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10 Abstract

1 The continuous derivation of the ambient temperature and cooling demand in CO; refrigeration and air-conditioning
12 systems equipped with multi-ejector modules for supermarkets requires the analysis of the fixed ejector utilisa-
13 tion in a very wide range of the operational envelope. Therefore, performance mapping of the four R744 ejectors
1 installed in the multi-ejector pack was performed. The investigations of a single ejector’s work were performed
15 based on the proposed hybrid reduced-order model to predict the performance of each ejector under arbitrary
s operating conditions. The proposed model was validated and generated by use of the experimental data together
17 with the computational fluid dynamic model results. The ejector efficiency mapping indicated the area of the best
18 ejector performance in the range from approximately 50 bar to 100 bar. The mass entrainment ratio of all four
19 ejectors was presented for different ambient temperatures and the pressure lift. An area of the mass entrainment
20 ratio greater than 0.3 was obtained by each ejector at ambient temperature above approximately 15 °C for pressure
21 lift below 10 bar. The approximation functions of the ejector pressure lift in terms of the ambient temperature for
22 air-conditioning operating conditions to reach the best efficiency of each ejector are proposed.

2 Keywords: carbon dioxide, refrigeration system, air-conditioning, two-phase ejector, reduced-order model,
2 performance mapping
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1. Introduction

Restrictive regulations regarding refrigerant selection have compelled the use of refrigerants with a negligible
impact on global warming and ozone depletion effects [1]. Recently, natural refrigerants, especially carbon dioxide
(denoted as R744), have been selected in commercial applications. The satisfactory thermal properties of CO, as
well as its non-flammability, non-toxicity and availability in the market, have led to the use of R744 in supermarket
refrigeration applications [2]. Energy performance analyses of the R744 refrigeration system have indicated the
necessity to improve the system coefficient of performance (COP) in warm climates due to high thermodynamic
losses during system operation in transcritical mode. Therefore, several modifications have been made to improve
the system energy performance.

Sharma et al. [3] compared various CO, supermarket refrigeration system configurations with a typical R410A
refrigeration system. The authors stated that the most efficient system was the R744 transcritical booster system
with parallel compression in the northern and central parts of the United States of America. This system con-
tained an additional liquid receiver in the intermediate pressure level and an additional compressor to compress
the vapour from the receiver into the gas cooler. The liquid phase from the liquid receiver was expanded to the
evaporator section. An advanced exergy analysis of the R744 refrigeration booster system with parallel compres-
sion was performed by Gullo et al. [4]. The investigation was performed for the ambient temperature of 25°C
and 35°C together with the typical cooling demand in the supermarket application. The authors stated that the
avoidable exergy destruction of the analysed refrigeration system was mostly endogenous. Moreover, the highest
enhancement potential was obtained for the gas cooler/condenser, the high stage compressor and the medium-
temperature display cabinet.

Energy performance improvement of the R744 booster system with parallel compression can also be accom-
plished by using the ejector as the main expansion device to recover some potential work [5]. In a typical super-
market system, the throttling process produces large energy losses due to the irreversible isenthalpic expansion
process. An ejector applied to the system can recover some of this energy loss as a result of the entrainment of the
low-pressure stream by the high-pressure motive stream under isentropic conditions. Moreover, the entrained
stream together with expanded motive stream has higher pressure at the outlet of ejector due to the kinetic en-
ergy conversion into the pressure energy. An increase of the pressure reduces the pressure ratio in the compressor
section, thereby the electric power consumption decreases and the energy performance of the HVAC&R super-
market system increased. The refrigeration system equipped with an ejector has a higher COP compared to the
other system configurations. More information about the R744 ejector-based refrigeration system improvement
compared to the conventional system can be found in [6]. Sarkar et al. [7] reported the COP improvement by
optimisation of the ejector work in the heat pump system. The similar COP improvement of the R744 refriger-
ation system equipped with an ejector was obtained by optimisation of the high-side pressure conditions in the
work of Xu et al. [8]. In the refrigeration system, the ejector is used either as a vapour ejector or liquid ejector. In
the vapour ejector, the R744 vapour stream from the medium-temperature evaporator is compressed without any
additional work [9]. The liquid ejector is utilised in the CO, refrigeration system to pump the liquid outside the
medium-temperature evaporator to run the evaporator in flooded mode [10].

CO, supermarket refrigeration systems operate at different ambient temperatures and different cooling de-
mands, which vary during the daytime. Therefore, the ejector must be designed to work with maximum efficiency
at a wide range of these parameters. One strategy for regulating the ejector capacity is to use a controllable ejector
[11]. A dynamic simulation of the R744 refrigeration system equipped with a controllable ejector to optimise the
multi-variable controller was performed by [12]. The authors stated that the prediction of the optimal gas cooler
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pressure improved the energy performance of the system. However, the optimal point of the refrigeration system
equipped with the adjustable ejector for best performance was not obtained for the maximum ejector efficiency
and cooling capacity [13].

In addition to a controllable ejector, several different fixed-geometry ejectors that can be operated in single
mode or parallel mode have been investigated. The multi-ejector concept was presented by Hafner et al. [14],
who investigated the energy performance of the R744 multi-ejector supermarket refrigeration system in different
European climate zones. The authors showed satisfactory system energy performance improvement of up to 30%
compared to the reference CO, booster system with flash gas bypass and heat recovery. Moreover, Hafner et al.
[14] stated that the system control strategy of the multi-ejector system for supermarket application should be
optimised to increase the system efficiency in different climate zones.

The R744 multi-ejector expansion pack was designed, manufactured and investigated in the work of Banasiak
etal. [15]. The developed module was equipped with four different ejector cartridges to enable a discrete opening
characteristic with a binary profile for the R744 vapour compression system. The experimental campaign was
performed to map the performance of individual ejectors at the operating conditions typical for a refrigeration
system in a supermarket. Moreover, the authors proposed functions for the smallest ejector to calculate the motive
nozzle mass flow rate (MFR) and the ratio between the suction nozzle MFR and motive nozzle MFR, called the
mass entrainment ratio. The R744 multi-ejector refrigeration system was experimentally investigated by Haida et
al. [16]. The experimental analysis indicated improvements of COP and exergy efficiency of up to 8% and 13%,
respectively, for the studied system compared to the reference R744 booster system with parallel compression.
The authors stated that further improvement of the R744 multi-ejector system could be accomplished by proper
design and operation of the refrigeration components for the best integration with the multi-ejector module.

Boccardi et al. [17] analysed a CO, multi-ejector heat pump system to investigate the effect of different ejector
sizes on the global performance and balance of the whole system. The authors stated that the maximum COP can
be obtained by system investigation based on optimal multi-ejector module operation to maintain high ejector
efficiency of the module. However, the presented multi-ejector was designed for a refrigeration system, which
resulted in different performance for the air-conditioning application. Therefore, a multi-ejector module specif-
ically designed for air-conditioning applications should be investigated. Moreover, the optimum ejector perfor-
mance did not correspond to the system energy performance, and thus a more accurate ejector design is required
to improve the R744 multi-ejector system [18].

