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A B S T R A C T

The shape optimisation of four CO2 ejectors is presented in this study. The considered ejec-

tors were originally designed for a multi-ejector supermarket CO2 refrigeration system. The

objective function was formulated to consider the multiple operating regimes, where the

goal of the optimisation was to maximise the device efficiency. Six geometrical param-

eters were considered in the optimisation procedure. The applied optimisation scheme was

a combination of a genetic algorithm coupled with the effective and validated CFD tool,

ejectorPL. The optimisation results showed that the ejector efficiency improved by 6%. The

shape modification trends were similar for all of the considered ejectors. All of the shape

modifications resulted in a smoother expansion inside the motive nozzle, less intense tur-

bulence inside the mixing section and a more uniform velocity field inside the mixing section.

The obtained results showed that the presented methodology can be effectively used for

ejector design for numerous applications.

© 2016 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Due to the number of regulations, such as the Kyoto Protocol
and the F-gas regulation, the phase-in of low global warming

potential (GWP) refrigerants is imminent. However, not only
does low-GWP criteria play an important role in the selection
of a refrigerant, the properties of the working fluid, such as tox-
icity, flammability and accessibility, are also considered as major
factors when a refrigeration system is chosen by the final

* Corresponding author. Institute of Thermal Technology, Silesian University of Technology, Konarskiego 22, 44-100 Gliwice, Poland. Fax:
+48 322372872.

E-mail address: michal.palacz@polsl.pl (M. Palacz).
http://dx.doi.org/10.1016/j.ijrefrig.2016.10.013
0140-7007/© 2016 Elsevier Ltd and IIR. All rights reserved.

i n t e rna t i ona l j o u rna l o f r e f r i g e r a t i on 7 4 ( 2 0 1 7 ) 2 1 0 – 2 2 1

Available online at www.sciencedirect.com

journal homepage: www.elsevier.com/ locate / i j re f r ig

ScienceDirect

 

 

 

mailto:michal.palacz@polsl.pl
http://www.sciencedirect.com/science/journal/01407007
http://www.elsevier.com/locate/ijrefrig
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrefrig.2016.10.013&domain=pdf
http://code-industry.net/


customer. The aforementioned characteristics of the refriger-
ant are extremely important for supermarket refrigeration
systems. From the supermarket point of view, the reliability
and serviceability of the refrigeration unit are crucial. Fortu-
nately, carbon dioxide can fulfil all of the aforementioned
requirements and can be successfully used as the refriger-
ant. Nevertheless, because of the thermodynamic properties
of the fluid, CO2-based refrigeration units generally work in
transcritical mode. In consequence, the throttling losses are
relatively high. To overcome this drawback, two-phase ejec-
tors are increasingly being installed in such systems.

According to recently published works, application of these
ejectors can significantly improve the coefficient of perfor-
mance (COP) of the refrigeration system, as shown by Elbel and
Hrnjak (2008), Nakagawa et al. (2011), Liu et al. (2012a), Banasiak
et al. (2012), Lucas and Koehler (2012), Besagni et al. (2016), Elbel
and Lawrence (2016) and Haida et al. (2016a). Moreover, Girotto
(2012) showed the possibility of improving the COP by 20% even
for high ambient temperatures. Similar findings were re-

ported by Lawrence and Elbel (2015). Nevertheless, the cooling
capacity control of ejector-based systems is challenging. In lit-
erature, two approaches have been used; the first approach uses
a multi-ejector (Banasiak et al., 2015; Hafner et al., 2014), and
second approach uses one controllable ejector (Liu et al., 2012a,
2012b, 2012c; Xu et al., 2012). Recently, Smolka et al. (2016)
analysed the performance of the both approaches showing that
in some specific needle positions the multi-ejector unit can out-
perform the single controllable ejector.

Nevertheless, the aforementioned COP improvements are
possible only with a properly designed ejector. Hence, signifi-
cant effort has been invested in ejector performance analysis.
The ejector performance is commonly evaluated by a dimen-
sionless factor, the ejector efficiency (ηEJ), which was introduced
by Elbel (2011).
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The ejector efficiency is defined as the ratio of expansion
work recovered by the ejector to the maximal potential work
rate possible to recover, as described by Eq. (1). To better un-
derstand the efficiency definition the state points used in the
equation are presented in the p − h diagram (Fig. 1). χ in the
Eq. (1) is called the mass entrainment ratio and it is the ratio
between the suction nozzle mass flow rate and the motive
nozzle mass flow rate, as described by Eq. (2).These two factors
have been used by numerous authors to assess the ejector per-
formance for various operating regimes or different ejector
shapes.

