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ABSTRACT

This paper presents an approach to investigate the refrigerant’s influence on a reciprocating compressor. High-
light of this model is the one-dimensional semi-physical approach, which is general fluid independent. Compared
to compressor models from literature, this model handles with real gas behaviour. The applied fluid property
models have been specifically designed to be fast and accurate. This is given by the implementation of a hybrid
approach based on the simplified Helmholtz Equation of State (EoS) and polynomial functions. Considering
rotational speeds between 30 st and 70 s** and pressure ratios from 5 up to 13, results show a maximum isentropic
efficiency of 67 %, 63 %, 66 %, 53 % for the refrigerants R410A, R134a, R744, R32, respectively.
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1. INTRODUCTION

The European F-Gas Regulation accelerates the exchange of conventional fluids in refrigeration cycles (European
Union, 2014). Typically, conventional refrigerants in heat pumps are highly harmful to the climate. Thus, it is
necessary to find alternative environmental friendly refrigerants. Considering a heat pump in detail, the compressor
performance is crucial for the overall efficiency. Various approaches have been made in the literature to compare
different refrigerants in compressors (Cimmino and Wetter, 2017; Li, 2013; Navarro-Peris et al., 2013). These
approaches are often stationary and well applicable to conventional heat pumps with constant speed. In recent
years, however, the demands on heat pumps have continued to grow. For example, speed-controlled heat pumps
are used to provide domestic hot water, space heating and, by reversing the process, also for cooling. This leads to
high operating dynamics and justifies the analysis of transient states. In addition, publicly, available data on
efficiencies is very limited to compare different refrigerants reasonably. Supporting the screening and evaluation
process, open-source dynamic simulation models are a promising method to have a reasonable decision tool in the
assessment process.

This paper presents an approach to investigate the refrigerant’s influence on a reciprocating compressor. For this
purpose, we develop a dynamic simulation model in Modelica based on a semi-physical compressor model from
the literature (Roskosch et al., 2017). The highlight of this model is the one-dimensional white-box approach,
which is fluid independent. In comparison to compressor models from the literature, this model handles with real
gas behaviour and, therefore, it is able to predict volumetric and isentropic efficiencies depending on variable
operating points. The used fluid property models were specially developed to be fast and accurate (Sangi et al.,
2014; Vering et al., 2020). The refrigerants R410A, R134a, R744 and R32 are evaluated under dynamic
conditions in this work. R140A and R134a currently provide most data and models for validation, whereas R32
and R744 are good candidates for the new generation of refrigerants for both, heating and cooling applications.
Considering rotational speeds between 30 s and 70 s and pressure ratios from 5 up to 13, the simulation model
calculates isentropic and volumetric efficiency of the process. Hence, we are able to compare different
refrigerants under operating conditions. To further increase simulation speed at almost the same accuracy, we
deduce correlations that can be used in e.g. annual simulations.
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2. PHYSICAL COMPRESSOR MODEL

The presented compressor model is implemented in Modelica and based on a semi-physical compressor model
from the literature (Roskosch et al., 2017). Therefore, only the most important fundamentals are explained in this
chapter. For a more detailed description of the compressor model, see (Roskosch et al., 2017). Figure 1 shows the
general structure of the implemented model in Modelica. The great advantage of such a polymorphic model
structure is the possibility to realize a universally applicable compressor model. With a corresponding adaptation,
further compressor geometries and even compressor types can be modelled and calculated in a relatively short
time. Lines marked in blue are fluid flows, red lines are heat flows and black lines are geometric quantities. The
geometry model describes the volume of the piston. For this purpose, it uses the crank angle of the motor shaft ¢
as input variable. The sub-model “Compression process” describes the compression of the refrigerant by
calculating the states of the gas and the mass flows determining energy and mass balances. In addition, the model
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has sub-models for the heat transfer between gaseous refrigerant and piston wall ag,s_., and between piston wall

and environment &, ny. The model’s modular design enables the modification of the geometry or the heat transfer
models without much effort.

