocol (GCRP, 1997). In this way, the growing
international concern over relatively high GWP refrigerants has motivated the study of low GWP
alternatives for HFCs in vapor compression systems. One of those refrigerants is R134a, with a
GWP (100 years) of 1430, extensively used in refrigeration and air conditioning (banned in
Europe for new mobile air conditioners according to Directive 2006/40/EC).The main candidates
to replace R134a in vapor compression systems are natural refrigerants like ammonia, carbon
dioxide or hydrocarbons (HC) mixtures; low GWP HFCs, highlighting R32 and R152a; and

HFO, specifically R1234yf, developed by Honeywell and DuPont (Spatz and Minor, 2008).

Among the various studies of hydrocarbons mixtures using propane (R290), those using butane
(R600) and isobutane (R600a) have given good results in comparison with R134a. The best
performance is reached with the mixture propane/butane/isobutane (50/40/10 in mass)
(Wongwises, et al., 2006). The main disadvantage of the implementation of hydrocarbons
mixtures is their flammability (BSI, 2004). For the case of drop-in in domestic refrigeration with
medium-class flammability refrigerants, like R152a and R32, the average COP obtained using
R152a is higher than the one using R134a, while the average COP of R32 is lower than the one
using R134a (Bolaji, 2010). R1234yf has been proposed as a replacement for R134a in mobile
air conditioning systems (Spatz and Minor, 2008), and its similar thermophysical properties
makes R1234yf a good choice to replace R134a in other applications of refrigeration and air

conditioning.

Focusing on R1234yf, this refrigerant does not contain chlorine, and therefore its ODP is zero
(WMO, 2007), and its GWP is as low as 4 (Nielsen et al., 2007; Papadimitriou et al., 2008).
About security characteristics, R1234yf has low toxicity, similar to R134a, and mild

flammability, significantly less than R152a (Koban, 2009). Analyzing other environmental
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effects of R1234yf, in the case that this refrigerant would be released into the atmosphere, it is
almost completely transformed to the persistent trifluoroacetic acid (TFA), and the predicted
consequences of some studies of using R1234yf (Henne et al., 2012) show that future emissions

would not cause significant increase in TFA rainwater concentrations.

Several works can be found in the literature presenting theoretical studies to determine the
feasibility of direct substitution (or with slight modifications) using R1234yf in facilities working
with R134a (Akasaka et al., 2010), being most of them based on mobile air conditioning

systems. Lee et al. (2012), measured theoretically the drop-in performance of R1234yf in a
simple bench tester and examined the possibility of substituting R134a in mobile air conditioning
systems. Zilio et. al. (2011) experimented with R1234yf in a typical R134a European automotive
air conditioning system with some modifications. Bryson et. al. (2011) tested a car air

conditioning system using refrigerants R152a and R1234yf to replace R134a.

In other refrigeration and air conditioning applications there is also a trend of using low GWP
refrigerants as alternative and, furthermore, future legislation will probably encourage a greater
use of them. Particularly, it has been studied the possibility of replacing R134a and R410A,
which have a GWP of 1890, by other low GWP refrigerants. This has been done following the
established trend in the automotive industry of replacing high GWP refrigerants. Reasor et. al.
(2010) evaluated the possibility of R1234yf to be a drop-in replacement for a pre-designed
system with R134a or R410A, comparing thermophysical properties and simulating operational
conditions. Leck (2010) discussed R1234yf, and other new refrigerants developed by DuPont, as
replacement for various high-GWP refrigerants. Endoh et al. (2010) modified a room air
conditioner that had been using R410A to meet the properties of R1234yf, and also evaluated the

cycle performance capacity. Okazaki et al. (2010) studied the performance of a room air
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conditioner using R1234yf and R32/R1234yf mixtures, which was originally designed for

R410A, with both the original and modified unit.

The aim of this work is to present an experimental study of R1234yf as a drop-in replacement for
refrigerant R134a in a vapor compression system in a wide range of working conditions. An
energetic characterization with both refrigerants is carried out using as main performance
parameters the cooling capacity, the compressor volumetric efficiency, the compressor power
consumption, and the COP. This experimental analysis has been executed varying the
condensing temperature, the evaporating temperature, the superheating degree, the compressor
drive frequency, and the use of an internal heat exchanger. The results obtained with R134a are

taken as baseline for comparison.

The rest of the paper is organized as follows. In section 2, the refrigeration test bench used to
obtain the experimental data is described. In section 3, the experimental procedure and the data
validation considerations are briefly exposed. In section 4, the experimental results are presented

and discussed. Finally, in section 5, the main conclusions of the paper are summarized.