Integration of the heating, ventilation and air-conditioning systems with the refrigeration system (HVAC&R)
in a supermarket application reduced the total electric power consumption of the system by more than 15% [19].
A supermarket system consists of the medium-temperature evaporators and low-temperature evaporators to pro-
vide to provide cooling and freezing conditions in the display cabinets, respectively. At the outlet of the evapora-
tors, a working fluid is entered to the liquid receiver and a vapour phase is either compressed in the compressor
racks or entrained by the ejector. The high temperature of the discharged refrigerant decreases by the heat rejec-
tion in the tap water heating section, space heating section and gas cooler section [20]. Then, the working fluid
is expanded either in the electronic expansion valve or inside the ejector, or inside the ejector and partially in the
electronic expansion valve. The expanded stream is entered to the separator connected with the air-conditioning
evaporator. The vapour phase is directly compressed to the high pressure level in the parallel compressors or ex-
panded in the flash gas bypass valve to the medium-temperature level. The liquid phase from the separator is
entered to the evaporation section [20].

A theoretical analysis of the CO, multi-ejector refrigeration and air-conditioning system was performed by
Gullo et al. [21]. The investigated system with a multi-ejector developed by Banasiak et al. [15] was compared
with the R404A direct expansion system and various configurations of the R744 booster refrigeration system with
and without parallel compression. The theoretical evaluation considered different locations in Southern Europe.
The authors stated that the energy savings of the multi-ejector system ranged from 15.6% to 27.3% compared
to the R404A direct expansion system. In addition, extrapolation functions of the multi-ejector module mass
entrainment ratio were proposed based on the experimental data presented by Haida et al. [16]. The extrapolation
functions were limited by the pressure lift, the pressure difference between the suction nozzle and outlet, which
varied from 4 bar to 15 bar.

Theoretical investigations of the R744 multi-ejector HVAC&R supermarket system were performed based on
the empirical functions of the multi-ejector module provided by experimental results at specified operating con-
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ditions. Consequently, the proposed functions can be used only within the specified operating points. The perfor-
mance of the ejector can be also calculated based on the non-dimensional model developed by Kornhauser et al.
[22]. The non-dimensional model was also implemented to the dynamic simulation of the R744 ejector-based re-
frigeration system by Richter et al. [23]. However, this model assumes the efficiency of the ejector, resulting in low
accuracy at the wide ranges found in supermarket applications. Hence, an accurate approximation of the ejector
work is required to design an R744 HVAC&R supermarket system equipped with a real ejector. One solution is to
perform an experimental investigation. However, the wide range of operating conditions results in a large number
of the experimental points. Therefore, a mathematical approach based on a hybrid combination of experimental
data with numerical results should be considered for dynamic simulations.

The numerical analysis of the R744 ejector led to the investigation of the local flow phenomena inside the
two-phase ejector. These phenomena can be used to either evaluate the performance of the existing ejector or
design the ejector under specified operating conditions [24]. Smolka et al. [25] developed a three-dimensional
CFD model of the R744 transcritical ejector with a homogeneous equilibrium flow assumption. The authors im-
plemented an enthalpy-based form and real fluid properties from the REFPROP libraries [26] as a substitute for the
temperature-based energy equation to simulate carbon dioxide transonic flow inside the two-phase ejector. The
accuracy of this homogenous equilibrium model (HEM) was investigated by Palacz et al. [27] for typical supermar-
ket operating conditions. Acceptable accuracy of the HEM results for the R744 two-phase ejector was obtained
near or above the critical point. Haida et al. [28] proposed a modified homogeneous relaxation model (HRM),
which extended the application range of the CFD model to the subcritical region due to the modification of the
relaxation time coefficients. The numerical approach enabled the evaluation of the ejector performance under
proper operating conditions, although implementation of each CFD model in dynamic simulations is impossible
due to the long computation time for a single operating point.

Calculations of the ejector at high accuracy for refrigeration and air-conditioning operating conditions can be
performed by use of the reduced-order model (ROM) based on the proper orthogonal decomposition with radial
basis function (POD-RBF). The POD-RBF approach has been used to solve inverse heat transfer problems and
in mechanics [29]. This application was also used to build an approximation of the radiative properties of gas
mixtures [30]. Moreover, the POD-RBF ROM was used for an R744 two-phase ejector by Haida et al. [31]. An
ROM was generated based on the CFD results of the CO2 ejector HEM model for the limited operating conditions
close to the critical point. The authors stated that the numerical and experimental validation of the POD-RBF
ejector model confirmed the high accuracy of the ROM within +10% for most of the investigated points. In the
present paper , a more advanced approach for an ROM is proposed by combining experimental data and the
results of the numerical CFD model of the single ejector to generate the ROM basis for efficient computation of
the single operational point. Moreover, the ROM allows functional computation of the R744 ejector within the
selected operating points.

The aim of this paper is to present the performance mapping of the fixed ejectors installed in two multi-ejector
modules to be integrated with a CO, HVAC&R supermarket refrigeration system. The hybrid ROM of each ejector
was developed based on the experimental data given from an experimental test rig in the SINTEF Energy Research
laboratory in Trondheim and the results from an enhanced CFD model of the two-phase ejector performed by us-
ing the ejectorPL platform [25]. The foregoing platform considers HEM for transcritical conditions [27] and modi-
fied HRM two-phase fluid flow assumption for subcritical conditions [28]. Performance mapping was performed
to determine the motive nozzle MFR, mass entrainment ratio and ejector efficiency of the investigated ejectors at
awide range of operating conditions. Moreover, the investigation of the pressure lift on ejector performance at the
operating conditions typical for supermarket refrigeration, air-conditioning and a heat pump system is presented
in this paper.

2. The multi-ejector module

Recent R744 supermarket HVAC&R systems are equipped with a multi-ejector module to cover the varying
cooling demands in the R744 supermarket refrigeration system. Figure 1 presents the schema of the R744 multi-
ejector module with the inlet and outlet ports. The module contained four fixed-geometry ejectors of different
sizes. Thus, the capacity of each individual ejector increased in binary order (1:2:4:8). The solenoid valves in-
stalled in the motive collector allowed the utilisation of the ejectors in single or parallel operation. The motive
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stream entered from the gas cooler outlet, and the suction flow was entrained from the medium-temperature
(MT) liquid receiver outside the MT evaporator. The outlet mixed stream flowed to the intermediate-pressure
liquid receiver directly connected to the air-conditioning (AC) evaporator. Therefore, the outlet conditions of the
multi-ejector were defined based on the AC operational mode. The fixed-geometry ejectors were designed and
manufactured in cooperation with SINTEF-SUT-DANFOSS based on the CFD model developed in the work of
Smolka et al. [25]. In addition, the multi-ejector model was manufactured, and the performance mapping of each
ejector was performed for the refrigeration system operating conditions by Banasiak et al. [15]. The main dimen-
sions of each fixed-geometry ejector are provided in Table 1. During the experimental investigation of the ejectors
installed in the multi-ejector module, the efficiency of each ejector for refrigeration operating conditions was of
approximately 30% [15]. The similar results of the multi-ejector work was reported by Haida et al. [16]. Moreover,
the motive nozzle mass flow rate is clearly dependent on the inlet density and the inlet pressure, thereby the pul-
sation flow of the motive nozzle stream in each ejector was reduced by the proper designing and manufacturing
processes [15].