Figure 1: Modular structure of the compressor model in Modelica

The submodel “Compression process” is independent of the compressor’s geometry and the used refrigerant. It
calculates the current thermodynamic state by solving the energy balance (Eq.: 1) and the mass balance (Eq.5).
The control volume of all following balances refers to the inside of the piston. The first law of thermodynamics
leads to

d . . dQgass>w  dWrey  dWipr _
dt (mgas * ugas) + Moutlet * hgas — Minlet * hinlet - dt T a4t at 0 Eq- (1)

where mg, describes the actual mass of the gas in the piston and w4, the actual specific energy of the gas. The
actual specific enthalpy of the gas and the specific enthalpy of the gas at the inlet is given by hg,s and hjpje. The

mass flow at the outlet and inlet are described by m,yuet @and minee- The reversible and irreversible work is
represented by W, and W;,.. respectively. The reversible work W, is obtained by assuming quasi-static changes
of state according to the following equation using the actual pressure inside the piston pg,s:

AWrey _ dVgas

at —DPgas dt Eq-: (2)

The irreversible work considers different processes but is mainly based on the sliding friction between the piston
rings and the cylinder. For this reason, the friction pressure peiction 1S introduced to describe the dissipated work
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dWirr dVgas
FT —Dfriction dgt Eg. (3)
The heat transfer between gas and cylinder @ is a dynamic quantity, since the gas temperature has a high-

temperature change especially during the compression. Equation 4 describes % according to Newton's cooling
law:

dQ as—cCc
it = Qgas—c cg(T gas) Eq. (4)

whereas A, represents the area of the cylinder that is in contact with the refrigerant. The heat transfer coefficient
(gas—c 1S calculated using the Woschni correlation (Woschni et al., 1998). This correlation originates from

combustion technology and is used with neglect of combustion but also predict convection coefficients within a
compressor (Tuhovcék et al., 2016).

To determine the current refrigerant mass, the mass balance around the control volume is considered:

dmgys
dt

— Minlet + Moutlet = 0 Eq. (5)

The loss-free Bernoulli equation provides the mass flows ;e and mgyuqee. IN addition, effective flow areas are
used, which are refrigerant and flow-dependent (Roskosch et al., 2017).

The thermodynamic state is determined by the two independent state variables density and enthalpy using our fluid
models in Modelica. Both, the used fluid models and the compressor model is open-source available on GitHub:
https://github.com/RWTH-EBC/AixL ib/issues/739.

3. RESULTS

The compressor performance is analysed for the fluids R134a, R410A, R32 and R744. The reciprocating
compressor is simulated for 20 seconds at each operating point.
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Figure 2: Simulated start-up of the reciprocating compressor of refrigerant R744 at an inlet pressure of 10 bar,
an inlet temperature of 293.15 K, an outlet pressure of 100 bar and a rotational speed of 50 1/s.
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This simulation time has proven to be sufficiently long to have stationary conditions since the transient process is

already completed after a few cycles (see Figure 3). The inlet temperature is constant 290.15 K for all considered
fluids.
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Compared to the inlet pressure for the refrigerants R32 and R134a (saturated vapour pressure at 273.15 K) the
inlet pressure for the fluids R744 and R410A was set lower to allow a larger variation range of the pressure ratio
I1. Typical measures like the isentropic and the volumetric efficiency are used to analyse the compressor
performance. Initially, the general operation of the compressor model is considered. To demonstrate the
functionality of the compressor model, the temperature and mass flow curves are shown in Figure 2 as an example
for the refrigerant R744 for I1 = 10. Since R744 cycles operate at a very high pressure and temperature level
(supercritical) this figure underlines that the model works in the supercritical range. It can be seen, that the model
provides realistic curves for all variables and allows detailed insight into significant thermodynamic values during
the compression process. It is also noticeable that the gas temperature assumes values over 500 K. This can be
explained by the high pressures that occur in an R744 refrigeration circuit, which rise above 120 bar. By the known
time-dependent variables temperature, pressure and mass flow, the influence of the pressure ratio can be analysed
by calculating the isentropic and volumetric efficiency.

