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Abstract: Centrifugal compressors are commonly used in heating, ventilation, and air conditioning
(HVAC) systems. The current generation of refrigerants in HVAC systems have very low ozone
depletion potential, but most of them are still considered as containing high global warming potential
(GWP) chemicals. Facing the regulatory pressure to eliminate the high-level GWP refrigerants, some
of the existing HVAC systems will need to switch to low-GWP refrigerants. In this paper, we studied
the performance changes in a refrigerant centrifugal compressor when switching from R134a to
R1234ze(E) and R1234yf through a method that combined numerical simulation and an 1D meanline
code. By combining these two methods, a reliable compressor performance change prediction was
generated using limited results from the computational fluid dynamics (CFD) simulations. The
results show that the property differences in the working fluid can significantly change the refrigerant
compressor performance, including the compressor efficiency, pressure ratio, power consumption,
working range and cooling capacity.

Keywords: centrifugal compressor; low-GWP refrigerant; simulation; efficiency; operating range;
power consumption

1. Introduction

As global warming intensifies, the record-breaking warmth of November 2023 coupled
with other above-normal temperature months in 2023 has led to 2023 being designated as
the hottest year since 1940, as reported by Copernicus [1] and the World Meteorological Or-
ganization [2]. The first generation refrigerants (CFCs) and second generation refrigerants
(HCFCs) have contributed to the depletion of the ozone layer and were phased out by regu-
lations [3,4]. The transition from the third generation to the fourth generation mandated
by the regulations represents a move towards refrigerants with lower global warming
potential (GWP) refrigerants. In line with these changes, the widely used third generation
refrigerant R134a (GWP = 1330) will be replaced by its alternatives with lower GWPs, with
R1234ze(E) (referred to as R1234ze in this study) (GWP = 6) and R1234yf (GWP = 4) as
two of the primary options [5,6]. Within the refrigeration system, the compressor serves
as the core component that creates the necessary pressure increase for the cooling cycle.
Centrifugal compressors are gaining more popularity for their superior efficiency and
compact design. These compressors are usually designed and optimized for a specific
refrigerant under predefined conditions to maximize their efficiency [7–9]. Therefore, the
analysis to understand the performance changes when submitting the working fluid of
R134a with R1234ze or R1234yf is crucial to ensure that chiller systems can still efficiently
deliver the required cooling or heating capacity, while minimizing the need for extensive
upgrades to the system hardware [10–12].

A number of papers have been published on the compressor and chiller system per-
formance changes when using low-GWP refrigerant as a drop-in replacement for R134a.
Sethi [13] studied the system performance change in a small vending machine equipped
with a fixed speed, reciprocating compressor. The analysis showed that the R1234yf can
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have a similar cycle efficiency as R134a due to their similar condensing temperature while
R1234ze will have a lower cycle efficiency due to its higher condensing temperature, al-
though the system components like the heat exchanger can be optimized to improve the
R1234ze cycle efficiency. In a reciprocating-type heat pump case study, Luigi [14] inves-
tigated the use of R1234ze and R1234yf as drop-in replacements for R134a. The study
considered both a fixed compressor speed configuration and a fixed heating capacity con-
figuration. Both R1234ze and R1234yf exhibited a decline in both heating capacity and
efficiency with R1234ze affected more significantly than R1234yf in the configurations.
Li [15] also noted a 20% coefficient of performance (COP) drop and a 5% drop in volumetric
efficiency when replacing R134a with R1234yf in a refrigerant system with a linear compres-
sor. Alptug [16] performed a system-level exergy analysis in a vapor compression system
to compare the performance difference among R134a, R1234ze, and R1234yf. The results
shows both R1234ze and R1234yf are a good fit as a drop-in replacement for R134a, while
the R1234ze showed higher system efficiency than R1234yf. Aized’s [17,18] thermodynamic
analyses in an automobile air conditioning system indicated a substantial COP decrease for
R1234yf across various compressor speeds compared to R134a. Gang [19] studied the per-
formance changes in a two-stage centrifugal chiller when switching from R134a to several
different low-GWP refrigerants. Because of the low density of R1234ze, it will exhibit a 25%
volume capacity reduction in comparison with the baseline using R134a and therefore the
compressor size needs to be increased to reach the same level of cooling capacity as R134a.
Park [20] proposed a method to predict the performance change in a two stage centrifugal
compressor when replacing the original working fluid R134a with R1234ze and R1233ze(E).
The method provided good accuracy for R1234ze but high discrepancies for R1233ze(E).
Yi [21] performed the CFD study on a single stage centrifugal compressor. With the same
saturated suction temperature (SST), saturated discharge temperature (SDT), and cooling
capacity, the COP of the R1234ze was reduced by about 5%, while the R1234yf experienced
a greater reduction of approximately 9% compared to the R134a.

