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The present work includes an in-depth performance analysis in fixed-speed reciprocating compressors. The
industry standard for compressor characterization is the AHRI-540, which uses a 10-term and third-degree
polynomial to characterize mass flow rate and energy consumption. However, the suitability of such a high-
degree polynomial is unclear, and the potential for overfitting and extrapolation errors cannot be ignored. This
work analyzes the response surfaces of mass flow rate and energy consumption in reciprocating compressors
to determine if more concise models with lower degrees are more suitable. For that purpose, a massive
experimental dataset with multiple compressors using different refrigerant and suction conditions was analyzed
to obtain overall conclusions in the compressor field. The results of the present work showed that mass flow
rate modeling requires lower-degree polynomials. However, the energy consumption characterization is more
complex, and the model reported in the standard may be justified. Additionally, it was found that, if the
specific energy consumption is selected as the modeling variable, it is possible to use a compact polynomial
expression, which can also be extended to scroll compressors and also has the advantage of reducing the
experimental data necessary for the model fit. Finally, by selecting the mass flow rate and the specific energy
consumption as response variables, this work also explores other critical issues related to the experimental
points’ location and minimum sample sizes required in order to minimize the experimental costs and increase

the model accuracy.

1. Introduction

Modeling and simulation are widespread and valuable techniques in
industrial and research fields. Due to the rapid evolution and calcula-
tion power of personal computers, the generation of simulated results
is simpler and cheaper compared with experimental testing. It helps
to significantly reduce the time and money required when manufac-
turers or researchers are focused on improving designs to satisfy new
environmental regulations or implement new and more efficient control
strategies.

Since heat pumps (HPs) play a key role in residential heating and
cooling applications, it is essential to accurately characterize their
performance by modeling the different components installed in these
units. In this sense, one of the main components is the compressor,
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which pumps the refrigerant through these units in order to generate
the desired heating or cooling effect. As stated by Chua et al. (2010),
the progress and enhancement of compressor technologies can cause a
drastic decline of up to 80% of the HP electrical energy consumption.
For these reasons, much scientific literature focuses on characterizing
compressor performance, where two of the most analyzed technologies
are scroll and reciprocating compressors, suitable for use in many
applications from 100 W up to 100 kW.

The main purpose of compressor models is to provide a mathemat-
ical transcription describing how the compressor works in terms of
thermodynamic processes inside the compressor shell. These models
are typically used to predict compressor performance over the entire
working map and can be categorized based on the degree of detail
employed in their construction (Rasmussen and Jakobsen, 2000).
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This degree of detail will generally depend on the assumptions and
the input information required. For example, theoretical and semi-
empirical models require a higher level of understanding of the com-
pressors boundary conditions and the geometry of its internal compo-
nents, which can, in many cases, only be supplied by the manufacturer.
They are based on physical principles or chemical laws and, in the
case of semi-empirical models, are completed through experimental
data to describe the most complex processes. One of the most common
approaches used for simple compressor modeling is to consider the real
compression as polytropic (e.g., Popovic and Shapiro, 1995; Mack-
ensen et al., 2002). Then other authors include more detailed mod-
els developing them as construction-oriented or phenomena-oriented
models, where the compressor is divided into more or fewer control
volumes that are linked in terms of mass and energy flows. For ex-
ample, Corberan et al. (2000) introduce a very detailed model for
refrigeration reciprocating compressors, including the dynamics of the
valves. Winandy et al. (2002) - according to the approach developed in
the ASHRAE toolkit (Bourdouxhe et al., 1994) — develop a phenomena-
oriented model including an estimation of the ambient losses for a more
accurate prediction of the discharge temperature and considering the
compression as isentropic. Navarro et al. (2007) also use a similar ap-
proach but with a more detailed analysis, including electromechanical
losses and refrigerant leakages effects. The recent paper of Roskosch
et al. (2017) also introduces a very detailed model for a reciprocating
compressor calculating the piston position as a function of the crank
angle and developing it as a set of differential equations for estimating
the compressor efficiencies.

Unfortunately, the compression process is extremely complex to
permit the use of the abovementioned model typologies without as-
suming some simplifying assumptions. Moreover, detailed modeling
approaches result in models that are difficult to implement and adjust,
especially for the common user. In this sense, empirical models allow
us to describe processes with a high degree of complexity by using
experimental information and regression analysis. They provide more
flexibility in predicting compressor performance, and the only require-
ment is to dispose of enough experimental information to perform a
regression adjustment. For instance, the AHRI-540 standard (AHRI 540,
2020) includes a 3rd-degree polynomial with a total of 10 regression
coefficients.

Of these two modeling approaches, the use of AHRI polynomials
is the most used one by the community to represent the compressor
behavior. This results from the fact that if many experimental tests are
provided for the entire compressor envelope, these polynomials always
obtain lower prediction errors than theoretical and semi-empirical
models (Cheung and Wang, 2018). However, the literature does not
include a clear justification for using a 3rd-degree polynomial. For
example, Shao et al. (2004) reported a polynomial model for rotary
compressors by selecting only the first and second-order terms from
the original AHRI polynomial with also high accuracy. On the other
hand, other authors include polynomial models with more terms for
variable-speed compressors, like the reported models by Guth and
Atakan (2023), where the authors introduce a polynomial model of 27
terms. However, these models are often presented without a thorough
analysis justifying the selection of a specific polynomial and degree.
Considering that these models need experimental data for their fitting,
it is recommended to analyze the shape of the response surfaces for
the characterized variables before fitting the polynomial models. This
step is crucial to understand the trends that need to be captured and
avoid overfitting the model. Commonly, when proposing a polynomial
model, we must consider an adequate degree of the polynomial without
exceeding it to describe the characterized response surface. Including
a higher degree and non-significant terms results in a greater depen-
dence of the model on the location of the experimental data. This
has the consequence that when experimental information is limited,
unnecessary overfitting of the model can lead to important extrapo-
lation/interpolation errors when we intend to predict in areas where
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no experimental information is available. Therefore, a comprehensive
analysis of response surfaces for a wide range of compressors can
provide valuable information when considering polynomial models in
this field.

Related to empirical models, there are other relevant considerations,
such as the optimum number of tests to properly characterize the
compressor behavior or where to place these experimental points in the
compressor envelope. In this sense, Design of Experiments (DoE) can
help minimize experimentation costs and prediction errors in charac-
terizing compressor behavior. Unfortunately, experimental design is not
usually addressed in the field of compressors, and there are only a few
studies in this area. Considering the compressor envelope shape, some
efficient Designs of Experiments methodologies are available in the
literature suitable for non-rectangular domains. For example, Aute et al.
(2015) and Aute and Martin (2016) propose the Polygonal Design. This
methodology combines the manual selection of points — selecting the
vertex of the compressor envelope — with cluster design for a specific
sample size. Vering et al. (2021) also present an interesting analysis for
a fixed-speed scroll compressor, selecting the Optimal Design methodol-
ogy. This methodology selects the location of test points according to an
optimality criterion for a specific polynomial expression. It is suitable
only for linear models and easy to implement due to the huge quantity
of statistical software with pre-programmed functions.

Against this background, this paper presents a detailed analysis
of the polynomial model approach for characterizing reciprocating
compressors. The analysis is based on a database from the “Low-GWP
Alternative Refrigerants Evaluation program”, which provides compre-
hensive and trustworthy calorimeter data for various compressors and
refrigerants. The main objective will be to clarify the best way to
characterize compressor performance and to obtain overall conclusions
in the compressor field. This database includes a significant amount
of scroll and reciprocating compressors from different manufacturers,
working with different refrigerants, and a lot of experimental tests
located throughout the working range. A previous study (Marchante-
Avellaneda et al., 2023) performed an in-depth analysis of the shape
and modeling of the response surfaces for the energy consumption and
mass flow rate in scroll compressors. It was possible to verify that the
AHRI polynomial includes an unnecessary number of terms, being the
response surfaces in scroll compressors quite smooth and allowing the
use of lower-degree polynomials. Due to the differences in operation be-
tween scroll and reciprocating compressors, this study aims to evaluate
the type of polynomial models suitable for reciprocating compressors.
Preliminary results of the present work for reciprocating compressors
were also presented at Marchante-Avellaneda et al. (2022). This paper
includes a more detailed analysis performed on a larger number of
reciprocating compressors. It focuses on determining the differences
between scroll and reciprocating compressors, identifying the optimum
polynomial expression, determining the best strategy and number of
points to perform the experimental test matrices, and suggesting proper
approaches to characterize each compressor design effectively. Finally,
a new characterization variable — the specific energy consumption —
is also introduced in this work due to the advantages observed when
characterizing energy consumption. It allows considering low-degree
polynomials compared to the AHRI standard, and it is also suitable
to characterize both technologies — scroll and reciprocating — using a
general expression and reducing the number of points required for its
adjustment.