2. EXPERIMENTAL REFRIGERATION PLANT

In this work, the tests are carried out in an experimental test facility that consists of a vapor
compression system, Fig. 1, working with refrigerants R134a and R1234yf. The test bench is
completed with two secondary circuits: condensing water loop and load simulation system,

which allow changing the heat load as well as the evaporating and condensing conditions. The



condenser water loop consists of a closed-type cooling system, which allows controlling the
temperature of the water and its mass flow rate. The load simulation system also regulates the
secondary coolant (water/propylene glycol brine) temperature through a set of immersed PID
controlled electrical resistances; meanwhile its mass flow rate can be adjusted using a variable

speed pump.

Fig. 1. Schematic diagram of the test bench.

The main components of the vapor compression plant are: an open type reciprocating
compressor, a shell-and-tube condenser (with refrigerant flowing along the shell and the water
inside the tubes), an internal tube-in-tube heat exchanger (IHX), a set of expansion valves, and a
shell-and-tube evaporator, where the refrigerant flows inside the tubes and a brine water-

propylene glycol (65/35% by volume) is used as secondary fluid flowing along the shell.

The thermodynamic states of the refrigerant are obtained measuring pressure and temperature at
the inlet and outlet of each basic component of the test facility, using eleven K-type
thermocouples and eight piezoelectric pressure gauges. The temperature sensors are calibrated in
our own laboratory using certified references, obtaining an uncertainty of +0.3 K; while the
pressure transducers, within a range of 0—3000 kPa, have an uncertainty of +0.1% of the full
scale range. The refrigerant mass flow rate is measured by a Coriolis mass flow meter located at
the liquid line, with a certified accuracy within +0.22% of the reading. The compressor electric
consumption is measured using a digital wattmeter, with a calibration specified uncertainty of
+0.5%; and the compressor rotation speed is also measured using a capacitive sensor (with an
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uncertainty of £1%). The thermodynamic properties are calculated using REFPROP (Lemmon,

et al., 2007).

The volumetric flow rates of the secondary fluids are measured using two electromagnetic flow
meters. Immersed thermocouples (with an accuracy of £0.1 K) are mounted in order to obtain

secondary fluid temperatures.

Finally, all the measurements are gathered with a National Instruments data acquisition system

and monitored through a Personal Computer.

3. EXPERIMENTAL PROCEDURE

3.1 Experimental steady-state test.

In order to obtain the experimental data to characterize the energy performance of the test bench
using both refrigerants, 104 steady-state tests are carried out in a wide range of operating
conditions, as shown in Table 1. The condensing and evaporating pressure/temperature ranges

for the experimental tests are presented in Fig. 2.

Table 1. Range of operating conditions in the experimental tests.

Fig. 2. Experimental test variation range.



The process of selecting a steady state consists of taking a time period of twenty minutes, with a
sample period of 0.5 seconds, in which the condensing and evaporating pressure are within an
interval of £2.5 kPa. Furthermore, in these tests all the temperatures are within 0.5 K and
refrigerant mass flow rate is within +0.0005 kg-s™. Then, once a steady state is achieved (with
2400 direct measurement), the data used as a steady state test are obtained averaging over a time
period of five minutes (600 measurements). Fig. 3 shows the variation about the mean value in a
random test for the condensing pressure, the evaporating pressure, the superheating degree and

the refrigerant mass flow rate.

Fig. 3. Fluctuation of operating parameters in a random steady-state test. (a) Condensing

pressure, (b) evaporating pressure, (c) superheating degree, (d) refrigerant mass flow rate.



3.2 Propagation of errors in the estimated parameters

To have a general understanding on the associated uncertainty with the parameters calculated
from measurements, the characteristic parameters uncertainty propagation is obtained using the

RSS method (Taylor, 1997), Table 2.

Table 2. Uncertainties for calculated parameters.

3.3 Data validation

In order to check the accuracy of the measurements, a comparison between the heat load
removed by the refrigerant and the heat supplied by the brine at the evaporator is carried out. So,
Fig. 4 shows a comparison between the cooling capacity measured at the refrigerant side and at
the propylene glycol brine side, including all the experimental tests used in this work with both

refrigerants.

Fig.4. Cooling capacity at the evaporator (comparing refrigerant side and brine side).