Overall, the research on centrifugal compressors with varying refrigerants remains
limited with some of the conclusions being questionable, particularly when the COP is
calculated based on the constant capacity, which ignores the fact that the compressor’s
optimal capacity should be changed accordingly when the refrigerant changes. This paper
explores the performance dynamics of a two-stage centrifugal compressor when transition-
ing between R134a, R1234ze, and R1234yf, using a blend of high-fidelity computational
fluid dynamics (CFD) simulations and the 1D meanline method. The high-fidelity CFD sim-
ulations establish critical anchor points for the calibration of the 1D meanline model, which
in turn allows for rapid assessments of compressor performance under various operational
conditions. Given the expected changes in maximum capacity with different refrigerants,
this study focuses on overall performance variations across different conditions rather than
focusing solely on a single point.

The structure of the remainder of this paper is as follows: Section 2 evaluates the
basic thermodynamic properties of the three refrigerants and their theoretical impact on
compressor performance. Section 3 details the setups and validations of the high-fidelity
CFD models and explains the 1D meanline calibration. In Section 4, the compressor
performance, as predicted by the calibrated 1D meanline model, is presented along with a
discussion on the observed performance changes. The main conclusions are summarized
in Section 5.

2. Thermodynamic Analysis

Figure 1 depicts the pressure–enthalpy (p-h) diagrams for the three refrigerants, with
thermodynamic properties sourced from NIST Refprop 9.1 [22]. Among them, R134a
exhibits the highest critical pressure, while R1234yf demonstrates the lowest. At a given
SST, both R134a and R1234yf share similar suction pressures, whereas R1234ze presents a
lower value. The operation envelope of the compressor in the refrigeration cycle is largely
dependent on the SST and SDT, which are governed by the evaporator and condenser
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temperature. The temperature–enthalpy (T-h) diagram, as shown in Figure 2, indicates that
R1234ze can achieve the highest SDT, while R1234yf achieves the lowest. The max SDT
impacts the compressor’s efficacy in a heat pump application and the difference indicates
that R1234yf cannot achieve the same hot water temperature as R134a and R1234ze. When
the temperature is below the critical temperature of R1234yf, R1234yf has the lowest latent
heat, with R134a having the highest among the three refrigerants. With the same mass flow
rate, condenser subcooling temperature, and compressor suction superheat, the cooling
capacity provided by the compressor is proportional to their latent heat.
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Since the heating/cooling capacity of a centrifugal compressor is dependent on its
choke flow, which is a function of the volumetric flow, the volumetric cooling capacity is
computed from the latent heat at a particular temperature. The relationship is illustrated
in Figure 3 using R134a as the baseline. It shows that regardless of the operating mode,
R1234ze’s volumetric capacity is consistently less than that of R134a, suggesting potential
limitations in achieving maximum capacity comparable to R134a. R1234ze’s volumetric
capacity surpasses that of R134a at temperatures below 0 ◦C, but drops below it when
the temperature is above 0 ◦C, which suggests that R1234yf has the potential to provide a
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higher cooling capacity for the low temperature applications than R134a when requiring a
sub 0 ◦C SST, but a lower cooling capacity in the comfort cooling application which usually
requires the above 0 ◦C SST.
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Additionally, the speed of sound in the working fluid is a critical parameter in tur-
bomachinery performance. Figure 4 details the variation in sound speed for the three
refrigerants under saturated gas conditions at various temperatures. The speed of sound
influences the corrected speed of the compressor, which in turn is critical in determining
the compressor’s pressure ratio and maximum mass flow rate.
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Figure 5 illustrates the enthalpy–entropy (h-s) diagram for the compression process,
considering the two stages as an integrated unit. In this diagram, conditions 1 and 2 denote
the inlet and discharge states of the compressor, respectively, while 0 means the stagnation
condition of the flow.