2. Compressor performance data

As a result of the project “Low-GWP Alternative Refrigerants Evalu-
ation Program”, the AHRI institute made public an extensive amount
of experimental results of several scroll and reciprocating compressors
for different refrigerants, new low-GWP mixtures, and suction condi-
tions. The present paper includes the analysis of all the reciprocating
compressors tested in this project. The experimental results has been
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collected from following reports: AHRI 17 (Borges Ribeiro and Marchi
Di Gennaro, 2013a), AHRI 18 (Borges Ribeiro and Marchi Di Gennaro,
2013b), AHRI 28 (Sedliak, 2013a), AHRI 29 (Sedliak, 2013b), AHRI
30 (Sedliak, 2013c), AHRI 35 (Rajendran and Nicholson, 2014a), AHRI
37 (Rajendran and Nicholson, 2014b), AHRI 49 (Sedliak, 2015a), AHRI
50 (Sedliak, 2015b), AHRI 51 (Boscan and Sanchez, 2015), AHRI
59 (Lenz and Shrestha, 2016), AHRI 64 (Pérouffe and Renevier, 2016a),
AHRI 67 (Pérouffe and Renevier, 2016b), AHRI 69 (Pérouffe and
Renevier, 2016c¢).

After analyzing all this experimental information, we have identi-
fied two different behaviors for the energy consumption based on the
application range:

» Low/Medium evaporating pressure conditions (L/M-BP).
» High values of evaporating pressure (HBP).

Moreover, the collected data include the evaluation of compressor
performance for different fluids and suction conditions. Therefore their
effect on the performance will also be discussed in this work.

Table 1 briefly summarizes the most important features of the
reciprocating compressors analyzed. Based on the number of points,
AHRI 30 (L/M-BP compressor) and AHRI 59 (HBP compressor) have
been selected as examples to describe how the performance depends
on operating conditions. The general conclusions of these two com-
pressors have been confirmed with the other compressors included in
Table 1. The results for the rest of the compressors are supplied as
supplementary material.

Table 1
Summary of the experimental information collected.
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Finally, Table 2 includes the composition of the new low-GWP
mixtures tested. The thermophysical properties were estimated with the
Refprop database (Lemmon et al., 2018), considering the condensing
and evaporating temperatures at the dew point.

3. Compressor performance analysis

The benefits of using the compressor and volumetric efficiency as a
metric for quantifying compressor performance include the advantage
that it is a dimensionless parameter that depends less on the size of the
compressor or the type of refrigerant examined.

mAh;,
=— (€8]
e W,
i
Ny = - (2
Y psucV

Moreover, other suitable dimensionless parameters have been sug-
gested as a more reliable way to evaluate compressor performance (see
e.g., Pierre (1982) or Navarro-Peris et al. (2013)). Nevertheless, eval-
uating compressor performance based on efficiencies is more complex
than using energy consumption or mass flow rate, as demonstrated in
prior research conducted on scroll compressors (Marchante-Avellaneda
et al., 2023). The following sections include a qualitative analysis of
compressor performance response surfaces. First, the energy consump-
tion parameters are analyzed, followed by the mass flow rate parame-
ters. The efficiencies are introduced first because they are well-known,
and they are commonly used parameters showing their disadvantages

Report Compressor model Manufacturer Displacement Refrigerants tested Test cond.” Test points” Total tests
cm’/rev °C

AHRI 17 NJ7240F Embraco 34.38 R22/R1270 a 12/12 24
AHRI 18 EGS80OHLR Embraco 7.15 R134a/N13a/ARM42a b 12/8/12 32
AHRI 28 NEK2134GK Embraco 8.77 R404A/L40 c/a/b 36/36 72
AHRI 29 NEK2134GK Embraco 8.77 DR7 c/a/b 36 36
AHRI 30 NEK6214Z Embraco 16.80 R134a/R1234YF c/a/b 45/45 90
AHRI 35 CS14K6E-TF5 Copeland 47.15 DR7 a/b 52 52
AHRI 37 CS14K6E-TF5 Copeland 47.15 L40 a/b 51 51
AHRI 49 NEK2134GK Embraco 8.77 R455A c/a/b 36 36
AHRI 50 NEK2134GK Embraco 8.77 DR3 c/a/b 36 36
AHRI 51 4GE-23-40P Bitzer 971.26 R449A/R404A e 12/12 24
AHRI 59 H84B223ABC Bristol 30.51 R410A/L41-1/DR5A/ARM71a/D2Y60/R32 a 15/15/15/15/17/15 92
AHRI 64a FH2511Z Tecumseh 74.23 R404A/DR7 d/e 28/23 51
AHRI 64b FH4540Z Tecumseh 74.23 R404A/DR7 d/e 34/27 61
AHRI 67a FH2511Z Tecumseh 74.23 ARM25 d 37 37
AHRI 67b FH4540Z Tecumseh 74.23 ARM25 d 16 16
AHRI 69a FH2511Z Tecumseh 74.23 ARM20b d/e 30 30
AHRI 69b FH4540Z Tecumseh 74.23 ARM20b d 16 16

aSH level or suction temperature: a. SH =11 K;b. SH=22K;c. T,=18 °C;d. SH=10K; e T, =20 °C.

bTotal experimental tests: 756.

Table 2

New refrigerants composition (Low-GWP HFC mixtures).
Reported name ASHRAE designation®"® Company Refrigerant composition (% mass)
N13a - Honeywell R134a/R1234yf/R1234ze(E) 42.0/18.0/40.0
ARM42a ~R516A Arkema R134a/R152a/R1234yf 7.0/11.0/82.0
L40 - Honeywell R32/R152a/R1234yf/R1234ze(E) 40.0/10.0/20.0/30.0
DR7 R454A Dupont R32/R1234yf 36.0/64.0
DR3 R454C Dupont R1234yf/R32 78.5/21.5
L41-1 R446A Honeywell R32/R1234ze(E)/Butane 68.0/29.0/3.0
DR5A R454B Dupont R32/R1234yf 68.9/31.1
ARM71a R459A Arkema R32/R1234yf/R1234ze(E) 68.0/26.0/6.0
D2Y60 ~R454A Deikin R32/R1234yf 40.0/60.0
ARM25 R465A Arkema R32/R1234yf/Propane 21.0/71.1/7.9
ARM20b R457B Arkema R32/R1234yf/R152a 35.0/55.0/10.0

aRefrigerant designation according to ANSI/ASHRAE Standard 34 (2019).
b_: Development mixture.
¢~: Development mixture with a similar composition to an ASHRAE-designated mixture.

170



J. Marchante-Avellaneda et al.

if it is intended to obtain models with a high degree of accuracy
throughout the working map. Subsequently, the energy consumption
and mass flow parameters are analyzed to evaluate the models re-
ported in the AHRI standard. Finally, the analysis of an additional
parameter, the specific energy consumption (W, /), is also included in
the energy consumption section due to the advantages observed when
characterizing both technologies (scroll and reciprocating).

3.1. Compressor consumption analysis

Fig. 1 compares the response surface’s shape for the compressor
efficiency in a scroll (AHRI 21, the right-hand plot) and a reciprocating
(AHRI 30, the left-hand plot) compressor, both at a superheat level of
11 K.

In Fig. 1, the compressor efficiency depends on both variables,
evaporating and condensing temperature. The scroll compressor (AHRI

AHRI 30

NEK6214Z ; 17cm? ; R134a ; SH=11K

\_/

-10 5 0 5 10
T.(°C)
N (%) 25 30 35 40
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21) shows the zone of maximum efficiency at the highest values of
evaporating temperature. On the other hand, the reciprocating com-
pressor (AHRI 30) achieves optimal efficiency when the condensing
temperature is highest without having an absolute maximum. Other re-
ciprocating compressors have also been analyzed and obtained similar
contour diagrams to that obtained in the AHRI 21. In general, it has
been noticed that the response surfaces for the compressor efficiency
do not show smooth trends, requiring an empirical model with many
parameters.

Another critical aspect related to the characterization of the com-
pressor efficiency or energy consumption is to analyze its dependence
on the level of superheat or suction temperature fixed. In this sense,
Fig. 2 illustrates how the energy consumption/compressor efficiency
change depending on the evaporating temperature/pressure ratio, in-
cluding the base refrigerant (R134a), two different SH levels, and a
constant suction temperature (SH = 11 K, SH = 22 K and T = 18 °C).

AHRI 21

ZS21KAE-PFV ; 51cm? ; R404A ; SH=11K

10
T.(°C)

20 -15 5

e (%)

56 60 64 68

Fig. 1. n, contour plots of AHRI 21 (scroll, right-hand plot) and AHRI 30 (reciprocating, left-hand plot) with a superheat of 11 K and their base refrigerant.
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Fig. 2. 5, and W, at different SH and suction temperature (AHRI 30 R134a).
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Fig. 3. W, contour plots of AHRI 17, 18, 28, 30, 59 (reciprocating, left-hand plot) and AHRI 11, 21 (scroll, right-hand plot) compressors for their reference refrigerant.

