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a b s t r a c t

The performance of fixed ejectors installed in a multi-ejector module in a carbon dioxide refrigeration
system is discussed in this paper. To analyse the module operation, three-dimensional ejector models
including the inlet and outlet collecting ducts were considered. The tests were performed for three of four
vapour ejectors of different sizes that compose the multi-ejector pack. The testing modes included the
serial and parallel operation of the fixed units in operating conditions that are characteristic for the
supermarket refrigeration unit working at high ambient temperatures. All numerical simulations were
performed using the validated Homogeneous Equilibrium Model implemented on the ejectorPL computa-
tional tool for typical transcritical parameters at the motive nozzle port. The detailed analysis was exe-
cuted separately for the ejectors and the ducts of the module collectors. The results discussion concerned
the crucial parameters for such an installation like the pressure and vapour quality distribution.
Negligible influence of the motive nozzle collector and a crucial influence of the outlet collector shape
was indicated. The global performance analysis showed that the multi-ejector pack provides high and
stable performance of all installed ejectors over the entire range of the considered operating conditions
for supermarket application. Areas of the possible pressure loss reduction and the uniformity growth in
the vapour quality distribution were presented. Finally, according to the multi-ejector pack ducts analy-
sis, the potential areas for module shape optimisation were indicated as well.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The economic and ecological benefits obtained from a carbon
dioxide (CO2) refrigeration system with an implemented ejector
are well known. The chemical characteristics of carbon dioxide
(R774) ensure the safety of the environment and the refrigeration
unit staff. Based on the ecological region, the lowest value of the
Global Warming Potential (GWP) factor is related to carbon diox-
ide, which ensures the positive evaluation of this substance. The
mentioned chemical and physical characteristics open a wide
range of cooling and heating cycles for natural refrigerants such
as CO2. Nevertheless, the economical requirements should be sat-
isfied as well. One of the most significant factors for improving sys-
tem performance is ejectors. Therefore, ensuring optimal
performance of these units has become an obvious aim of research.

Numerous investigations on COP (Coefficient of Performance)
improvement have been conducted. The flow of carbon dioxide
through the ejector was analysed in detail as the first element of
the efficiency improvement chain. A wide scope of numerical mod-
els was developed. One of the first results based on one-
dimensional (1-D) models of carbon dioxide ejectors was pre-
sented by Liu and Groll [1], in which a basic ejector shape was
obtained with the assumption of isentropic efficiency in each sec-
tion. Some improvements of the 1-D model were introduced by
Banasiak and Hafner [2], in which the ejector domain was divided
in more complex way. Nevertheless, owing to the assumed dimen-
sion simplifications, the local phenomena in a particular section
were impossible to analyse. 1-D modelling of supersonic CO2 flow
in a motive nozzle was presented by Angielczyk [3]. Further steps,
including two-dimensional (2-D) models and two-phase flow,
were developed by other authors. Varga et al. [4] presented a 2-D
approach for the transonic flow inside the steam ejector. Colarossi
et al. [5] investigated the flow phenomena of the carbon dioxide
two-phase flow by use of the two-dimensional numerical model
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of the CO2 ejector. Moreover, the main assumption of axisymmetric
domains in 2-D models is not fully realistic. Namely, one of the
ejector inlets is often designed as radial. Additionally, the future
analysis would concern the flow in ducts leading to other compo-
nents what is actually presented in this study. Therefore, fully
developed three-dimensional (3-D) homogeneous equilibrium
model (HEM) of transonic carbon dioxide flow in the ejector were
provided by Smolka et al. [6]. Next, Lucas et al. described similar
approach based on the 2-D axisymmetric domain [7]. Moreover,
these authors used other software packages and reported inaccu-
racy below 10% and 15% depending on the main inlet and side inlet
of an ejector, respectively. The major difference was in the soft-
ware used in those studies. Namely, in the work of Smolka et al.
[6], a commercial Ansys Fluent was employed, while Lucas et al.
[7] performed simulations on the basis of the OpenFOAM software,
moreover in [7] study the computational domain was reduced to 2-
D axisymmetric. The model developed in the work of Smolka [6]
was also used to successfully investigate the ejector for other
refrigerants [8].