In this analysis, the total-static pressure ratio (π) and total-static efficiency (η) serve as
primary metrics and are delineated in Equations (1) and (2), respectively. The flow factor,
FF, is employed to quantify the compressor’s mass flow rate in a non-dimensional form.
The definition of the compressor’s corrected speed is explained in Equation (4), which
incorporates a01, the speed of sound at the compressor inlet under total flow conditions.
For reasons of commercial sensitivity, the efficiency, speed, pressure ratio, SDT, and the
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flow factor will be normalized by a random uniform scaling factor in the subsequent parts
of this study.

π =
P2

P01
(1)

η =
h2s − h01

h02 − h01
(2)

FF =

.
m1

a01ρ01
(3)

Nc =
N
a01

(4)

The performance of a centrifugal compressor can be represented by a set of six non-
dimensional parameters, as depicted in Equation (5). On the right-hand side of the equation,
the first term inside the parenthesis represents the blade Mach number, followed by a
modified version of the flow factor, then the Reynolds number, and concluding with the
isentropic pressure–volume exponent characteristic of the fluid. Equation (6) characterizes
the isentropic work conducted by the compressor and serves as a tool to assess the influence
of these parameters [7,23,24].

P02

P01
, η = f (

Nd
a1

,
.

m
ρ01a01d2 ,

ρ01Nd2

µ
, γpv) (5)

h02s − h01 =
a01

2

γPv − 1
[

(
P02

P01

) γPv−1
γPv − 1] (6)
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3. Methodology

Developing a performance map for a compressor traditionally involves extensive
experimental tests or computational fluid dynamics (CFDs) simulations, which both take
a significant quantity of resources. To expedite this process, this study employs a hybrid
method that integrates CFD simulation results with the 1D meanline method to create a
compressor performance map with satisfactory engineering precision. For each refrigerant,
CFD simulations cover three speed lines with limited points per speed line. Subsequently, a
1D meanline model based on the key geometry parameters of the compressor is calibrated
using CFD data. This calibrated 1D model then generates an expanded compressor map
with additional speed lines and points.
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3.1. Compressor Geometry and Test Tig Information

The focus of this study is a two-stage centrifugal compressor. Both stages feature
impellers with seven main blades and a set of splitters, as illustrated in Figure 6. Both
stages employ the vaneless diffuser after the impellers. Post-impeller, each stage employs a
vaneless diffuser, and a return channel fitted with 19 guide vanes links the stages. Following
the second stage, the flow converges into a tongue-less volute. Figure 7 presents the
assembly of the compressor’s primary components. Due to the commercial sensitivity, no
detailed geometry information is available for this study.
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3.2. CFD Modeling