It also includes an additional parameter, the condensing temperature,
to performs a matrix of plots for different levels of this variable and
simplify the graph visualization.

As illustrated in Fig. 2, the superheat level and the suction tem-
perature affect compressor efficiency but not energy consumption. It
can be seen that compressor efficiency tends to increase with a higher
superheat level. This result is consistent with prior studies conducted
on scroll compressors (Marchante-Avellaneda et al., 2023). At the same
time, the energy consumption is directly related to the evaporation
temperature, with only a small influence of the condensing temperature
(W, rise when T, increases). This slight dependence on condensation
conditions has been identified in the major part of the compressors an-
alyzed. However, according to the trends observed in the compressors
included in the AHRI 51 and 59 reports, the condensing temperature
significantly affects HBP ranges. To demonstrate this, Fig. 3 displays
the contour plots of the energy consumption of various reciprocat-
ing compressors (left-hand figure) and scroll compressors (right-hand
figure) in terms of condensation and evaporation pressure, including
pressure ratio isolines. Labels are used to identify the corresponding
AHRI report.

Fig. 3 shows that the reciprocating compressor contour plots display
two different trends depending on the evaporation pressure range.
For L/M-BP compressors, the energy consumption depends mainly on
evaporating pressure with a simple plane as the response surface. As
we will see later, this allows us to consider polynomial models with
fewer terms. For instance, AHRI 18 and 28 reports (LBP compressor)
obtain this simple plane as a function of the evaporation conditions.
On the other hand, as the evaporation pressure range increases, the
dependence of power consumption on condensation conditions also
increases (see MBP compressors AHRI 17 and 30). Lastly, for higher
evaporation pressure ranges (HBP compressor), the response surface
adopts the second kind of behavior seen, such as the AHRI 59 com-
pressor, where the electrical power consumption mainly depends on
both evaporation and condensation conditions. We can therefore intuit
that the latter typology will require a more significant number of terms
to be included in the polynomial model, including terms dependent on
the condensation conditions.

Summing up the trends observed, Fig. 3-left shows that the most
significant variable in reciprocating compressors is the evaporation
pressure. Then, a secondary dependence on the condensation pressure
is also observed in L/M-BP applications, which becomes higher in HBP
applications. On the contrary, Fig. 3-right shows that the consumption
in scroll compressors depends mainly on the condensation pressure.
This different behavior observed between scroll and reciprocating com-
pressors can be attributed to their differences in terms of mass flow rate.
Since the electric power consumption in compressors is related to the

172

pumped mass flow rate, a notable distinction between scroll and recip-
rocating compressors is the different trends of the volumetric efficiency
with the pressure ratio. Contrary to scroll compressors, reciprocating
compressors (and piston machines) obtain a considerable drop in vol-
umetric efficiency as the pressure ratio increases due to the existence
of a “dead space”. Looking again at Fig. 3, we can see that there is a
lower distance between the pressure ratio isolines at lower evaporator
pressure ranges. Therefore the electric power consumption maps com-
prise a wider range of variation for the pressure ratio/mass flow rate,
showing only a main dependence on the evaporation pressure.

To conclude the analysis of the energy consumption characteriza-
tion, an alternative approach to unify the energy consumption behav-
ior, regardless of the operating range and compressor technology, has
been developed. Assuming that the differences in the energy consump-
tion behavior are based on the different mass flow trends, an specific
energy consumption has been defined as:

Weyp = ot ®

It is fair to point out that other authors have already undertaken this
kind of approach (dividing energy parameter by mass flow parameter).
A clear example is shown in Pierre (1982), where the author specifies a
correlation for the ratio between volumetric and compressor efficiency
(n,/n.), instead of directly characterizing the compressor efficiency.
This ratio of efficiencies has also been contemplated in this work, but fi-
nally, the specific energy consumption was selected because it obtained
a more homogeneous behavior, and the response surfaces were easier
to characterize. Fig. 4 shows the specific energy consumption maps for
the previous compressors analyzed.

It can be seen that the corresponding response surfaces’ shape is
non-dependent on the compressor technology. If the specific energy
consumption isolines are compared with the pressure ratio isolines,
one can see that they intersect, forming a small angle. Thus, different
values of the specific energy consumption at a constant pressure ratio
are obtained. This is expected since, from Eq. (1), the specific energy
consumption is equivalent to the ratio of 4h;, and #,. Therefore, the
specific energy consumption is not directly a function of the pressure
ratio. However, as the pressure ratio isolines converge to a common
vertex at the origin of pressures (0,0), the specific energy consumption
isolines also seem to converge at a common vertex. If we consider this
last assumption, that allows us to make the following variable change:

P -z
pr’=; (O))
Pe_ze

where z, and z, are the coordinates of the vertex of the specific
energy consumption isolines in the pressure domain. Generally, these
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Fig. 5. Specific energy consumption contour plots with the P, and P/ isolines of AHRI
59 compressor (reciprocating) and for their reference refrigerant.

coordinates of z, and z, will depend on the compressor. Considering
appropriate values of z, and z,, Fig. 5 represents how the isolines of
this new variable (Pr’ ) are distributed for the AHRI 59 compressor.

Fig. 5 shows how the P/ isolines correspond with the specific energy
consumption isolines. Therefore, we can consider that the specific
energy consumption is a function of this new variable:

. P
Wes,,=f< )

4
P, e~ Ze

Finally, Fig. 6 plots how this corrected pressure ratio could char-
acterize the specific energy consumption with a simple polynomial
correlation. We can see that the dependence is practically linear or with
a slight curvature in some cases. Therefore, the values of z, and z, can
be obtained simply by proposing a polynomial correlation as a function
of P! and adjusting by nonlinear regression.

-z,

)

3.2. Mass flow rate analysis

Fig. 7 shows the volumetric efficiency for a reciprocating compres-
sor (AHRI 30, left-plot) and a scroll compressor (AHRI 21, right-plot)
working with the reference refrigerant and three suction conditions.

As shown in Fig. 7, the only distinction between both compressors is
a clear difference in volumetric efficiency values, which is much lower
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contour plots of AHRI 17, 18, 28, 30, 59 (reciprocating, left-hand plot) and AHRI 11, 21 (scroll, right-hand plot) compressors for their reference refrigerant.

for reciprocating compressors. This is so well known due to the strong
influence of the “dead space” in piston machines. Both technologies
obtain similar trends except for the lower volumetric efficiency values
in reciprocating compressors. Volumetric efficiency has a primary lin-
ear and negative tendency with pressure ratio — it decreases at higher
values of P, — and it has a secondary dependence on suction conditions.
This dependence on suction conditions is commonly rectified by the
correction suggested by Dabiri and Rice (1981).

However, although volumetric efficiency is a good parameter to
characterize the compressor mass flow rate in general terms, we can
see that the relationship with P, is not strictly linear. There are other
second-order dependencies with condensing and evaporating tempera-
tures. Therefore, we can understand why using a polynomial depending
on these two variables, as proposed by the AHRI standard, can obtain
lower prediction errors to characterize the mass flow rate directly.

In this sense, Fig. 8 represents the mass flow rate maps as a function
of evaporating and condensing pressures for the compressors already
analyzed in the previous section. The figure shows how the response
surfaces for the mass flow rate are practically a plane, and it depends
mainly on the evaporation conditions for most scroll and reciprocating
compressors. The condensing pressure increases its influence as evap-
orating pressure increases; this trend can be observed for the AHRI 59
(HBP) compressor. However, the response surfaces remain simple, with
smooth changes, compared to those obtained in the previous section for
the energy consumption, pointing to the fact that probably, using the
third-degree and 10-term polynomial — provided in the AHRI standard
— may not be necessary to characterize the mass flow rate.

4. Compressor correlations evaluated

Based on the results obtained in the previous sections, this section
includes the analysis of several functionals to characterize reciprocating
compressor performance. The proposed functionals consider the com-
plexity of the response surface to be characterized to minimize possible
overfitting. Finally, the best correlation for reciprocating compressors
based on these polynomials is proposed.

4.1. Correlation for energy consumption

After the first examination of the shape and dependence of the
response surface for the energy consumption has been finished, this
section explores the most appropriate functional to fit the polyno-
mial model. According to Marchante-Avellaneda et al. (2023), the
third-degree and 10-term AHRI polynomial (AHRI 540, 2020) was
unnecessary for scroll compressors because the response surfaces were
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very smooth with low bending. However, in reciprocating compressors,
Fig. 3 has drawn a more complex behavior of the energy consump-
tion as a function of evaporating and condensing conditions that may
imply including a greater number of terms in the polynomial overall
considering the different compressor behavior observed depending on
the evaporating pressure range.

Another important issue in the analysis — which has already been
checked for scroll compressors — is the definition of the independent
variables. “Should we obtain a polynomial in terms of condensation and
evaporation temperature?”, “Is there any advantage of building the model
in terms of condensation and evaporation pressure?”.