Gas cooler outlet

0
— K

EJ1
Pressure: 50 bar + 140 bar

Temperature: 15 °C + 55 °C
0
K <}

T EJ2
4

0
il

EJ4 y

Intermediate-pressure

MT liquid receiver
iqui iv liquid receiver

Pressure: 26 bar = 46 bar
Pressure: 28 bar + 60 bar
Temperature: -10 °C + 26 °C

Figure 1: The R744 multi-ejector module with four vapour ejectors.

The performance mapping of the fixed-geometry ejectors installed in the multi-ejector module was performed
at a much wider operating regime than that used by Banasiak et al. [15] to investigate the ejector efficiency of the
ejector in a CO, HVAC&R supermarket system. The operational envelope for the motive nozzle and the suction
nozzle of the ejectors is presented in Figure 2. The same operating regimes was defined for all four vapour ejec-
tors installed in the multi-ejector module to map the performance of each individual ejector at the same HVAC&R
supermarket operating conditions. As shown in Figure 2(a) the motive nozzle pressure was defined in the range
from 50 bar to 140 bar to analyse the ejector performance in subcritical and transcritical operating modes at var-
ious ambient temperatures. In addition, the motive nozzle temperature was defined in the range from 5 °C to
55 °C. The suction nozzle operating conditions presented in Figure 2(b) were defined to analyse the ejector map-
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Table 1: The main geometry parameters of the fixed-geometry ejectors installed in the R744 multi-ejector module [15].

Parameter name Unit EJ1 EJ2 EJ 3 EJ4
Motive nozzle inlet diameter 1073 m 3.80 3.80 3.80 3.80
Motive nozzle throat diameter 1073 m 1.00 1.41 2.00 2.83
Motive nozzle outlet diameter 1073 m 1.12 1.58 2.24 3.16

Motive nozzle converging angle ° 30.00 30.00 30.00 30.00
Motive nozzle diverging angle ° 2,00 200 200 2.00
Diffuser outlet diameter 10°m 730 840 1030 13.10
Diffuser angle ° 500 500 500 5.00

ping performance for superheated vapour with superheat below 15 K, saturated vapour and two-phase flow with
quality above 0.8. Moreover, the suction nozzle pressure varied in the range from 26 bar to 46 bar related to the
refrigeration, AC and heat pump conditions. The outlet conditions were defined by the difference between the
outlet pressure and suction nozzle pressure, which is called the pressure lift Ap. In the presented investigation,
the pressure lift for all ejectors was in the range from 4 bar to 15 bar. The outlet conditions were presented in
Figure 2(c). The set of the operating conditions is presented in Table 2.

Table 2: The operating conditions of all four ejectors installed in the multi-ejector module.

Boundary condition Motive nozzle Suction nozzle Outlet
Parameter Pressure Temperature Pressure Quality Temperature Superheat Pressure
Unit bar °C bar - °C K bar
Min 50 5 26 0.8 -10.65 0 28
Max 140 55 46 1.0 25.87 15 60

The wide operating range required the use of a complex mathematical model to predict the two nozzles’ MFRs
for each ejector. However, the mathematical model must also be adapted to perform the ejector calculation in a
dynamic simulation of a CO, HVAC&R supermarket system with respect to the energy performance analysis of the
system. Therefore, the proposed hybrid ROM was used in the presented investigation because the main benefits
of ROM are fast computations and high accuracy of the mass flow rate prediction.

3. Hybrid ROM

The hybrid ROM was developed based on the proper orthogonal decomposition with the radial basis function
interpolation approach. The most important advantage of such a choice for the approximation base is its optimal-
ity. Moreover, the RBF interpolation method allows the ROM to be a continuous function of the arbitrary input
parameters [32]. The hybrid ROM is an enhanced model of the developed POD-RBF ROM that was based only on
the CFD results presented in [31]. The CFD-based ROM of the CO» ejector was investigated and the global and
local parameters of the two-phase flow inside the ejector given by ROM were compared with the numerical results
as well as the experimental data. In this paper, the POD-RBF model was generated based on the CFD results and
the experimental data to ensure high accuracy of the ROM results within the wide operating regime. The math-
ematical approach for the ROM is presented in Section 3.1 and the validation of the hybrid ROM is described in
Section 3.2.
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Figure 2: The operational envelope on a pressure-specific enthalpy diagram of each R744 vapour ejector installed in the multi-ejector module:
(a) motive nozzle; (b) suction nozzle; (c) outlet.
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3.1. POD-RBF approach

The POD approach constructs the optimal approximation base based on the set of N sampled values of the
two-phase flow parameters inside the ejector stored in a single vector called the snapshot [32]. Thus, the snapshot
rectangular matrix U is generated for M snapshot vectors related to the number of the considered operating points
(which are the input parameters used to generate the snapshots). The snapshot vectors are thus related to the
input parameters. The aim of POD is to find the orthogonal matrix ® by reconstructing the snapshot matrix U
based on the linear combination of the snapshots:

o=0U-V 1

where V is the modal matrix defined in the following eigenvalue problem as a nontrivial solution:

C-V=A-V 2)

where A is the diagonal matrix and C is the positive covariance matrix defined as follows:

c=ul.u 3)

where U7 is a transposed snapshots matrix. In this situation, when the covariance matrix is known, the POD
basis can be computed directly by solving an eigenvalue problem:

Cop'=2i-¢' “

where ¢’ is the orthogonal POD basis vector and A; are the eigenvalues stored by the diagonal matrix A. In

the Karhunen-Loeéve transformation technique, the real and positive eigenvalues should be sorted in descending

order. The snapshots are strongly correlated with each other when the eigenvalues decrease rapidly along with

increasing mode number. Therefore, the POD model can use only part of the POD modes to obtain a high accuracy

approximation. The truncated POD model ® considers K < N elements for M operating points, which decreases
the orthogonal matrix ® size.

d=U-V (5)

where V is the truncated modal matrix with first K eigenvectors of covariance matrix C. The truncated POD
basis is orthogonal and achieves optimal approximation properties. The snapshot reconstruction based on the
truncated approximation formula must be performed depending on the additional parameters used in the snap-
shot generation. Hence, an arbitrary snapshot can be defined as follows:

. K _ :
u' =) (Ichz{C ®)
k=1

where u/ is the vector of the arbitrary snapshot, ®F is the k-element of the truncated orthogonal basis and a{c
is the unknown coefficient vector related to the parameters used to create the snapshots. The foregoing approxi-
mation is valid only for the snapshots used to build the POD basis. When the two-phase ejector is utilised in a wide
range of motive nozzle, suction nozzle and outlet operating conditions, the POD model requires an additional in-
terpolation procedure to evaluate the ejector behaviour outside the operating points chosen in the course of POD
basis construction. Based on the arbitrary snapshot equation presented in Eq. (6), the snapshot matrix U can be
defined as a linear combination of the truncated POD vectors:

U=%-a (7

where @ is the unknown constant coefficients matrix, which can be computed as the transpose matrix of the
orthogonal truncated POD basis ®” multiplied by the snapshot matrix:

a=0"T.U ®)
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In proposed ROM, the unknown coefficients matrix @ was defined as a non-linear function of the input pa-
rameters. Therefore, the foregoing coefficients matrix can be defined as follows:

a=B-F 9)

where B is the matrix of the unknown coefficients of the selected combination and F is the matrix of the in-
terpolation functions f; (k — k') for the set of k parameters identical to the values used to build the subsequent
snapshots. The radial basis interpolation functions were applied for the presented ROM because the RBF interpo-
lation is mostly used for multidimensional approximation. In this study, the thin plate spline radial function with
a smoothness factor was employed:

fi(lk_kil):(@)ziln(m_m) 10

r

where |k— k| is the distance between the current set of the parameters k and the reference set of the parameters
k', r is the smoothing factor. Considering the foregoing definition of the i’” interpolation function, the matrix F
takes the following form:

AU =K o AR K)o A (KM= K)
F=| f0K-K) = GOK-K) o f(RY -0 (o
Bl kM) oo (6 =KM) e i (- )

After the generation of the F matrix, the matrix B defined in Eq. (9) can be computed by use of the singular
value decomposition technique [33]. Finally, snapshot generation by use of the arbitrary parameter set k can be
defined by the following equation:

u® (k) ~ dBf* (k) (12)

where u? (k) is the calculated snapshot based on the arbitrary parameter set k and f* (k) stands for vector of
interpolation functions defined in Eq. (10). The implementation of RBF into the POD model reduces the dimen-
sionality of ROM to the number of unknown parameters k. The unknown parameters are defined as the boundary
conditions of the CO, two-phase ejector as follows:

* Motive nozzle pressure
* Motive nozzle specific enthalpy
* Suction nozzle pressure
* Suction nozzle specific enthalpy

¢ Qutlet pressure

The specific enthalpy for the motive nozzle and the suction nozzle was defined to perform the calculations
either for one-phase conditions or two-phase conditions. The snapshot generated from the CFD results was pre-
pared in a similar manner as the snapshot based on the experimental data to use both inputs in the hybrid ROM
basis. The single snapshot was defined as the set of motive nozzle and suction nozzle MFRs for a single boundary
condition.

The CFD model of the R744 two-phase ejector was developed by Smolka et al. [25]. The enthalpy-based energy
equation formulation was implemented to obtain real fluid properties of CO, flow in the two-phase region. The
fluid properties of the R744 two-phase flow were obtained from REFPROP libraries [26]. The CFD model calcula-
tions were performed based on two fluid flow assumption models: the homogeneous equilibrium model (HEM)
and modified homogeneous relaxation model (HRM). HEM was used to predict MFRs in the supercritical region
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and close to the critical point for which the HEM application range was defined [27]. The modified HRM pro-
vides motive nozzle and suction nozzle MFR accuracy within +10% for the subcritical operating regime due to the
optimisation of the relaxation time correlation [28].

The realisable k — e turbulence model in HEM approach and the k — w SST model in the modified HRM ap-
proach to model the R744 two-phase turbulent flow inside the ejector [34]. The realisable k — € turbulence model
applied in the HEM for CO2 two-phase ejector was tested by Smolka et al. [25] with successful results. Moreover,
this turbulence model was also used to define application range of HEM for R744 two-phase ejector in the work of
Palacz et al. [27]. According to Mazzelli et al. [35], the k —w SST model showed the best agreement of the global
and local flow parameters inside the ejector. During the numerical investigation of the modified HRM, the k —w
SST model properly predicted the mixing process of both streams inside the pre-mixer and the mixing chamber.
More information about the turbulence model can be found in [28].

The CFD model with both fluid flow assumptions was validated, and the numerical mesh grid was investi-
gated. In the work of Smolka et al. [25], a three-dimensional numerical model of a CO, two-phase ejector was
investigated. Moreover, the mesh sensitivity analysis of the three-dimensional and two-dimensional axisymmet-
ric model of the two-phase ejectors installed in the multi-ejector module was done by Palacz et al. [36]. According
to the ejectors shape, the numerical model of each ejector was defined as the two-dimensional axisymmetric CFD
model, which significantly reduced the size of the numerical grid. Hence, the mesh was generated by approxi-
mately 20,000 hexahedral elements. Moreover, the minimum orthogonal quality was 0.9, confirming the negligible
influence of element shape on the results. The wall roughness was set to 2 um according to the ejectors manu-
facturers [37]. The partial differential equations of the mathematical model were solved based on the PRESTO
scheme for the pressure discretisation and the second-order upwind scheme for the other variables considered in
the CFD model. Moreover, the coupled method was employed for the coupling of the velocity and pressure fields.

The automation of the geometry and mesh preparation together with the CFD calculation and the post-processing

was performed by developing the ejectorPL platform. This platform has been successfully used in several numer-
ical investigations of the CO; ejector, i.e. parametrisation procedure of the R744 liquid ejectors [10], swirling of
the motive and suction streams for ejector performance improvement [38], shape optimisation of the R744 two-
phase ejector [39] and numerical investigation of the multi-ejector module during single and parallel operation
[40]. Therefore, the CFD results used to generate the hybrid ROM basis were obtained by use of the ejectorPL
platform. More detailed information about the numerical approach used for the mapping performance can be
found in [25]. Moreover, the description about HEM approach together with the application range was presented
by Palacz et al. [27]. An information about the modified HRM used to generate hybrid ROM together with the
experimental data as well as the application range can be found in [28].

The validation procedure of the CFD model was accomplished based on the experimental data of the fixed-
geometry ejectors installed in the multi-ejector module. The test campaign was conducted on the R744 multi-
ejector vapour compression test rig in the SINTEF laboratory in Trondheim, Norway. The multi-ejector module
was utilised either in single operation for each vapour ejector or in parallel operation. The test facility was fully
equipped with pressure, temperature and mass flow rate sensors, and the accuracies of these sensors were taken
from the relevant product data sheets. The temperature was measured by a PT1000 resistance thermometer with
an accuracy of £(0.3 + 0.005 ), where ¢ is the temperature in °C. A piezoelectric transmitter was used to measure
the pressure with an accuracy of £0.3% of reading. The mass flow rate was measured by using Coriolis type RHMO06
and RHM15 transducers, and the accuracy was +0.2% of the reading. The output signals from the sensors installed
in the test rig were processed and transmitted by the Danfoss control unit to the Danfoss Minilog system. More
details about the test facility can be found in the work of Haida et al. [16].

The use of the experimental data together with the high-accuracy CFD results to generate the hybrid ROM of
each CO; ejector permitted the evaluation of the ejector performance under the refrigeration, air-conditioning
and heat-pump operating conditions in the supermarket system. The ejector work can be presented by use of the
mass entrainment ratio and ejector efficiency definitions. The mass entrainment ratio is the ratio between the
suction nozzle MFR and the motive nozzle MFR:

(= 7.”8N (13)
MMN

where y is the mass entrainment ratio and i is the mass flow rate in kg/s of the motive nozzle (MN) and the
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suction nozzle (SN). The ejector efficiency was defined by Elbel et al. [9] as the ratio of the amount of the recovered
ejector expansion work rate with maximum possible expansion work rate recovery potential:

Nei = Wrec s h(pout, ssN) — h(psn, SsN)
“l Wrec,max h(pout, SMN) — h(PMN, SMN)

(14)

where 7. is the ejector efficiency, W is the expansion work rate in W, & is the specific enthalpy in J/kg, p
is the pressure in Pa and s is the specific entropy in J/(kg-K). In this paper, the ejector efficiency and the mass
entrainment ratio were presented for each investigated ejector to indicate the area of best ejector performance
under different operating conditions. Hence, the hybrid ROM of the ejectors installed in the multi-ejector module
was validated with the experimental data to ensure high accuracy of the MFR prediction. The MFR discrepancy of
the hybrid ROM was calculated as the relative error between the experimental data and the hybrid ROM result:
MhybridROM

Opmrr=1- -100% (15)

Mexp
where §rp is the relative error of the motive nozzle MFR or the suction nozzle MFR obtained by the hybrid
ROM.