The cooling capacity at the refrigerant side is obtained as the product of the experimental

refrigerant mass flow rate (m,,, ) and the refrigerating effect, computed from the measured
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refrigerant thermodynamic states at the evaporator inlet (4 ) and outlet (/). So, the cooling

capacity is expressed as:
Qo,ref = mref (h6 - hS) (1)

The cooling capacity at the brine side is obtained using the measured brine flow rate and the

temperatures at the evaporator inlet (7,;) and outlet (7),):

O, prine = mbrinecp,brine (Tpi - Tpo) (2

4. RESULTS AND DISCUSSION

4.1 Theoretical expected results

In order to analyze the influence of the operating parameters (evaporating temperature,
condensing temperature, superheating degree, and the use of IHX) on the cooling capacity and
the COP, a previous simple theoretical study is carried out. In this theoretical study the following

assumptions are made:

e the evaporator outlet temperature is established as the evaporation temperature plus the
superheating degree (with two levels of superheating degree: 5 K and 10 K),

e there pressure drops are neglected,

e the compression process is assumed isentropic,

e volumetric efficiency of 1,
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e there is no heat transfer to the surroundings,
e asubcooling degree of 2 K is considered at the condenser outlet
e the possibility of using an IHX (efficiency of 50%) is considered

e isenthalpic process is considered at the expansion valve.

The refrigerant mass flow rate is calculated as follows:

. N
mref = paspVG (%j (3)

where N is the compression rotation speed in rpm, and p,, is the density of the refrigerant at the

compressor suction.

The cooling capacity is defined as the product of the refrigerant mass flow rate and the

refrigerating effect (enthalpy difference between evaporator outlet and inlet):

Q,= (paspnvvg)(%)(he ~hy) (4)

The theoretical COP only depends on thermodynamic states at the inlet and outlet of the

evaporator and the compressor, and is defined as:

hs — hs

COP =

(&)

6

where A, is the specific enthalpy at compressor discharge, obtained by using the condensation

pressure and specific entropy at the inlet of the compressor (s ).
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Fig. 5. Theoretical cooling capacity variation versus evaporating temperature 7,: (a) varying
condensing temperature, (b) with and without IHX (c) varying superheating degree, (d)

comparing R1234yf with IHX and R134a without IHX.

Fig. 6. Theoretical COP variation versus evaporation temperature 7, : (a) varying condensing
temperature, (b) with and without IHX (c) varying superheating degree, (d) comparing R1234yf

with IHX and R134a without IHX.

Figures 5 and 6 show the variations of the theoretical cooling capacity and COP using both
refrigerants varying the operating pressures, the superheating degree and with and without IHX.
These theoretical results reveal that the cooling capacity with R1234yf would be 8-11% lower
than using R134a (Fig. 5a), meanwhile the COP is also about 5-10% lower (Fig. 6a). When an
IHX (efficiency = 50%) is used with both refrigerants, the difference between the theoretical
cooling capacity and COP obtained with R134a and R1234yf is reduced, with a difference about
3-6% in cooling capacity and 2-4% in COP (Fig. 5b and Fig. 6b). It is also observed that the
difference between the theoretical cooling capacity and COP using both refrigerants is slightly
reduced when the condensing temperature is decreased, and having no significant influence the
superheating degree (Fig. 5¢ and Fig. 6¢). The differences in the energy performance are
practically total reduced when an IHX is used with R1234yf compared with theoretical results

using R134a without IHX.
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4.2 Experimental Results

This section describes the experimental results obtained in the test bench using R1234yf and
R134a, showing the main energy performance parameters: cooling capacity, compressor power

consumption, and COP.

Fig. 7. Experimental cooling capacity variation regarding evaporating temperature 7, varying:
(a) condensing temperature, (b) use of IHX, (c) superheating degree, (d) compressor drive

frequency.

Fig. 7 presents the obtained results for the cooling capacity using R134a and R1234yf.
Experimental tests show that the cooling capacity using R1234yf in a drop-in replacement is
about 9% lower than using R134a. This difference remains approximately constant when the
evaporating and condensing temperature are varied (Fig. 7a). It can also be seen that the
difference between the cooling capacities using both refrigerants diminishes when an IHX is
used (Fig. 7b), being this difference about 9-10% without IHX and about 7% when an IHX is
used (despite the IHX efficiency is about 20%). Furthermore, comparing the values of cooling
capacity obtained using R1234yf with IHX with those obtained using R134a without IHX, the

difference is reduced until about 5%.

Observing Fig. 7c, it can be extracted that there is not a significant influence of the superheating
degree on the difference of cooling capacities obtained with both refrigerants. Analyzing Fig. 7d,

it can be seen that the cooling capacity increases when compressor drive frequency is increased.
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When the compressor frequency increases from 35 Hz to 50 Hz, there is an increase in the
cooling capacity using R134a about 19-45%, similar to that obtained using R1234yf (27-40%),
maintaining the difference of the values of cooling capacity obtained using both refrigerants

approximately constant.