If the energy consumption of scroll compressors is represented in
terms of refrigerant pressure instead of temperature, the response sur-
faces are more similar to each other. To illustrate this and to check if we
get the same effect in reciprocating compressors, Fig. 9 includes a three-
dimensional representation of the energy consumption of the AHRI 59
compressor operating at the same SH level and different refrigerants.

Fig. 9 shows the same effect when utilizing a pressure domain for
reciprocating compressors. All the refrigerants converge in a single
plane, with only a slight variation seen for R32. Therefore, if the
pressure domain is selected instead of the temperature domain for the
compressor model, the results obtained will be more general in both
technologies.

The experimental results have been fitted to the basic correlation
proposed by AHRI in terms of temperatures and pressures, expressions
(6) and (7). Then additional term reduction methodologies were ap-
plied to evaluate the possibility of reducing the number of significant
terms in the correlation. In this work, we selected the backward elim-
ination methodology based on the Bayesian information criterion BIC,
using the “R’ (Core Team, 2022) statistical software and the additional
package RcmdrMisc (Fox, 2022), which includes the stepwise() function.

Temperature domain (T)

W, =co+cT, + )T, + sT,T, + ¢, T> + ¢sT? + ¢ T,T? 6)
+ ¢ T2T, + T2 + ¢gT?

Pressure domain (P)

W, =cy+c| P, + ¢y P, + c3 P, P, + ¢y P? + ¢s P + ¢ P, P* %)

+¢; PP, + ¢y P2 + ¢y P’

Additionally, the energy compressor characterization as a function
of the specific energy consumption has been evaluated (Eq. (8)), where
Pr’ is calculated by Eq. (4).
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As shown in Fig. 6, the correction of P, with the z, and z, terms
resulted in a practically linear dependence with P/ and sometimes with
a slight curvature. Determining the polynomial degree in Eq. (8) with
P/ has been done iteratively. This means starting with the fit using a
linear correlation and increasing the polynomial degree if necessary.
The fit can be performed by nonlinear regression to obtain the k, ..., k,
coefficients and the z, and z, coordinates. Then, representing the
obtained results in a similar way to Fig. 6 with the values of z, and
z, obtained, it can be seen in a simple way if it is necessary to increase
the degree of the polynomial. We must remember that the suction
conditions do not affect the energy consumption value, but it fixes the
mass flow rate through the compressor. Therefore, the specific energy
consumption will also depend on the suction conditions. This means
that to convert the specific energy consumption to energy consumption
values, we must multiply by the mass flow rate considered in the
adjustment of the coefficients k, ..., k, and z, z,.

Selecting this approach allows the prediction of compressor en-
ergy consumption with a quite simple functional of first-degree which
depends on only 4 parameters (or 5/6 if we want to increase the predic-
tion accuracy by increasing the degree of the polynomial) and is valid
for reciprocating and scroll compressors. This variable could help to
represent the compressor energy consumption based on a significantly
lower number of experimental tests.

4.2. Correlation for mass flow rate

Summing up the results for the mass flow rate analysis, Fig. 8
shows that the mass flow rate presents more regular surfaces than the
energy consumption. The response surface for the mass flow rate in
reciprocating compressors is practically a plane depending on the evap-
oration conditions and with a dependence that can also be important
with the condensation conditions. This dependence on the conden-
sation conditions has already been identified for scroll compressors
in Marchante-Avellaneda et al. (2023) but in a second-order depen-
dence. However, the mass flow rate response surfaces in reciprocating
compressors continue to show reasonably smooth trends. In this sense,
a second-order polynomial is adequate and enough in order to obtain
low prediction errors. Furthermore, as in the analysis of the mass flow
rate for scroll compressors, using pressures as independent variables al-
lows the smoothing of the response surfaces. Therefore, the correlations
evaluated by the authors in this study include second-order polynomials
evaluated in terms of temperature and pressure (Egs. (9) and (10)).
These functionals, including term elimination methodologies, are also
evaluated for the mass flow rate.

2" order polynomial. Temperature domain (T).

. ) ) 9
m=cy+c|T, + T, + 3T, T, + e, T, + 5T

a) Pressure domain

25 _
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1.5 &
1.0
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Fig. 9. W, response surfaces as a function of 7,/T, and vs. P,/P, of compressor H84B223ABC (AHRI 59) for 6 different refrigerants.
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2" order polynomial. Pressure domain (P). (10)
m=cy+c P, +cP.+c3P,P, + c4Pe2 + csPc2

5. Comparison of correlations
5.1. Energy consumption correlations

Tables 3 and 4 display the fitting results for the AHRI 30 and
AHRI 59 compressors. The results for the rest of the compressors
analyzed are included as supplementary material. AHRI (T) and AHRI
(P) models were generated by fitting the original 10-term AHRI poly-
nomial (Egs. (6) and (7)). AHRI (T-SW) and AHRI (P-SW) models were
generated from the original 10-term AHRI polynomial and applied the
automated term elimination procedure. These tables list the values
of the regression coefficients, including the prediction errors as the
Maximum Relative Error (MRE, %) and the Root Mean Square Error
(RMSE, W). The range of the energy consumption values is also in-
cluded in the last column to determine if the RMSE values are adequate.
These errors are also plotted in Fig. 10 to simplify the comparison,
including the RMSE as % of the average energy consumption value.
The correlations were fitted including all the available experimental
points — W, is not impacted by the change of suction conditions — for
each refrigerant and compressor. For the specific energy consumption
adjustment, the suction conditions considered as ri,,, are those used
in adjusting the correlation for the mass flow rate included in the
following section. The adjustment coefficients k., ...,k, and z, and
z, have been adjusted by previously calculating the ratio W, /i,
where Mgy 18 the predicted mass flow rate using Eq. (10). Therefore,
the prediction errors for the specific energy consumption include the
possible increase in error due to the prediction errors for the mass
flow rate. Finally, the corresponding correlations were adjusted to
predict the energy consumption in kW with pressure in bar and
temperatures in °C and the specific energy consumption in kJ/kg
with pressure in bar.

As we can see from the results for the energy consumption (AHRI
(T), AHRI (P), AHRI (T-SW) and AHRI (P-SW) correlations), both
temperature-fitted and pressure-fitted models include low prediction
errors. For the AHRI 30 (L/M-BP) compressor, the automatic term-
elimination procedure results in polynomial models with fewer terms
than the AHRI 59 (HBP) compressor. Furthermore, it has been observed
that a high degree of collinearity is often found when attempting to
fit the 10-term AHRI polynomial to compressors with LBP and MBP
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application ranges. For example, when examining the estimated coeffi-
cients for the AHRI 30 compressor, it is observed in the AHRI (T) and
AHRI (P) models that the regression adjustment is unable to estimate
the cubic term (NA) related to condensing conditions (PC3 or Tf). Then,
some regression coefficients show non-significance in the correlation
with high p-values. This supports the idea that compressors with simpler
response surfaces do not require a complex polynomial model, but the
best polynomials required for each case are different. Therefore, it is
recommended to reduce terms to prevent overfitting when adjusting
the model, but it is not possible to supply a suitable general expression
for all the compressors and refrigerants. An alternative approach to
generating compressor performance maps is to use more advanced
tools such as non-parametric regression models, e.g. Thin-Plate-Spline
regression model (Green and Silverman, 1993). This method provides
a smooth interpolation and produces accurate results, even when the
response surface is complex. However, these methodologies reduce the
number of non-expert users due to their greater complexity.