3.2. Hybrid ROM validation

The hybrid ROM was validated for all the investigated ejectors using three different sets of input data: the CFD
results without the experimental data, the CFD results with 50% (selected randomly) of the experimental data for
the entire operating regime, and the CFD results with all experimental data. Randomly selected 50% results of
the experimental data were chosen from different motive nozzle conditions (subcritical, transcritical, close to the
critical point) and suction pressure together with the different pressure lift. The integration of the experimental
data with the CFD results in the POD basis permitted the prediction of the MFR of both nozzles either in the
CFD operating points or in the experimental operating points or between them. Figure 3 presents the hybrid
ROM motive nozzle MFR accuracy of the fixed-geometry ejector EJ 2 from Table 1. The results are shown on the
pressure-specific diagram together with the pressure lift to evaluate the model accuracy at different motive nozzle
conditions and the difference between the outlet pressure and the suction nozzle pressure. Moreover, the different
sets of input data were taken into account in the validation procedure. The prediction of the motive nozzle MFR
of a hybrid ROM with different input data let to define an influence of the selected experimental data to generate
hybrid ROM on the accuracy of the motive nozzle MFR. As shown in Figure 3(a), the ROM based only on the CFD
results obtained satisfactory high accuracy for the motive nozzle pressure above 70 bar. The motive nozzle MFR
discrepancy below £5% was obtained for transcritical conditions in the motive nozzle and all points for pressure
lift above 8 bar. The decrease of the pressure lift for motive nozzle pressure above 70 bar slightly decreased the
accuracy. Hence, the MFR prediction was within +10% for some operating points at pressure lift below 8 bar,
especially for pressure lift of approximately 3 bar. A motive nozzle MFR discrepancy above +10% was obtained
below 60 bar in the CFD model MFR prediction. The integration of the CFD results with 50% of the experimental
data presented in Figure 3(b) revealed a much higher motive nozzle MFR accuracy of the hybrid ROM compared
to the ROM based only on the CFD results. Moreover, satisfactory accuracy within +10% was obtained in the
entire operating regime, with only several operating points above +10%. It can be seen that the integration of the
50% of the experimental data strongly influenced on the MFR prediction in the subcritical region for the motive
nozzle pressure below 60 bar, where the CFD model obtained higher discrepancy when compared to the operating
conditions above 60 bar. Hence, the hybrid ROM let to predict motive nozzle MFR at high accuracy within +5% for
refrigeration, air-conditioning and heat-pump applications. The hybrid ROM based on the CFD results and all the
experimental data achieved a motive nozzle mass flow rate accuracy within +5% at all operating conditions. It can
be seen that the hybrid ROM accuracy strongly related on the CFD model accuracy and the MFRs prediction of
the hybrid ROM can be improved by add of the experimental data in the throughout operating regime. Therefore,
the integration of the CFD results with the experimental data in the hybrid ROM of the CO, ejector let to predict
the performance of the ejector with highly satisfactory accuracy.

Table 3 presents the set of hybrid ROM validation procedure results as the MFR discrepancy range of each
hybrid ROM for all considered experimental points. Based on the validation presented in Figure 3 for EJ 2, the

11

This is the accepted version of an article published in Energy.
DOI: 10.1016/j.energy.2018.04.088



Saturation line

— — — Isotherms
Motive nozzle operating regime
(] 18yl < 5%
v 5% < [yl < 10%
B 10% < |8y < 20%
O Il >20%
(@) g
< 100 +
()
o e
v IR 2@ YO o ° 2
P <« £ i
@&OV&O o0 © o ©
W@mmgongOOOOOOOOO 80 +
@ o o
70 +
v v a
[s]
o 60 +
o
=) <o <
N 2
<
50 +
T T T T T T T T |
2 4 6 8 10 12 200 220 240 260 280 300 320 340

Pressure lift, bar

(b)

Specific enthalpy, kJ/kg

5]
< 100 +
o
[e] [e) =
v @ oo % o §
°® ¥ 8 o7
©oBoco o o o
<
M@m%@oggnooooooooon 80 1
[¢) vV e o
70 +
o ° o
v
e 60 1+
v
o o Qv o
o >
o
50 +
T T T T T T T T |
2 4 6 8 10 12 200 220 240 260 280 300 320 340 360
Pressure lift, bar Specific enthalpy, kJ/kg
()
I
< 100 +
[}
o o) =
° O°Q> Q@ %0 o §
® < 8 ot
® §o &0 o0 © o ©
Beo G
oazjgcmz:m@m © 000 00 @00 o 80 1
() o) o
70 +
° ° °
°
° 60 +
o
[Se) ° °
° °
50 +
T T T T T T T T
2 4 6 8 10 12 200 220 240 260 280 300 320 340

Pressure lift, bar

Figure 3: The hybrid ROM motive nozzle MFR discrepancy of the fixed-geometry ejector EJ 2 from Table 1 with different input data: (a) only

CFD results; (b) CFD results and 50% of the experimental data;

Specific enthalpy, kJ/kg

(c) CFD results and 100% of the experimental data.

12

This is the accepted version of an article published in Energy.
DOI: 10.1016/j.energy.2018.04.088

1
360



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

Table 3: The set of the hybrid ROM motive nozzle and the suction nozzle MFR accuracies for all experimental points considered in the valida-
tion.

Input data EJ 1 EJ 2 EJ3 EJ4
6mnl 16snl 16mnl - 16snl 16mnl 16snl 16mnl 16snl
CFD + 50% experimental data <5% <10% <5% <10% <5% <15% <5% <15%
CFD + 100% experimental data  <1% <1% <1% <1% <1% <1% <1% <1%

hybrid ROM used two different input data: the CFD results with 50% (selected randomly) of the experimental data
for the entire operating regime, and the CFD results with all experimental data. Moreover, the prediction of the
motive nozzle and suction nozzle MFRs was validated in the entire operating regime presented in Figure 2 and the
average accuracy range was presented. The motive nozzle MFR accuracy of each ejector was within +5% for the
hybrid ROM based on the CFD results together with 50% of all experimental data. The high accuracy of the motive
nozzle MFR prediction by the hybrid ROM based on the CFD results together with 50% of all experimental data
confirmed that the integration of the experimental data together with CFD results let to perform the calculation of
the ejector at different cooling capacity and operating conditions for HVAC&R supermarket system. This hybrid
ROM obtained a suction nozzle MFR discrepancy within +10% for EJ1 and EJ2. For the larger ejectors, EJ3 and
EJ4, a suction nozzle MFR within +15% was predicted by the hybrid ROM based on the CFD results together with
50% of all experimental data. An increase of the number of the experimental data considered in the input data
of hybrid ROM improved the accuracy of the both nozzles MFR. The use of all experimental data with the CFD
results to generate the hybrid ROM allowed the prediction of the MFR of both nozzles with an accuracy within +1%
at every validated operating point. The very high accuracy of the hybrid ROM based on the CFD results and all
experimental data let to implement the hybrid ROM into the R744 supermarket system simulations to evaluate the
energy performance of the ejector-based system at different operating conditions and cooling demand. Hence, the
performance mapping of each investigated ejector was performed for different application operating conditions
that can be found in a supermarket HVAC&R system. Moreover, increasing the experimental data considered in
the trained POD basis resulted in hybrid ROM improvement.