3.1. Influence of the pressure ratio

In the following, the isentropic, as well as the volumetric efficiency, are used to evaluate the overall compressor
efficiency. In order to systematically investigate different operating points and the resulting influence on
compressor efficiency, the pressure ratio at constant compressor speed will first be analysed in detail. For constant
compressor inlet conditions (pressure and temperature) the pressure ratio IT is varied by changing the outlet
pressure. The isentropic efficiency is calculated according to the well-known equation Eqg. (7) as a function of the

discharge enthalpy, the inlet state and the isentropic work (h}futlet — Rinlet)-
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Figure 3: Simulated isentropic efficiency (left) and volumetric efficiency (right) of the refrigerants R32,
R410A, R134a and R744, Tinlet = 290. 15 K, pinlet,R32 =8.13 bar, pinlet,R410 =4 bar,

Pinletr744 = 10 bar, piyie r134a = 2.93 bar

Since the compressor outlet enthalpy is not constant during the discharge process, it must be integrated along with
the discharge time duration. The same procedure is used for volumetric efficiency:

g = {Mntecdt Eq. (8)

VoPinlet

In Eq. (8), V, ist the volume of the piston and [ ;e dt describes the time integral of the mass flow during the
suction process. Therefore, the results of Eq. (7) and Eq. (8) are analysed in the following section.
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Figure 3 (left) shows the isentropic and Figure 3 (right) the volumetric compressor efficiency of the refrigerants
as a function of the pressure ratio. The maximum pressure ratio varies depending on the fluid due to the different
definition ranges of the fluid models. Regardless of the fluid, the isentropic efficiency first reaches a maximum
with increasing pressure ratio and then decreases again. The highest efficiency is observed at the lowest pressure
ratio and decreases linearly with increasing pressure ratio. Both, the curves for the isentropic efficiencies, and the
curves of the volumetric efficiencies show typical characteristic curves (Sanchez et al., 2017).

Our model predicts differences for the isentropic efficiencies depending on the fluid. This applies to the position
of the maxima in relation to the pressure ratio, the curvature of the parabolic curve before and after the maximum,
as well as the values of the absolute maxima. Of the considered refrigerants, R410A reaches the highest value in
absolute terms. The efficiency characteristics of R744 are similar to those of R410A. The isentropic efficiency of
R134a reaches its maximum at a pressure ratio of IT = 10 with a value of 62%. For R32 the model predicts
significantly lower efficiencies than for the other considered refrigerants. In addition, isentropic efficiency can no
longer be calculated for pressure conditions above IT = 8, because the substance data are not sufficiently available
in RefProp. In general, the difference between the values of R32 in absolute terms and in comparison to R134a is
confirmed in the literature. (Antunes and Bandarra Filho, 2016).

In approximation, the volumetric efficiencies dependent on the pressure ratio of all considered refrigerants (Figure
3, right) show a linear behaviour. Furthermore, at a pressure ratio of approximately IT1 = 8, all straight lines show
a volumetric efficiency of approximately 45% and only differ in their different gradients.

3.2. Influence of the compressor rotation speed

Various simulation studies in the literature do not take into account, that the isentropic efficiency is strongly
influenced by the compressor rotation speed. Therefore, in addition to the simple variation of the pressure ratio,
the influence of the compressor rotation speed on the compressor efficiency is examined in this paper. Our
preliminary investigations have shown that the compressor rotational speed has no significant effect on the
characteristic course of the isentropic efficiency in dependence on the pressure ratio. For this reason, the fluid-
dependent pressure ratio IT at the point with the maximum observed isentropic efficiency was chosen according to
Figure 3. For this constant pressure ratio, the compressor rotation speed is varied. Figure 4 shows the isentropic
(left) and volumetric (right) compressor efficiency as a function of the compressor rotation speed for the considered
refrigerants. It can be observed, that the isentropic efficiency shows an almost linear behaviour for all considered
fluids (see Figure 3). With increasing rotational speed the isentropic efficiency of all considered fluids decreases
almost linear. This behaviour can be generally observed and confirmed in an experimental investigation in the
literature (Mendoza-Miranda et al., 2016; Venzik et al., 2017; Venzik and Atakan, 2017). These effects can be
explained as follows. Due to increasing compressor speed, the piston speed also increases and thus both the
irreversibilities caused by the mass acceleration of the piston and the stronger frictional influences between piston
and cylinder wall (viscous friction) increase. In addition, higher refrigerant mass flows also lead to greater flow
losses during the suction and discharge process (Roskosch et al., 2017). All these effects lead to a significant
reduction of the isentropic efficiency and thus to the reduction of the overall efficiency when the compressor speed
rises. However, the increasing compressor rotation speed also influences the volumetric efficiency directly.