On the other hand, we can also observe low prediction errors for the
correlation of specific energy consumption, but slightly higher than the
previous models. However, we must consider that the previous models
have been fitted with a large number of terms and with samples that
generally do not exceed 15 experimental points. Therefore, we need
to consider the possible extrapolation/interpolation errors that we can
obtain when considering models with many terms, as demonstrated
in Marchante-Avellaneda et al. (2023). Furthermore, as already shown
in the previous sections, selecting W,,, as the response variable brings
some advantages, such as greater simplicity of the response surface
(models with fewer terms) and higher similarity between compres-
sor technologies (The same functional can be used to characterize
reciprocating or scroll compressors). Thus, for the Wﬁp model has
been verified that the major part of the analyzed reciprocating com-
pressors gets good results considering a polynomial of degree 3 in
Eq. (8). In some cases, a lower degree for the polynomial also has
good results, but this is not general. Regarding the significance of the
coefficients, it is observed that sometimes one of the two terms, z, or
z, is non-significant. This means that the coordinates for the vertex
of the specific energy consumption isolines can be considered on the
coordinate/ordinate axis. However, due to the fact that including both
terms (z,, z,) does not increase the prediction error, and many of the
analyzed compressors obtain significance in both terms, the authors
recommend considering both coefficients in the fit in order to obtain
a more general correlation. This correlation has also been tested for
the scroll compressors analyzed in Marchante-Avellaneda et al. (2023),
obtaining similar results to those present in this study. In this case, for
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Table 3
Compressor NEK6214Z (AHRI 30). Fitting results for the empirical models of W, in pressure/temperature terms (P)/(T) and by including automatic term elimination methodologies (P-SW)/(T-SW) and fitting results for the empirical
model of W,,.
s 2 s 2 s 2 s 2 s 2
W, (kW) S I W aw S I W aw S I W aw S I W, /e S I Flud
AHRI 8 2 AHRI 8 2 AHR 8 2 AHRI 8 2 8 2 W Rage W
(T-SW) S 2z esw S 2 o S 2 ™ S 2 € 2 e
AHRI 30
¢y Z, 5.292e-01 (+1.03e-02 9.481e—-02 (+1.42¢-02) 5.292e—-01 (+1.05e-02)* 1.481e—01 (+7.60e—02 —7.732e+00 (+8.98e-01)***
¢, z,  1.517e—02 (+1.45e-03 1.407e-01 (+1.14e-02) 1.535e—02 (+1.46e-03)* 9.525e—02 (+6.64e—02 8.332e—02 (+1.15e-01)
¢y, kg 2.639e—03 (+4.84e-04)*** 2.254e—02 (+2.59e-03)*** 2.640e—03 (+4.85e-04)*** 2.002e—02 (+6.61e-03)*** 3.434e+01 (+2.18e+00)***
o3, ky —1.543e—-04 (£6.84e—05)*** —1.543e—04 (+6.82e—05)*** 1.138e—-03 (+2.74e-03) 6.649e+00 (£3.39e—01)***
i ky  1.327e-04 (+1.36e-05 © 0 -2438e-03 (+2.93¢-03) ® g 1.338e-04 (+5.15e-05)" © & 1.059e-02 (+2.08¢-02) TN 8 ¢ R34
cs, k3 1.489e—05 (+5.35¢-06 S o —-9.158e-04 (+1.77e-0: S o 1.489e—05 (+5.33¢-06)* S = —8.479e-04 (+2.41e-04) S 4 S & 503 922
c 2.948e-06 (+7.56¢-07 2.182e—04 (+5.54e-05)"** 2.948e—06 (+7.54e-0 1.956e—04 (+7.78¢-05 (5/15/15)
¢ —3.189e—-04 (+2.23e-04)* —2.540e—08 (+1.10e-06) —4.119e—04 (+3.16e-04)*
cg —2.022e—06 (+2.67e-06) —1.290e-03 (+2.21e-03)
c (NA) (NA)
€5 Z, 5.727e—-01 (+1.43e-02)*** 2.098e—01 (+5.93e—02)*** 5.727e-01 (+1.46e-02)*** 1.301e—01 (+1.28e-01)* —9.501e+00 (+1.08e+00)***
¢y, zZ, 1.004e—02 (+4.12e-04)*** 1.245e—01 (+2.02e-02)*** 9.293e—-03 (+2.02e-03)*** 1.886e—01 (+1.04e-01)*** 4.370e—02 (+1.42e-01)
¢y, ky 2.420e—-03 (+6.57e-04)*** —2.399e—-03 (+9.96e-03) 2.420e—-03 (£6.70e—-04)*** 9.614e—04 (+1.10e-02) 3.132e+01 (+1.83e+00)***
¢, ky 8.642e—05 (+8.84e-06)*** 6.421e—03 (+3.00e-03) 1.226e—04 (+9.42e-05)* 4.268e—03 (+4.26e-03)* 5.147e+00 (+2.86e-01)***
¢y ky  —1.710e—05 (+6.97e-05) 2 R -7.460e-03 (+1.63-03* B §  —1.710e-05 (+7.11e-05) N5 -2.338e-02 (+3.03-02) ® @ ® g  RI2B4VEF
s, ky  9.289e—06 (+7.22e-06)* S & 2.101e—04 (+4.05e-04) S o 9.289e-06 (+7.37e-06)* S & 2.101e—04 (+4.02e-04) S o N [531, 919]
¢ ~1.484e—04 (+1.22¢-04)* —4.015e—07 (+1.04e-06) —1.484e—04 (+1.21e-04)* (15/15/15)
[ 2.422e-06 (+1.49e-06)** 2.422e-06 (+1.52e-06)** 3.262e—04 (+4.61e-04)
cg —1.185e-07 (+3.68e-06) 1.216e—03 (+3.01e-03)

(NA)

(NA)