Fig. 8. R134a and R1234yf volumetric efficiency versus compression ratio.

In Fig. 8 the influence of the compression ratio on the compressor volumetric efficiency using
both refrigerants is presented. It has to be noted that the compressor volumetric efficiency using
R1234yf is 5% lower compared with that using R134a. Furthermore, in this figure, one can
observe that the dispersion obtained for the R1234yt volumetric efficiency is larger than that
presented by R134a data. This fact is motivated by the larger influence of the compressor speed
on the volumetric efficiency when R1234yf is used, which can be partly explained by higher

pressure drops using this refrigerant.

Fig. 9. Experimental power consumption (P.) regarding evaporation temperature 7, varying: (a)

condensing temperature, (b) superheating degree, (c) compressor drive frequency.

Fig. 9 presents the compressor power consumption using both refrigerants at different working
conditions. Fig. 9a presents that the power consumption obtained using R1234yf, when the

operating pressures are changed in the test range, is between 1-2% (for a condensing temperature
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of 33.15 K) and 18-27% (for a condensing temperature of 313.15 K) higher than that obtained
using R134a. So, the minimum difference in the power consumption is given for high
condensing temperatures, when the refrigerant mass flow rate is low and the pressure drops are
also low. Furthermore, it can be seen that the measured power consumption decreases when the
condensing temperature decreases, mainly due to a reduction in the compression ratio, being the

slope of the power consumption reduction presented by R134a sharper than the one presented by

R1234yf.

Analyzing the influence of the superheating degree on the compressor power consumption, Fig.
Ob, it is observed a decrease in the power consumption when the superheating degree increases
from 5 K to 10 K, remaining the difference between both refrigerants approximately constant.
Finally, analyzing the influence of the compressor frequency, Fig. 9c, we can see that the
difference between both refrigerants power consumption at 35Hz is lower than that observed at
50Hz. This fact is due to the higher pressure drops using R1234yf in comparison with those
presented when using R134a. So, when the compressor frequency drive increases from 35 Hz to
50 Hz, the pressure drops increases about 67% using R1234yf, meanwhile pressure drops using

R134a only increases about 38%.

Fig. 10. Experimental COP variation regarding evaporation temperature 7, varying: (a)
condensing temperature, (b) use of IHX, (c) superheating degree, (d) compressor drive

frequency.
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Fig. 10 shows the variation of the COP with the operating parameters. It is observed that the
COP obtained using R1234yf is about 5-27% lower than that observed when using R134a when
the operating pressures are changed in the test range (Fig. 10a). This difference in the values of
the COP using both refrigerants is lower for higher condensing temperatures, being about 8% for
condensing temperatures of 333.15 K and about 25% for condensing temperatures of 313.15 K.
It can be also seen that the IHX has a significant influence on the COP differences between both
refrigerants (Fig. 10b). So, the values of the COP for R1234yf are 11-24% lower than those

obtained for R134a when the IHX is not used and about 6-17% when the IHX is used.

Analyzing the influence of the superheating degree on the COP, Fig. 10c, it can be observed that
the difference about the values of the COP obtained using R134a and R1234yf increases when
the superheating degree rises. The influence of the compressor drive frequency on the COP is
shown in Fig. 10d, where it can be seen that the difference between the COP obtained using
R1234yf and using R134a is increased when the compressor speed augments, again mainly due
to higher pressure drops using R1234yf. This fact is given because the higher increment in
compressor power consumption using R1234yf, in comparison with the increment presented by

R134a, when the compressor frequency is raised from 35 Hz to 50 Hz.

Finally, Table 3 summarizes the results presented in figures 7, 9 and 10. This table shows the
relative differences of the main energy parameters analyzed using R134a and R1234yf in the test

range.

Table 3. Experimental variation for cooling capacity, compressor power consumption and COP

taking R134a as baseline.
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5. CONCLUSIONS

In this paper, an experimental analysis of a vapor compression system using R1234yf as a drop-
in replacement for R134a has been presented. In order to obtain a wide range of working
conditions a total of 104 steady state tests have been carried out. The tests have been performed
varying the condensing pressure, evaporating pressure, superheating degree, the compressor

speed and the IHX use.