The volumetric efficiency in Figure 4 (right) also shows a linear decrease for increasing rotation speed. This
behaviour also applies to all considered fluids and can be explained by higher valve flow resistance. The valve
resistance at the outlet depends on the mass flow density. This is higher since the discharge process takes shorter
time due to the higher rotational speed. For this reason, more residual gas remains within the cylinder after the
discharge process. As a consequence less fresh gas get into the cylinder during the suction process, whereby the
volumetric efficiency decreases. This leads to a decrease of the isentropic efficiency of 0.03 and of 0.037 for the
volumetric efficiency at a speed increase of 10 Hz (e.g. for R410A).
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Figure 4: Simulated isentropic (left) and volumetric (right) efficiency of the refrigerants R32, R410A, R744
and R134a as a function of the compressor rotational speed

3.3. Reduction of model’s complexity

The presented detailed model allows refrigerant-dependent predictions about its operating behaviour. From this,
simplified correlations for the isentropic and volumetric efficiency are developed for a constant compressor
rotational speed of 50 s™. These correlations allow reducing the complexity of the model. This increases the
simulation speed, which enables new simulation studies, such as annual simulations.

A polynomial function of the form

ne = 1o + a(ll - My)? Eq. (8)

is used to describe the isentropic efficiency. From the polynomial vertex shape in Eqg. (8), the maximum achievable
isentropic efficiency n, and its position Il, is directly apparent. The quantity a is a fluid-dependent regression
coefficient. The Root Mean Square Error (RMSE) is below 0.02 for all investigated refrigerants. Table 1 shows
the accuracy and all coefficients of the correlations for the isentropic efficiency.

Table 1: Accuracy and coefficients of correlations for isentropic efficiency

Fluid RMSE Mo I, a

R32 0.0012 0.5284 10.0286 -0.0052
R410A 0.0100 0.6725 10.8725 -0.0037
R744 0.0025 0,6570 11,1987 -0,0038
R134a 0.0170 0.6317 9.4101 -0.0051

The correlation for the volumetric efficiency is based on a linear approach and is shown in Eq. (9):

Eq.(9)

In equation 9, b describes a fluid-dependent and m a fluid-independent regression coefficient. In the literature, the
integration of the molar mass is proposed for the consideration of fluid-specific quantities (Mendoza-Miranda et

A¢c = bayig + m * Mpyig I1
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al., 2016). For this reason, the linear approach includes the molar mass M,.. Thus, the correlations for the
volumetric efficiency only have one fluid-dependent regression coefficient. The RMSE for the volumetric
efficiency for all refrigerants is less than 0.006.

Table 2: Accuracy and coefficients of correlation for volumetric efficiency

R32 0.0034 0.6187 52.02 g mol* -4.40E-4
R410A 0.0058 0.7124 72.60 g mol? -4.40E-4
R744 0.0027 0.5977 44.01 g mol*? -4.40E-4
R134a 0.0058 0.7898 102.04 g mol* -4.40E-4
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Figure 5: Simulated isentropic (left) and volumetric (right) efficiency as a function of the pressure ratio and
fluid-specific correlations for R134a

4. CONCLUSION AND OUTLOOK

The presented compressor model is based on a semi-physical approach, which is fluid-independent. The
thermodynamic state of the refrigerant is determined by energy and mass balances around the cylinder. The
modularity of the model allows the application of further geometries and other compressor types. To be able to
analyse different fluids in a short time, it is necessary to connect the compressor model with a fast and high accurate
fluid model. Especially for this issue, fluid models for the considered fluids R744, R32, R134a and R410A based
on EoS were developed.

Using the compressor model in combination with the fluid model, it is possible to show the influence of the fluid,
pressure ratio and compressor rotational speed on the compressor efficiency. The compressor model provides
physically plausible values concerning isentropic and volumetric efficiencies. In comparison to common
simulation models from the literature, this compressor model considers also the compressor rotational speed and
their influence on the isentropic and volumetric efficiency. For nominal rotational speed (50 s?), the highest
isentropic efficiency was observed for R410A at a pressure ratio of about 12. In contrast to the lowest rotational
speed (30 s), the isentropic and volumetric efficiencies of R410A decrease with increasing rotational speed from
0.74 t0 0.64 and from 0.39 to 0.28 respectively (const. IT = 12.5).

In future work, this compressor model will be evaluated by a compressor test bench. To use the simulation results

IR Compressors, Slovakia, 13-15 January 2021



in a fast way for further simulation studies, such as annual simulations, correlations for isentropic and volumetric
efficiency were developed. These correlations provide accurate data and can be easily implemented in other
models.
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