4. The R744 ejectors performance mapping

The validation procedure confirmed that the hybrid ROM of the CO; ejectors installed in the multi-ejector
module predicted the motive nozzle and suction nozzle MFRs with satisfactory accuracy within the operating
envelope. Hence, performance mapping of the investigated ejectors was performed to define the ejector work
recovery potential at different operating conditions. The investigation was performed under a typical operating
regime for refrigeration system, air-conditioning system and heat pump applications. The ejector mapping was
performed for the global ejectors parameters: motive nozzle MFR, the ejector efficiency, mass entrainment ratio
and pressure lift to indicate the maximum potential of the ejectors to cover the cooling demand and the area of the
best performance. The local parameters of the investigated ejectors i.e. velocity or absolute pressure fields were
presented by Haida et al. [31], where ROM was developed based on the CFD results given by ejectorPL platform and
the comparison of different snapshots size together with the CFD results and experimental data was shown. The
local phenomena, i.e. Mach number, pressure distribution etc. were presented during the numerical investigation
of the foregoing ejectors, especially for the optimisation procedure of the mixer shape and ejector shape [36, 39].
In this paper, the mapping performance of all ejectors was done to define the work of each ejector at the operating
conditions defined by pressure, specific enthalpy and temperature. Hence, the relationship between the other
CO; flow parameters i.e. density or entropy is related to the HVAC&R supermarket system operating conditions.
The hybrid ROM were implemented in Microsoft Excel software as a dynamic link-library (DLL) to perform fast
calculations of the ejector MFRs at the specified operating conditions. The fluid properties of CO, were taken from
REFPROP libraries [26].
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The motive nozzle MFR mapping of the R744 vapour ejectors is presented in Figure 4. The investigation was
performed for all four fixed-geometry ejectors within the operating regime of the motive nozzle. The suction
nozzle pressure was set to approximately 26 bar with a superheat of 5 K and pressure lift of 4 bar. The operat-
ing conditions of the suction nozzle and the outlet were set typical for refrigeration application regarding the MT
evaporation temperature of -10 °C [21]. Each ejector obtained the lowest value of the motive nozzle MFR close to
the saturation line, but the highest values indicated a pressure of 140 bar and specific enthalpy of approximately
220 kJ/kg. Figure 4(a) shows that the motive nozzle MFR of EJ 1 varied in the range from 0.1 kg/s to less than
0.01 kg/s. The constant MFR lines were set almost parallel to the saturation line. Therefore, an increase in the gas
cooler subcooling in the subcritical region resulted in an increase in the motive nozzle MFR. In the transcritical
and supercritical regime, EJ 1 reached higher values of the motive nozzle MFR during the decrease in the temper-
ature at constant pressure. Hence, the proper selection of the gas cooler outlet temperature influenced the ejector
capacity. A similar trend was obtained for ejector EJ 2 in Figure 4(b). However, the motive nozzle MFR varied in the
range from approximately 0.03 kg/s to 0.17 kg/s, approximately two times larger than the range for EJ 1. Hence,
the capacity of EJ 2 was able to cover a twofold higher cooling demand of the refrigeration system compared to EJ
1. For EJ 3, as presented in Figure 4(c), the motive nozzle MFR mapping was similar to that of EJ 2, and the values
of MFR were in the range from approximately 0.1 kg/s to 0.34 kg/s. The lowest value of the motive nozzle MFR
was indicated for the pressure in the range from 50 bar to 60 bar and close to the saturation line. Slightly different
trends of the motive nozzle MFR were observed for the largest ejector, EJ 4, compared with the other investigated
ejectors, as shown in Figure 4(d). The increase in the motive nozzle MFR at constant specific enthalpy was much
lower in the pressure range from 80 bar to 110 bar. Hence, the capacity of EJ 4 within that region was slightly differ-
ent, and further increases in the pressure resulted in a greater increase in the motive nozzle MFR. The utilisation
of all ejectors either in single operating mode or in parallel mode covered the wide range of the cooling demand
for the supermarket application. Moreover, the proper selection of the gas cooler outlet conditions affected the
multi-ejector capacity, which influenced the selection of the running ejectors. The similar map of the each ejector
motive nozzle MFR confirmed that the capacity of the multi-ejector module can be covered by individual work of
the selected ejector or by parallel work of the ejectors in different combinations. However, the information about
the ejector efficiency let to evaluate the best combination of the multi-ejector work for best system performance.

Figure 5 presents the ejector efficiency mapping of the fixed-geometry ejectors installed in the multi-ejector
module. The hybrid ROM ejector efficiency results are presented within the specified motive nozzle operating
regime. The suction nozzle pressure was approximately 26 bar at an MT evaporation temperature of -10 °C with
a superheat of 5 K and a pressure lift of 4 bar for each investigated ejector. The ejector efficiency of all four CO,
ejectors was below 0.4. As shown in Figure 5(a), the ejector EJ 1 exhibited the best performance for the motive
nozzle pressure in the range from 60 bar to 80 bar. Moreover, an ejector efficiency above 0.2 was reached in the
subcritical region as well as in the transcritical region. The low value of the ejector efficiency was observed at
motive nozzle pressures above 120 bar. Similar ejector performance mapping was obtained for EJ 2, as shown in
Figure 5(b). An ejector efficiency above 0.2 was observed for the motive nozzle pressure in the range from 50 bar to
120 bar. Moreover, the highest efficiency of E] 2 was obtained at a specific enthalpy below 240 kJ/kg and a pressure
of approximately 70 bar. EJ 3 exhibited an ejector efficiency above 0.2 for most of the investigated points for the
motive nozzle pressure from 50 bar to 120 bar, as shown in Figure 5(c).However, the efficiency of EJ 3 was lower
than 0.2 for the motive pressure above 120 bar and close to the saturation line in the subcritical region. The ejector
efficiency mapping of EJ 4 presented in Figure 5(d) was slightly different when compared with the other ejectors
as the result of the ejector capacity and the motive nozzle MFR. The highest ejector efficiency was obtained for
the wider motive nozzle operating regime for the pressure in the range from 60 bar to 100 bar. Moreover, the
efficiency of EJ 4 above 0.2 was within the same range as for the smaller ejectors, and the lowest efficiency was
obtained above approximately 120 bar and close to the saturation line in the subcritical region. Therefore, each
investigated ejector installed in the multi-ejector module obtained high efficiency to recover some potential work
and improve the COP of the refrigeration system. Moreover, the energy performance improvement of the system
was strongly related to the ejector performance as well as the operating conditions of the gas cooler and MT or
AC evaporators. The high efficiency of the multi-ejector module for different cooling demand can be obtained
by selection of the running ejectors that maintained high efficiency at defined operating conditions in the CO,
supermarket system.