24+p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001; Confidence interval of 95% for regression coefficients.
PTemperatures (K).
“Pressures (bar).
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Table 4
Compressor H84B223ABC (AHRI 59). Fitting results for the empirical models of W, in pressure/temperature terms (P)/(T) and by including automatic term elimination methodologies (P-SW)/(T-SW) and fitting results for the empirical
model of W,,,.
s 2 s 2 s 2 s 2 s 2
. = Z . = < . = Z . = < . = je
W, (kW) < @ W, (kW) S 4 W, (kW) < @ W, (kW) S 4 W,,, (ki/kg) < @ Fluid
AHRI 2 £ AHRI E £ AHR 2 £ AHRI E 2 8 & W Range [W]
(T-SW) € 2 (sw € 2 E 2 ® g 2 € 2 ety
AHRI 59
Co» Ze 8.272e—-01 (+5.28e-01)** 2.277e—01 (+5.74e-01) 8.259e—-01 (+7.13e-01)* 7.319e—02 (+1.01e+00) 2.092e+00 (+4.05e+00)
¢y, Z, —4.112e—-02 (+5.52e—-03)*** 3.157e—01 (+1.81e-01)** —4.476e—02 (+3.13e-02)* 3.260e—01 (+2.26e-01)* 1.259e+00 (+6.84e-01)**
¢y, ky 1.176e-02 (+3.83e-02) —3.486e—02 (+3.77e-02)+ 1.279e—02 (+5.39e-02) —1.998e—02 (+9.05e-02) —2.115e+00 (+7.02e+00)
c3, ky 1.475e—03 (+1.12e-04)*** 1.594e—02 (+4.23e-03)*** 1.664e—03 (+1.50e-03)* 1.685e—02 (+7.54e—03)** 1.625e+01 (+2.78e+00)***
e ky  —1.168e—03 (x36le-00) & @ -5184e—02 :250e-02** & &  —1.477e—03 (+115e-03)" S8 -5502e-02 (234802 T 8  -3.05%-01 @352-0n+ g J R4I0A
cs, k3 5.033e—04 (+8.80e-04) = S —2.261e-04 (+6.72e-04) S o 4.708e—04 (+1.28¢-03) S & —8.609e-04 (+2.97e-03) & o $ ¢ 018 2552]
¢ ™ -1.221e-04 (27.30e-05)** ™ -1.914e-06 (+1.67e-05) —1.096e—04 (2.29e-04) - © a9
o 1.033e-05 (+8.36e-06)* 1.574e-05 (+2.46e-05) —9.845e—-05 (+1.03e-03)
cg 1.399e-03 (+1.09e-03)* —6.609e—06 (+1.75e-05) 1.646e—03 (+2.23e-03)
¢y —6.563e—06 (+6.42e-06)* —6.304e—06 (+9.57e-06) 5.814e—06 (+4.35e-05)
Cos 2, 3.903e-01 (+1.21e-01 —1.029e—-01 (+6.01e-01) 4.616e—01 (+£5.02e-01)+ —1.029e—-01 (+6.01e-01) 1.134e+00 (+3.55e+00)
¢y, zZ, —4.238e—-02 (+1.56e-02)*** 1.208e—01 (+1.71e-01) —4.044e—02 (+2.20e-02)** 1.208e—01 (+1.71e-01) 1.193e+00 (+4.36e—-01)***
¢, ko 3.906e—02 (+£5.42e—-03)*** 5.558e—02 (+6.59e—-02)+ 3.353e—-02 (+£3.80e-02)+ 5.558e—02 (+6.59e—02)+ —1.935e+01 (+3.27e+01)
c3, ky 1.940e—03 (+7.44e-04 1.082e—-02 (+6.88e-03)** 1.846e—03 (+1.06e-03)* 1.082e—02 (+6.88e-03)** 3.298e+01 (+1.79e+01)**
cpy ky  —2.378e—03 (+6.23e-04) T % -1.248e-02 (23.34e-02) © @ -2.320e-03 (2808049 18  §  —1.248e—02 (+334e-02) @ @ -3.247e+00 G34lero0r Q0@ L4l
cs, k3 —3.194e-04 (+5.69e-05)*** ~ —3.082e—03 (x2.61e-03)* - & —1.866e—04 (+9.02e-04) - 9 —3.082e—03 (+2.61e-03)* - & 1.827e—01 (+2.07e-01)+ < O [779, 2173]
ce —7.662e—06 (+8.26e-06)+ —3.569e—04 (+2.54e-04)* —6.608e—06 (+1.18¢-05) —3.569e—04 (+2.54e-04)* N a9
¢ 3.675e—05 (+1.28e-05) 1.275e-03 (+1.20e-03)* 3.537e-05 (:+1.73e-05)** 1.275e-03 (+1.20e-03)*
cg —3.144e—05 (+1.06e—05) —2.038e—03 (+2.72e-03) —3.106e—05 (+1.23e-05)** —2.038e—03 (+2.72¢e-03)
cy 5.484e—05 (+4.61e-05)* —9.946e—07 (+6.74e-06) 5.484e—05 (+4.61e-05)*
s Z, 6.378e—01 (+2.12e-01)*** —2.728e—-01 (+4.45e-01) 6.057e—01 (+2.66e-01)** —2.728e—-01 (+4.45e-01) 5.346e—01 (+2.77e+00)
¢y Z, —3.622e—02 (+2.19e-03)*** 2.738e—01 (+1.10e-01)** —3.914e—-02 (+1.17e—02)*** 2.738e—01 (+1.10e-01)** 1.138e+00 (+4.02e—01)***
¢, ky 2.351e—02 (+1.54e—02)** 3.476e—02 (+4.34e-02)+ 2.627e—02 (+2.01e-0; 3.476e—02 (+4.34e—-02)+ —2.314e+01 (+2.11e+01)*
c3, ky 1.366€—03 (+4.75e-05)*** 1.288e—02 (+3.99e-03)*** 1.508e—03 (+5.59e-04)*** 1.288e—02 (+3.99e-03)*** 3.359e+01 (+1.24e+01)***
e ky  —1.770e=03 (x235e-04)* © @ —4.188e-02 (x1.86e-02)** ¥ 3  —1.857e—03 (x428e-04* @B B  -4.188e-02 x186e-02** R 8  —3.487e+00 (+2.56c+00)* g @ DRsA
cs, k3 1.739e—04 (+3.52¢-04) S o —2.207e-03 (+1.54e-03)* S 5 1.031e—04 (+4.78¢-04) S o8 —2.207e-03 (+1.54e-03)* S 5 2.054e-01 (+£1.71e-01)* N o (884, 2416]
e ~1.607e—04 (+1.31e-04)* —1.594e—06 (+6.24¢-06) ~1.607e—04 (+1.31e-04)* N a9
o 2.290e—-05 (+4.30e-06)*** 3.376e—04 (+5.96e-04) 2.491e—-05 (+9.18e-06)*** 3.376e—04 (+5.96e—04)
cg —1.481e-05 (£5.09e—06)*** 6.263e—04 (+1.30e-03) —1.566€e—05 (+6.52e-06)** 6.263e—04 (+1.30e-03)
cy —3.968e—-06 (+2.57e-06)** 2.512e-05 (+2.45e-05)* —3.416e—06 (+3.57e-06)+ 2.512e—05 (+2.45e-05)*
€5 Z, 6.062e—01 (+2.21e-01)*** —1.965e—-01 (+2.87e-01) 6.062e—01 (+2.21e-01)*** —1.946e—-01 (+3.34e-01) 1.126e+00 (+2.48e+00)
¢y, Z, —3.960e—02 (£9.70e—03)*** 2.343e—01 (+5.51e—02)*** —3.960e—02 (+9.70e-03)*** 2.322e—01 (+8.53e-02)*** 1.180e+00 (+3.51e-01)***
¢y, ky 2.614e—-02 (+1.67e-02)* 3.609e—02 (+2.83e-02)* 2.614e—-02 (+1.67e-02)* 3.636e—02 (+3.34e—-02)* —2.169e+01 (+1.95e+01)*
c5, ky 1.617e—03 (+4.64e-04) 1.166e—02 (+2.06e-03) 1.617e—03 (+4.64e-04)* 1.159e—02 (+3.15e-03 3.380e+01 (+1.15e+01)***
¢ ky  —2.016e-03 (+355e-00*¢ @ 1 —3.376e-02 (+596e-09* © &  -2.016e—03 (x355e-04)** @B B  -3.320e—02 (x148¢-02** £ 1§  -3.635e+00 z237er00y> @ @  ARM7la
s, ky  6.141e—05 (+3.97e-04) S o —2154e-03 (+1.05e-03)** S &  6.141e-05 (+3.97e-04) S & —2157e-03 (x121e-03)** o o  2.160e-01 (+1.58e-01)* o w1866, 2371]
co —3.325e—06 (+5.18¢-06) —2.006e—04 (+7.07e-05)*** —3.325e—06 (+5.18¢-06) —2.031e—04 (+1.06e-04)** N a9
[ 2.839e-05 (+7.62¢-06 5.608e—04 (+2.60e—04)** 2.839e-05 (+7.62e-06)* 5.747e—-04 (+4.86e—04)*
cg —2.067e—05 (+5.41e-06) —2.067e—-05 (+5.41e-06 —3.868e—05 (+1.07e-03)
cy —2.881e-06 (+2.96e-06)+ 2.887e—05 (+1.59e-05)** —2.881e—06 (+2.96e-06)+ 2.914e—05 (+1.98e-05)*
¢ Z, 5.652e—01 (+1.11e-01 1.719e-01 (+7.66e—01) 6.993e—01 (+4.56e-01)* 1.885e—01 (+9.19e-01) —2.173e+00 (+2.70e+00)
¢, z,  —6.267e—02 (+1.43e-02) 3.368e—01 (+1.84e-01)** —5.921e—02 (+1.89e—02)*** 3.264e—01 (+3.10e-01)* 9.097e—01 (+3.55e-01)***
¢, ky 2.706e—02 (+5.13e-03 —3.258e—-02 (+7.74e-02) 1.666e—02 (+3.46e-02) —3.222e—-02 (+8.52¢-02) —3.296e+01 (£1.93e+01)**
e, ky 2.985e—03 (+6.94e-04)*** 1.644e—02 (+7.58e-03)** 2.813e—-03 (+£9.26e—04)*** 1.624e—02 (9.42e-03)** 3.338e+01 (£9.42e+00)***
¢y, ky —2.241e-03 (£5.75e-04)*** R 2 —5.908e—02 (+2.10e-02)*** o 3 —2.113e—03 (+7.39e-04)** g o —5.677e—02 (+£5.70e-02)+ 0 3 —4.097e+00 (+1.66e+00)** & e D2Y60
s, ky  —2.238e—04 (+5.50e05) S N —2.635e-04 (+3.23e-03) & o 2.561e—05 (+8.21e-04) & N —2.671e-04 (+3.54e-03) & o 2.327e—01 (+9.82e—02)** § ¥ 87,1838
c —2.244e—05 (+7.65¢-06) —6.326e—04 (+2.48e-04)* ~  —2.049e—05 (+1.03e-05)** —6.445e—04 (+3.81e-04)** - - an
¢ 3.761e—05 (+1.16e-05)*** 1.728e—03 (+1.05e-03)** 3.467e—05 (+1.56e-05)** 1.788e—03 (+1.78e-03)*
cg —2.007e-05 (+1.35e-05)** —1.879e—-05 (+1.48e-05)* —2.030e—04 (+4.58e—03)
[ 4.260e—05 (+5.77e-05) —1.864e—06 (+6.12e—06) 4.380e—05 (+6.88e-05)
€5 Z, 1.682e+00 (+1.81e+00)+ 3.755e—01 (+1.29e+00) 1.682e+00 (+1.81e+00)+ 3.750e—01 (+1.48e+00) 6.101e+00 (2.70e+00)***
¢y, zZ, 6.653e—02 (+1.03e-01) 2.646e—01 (+2.35e-01)* 6.653e—02 (+1.03e-01) 2.663e—01 (+3.17e-01)+ 2.041e+00 (+5.26e-01)***
¢y, ky —5.384e—02 (+1.34e-01) —2.654e—02 (+1.07e-01) —5.384e—-02 (+1.34e-01) —2.699e—02 (+1.31e-01) —1.118e+01 (+3.08e+01)
c5, ki —4.311e—03 (+4.90e-03)+ 3.930e—02 (+1.14e-02) —4.311e—03 (+4.90e-03)+ 3.908e—02 (+2.52e-02)* 3.532e+01 (+2.05e+01)**
e ky 218103 (x2.43c-03)+ =% -8.266e-02 :2.94e-02* 0§ 2181e—03 (+2.43e-03)+ = % -8.255e-02 356e-02)** = &  —2.589e+00 (+4.39¢+00) N 8 Rz
cs, k3 2.350e—03 (+3.19e-03) - o —3.992e—03 (2.71e-03)* ~§ 5 2.350e—03 (+3.19e-03) IR —3.940e—03 (+6.00e-03) ~§ 5 1.207e—01 (+2.96e-01) 5 < [946, 3083]
¢ 7.572e—05 (+5.66e-05)* 2.858e—04 (+2.51e-04)* ™  7.572e-05 (+5.66e-05)* 2.957e—04 (1.02¢-03) ~ o as
¢ —8.098e—05 (+5.18e-05)* —2.451e—03 (+9.79-0: —8.098e—05 (+5.18e—05)* —2.469e—03 (+2.19e-03)*
cg 2.706e—-05 (+2.59e-05)* 4.892e—03 (+1.84e-03) 2.706e—-05 (+2.59e-05)* 4.908e—03 (+2.66e-03)**
cy —2.169e-05 (+2.47e-05)+ —2.169e—-05 (+2.47e-05)+ —1.643e—06 (+1.63e—04)

24+p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001; Confidence interval of 95% for regression coefficients.

bTemperatures (K).
¢Pressures (bar).
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scroll compressors, a degree 2 in Eq. (8) is enough to obtain a low
prediction error, and a linear correlation can be considered in many of
the scroll compressors analyzed in Marchante-Avellaneda et al. (2023).
Therefore, the specific energy consumption can be characterized using
a simple functional with fewer terms. In addition, this type of correla-
tion has the advantage of non using any statistical methodology of term
elimination in order to obtain an expression for all the compressors. The
response surfaces analyzed are quite similar regardless of the operating
range or compressor technology used.