The development process of the numerical models is naturally
accompanied by optimisation processes. Shape optimisation of a
fixed-geometry ejector was provided by numerous authors. Opti-
misation based on the experimental test was developed by Liu
and Groll [9]. These authors investigated the geometry of a pre-
mixing chamber and showed a strong relation to the ejector effi-
ciency. Nakagawa et al. [10] presented an experimental study on
the influence of mixer length on ejector performance. These stud-
ies could be characterised in similar approach because the optimi-
sation process was focused on particular flow section of the
considered ejector. Studies that used numerical methods in the
optimisation process provided additional possibilities for improv-
ing particular parameters of ejector geometry. Ensured numerical
simulations described positive influence of geometry smoothness
to suctioned steam [11]. This analysis concerned steam flow on
the basis of CFD simulation in the commercial software. Then the
proper experimental test was executed for the validation purposes.
More specified analysis focused on the ratio between throat diam-
eter and mixer diameter and its influence on R774 ejector perfor-
mance were presented by Elbel and Hrnjak [12]. Banasiak et al.
[13] presented the experimental investigation of the specific ejec-

tor diameters ratio on the R744 laboratory test rig equipped with
the two-phase ejector. Moreover, Banasiak executed numerical
simulations based on 1-D concept model [2]. The crucial impact
of this factor was proved, and optimal sizes for particular operating
conditions were indicated. The work of Pianthong provided a wide
scope of relations between mixing processes and static pressure in
the mixing section of steam-ejector [14]. Moreover, an analysis of
field parameters showed reverse flow phenomena in mixing sec-
tion when operating under condensing pressure higher than criti-
cal. An numerical analysis of the liquid carbon dioxide ejectors was
provided by Haida et al. [15]. In that study, shape optimisation in
specified operating conditions improved ejector efficiency up to
31%. An efficiency improvement due to fluid swirl motion in
already designed ejectors was presented by Bodys et al. [16]. It
was reported that the proper rotational speed of a motive stream
can positively influence ejector performance. Nevertheless, the
increments of the mass entrainment ratio were lower than 4%,
and it was evaluated as a not prospective method for system COP
improvement. In the paper Hakkaki-Fard et al. [17], numerical
methods were used for irreversibility analysis and showed even
29% mass entrainment ratio improvement in most optimised case.
Nevertheless, this analysis concerned traditional synthetic refriger-
ant. More environmental friendly working fluid flow in an ejector
was simulated by Omidvar et al. [18]. Then the entropy analysis
allowed for developing relations between irreversibility of shock
phenomena and sucked isobutane mass flow rate.

Investigations concerned with various ejector-based system
layouts also bring prospective results of COP improvement. It is
worth noting that natural refrigerant implementation has been
studied even in the case of smaller domestic or mobile installations
which could stand for another perspective market area for natural
refrigerants. Liu et al. [19] presented a theoretical analysis of an
ejector-based domestic refrigerator and freezer using isobutane
and propane as refrigerants. A relatively simple construction was
introduced to a standard domestic freezer, while the energy con-
sumption reduction was monitored. In addition to being environ-
mentally friendly, these natural refrigerants ensured COP
improvement up to 17% and 34%, respectively. In Chen et al. [20],
positive results of a refrigeration cycle with an ejector and air con-
ditioning based on propane are presented. Moreover, these authors

Nomenclature

GWP Global Warming Potential
COP Coefficient of Performance
HEM homogenous equilibrium model
HRM homogenous relaxation model
1-D one-dimensional
2-D two-dimensional
3-D three-dimensional
EJ ejector
MN motive nozzle
SN suction nozzle
DIFF diffuser
MER mass entrainment ratio

Latin symbols
cp specific heat, J kg�1 K�1

E total enthalpy, J kg�1

h specific enthalpy, J kg�1

k effective thermal conductivity, W m�1 K�1

_m mass flow rate, kg s�1

p pressure, Pa

s specific entropy, J kg�1 K�1

T temperature, K
t time, s
U velocity vector, m s�1

Greek symbols
v mass entrainment ratio
g overall ejector efficiency, %
l dynamic viscosity, kg m�1 s�1

q density, kg m�3

s stress tensor, N m�2

Subscripts
l liquid phase
MN motive nozzle
OUT diffuser outlet
SN suction nozzle
v vapour phase
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