The test rig schematic is shown in Figure 8A and the CFD simulation’s flow domain
is depicted in Figure 8B. A gas cycle test rig is employed to establish the compressor
performance benchmark. The pressure and temperature are measured at the compressor
suction and discharge location. The ASHRAE standards are the reference for the flow
parameter measurement. The mass flow rate is measured on the liquid line. For the CFD
domain, the primary flow path comprises the inlet, both stage impellers and diffusers, the
return channel, and the volute. The inlet to the first stage also integrates the inlet guide vane
(IGV) structure, which remains fully open for all simulations. To align the CFD simulation
with actual experimental configurations, secondary flow paths for both stages accommodate
the front and rear leakage flows. The periodic conditions are applied to the inlet, the
impeller, the vaneless diffuser, the return channel, and all the leakage flow channels to
reduce the computational resource consumption. All the periodic domains are discretized
with hexahedral elements while the volute domain is meshed with tetrahedral elements.
Figure 9 shows the mesh on the first stage impeller. The overall flow domain consists of
5.8 million nodes and 12.7 million elements. The y+ is below 10 on the blade surface for all
the simulated speeds. The mesh settings are adopted from a prior published study for a
similar compressor [25] and no further meshing sensitivity studies were performed due to
the similarity of both the geometry and operating conditions between the previous studied
compressor and the current compressor.
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The CFD simulation is performed in Ansys CFX with steady state simulation and a
k-omega shear stress transport (SST) turbulence model. The impeller domains are set as
rotating, and the rest of the components are set as stationary. A mixing plane interface is
used between the rotating and stationary stations. The front leakage channels connect the
diffuser to the corresponding stage inlet. The rear seals inlets are set as the interface with the
diffuser and the outlets are set as the outlet with static pressure and temperature identical
to the first stage inlet. The leakage flow channel surfaces that meet the impeller shroud are
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rotating at the impeller rotating speed. The other component walls are set as stationary. The
component interfaces employ a mixing plane approach. The total pressure and temperature
are applied to the compressor first stage inlet and the mass flow rate boundary conditions
are applied to the volute outlet. The inlet total temperature is set as 15.5 ◦C while the inlet
total pressure is set as the saturated pressure at 5.5 ◦C for all three refrigerants, which
are 356 kPa, 264 kPa, and 379 kPa for R134a, R1234ze, and R1234yf, respectively. With
the described inlet temperature, the refrigerant will have 10 ◦C of superheat to avoid the
condensation situation in the simulation.

3.3. CFD Model Validation and Compressor Speed Line Expansion

Figures 10 and 11 compare the CFD results for R1234ze against the experimental
data. The CFD data include a 2 percent error margin. Both the pressure ratio and the
efficiency align closely with the test data, and thus the CFD provides sufficient accuracy for
engineering applications.
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3.4. The 1D Meanline Modal Calibration and Compressor Speed Line Expansion

The 1D meanline model conceptualizes each compressor component—impeller, dif-
fuser, volute, etc.—as a control volume and employs the general thermodynamic calcu-
lations together with empirical correlations and loss models to predict the compressor
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performance [26]. By adjusting the loss and deviation coefficients within the 1D model,
the model can be calibrated to capture the specific compressor performance with a high
accuracy [27,28]. In this study, the 1D meanline model of the compressor is built in a
commercial turbomachinery software TurboTides 8.8 [29]. Because the significant property
changes among the three refrigerants, the 1D model is calibrated with the CFD results
of each refrigerant to achieve a higher accuracy than the calibration based on one single
refrigerant. For each refrigerant, the CFD results at a rotating speed of 0.77 ND, 0.92 ND,
and 1.08 ND are used for calibration purposes, where ND represents the designed speed of
the compressor.

Figures 12 and 13 show the comparison of the compressor pressure ratio and efficiency
between the CFD results and the calibrated 1D model predictions for R1234ze. The figures
0.77 ND, 0.92 ND, and 1.08 ND are the speed lines at which the 1D model is calibrated,
while the 0.88 ND and 1 ND speed lines are 1D model predictions where it is not calibrated.
At the calibrated speed lines, the 1D model predictions exactly match the CFD results. At
the 0.88 ND and 1 ND speed lines, the calibrated 1D model still provides the compressor
performance prediction with a satisfactory precision for engineering objectives. The three
calibrated 1D models facilitate the following analysis of the compressor performance map
across a speed range from 0.77 ND to 1.08 ND, increasing in increments of 0.04 ND.
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4. Results and Discussion