Finally, to summarize the results, this section includes several mod-
els in terms of temperature or pressure capable of accurately charac-
terizing the energy consumption in reciprocating compressors. Similar
prediction errors are obtained by fitting the model in terms of pressures
or temperatures. However, as mentioned above, defining the model
in terms of pressures results in less dependence on the refrigerant
used. In addition, using pressures allows for obtaining a more gen-
eral approach to characterize compressors, including compressors in
transcritical cycles, where the condensing pressure remains constant.

5.2. Mass flow rate correlations

Tables 5 and 6 show the fitting results for the AHRI 30 and AHRI
59 compressors. The results for the rest of the compressors analyzed
are included as supplementary material. These tables contain the same
information as those already analyzed for the energy consumption in
the previous section, including the second-order polynomial models
in terms of temperature and pressure (2nd order polynomial (T) and
(P)), and the same correlations after applying the automatic term
elimination methodology (2nd order polynomial (T-SW) and (P-SW)).
Fig. 11 also represents the error values of RMSE and MRE, including
the RMSE as % of the average mass flow value. These correlations
have been obtained by selecting one of the available suction conditions
for each compressor analyzed. The results have also been checked by
adjusting the proposed functionals to the rest of the suction conditions
with similar results. The coefficients are meant to provide the mass
flow rate in kg/h with temperatures in °C and pressure in bar.

As seen in the summary tables, a second-order polynomial is enough
for characterizing the mass flow rate instead of using the full functional
defined in the AHRI standard. The elimination of cubic terms makes it
possible to obtain more compact polynomials with a better predictive
behavior avoiding overfitting problems with the AHRI polynomials.
Nevertheless, most compressors obtain even more compact models by
applying the automatic term elimination methodology. Moreover, in
most of the compressors analyzed, the functionals with pressures tend
to obtain more compact models when applying the automatic term

Table 5
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elimination methodologies. These results agree with the conclusions
obtained in Marchante-Avellaneda et al. (2023) for scroll compressors,
where selecting pressures as independent variables allowed smoothing
and linearization of the mass flow response surface. However, the
polynomials in scroll compressors included a lower number of coef-
ficients. Low prediction errors could be obtained by fitting a linear
correlation and improving the results by adding an interaction term
(P, x P,). In reciprocating compressors, these functionals were only
suitable for some compressors. Therefore, in general, using Egs. (9) and
(10) to characterize the mass flow rate in reciprocating compressors
will be recommended. Furthermore, it will be more suitable to use
the correlation in terms of pressure (Eq. (10)) and the automatic term
elimination. This results in more compact polynomials and brings us
the possibility of characterizing compressors in transcritical cycles.

6. Experimental points required

Once the models proposed in this work to characterize reciprocating
compressors have been analyzed, we will focus on selecting proper
experimental samples for their adjustment. This topic is addressed in
the field of regression modeling by the so-called Design of Experiments
methodologies. Commonly, the Design of Experiments tools available in
the literature allows us to set the required number of tests, including
their location in the experimental domain. The main objective will be
to obtain a sample as compact as possible, reducing the experimental
costs but simultaneously containing as much information as possible,
i.e., with statistical inference. This challenge of selecting a proper
sample to obtain a statistically significant sample is not included in the
current standard (AHRI 540, 2020), so a focused analysis of this topic
is of special relevance and greatly enriches the results obtained in this
work.

Focusing on the Design of Experiments methodologies, these tech-
niques can be divided into classical experimental designs and computer-
aided designs. The first group defines experimental designs for mainly
orthogonal domains, while the second one presents the advantage of
defining designs for irregular domains. In the case of compressors, they
have two areas of no operation, one limited by the high discharge
temperatures, where the integrity of the compressor would be com-
promised, and another area limited by a low-pressure ratio with a
considerable loss of efficiency. Therefore, computer-aided designs are
more suitable for compressor applications. These tools have already
been analyzed in a previous work focused on scroll compressor char-
acterization (Marchante-Avellaneda et al., 2023), selecting the optimal
designs as the most appropriate ones. However, the reciprocating com-
pressor tests analyzed in this work do not include any fine-meshed

Compressor NEK6214Z (AHRI 30) with a superheat of 11 K. Fitting results for the empirical models of /i in pressure/temperature terms (P)/(T) and by including automatic term

elimination methodologies (P-SW)/(T-SW).

1.479e—02 (+6.28e-03)***

—3.030e—01 (+5.41e-01) as

S 2 s g
s £ s & g 2 g <
X < X < < <
i (kg/h) =~ m o (kg/h) =~ @ (kg/h) - g (kg/h) < @ Fluid
2nd order polynomial 2 £ 2nd order polynomial = £ 2nd order polynomial 2 £ 2nd order polynomial 2 £ i Range [kg/h)
(T-SW) = 2 (P-sw) s 2z D S 2 0® s E (N° tests)
AHRI 30
¢y 3.048e+01 (+1.13e+00)*+* —4.131e400 (+1.17e+00)*** 3.048e+01 (+1.21e+00)***  _ _ —4.598e+00 (+1.80e+00)***
¢, 1.301e400 (+8.84e-03)* 1.284e+01 (+7.91e-01)*** 1.302e+00 (+3.60e-02)*** [ 5 1.286e+01 (+9.00e-01)*** [ N
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— [a2] N laz}
N (=} N (=]

¢y 1.479e—-02 (+6.28e-03)*+*
cs  —2.102e—03 (+2.48e-03)+

—2.102e—-03 (+2.48e-03)+

—1.736e—02 (+3.09e-02)

a4+p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001; Confidence interval of 95% for regression coefficients.

bTemperatures (K).
¢Pressures (bar).

dThe values in brackets are the errors for the full AHRI polynomial (Temperature and pressure domain).
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Table 6
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Compressor H84B223ABC (AHRI 59) with a superheat of 11 K. Fitting results for the empirical models of /i in pressure/temperature terms (P)/(T) and by including automatic
term elimination methodologies (P-SW)/(T-SW).

< §° 3 §° < §° 32 §°
rt (kg/h) g S kg g S teh S T kg/h) S > Fluid
2nd order polynomial o g 2nd order polynomial o g 2nd order polynomial Ej § 2nd order polynomial Eﬂ §  Range [kg/h]
(T-SW) = 2 (P-SW) = ~ (48] = =z (P = g (N tests)
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a24p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001; Confidence interval of 95% for regression coefficients.

bTemperatures (K).
¢Pressures (bar).

dThe values in brackets are the errors for the full AHRI polynomial (Temperature and pressure domain).

dataset to perform a detailed analysis. Therefore, one of the scroll
compressors already analyzed in Marchante-Avellaneda et al. (2023)
has been selected to analyze the selection of optimal samples for the
characterization of the specific energy consumption. This compressor
is the ZS21KAE-PFV (Shrestha et al., 2013), with a dataset of about 60
points for the same suction temperature and refrigerant (R404A and
SH = 11 K). As previously shown, the response surfaces for the specific
energy consumption are very similar for both compressor typologies
(scroll and reciprocating), also obtaining similar results in the case
of the mass flow rate. Therefore, the conclusions obtained from the
analysis of this massive dataset are easily extrapolated to reciprocating
COMPpressors.