The R744 refrigeration system equipped with the multi-ejector module exhibited improved energy perfor-
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Figure 4: The motive nozzle MFR mapping of the investigated R744 ejectors at the MT evaporation temperature of -10 °C with the superheat
of 5 K and the pressure lift of 4 bar: (a) EJ 1; (b) EJ 2; (c) EJ 3; (d) EJ 4.

mance compared with the standard R744 booster system with parallel compression in both the experimental
investigation [16] and the theoretical investigation for different localisations of the supermarket system [21]. How-
ever, the analysis indicated the possibility of improving the system energy performance by optimising the pressure
lift in the multi-ejector module. Hence, information about the mass entrainment ratio and the pressure lift of the
fixed-geometry ejectors at different ambient temperatures was obtained to define the application area of the in-
vestigated ejectors in the supermarket HVAC&R system.

Figure 7 presents the investigation of the mass entrainment ratio of the four R744 fixed-geometry ejectors
installed in the multi-ejector module. The motive nozzle conditions presented in Figure 6 were defined in terms
of the ambient temperature to obtain the best performance of the gas cooler based on the correlation presented by
Gullo et al. [21]. The ambient temperature was in the range from 5 °C to 50 °C to analyse the ejector performance
for the refrigeration application as well as the heat pump application [18]. The suction nozzle conditions were
set based on the MT evaporation temperature of -4 °C for the flooded MT evaporator [21]. Each ejector exhibited
similar trends of y in terms of the different pressure lifts. The first ejector EJ 1 presented in Figure 7(a) obtained
x above 0.3 for the ambient temperature in the range from 15 °C to 45 °C at different pressure lift. Moreover,
EJ 1 reached y of approximately 0.3 for pressure lift of approximately 10 bar and the ambient temperature of
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Figure 5: The ejector efficiency mapping of the investigated R744 ejectors at the MT evaporation temperature of -10 °C with the superheat of
5 K and the pressure lift of 4 bar: (a) EJ 1; (b) EJ 2; (c) EJ 3; (d) EJ 4.

approximately 37 °C. Therefore, the high performance of EJ 1 for the ambient temperature above 25 °C permitted
the use of EJ 1 at high pressure lift and reduced the pressure ratio in the parallel compressors via pre-compression
of the working fluid in the multi-ejector module. A similar profile of y values was obtained in EJ 2 in Figure 7(b).
Moreover, the maximum y value of EJ 2 was much higher for pressure lift below 4 bar and ambient temperatures in
the range from 25 °C to 35 °C. y values above 0.3 were obtained at ambient temperatures in the range from 15 °C to
50 °C at different pressure lift ranges. The y values of EJ 3 shown in Figure 7(c) were smaller than those obtained for
EJ 2. However, the maximum value of y was of approximately 0.7, which resulted in high performance of EJ 3 at the
specified pressure lift. In addition, y values above 0.3 was obtained by EJ 3 for ambient temperatures in the range
from 20 °C to 46 °C. For an ambient temperature of approximately 37 °C, EJ 3 reached y of 0.3 for the pressure lift of
approximately 10 bar that was similar to results obtained for EJ 1 and EJ 2. The last ejector EJ 4 presented in Figure
7(d) achieved the highest value of y, approximately 0.8, for ambient temperatures in the range from 30 °C to 37 °C.
Therefore, EJ 4 was able to entrain the suction stream from the MT evaporator at very high efficiency for ambient
temperatures in the range from 15 °C to 50 °C at different pressure lift. Moreover, the y value of 0.3 was obtained
by EJ 4 for the pressure lift of approximately 12 bar and an ambient temperature of approximately 42 °C. Each
investigated ejector reached high performance of the entrainment possibilities for ambient temperatures above
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15 °C. Hence, the CO, multi-ejector module was able to improve the energy performance of both the refrigeration
system and the heat pump system at the specified temperature of outdoor air in the refrigeration system or hot
water in the heat pump system. The set of high pressure lift for the refrigeration application in the HVAC&R for
high ambient temperature reduced the pressure ratio in the compressors section, which influenced the total power
consumption reduction and an increase of COP. In addition, the high mass entrainment ratio at specified pressure
lift let to recover some potentially work during the expansion process and improve COP. Hence, a selection of
pressure lift and number of running ejectors at specified cooling demand leads high efficiency of the multi-ejector
module.

In addition to evaluating the application range of the R744 fixed-geometry ejectors in the refrigeration and
heat pump systems, the performance of the ejectors installed in the multi-ejector module for the air-conditioning
application was investigated. The most important information for utilising the multi-ejector section at high effi-
ciency in AC mode is the proper set of pressure lift values for the different ambient temperatures to maintain high
performance of the ejector and improve the energy performance of the system. Hence, the results presented in
Figure 8 define the pressure lift in terms of the ambient temperature in the range from 22 °C to 50 °C based on the
hybrid ROM of each investigated ejector. In addition, a cubic polynomial approximation function was introduced.
Similar to the results presented in Figure 7, the motive nozzle conditions were defined based on the correlations
presented by Gullo et al. [21] to obtain the best gas cooler performance at the specified ambient temperature.
The suction nozzle conditions were defined for the AC evaporation temperature of 5 °C at the saturation line. As
shown in Figure 8(a), the pressure lift for EJ 1 varied from 6 bar to 14 bar for ambient temperatures below 30 °C
and rapidly increased to 14 bar for ambient temperatures between 30 °C and 35 °C. With further increases in the
ambient temperature, the pressure lift was maintained at 14 bar, and above approximately 47 °C, the pressure lift
decreased to 12 bar. For EJ 2, as shown in Figure 8(b), the pressure lift slightly increased from 6 bar to 10 bar at
ambient temperatures of 33 °C and 50 °C, respectively. Although the shapes of the approximation function dif-
fered between EJ 1 and EJ 2, both ejectors exhibited the best performance for pressure lifts below 8 bar at ambient
temperatures below approximately 30 °C and higher pressure lifts above 30 °C. The pressure lift of EJ 3, as shown
in Figure 8(c), was below 8 bar at ambient temperatures below approximately 35 °C and above approximately 47
°C. The highest pressure lift was obtained by EJ 3 for ambient temperatures in the range from 40 °C to 46 °C. For
the largest ejector, EJ 4, as shown in Figure Figure 8(d), exhibited a rapid drop from 11 bar to 6 bar for ambient
temperatures in the range from 46 °C to 50 °C. The pressure lift was in the range from 6 bar to 8 bar for ambient
temperatures below 35 °C. Compared to the other investigated ejectors, EJ 4 obtained similar pressure ranges.
A smaller pressure lift should be defined for ambient temperatures below 35 °C and above approximately 46 °C,

Saturation line
— — — Isotherms
Motive nozzle conditions

140

120 -

100 -

Pressure, bar
o]
o

60 -

40
200 220 240 260 280 300 320 340

Specific enthalpy, kJ/kg

Figure 6: The R744 pressure-specific enthalpy diagram with the motive nozzle conditions based on the correlation presented by Gullo et al.
[21].
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Figure 7: The mass entrainment ratio of the investigated R744 ejectors at MT evaporation temperature of -4°C for various ambient temperature
and the pressure lift: (a) EJ 1; (b) EJ 2; (c) EJ 3; (d) EJ 4.

whereas a high pressure lift of 10 bar is needed for ambient temperature between 40 °C and 45 °C.