Figure 14 displays a comparison of compressor pressure ratios for R134a, R1234ze,
and R1234yf at speeds ranging from 0.77 ND to 1.08 ND with a 0.04 ND increments. At
equivalent speeds and flow factors, R1234yf consistently achieves the highest pressure ratio,
with R1234ze in the middle, and R134a at the lowest pressure. As shown in Equation (5), the
compressor needs to be working at a similar corrected speed, rather than the actual speed,
to achieve the similarity. Due to R1234yf’s lower speed of sound at the inlet, it possesses
the highest corrected speed, suggesting that the compressor operates at a relatively higher
speed with R1234yf compared to R134a and R1234ze. Thus, the significant pressure ratio
difference among the refrigerants is attributed to the variations in corrected speeds, as
shown in Figure 15.
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Another critical consideration in refrigerant substitution is the SDT. In cooling applica-
tions, the maximum SDT defines the highest ambient temperature a compressor can handle,
whereas in heating applications, it determines the maximum hot water temperature that
can be supplied. Figure 16 presents the scaled compressor SDT with the three refrigerants
with the air-cooled and water-cooled chiller full-load typical SDT line marked, which is the
AHRI 2023 standard-required SDT for an air-cooled chiller and water-cooled chiller. With
the current speed range, R134a barely maintains a functional working range, while R1234ze
and R1234yf offer a broad operating range. At 1.08 ND speed, the maximum achievable
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scaled SDTs are 4.5 for R1234yf, 3.9 for R1234ze, and 3.5 for R134a. R1234yf’s higher max
SDT enables it to function in extremely hot conditions and to provide higher heated water
temperatures in heat pump applications.
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Figure 17 plots the total-static isentropic efficiency of the compressor against the
flow factor. R1234ze demonstrates the highest overall efficiency, with R134a and R1234yf
generally exhibiting similar levels.
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Figure 17. Compressor isentropic efficiency.

The compressor total-static isentropic efficiency against the corrected inlet mass flow
rate is plotted in Figure 17. The R1234ze shows overall higher efficiency than the other
two refrigerants, while R134a and R1234yf show generally the same level of efficiency.
With fixed flow factors, pressure ratios, and corrected speeds, Equation (5) indicates that
the peak efficiency differences can be caused by the Reynolds number and isentropic
exponent difference. Prior studies have suggested that higher Reynolds numbers and larger
isentropic exponents can improve the compressor efficiency [23,24,27,30–33]. However,
R1234ze has the lowest Reynolds number in the studied speeds, as shown in Figure 18.
Additionally, the isentropic exponents for R134a, R1234ze, and R1234yf are 1.06, 1.04, and
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1.02, respectively, at the inlet condition, indicating that R1234ze’s heightened efficiency may
be attributed to a blend of fluid properties rather than a single characteristic. Comparing
this observation in this study to the lower efficiency of R1234ze in a single stage compressor
presented in Yi’s study [21], the specific compressor geometry may also contribute to the
varying efficiency and further studies in the future should reveal more details. Other
issues related to the turbomachinery performance changes when switching the refrigerants,
including surge behavior changes, operating pressure ratio changes, etc., should also be
addressed [34,35].
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Figure 18. Reynolds number at studied speeds.

The compressor power consumption is plotted against the flow factor in Figure 19.
At 1.08 ND, R1234yf consumes the highest power, followed by R134a, while R1234ze uses
the least power. This indicates that a driving motor designed for R134a and R1234ze may
not deliver the power needed for R1234yf to run at the same max speed. The compressor
power consumption is the result of multiplying the mass flow rate and the specific enthalpy
change, and the specific enthalpy change is the enthalpy difference between the inlet total
condition and the outlet total condition. The specific power consumption is plotted in
Figure 20 and mass flow rate vs. the flow factor is plotted in Figure 21.
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Figure 21. Mass flow rate vs. flow factor.

For the specific power consumption, it is highly dependent on the pressure ratio that
can be implied by Equation (6) indicating that the higher pressure ratio generally requires
higher power to achieve. Thus, the specific power consumption shows the similar trend
as the pressure ratio plot that R1234yf has the highest power consumption, followed by
R1234ze. At the same flow factor, R1234yf has the highest corresponding mass flow rate,
followed by R134a with a slightly lower mass flow rate, while R1234ze has a significantly
lower mass flow rate than R1234yf and R134a. When the specific power is multiplied by
the mass flow rate to obtain the compressor power consumption, R1234yf will take the
highest power consumption, but R134a will take the second highest power consumption,
and R1234ze will take the least power.