Regarding the type of experimental design to be used, the model
proposed in this work for the specific energy consumption is adjusted
using nonlinear regression tools. In Marchante-Avellaneda et al. (2023)
linear models selected allowed using Optimal Designs (OD) methodolo-
gies. However, OD methodologies can only be used with purely linear
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models in its terms which is not the current case. That is why, this
work has selected another type of design known as Cluster Designs
(CD) and other typology, the Polygonal Designs (PD) (Aute et al.,
2015). Both typologies are based on the automatic grouping of points
in clusters, considering their location in the experimental domain, and
performing the experimental sample by selecting the centroid of each
cluster. The main objective will be to obtain an experimental sample
homogeneously distributed over the compressor envelope. Thus, the
Polygonal Design differs from the pure Cluster Design in the first man-
ual selection of the polygon vertexes defining the compressor envelope
and completing the remaining points by grouping them by clusters.
Based on the results of both methodologies, the authors have se-
lected the Polygonal Designs as a proper methodology for compressor
characterization by using non-linear correlations. It has the advantage
of completely covering the experimental domain, regardless of the
number of points to be included in the design, which, in the case of
cluster design, compact samples tend to move away from the envelope
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Fig. 11. Mass flow rate prediction errors (AHRI 30, 59).

edges. Moreover, the Polygonal Design includes the points located at
the vertexes of the envelope in the first step. Considering that during
the characterization of a compressor it is necessary to determine its
working area, this type of points are in most cases necessary to test
in order to obtain the working limits. Selecting as an example three
samples of 7, 9, and 11 tests, Fig. 12 includes the samples generated by
the Polygonal Design. The automatic selection has been performed by
the open-source programming language “R and the k-means algorithm
from base package stats.

PD-7

As can be observed in Fig. 12, the Polygonal design obtains ho-
mogeneously distributed samples over the entire compressor envelope.
Once the location of the points has been obtained, Table 7 shows the
model fit for of the specific energy consumption and mass flow rate. In
the case of mass flow the proposed model has been the one proposed
in Marchante-Avellaneda et al. (2023) (Eq. (11)) due to the greater

simplicity of the response surface in scroll compressors.

m=cy+c P,+c,P.+c3P,P,

PD-9

PD-11

1)

254 25 254
e = e
5 3 5
< 20+ < 20- < 20
o © o
R A A
154 154 151
T T T T T T T T T T T T
25 35 45 55 65 25 35 45 55 65 25 35 45 55 65
P, (bar) P, (bar) P, (bar)
Fig. 12. Polygonal Design (7, 9, 11 test points). AHRI 21 R404A.
Table 7
Regression model adjusted with PD sample, 9 tests (AHRI 21 R404A).
All points® Sample OD (9 test points)®
W,,, (kJ/kg) i (kg/h) W,,, (kJ/kg) i (kg/h)

Cos Zc
Cls> Ze
¢, ko
¢35 ky

—6.117€+00 (£6.01e-01)***
—6.089e—01 (+1.05e-01)***
—2.652e+00 (+1.38e+00)***
1.013e+01 (+2.59e-01)*+*

—4.720e+00 (+2.29e+00)***
5.332e+01 (25.70e-01)***

—2.385e—01 (+1.13e-01)***
—1.156e—01 (+2.67e-02)***

—6.417e+00 (+4.68e+00)*
—6.221e—01 (+9.27¢-01)
—2.135e+00 (+1.16e+01)
1.002e+01 (+2.39e+00)***

—2.285e+00 (+9.04e+00)
5.245e+01 (+2.78e+00)***
—3.305e—01 (+3.97e-01)+
—8.423e—02 (+1.17e-01)

Num.Obs.
RMSE (W, kg/h)
MRE (%)
Range (W, kg/h)

191

24.070

2.845

[1856, 4172]

63

0.532
0.850
[124, 308]

9

30.236 (17.686%)
3.048 (2.6404)
[1856, 4172]

9

0.698 (0.917%)
0.968 (1.119%)
[124, 308]

a4p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.

bpressure (bar).
“Models: Eq. (8) (W,

sp

) and Eq. (11) ().

dMRE and RMSE for the original AHRI polynomial fitted with 11 experimental points.
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Table 7 also presents (in brackets) the Root Mean Square Error
(RMSE) and the Maximum Relative Error (MRE) values for the original
AHRI polynomial when taking into account 11 test points. This table
reveals that 9 experimental tests are the best balance between sample
size and model fitting accuracy.

Suppose we compare the polynomial coefficients and the prediction
errors for the model adjusted with all the experimental tests. In that
case, we will see that the variations in the polynomial coefficients, the
RMSE, and MRE based on the adjustment comprising 9 data points
have almost reached the same value. Therefore, this sample size is a
suitable number of tests. In addition, through observing the MRE and
RMSE values in brackets, one can conclude that the fitting of the AHRI
polynomial does not enhance the accuracy and merely increases the
prediction error in the mass flow rate.

Finally, it is vital to note the regression adjustment procedure
employed. Since the experimental design selected includes points at
the boundaries of the compressor working area, it is crucial to con-
sider the experimental measurement error. Notably, this experimental
uncertainty is more pronounced at these boundary points. For this pur-
pose, the Inverse-Variance Weighting (IVW) has been selected instead
of the classical Ordinary Least Squares (OLS) adjustment. Therefore,
the weighted regression procedure selects a vector of weights for the
adjustment. This vector is calculated as the inverse of the square of
the combined standard uncertainty for each observation (Taylor and
Kuyatt, 1994).

7. Conclusions

This paper presents a comprehensive examination of mass flow
rate and energy consumption modeling in reciprocating compressors
selecting the empirical model approach. The analysis covered all re-
ciprocating compressors published in the reports from the “Low-GWP
Alternative Refrigerants Evaluation program”. The main conclusions from
this work are summarized below:

+ Similar trends have been obtained from the analysis of the re-
sponse surface of the compressor efficiency to the previous ones
reported in Marchante-Avellaneda et al. (2023) for scroll com-
pressors. The corresponding response surface depends on the
suction conditions with a complex shape.

The energy consumption response surfaces show the greatest dif-
ference in their behavior between technologies (scroll/
reciprocating). These are more straightforward in scroll com-
pressors and can be more complex in reciprocating compressors.
This complexity depends on the operating range and may require
polynomials with a higher number of terms. Therefore it may
be justified to use third-degree polynomials as proposed by the
current compressor characterization standard (AHRI 540, 2020).
Once the response surfaces for the energy consumption in recipro-
cating compressors were analyzed, it was possible to identify two
different trends. The first one includes a simpler response surface,
practically a plane, depending on the evaporation conditions
for L/M-BP compressors. The second one shows a more com-
plex response surface with higher complexity and curvature for
HBP compressors, which depends on condensing and evaporating
conditions.

In general, using a second-degree polynomial for characterizing
scroll compressors — and probably rotary compressors — does not
result in higher prediction accuracy due to overfitting. This is not
true for reciprocating compressors, where the greater complex-
ity of the response surfaces may justify the use of third-degree
polynomials.

Contrary to scroll compressors, the use of the original 10-term
AHRI polynomial for reciprocating compressor characterization
is justified. The authors have confirmed that automatic-term-
reduction methodologies can be used to simplify the final poly-
nomial model, eliminating any possible collinearity effects when

182

International Journal of Refrigeration 153 (2023) 168-183

the response surface is simpler. Alternatively, other strategies,
such as the Thin-Plate-Spline regression model, may be used
to generate the compressor maps with a smooth interpolation.
Nevertheless, it has been probed that the expressions obtained
with these techniques depend on the compressor and refrigerant.
The compressor characterization in terms of the specific energy
consumption significantly reduces the number of the parameters
required by the functional in order to estimate the energy con-
sumption and supply a general function depending only on 4
parameters (or 5/6 if we want to increase the prediction accuracy
by increasing the degree of the polynomial) and unify the behav-
ior for the two compressor technologies analyzed. Therefore, the
model becomes more stable by minimizing possible problems of
extrapolation or interpolation to areas of the map not covered by
the experimental sample used for the adjustment. Moreover, the
significant reduction in the number of terms of the polynomial al-
lows defining more compact experimental matrices, thus reducing
the experimental costs and time.

The mass flow rate can be reproduced using second-order polyno-
mials, so using the third-order AHRI polynomials is not justified
for this variable in reciprocating compressors.

The prediction errors for approaches based on saturation temper-
ature or pressure are in the same range. However, if pressure vari-
ables are selected, the compressor consumption model parameters
are more refrigerant-independent for a specific compressor.
Even though the guidelines included in the standard do not indi-
cate anything in terms of picking out samples, Polygonal Design
technique can be employed to pick the experimental samples
and carry out the experimental test matrix in the compressor’s
envelope. In order to enhance the model’s precision, 9 points is
an appropriate sample size for modeling the mass flow rate and
the specific energy consumption.

Considering all the above, we can state that the search for a gen-
eral polynomial expression capable of accurately characterizing the
performance in reciprocating compressors results in using third-order
polynomials, as reported in the current standard (AHRI 540, 2020).
However, in the case of the scroll compressor, it results in overfitting
the model, as reported by Marchante-Avellaneda et al. (2023). Conse-
quently, if the model predicts in areas not covered by the fitting data, it
is possible to obtain significant extrapolation and interpolation errors.
The latter may lead us to think that the models, defined years ago in
the standard, were proposed in a context where, in those years, the
predominant technology was the reciprocating compressor and, over
the years, its application has been extending to other typologies, such
as scroll compressors.
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