The operating curves of each investigated ejector for air-conditioning application in HVAC&R presented in
Figure 8 allow the utilisation of the multi-ejector module at the best efficiency under the different ambient condi-
tions. It can be seen that the ambient temperature below 30 °C corresponded to the pressure lift below 9 bar as the
motive nozzle conditions were in subcritical region. In transcritical conditions, the pressure lift varied between
8 bar and 15 bar and the highest pressure lift occurred for the ambient temperature of approximately 45 °C. The
similar pressure ranges for the different ambient temperature ranges enabled the use of the same pressure lift of
the multi-ejector module during utilisation in the parallel mode. The proper selection of the multi-ejector operat-
ing conditions for air-conditioning application let to reduce the pressure ratio of the parallel compressors, which
strongly related to the electric power consumption, and obtain the best possibility of the expansion work recovery
inside the multi-ejector.

Based on the hybrid ROM results for each investigated ejector, the approximation functions of the pressure
lift in terms of the ambient temperature were generated to obtain the best performance of the ejector for AC
operating conditions, as presented in Figure 8. The coefficients of the ejector polynomial functions are shown
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in Table 4. Moreover, the R? values of each ejector approximation function are introduced. The R? were above
0.9, and thus the approximation functions were generated with small error compared to the hybrid ROM results.
The approximation can be used in the controller system to utilise the multi-ejector system at high efficiency. The
combination of the running ejectors at specified cooling demand can be selected at defined pressure lift given by
the approximation function. Moreover, the high value of the pressure lift enabled the reduction of the pressure
ratio in the parallel compressors, resulting in a reduction of the electric power consumption reduction and the
improved system energy performance.

5. Conclusions

Performance mapping of the four CO, fixed-geometry ejectors installed in the multi-ejector module was per-
formed. The results were obtained at a wide range of operating conditions to encompass the work of the ejectors in
an R744 HVAC&R supermarket system. The investigation was performed based on the hybrid ROM of each inves-
tigated ejector. The hybrid ROMs were generated based on the CFD results and the experimental data. Moreover,
the operational envelope of the hybrid ROM was defined to cover a wide operating regime in the CO, supermarket
system at various ambient temperatures.

The validation procedure of the hybrid ROM confirmed that the reduced model of each ejector predicted the
motive nozzle MFR with satisfactory accuracy within +1% for all investigated points. Similar high accuracies of
the suction nozzle MFR were obtained by the hybrid ROM based on the CFD results and the experimental data.
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Figure 8: The pressure lift of the investigated R744 ejectors at an air-conditioning evaporation temperature of 5°C in terms of the ambient
temperature for the best ejector efficiency: (a) EJ 1; (b) EJ 2; (c) EJ 3; (d) EJ 4.
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Table 4: The set of the approximation function coefficients for the pressure lift calculations of the investigated CO2 ejectors installed in the
multi-ejector module at an air-conditioning evaporation temperature of 5°C in terms of the ambient temperature for the best ejector efficiency.

Ap(tamp) =Apo+a-tomp+b- ffzme’ ¢ tcgzmb

Ejector  Apy a b c R?
EJ1 64.973 -6.1152  2.0175e-01 -2.0166e-03 0.963
EJ2 -2.5377 0.49719 -5.8370e-03  2.0238e-05 0.944
EJ 3 32.43 -3.1252  1.1070e-01  -1.1660e-03 0.963
EJ4 65.083 -5.6243 1.7397e-01 -1.6925e-03 0.914

Therefore, the hybrid ROM was used to analyse the performance of the R744 fixed-geometry ejectors under the
typical operating conditions for refrigeration, air-conditioning and heat pump applications.

The motive nozzle MFR mapping was performed for each ejector to define the ejector capacity at different
gas cooler outlet conditions. The motive nozzle pressure was in the range from 50 bar to 140 bar according to
the specified hybrid ROM operational envelope. All ejectors exhibited similar trends of increasing motive nozzle
MEFR. A small difference was observed for EJ 4 for motive nozzle pressures between 80 and 100 bar. Each of the
investigated ejectors obtained the highest value of the motive nozzle MFR at a pressure of 140 bar and specific
enthalpy of approximately 220 kJ/kg and the lowest value of the motive nozzle pressure at 50 bar.

The ejector efficiency mapping of the ejectors installed in the CO, multi-ejector module indicated the area
of high ejector efficiency for different motive nozzle conditions. The suction nozzle pressure was 26 bar with a
superheat of 5 K and a pressure lift of 4 bar. Each ejector obtained the best performance for the motive nozzle
pressure in the range from 60 bar to 90 bar. However, satisfactory ejector efficiency from 0.2 to 0.3 was achieved
by all investigated ejectors in the pressure range between 50 bar and approximately 100 bar and above 0.3 in
the sub-critical region. Therefore, the multi-ejector module at different gas cooler outlet conditions was able to
maintain high performance in either single-operation mode or parallel mode as the result of the performance of
the individual ejectors.

The mass entrainment ratio was investigated to evaluate the influence of the ambient temperature and pres-
sure lift on the entrainment possibilities of each ejector. The motive nozzle conditions were defined to reach the
best performance of the gas cooler at the specified ambient temperature, and the suction nozzle conditions were
set based on the MT evaporation temperature of -4 °C. In addition, the suction stream was defined as the satu-
rated vapour resulting from the MT evaporator flooded operation mode. A mass entrainment ratio above 0.3 was
obtained for ambient temperatures in the range from 15 °C to approximately 50 °C for all investigated CO, ejec-
tors. Moreover, a high mass entrainment ratio was obtained for high values of the pressure lift up to 10 bar at an
ambient temperature of approximately 37 °C for EJ 1, EJ 2 and EJ 3 and up to 12 bar at a temperature of approx-
imately 42 °C. Hence, the high entrainment possibilities together with the high pressure difference between the
outlet and suction nozzles enabled the efficient use of the fixed-geometry ejectors, which strongly influenced the
multi-ejector performance and the energy performance of the R744 supermarket refrigeration system.

The performance of the investigated CO, ejectors for the air-conditioning application at different ambient
temperatures was evaluated to define the best value of pressure lift at a specified ambient temperature in the
range from 22 °C to 50 °C. In addition, a cubic polynomial approximation function was proposed for each ejector.
The investigated R744 fixed-geometry ejectors obtained the best performance for pressure lift in the range from
approximately 6 bar to 14 bar. The high value of the pressure lift together with the high efficiency of each ejector
enabled the utilisation of the multi ejector equipped with the investigated ejectors at similar efficiency either in
single operating mode or parallel mode. Hence, multi-ejector performance should be evaluated based on the pro-
posed hybrid ROMs of the ejectors to analyse the energy performance improvement of CO, multi-ejector HVAC&R
systems for supermarkets.
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