The energetic comparison is performed on the basis of the cooling capacity, the volumetric
efficiency, the compressor power consumption, and the COP. The main conclusions of this paper

can be summarized as follows.

e The cooling capacity of R1234yf used as a drop-in replacement in a R134a refrigerant
facility is about 9% lower than that presented by R134a in the test range. This difference
in the values of cooling capacity obtained with both refrigerants decreases when the
condensing temperature increases and when an IHX is used.

e The volumetric efficiency using R1234yf is about 5% lower in comparison with that
obtained with R134a. Furthermore, the compressor volumetric efficiency using R1234yf
shows a greater dependence on the compressor speed.

e The values of the COP obtained using R1234yf are between 5% and 30% lower than

those obtained with R134a. Here, it is observed that when the condensing temperature
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raises from 313.15 K to 333.15 K this difference decreases from 25% until 8%, even

more in the case of using an IHX.

Finally, it can be concluded, from the experimental results, that the energy performance
parameters of R1234yf in a drop-in replacement are close to those obtained with R134a at high

condensing temperatures and making use of an IHX.
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of the test bench.

Fig. 2. Experimental test variation range.

Fig. 3. Fluctuation of operating parameters in a random steady-state test. (a) Condensing

pressure, (b) evaporating pressure, (c) superheating degree, (d) refrigerant mass flow rate.

Fig. 4. Cooling capacity at the evaporator (comparing refrigerant side and brine side).

Fig. 5. Theoretical cooling capacity variation versus evaporation temperature 7, varying: (a)

condensing temperature, (b) subcooling degree, (c) superheating degree, (d) compressor drive

frequency.

Fig. 6. Theoretical COP variation versus evaporation temperature 7, varying: (a) condensing

temperature, (b) subcooling degree, (c) superheating degree, (d) compressor drive frequency.

Fig. 7. Experimental cooling capacity variation regarding evaporating temperature 7, varying:

(a) condensing temperature, (b) subcooling degree, (c) superheating degree, (d) compressor drive

frequency.

Fig. 8. R134a and R1234yf volumetric efficiency versus compression ratio.
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Fig. 9. Experimental power consumption (P.) regarding evaporation temperature 7, varying: (a)

condensing temperature, (b) superheating degree, (c) compressor drive frequency.

Fig. 10. Experimental COP variation regarding evaporation temperature 7, varying: (a)

condensing temperature, (b) use of IHX, (c) superheating degree, (d) compressor drive

frequency.
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Table 1. Range of operating conditions in the experimental tests.

Controlled parameters Range values
Condensation temperature (7%) 313.15-333.15 (K)
Evaporation temperature (7,) 265.65 —280.15 (K)
Use of IHX ON/OFF
Superheating degree (GR) 5-10 (K)
Compressor drive frequency (f) 35 -50 (Hz)
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Table 2. Uncertainties for calculated parameters.

Q, (kW) corp Ny

Experimental
0.60% 0.74% 1.01%
estimation
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Table 3. Experimental variation for cooling capacity, compressor power consumption and COP

taking R134a as baseline.

T, (K) Ti(K) %= % X100 P, = PiP I
265.65 333.15 10.32% 2.34% 12.37%
265.65 323.15 13.46% 14.47% 24.40%
265.65 313.15 12.37% 18.24% 25.82%
273.15 333.15 4.36% 1.32% 5.60%
273.15 323.15 8.85% 12.53% 19.00%
273.15 313.15 5.27% 24.38% 23.84%
280.65 333.15 5.68% 0.15% 5.82%
280.65 323.15 8.36% 9.23% 16.11%
280.65 313.15 8.39% 27.03% 27.89%

T, IHX  %0,.,- 7ng ;f:'”z“yf X100 %P, = BM;ZTIM %100 %cop,, =| <= s R‘»‘C“O'Pj:%'w <100
265.65 OFF 13.46% 14.34% 24.31%
265.65 ON 8.98% 10.18% 17.39%
273.15 OFF 8.85% 12.53% 19.00%
273.15 ON 7.40% 10.77% 16.41%
280.65 OFF 8.36% 3.03% 11.05%
280.65 ON 6.47% 0.19% 6.65%
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T, GR  %0.,- 742""‘”;‘[ ;i:‘“”“f X100 %P, = 73"“““(;3‘2”-“ R e ’PCOP X100
265.65 5 13.46% 22.99% 29.64%
265.65 10 8.51% 31.67% 30.52%
280.65 5 8.36% 3.03% 11.05%
280.65 10 11.40% 2.42% 13.49%

T, f %0, = 7%”3 ;f:‘“w X100 %P, = 73"‘”*‘;2:‘”34“ %100 %cop,, =| <= O R‘gbk{?z%'z3*>’ X100
265.65 35 13.46% 11.11% 22.12%
265.65 50 13.83% 10.86% 22.28%
273.15 35 8.85% 12.53% 19.00%
273.15 50 13.82% 24.59% 30.83%
280.65 35 8.36% 9.23% 16.11%
280.65 50 2.16% 33.28% 26.59%
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