Figure 22 illustrates the scaled mass flow rate vs. the scaled SDT across various speed
lines. Due to the changes in fluid properties, there is a significant variation in the maximum
mass flow rate through the compressor at the same speed. Theoretically, the compressor
should display a similar maximum flow factor at identical corrected speeds. Because of the
higher density of R1234yf and R134a under suction conditions, the compressor processes a
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greater mass flow with these refrigerants than with R1234ze, given the same maximum
flow factor. Furthermore, the maximum flow factor increases as the corrected speeds rise, as
depicted in Figure 15. These combined effects result in R1234yf achieving the highest mass
flow rate (dot mark with the same color as the corresponding refrigerant color), followed
by R134a, with R1234ze exhibiting the lowest at a speed of 1.08 ND.
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These changes in mass flow, coupled with differences in specific latent heat capacities,
also impact the compressor’s cooling capacity. Figure 23 highlights the changes in cooling
capacity for R1234ze and R1234yf with R134a as the baseline in both air-cooled and water-
cooled chiller conditions at the full load SDT specified by AHRI standards. The max mass
flow rates for each refrigerant are marked as bullets in Figure 22. At 1.08 ND, R1234ze shows
a reduced cooling capacity in both air- and water-cooled scenarios. R1234yf demonstrates an
increased capacity compared to R134a, particularly in air-cooled applications. Considering
compressor power consumption, R1234ze’s cooling capacity can be enhanced by operating
at higher speeds, while R1234yf may fail to reach its maximum capacity if the compressor
drive is unable to supply the necessary power at the max mass flow rates.
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5. Conclusions

The performance change in a refrigerant centrifugal compressor when switching
from R134a to R1234ze and R1234yf is studied using a novel method that combines CFD
simulations with the 1D meanline code. The findings indicate the following:

1. Pressure ratio changes: R1234yf and R1234ze achieve higher pressure ratios than
R134a at the same speed due to the lower inlet speed of sound, which leads to a
higher corrected speed. Specifically, the maximum pressure ratio increased by 29%
for R1234yf and 16% for R1234ze compared to R134a.

2. Efficiency changes: R1234ze exhibits a maximum of 2% higher efficiency than R1234yf
and R134a, caused by a combination of the factors including the Reynolds number,
isentropic exponents, and the specific compressor geometry.

3. Power consumption change: R1234yf requires significantly more power to operate
at the same speed compared to R134a, which can be a limiting factor for its use as a
drop-in replacement. This study observed a maximum power increase of 36% when
switching from R134a to R1234yf, whereas R1234ze demonstrated a 16% reduction in
maximum power consumption.

4. Capacity changes: In water-cooled applications, R1234yf has a maximum capacity
close to R134a, while R1234ze experiences an 8% reduction. In air-cooled applications,
R1234yf shows a significant increase in maximum capacity due to the higher corrected
speed, while R1234ze is limited by the maximum compressor speed and reaches a 9%
lower maximum capacity comparing to R134a.

The significant thermodynamic property changes among the three refrigerants also
indicate that the performance of other components in the chiller system will be impacted.
Thus, all these changes should be comprehensively considered when using the low-GWP
refrigerants as a drop-in for R134a to ensure the chiller system can still deliver the required
cooling target efficiently and effectively.
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Nomenclature

η efficiency (-)
π pressure ratio (-)
µ dynamic viscosity (Pa·s−1)
γ isentropic exponent (J·kg−1·K−1)
a speed of sound (m·s−1)
h specific enthalpy (J·kg−1)
d impeller diameter (m)
FF flow factor (m−2)
IGV inlet guide vane (-)
N rotating speed (rad·s−1)
Nc corrected rotating speed (rad·m−1)
ND designed rotating speed (rad·s−1)
.

m mass flow rate (kg·s−1)
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s specific entropy (J·kg−1·K−1)
SST saturated suction temperature (◦C)
SDT saturated discharge temperature (◦C)
SSH suction superheat temperature (◦C)
VFD variable frequency drive (-)
COP coefficient of performance (-)
CFD computational fluid dynamics (-)
Subscripts
1 condition at inlet
01 total condition at inlet
2 condition at discharge
02 total condition at discharge
s isentropic
P evaluated at constant pressure
V evaluated at constant volume
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