χ =
�
�
m
m

SN

MN
(2)

Recent studies have shown that the relation between the
ejector performance and ejector shape is substantial. Nakagawa
et al. (2011) experimentally investigated the influence of the
mixing section length on the ejector performance.Three mixing
section lengths were considered in the study, 5 mm, 15 mm and
25 mm.The results presented by Nakagawa et al. (2011) showed
an extremely strong correlation between the mass entrain-

Nomenclature

D diameter, m
h specific enthalpy [J kg−1]
L length [m]
�m mass flow rate [kg s−1]

OF objective function
p pressure [Pa]
s pecific entropy [J kg−1 K−1]
t temperature [°C]
u velocity, m s−1

x weighting factor [−]
y ejector dimension [mm]

Greek symbols
χ mass entrainment ratio [−]
η efficiency [−]
γ angle [°]
φ ratio between base and optimum geometry [−]

Subscripts
AVG average
BASE baseline desing
CFD computed value
CON convergent angle
DIF diffuser
DIV divergent angle
EJ ejector
in inlet
MAX maximum
MCH pre-mixing chamber
MIX mixing section
MN motive nozzle
n number of operating conditions
OPT optimum desing
out outlet
SN suction nozzle
UNI uniform

Fig. 1 – Expansion of the primary fluid and compression of
the secondary fluid inside a two-phase ejector.
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ment ratio and the mixing section length. A complementary
investigation was performed by Banasiak et al. (2012), where
various ejector mixing section shapes were investigated.
Banasiak et al. (2012) tested four mixing section diameters (DMIX),
which ranged from 2 mm to 5 mm, and three optional lengths
of the mixing section, namely 5 × DMIX, 10 × DMIX and 20 × DMIX.
In addition, the authors of that investigation analysed the three
diffuser divergence angles such as 5°, 7.5° and 10°. These dif-
fuser angles were tested for the DMIX equal to 3 mm.The ejector
performance was calculated for all tested geometrical vari-
ants.The results of the analysis showed that the mixing section
diameter had the most significant influence on the ejector ef-
ficiency. The change in DMIX from 3 mm to 5 mm decreased ηEJ

by 20 %. However, the relation between the ejector efficiency
and the diffuser diverging angle was not strong.

To more deeply investigate the influence of the shape of each
part of the ejector on ηEJ, Banasiak et al. (2014) performed a
numerical investigation of the CO2 ejector performance.To es-
timate the relation between the ejector shape and its
performance, the authors used the relative increased entropy
rate inside the ejector. In addition, the efficiency of each ejector
section was calculated. The results of the study showed that
the motive and suction nozzles are the most efficient parts of
the ejector and do not affect the overall performance of the
device significantly. On the other hand, the increase in entropy
rate was substantial inside the mixing section. Moreover, a sen-
sitivity analysis showed that the mixing section diameter is
the most important geometrical parameter from an ejector per-
formance point of view.

A similar investigation was performed by Sierra-Pallares et al.
(2016) for an R134a ejector. Similarly to Banasiak et al. (2014),
the rate of entropy increase was analysed. Moreover,
Sierra-Pallares et al. (2016) analysed the entropy generation
inside the ejector and its effect on the ejector performance.
Three different mechanisms of entropy generation were con-
sidered, namely the mean viscous dissipation, fluctuating
dissipation and heat transfer. The extremely detailed results
presented by the authors once again showed that the mixing
section shape is crucial for the ejector efficiency. Hence, that
part of the ejector should be carefully designed. Moreover, as
the authors suggested, an efficient mixing section design for
single operating conditions can be far from optimal for dif-
ferent operating conditions.Therefore, the mixing section design
procedure should consider additional operating condition char-
acteristics for the considered system.

Taking into account the importance of the ejector mixing
section shape, Palacz et al. (2016) performed CFD-based shape
optimisation of the ejector mixing section. To perform the
optimisation, two optimisation algorithms were combined with
the effective computational tool ejectorPL. The ejector effi-
ciency was maximised to increase the ejector performance.
Moreover, various operating conditions were considered in the
proposed objective function.Two objective functions were con-
sidered by Palacz et al. (2016), the first one took into account
two sets of operating conditions, and the second one took into
account eight sets of operating conditions. The results ob-
tained by the application of the second objective function
showed the improvement of the efficiency for the wider range
of operating conditions. Unfortunately, the ηEJ increase of 2%
was not fully satisfying. However, the methodology pre-

sented by these authors can be effectively used for ejector shape
design.

The approach introduced by Palacz et al. (2016) can be used
to design the ejector shape “from scratch” for the considered
application. Moreover, the flexibility of the computational tool
can be used to perform simulations or optimisation of the
device for various working fluids. Therefore, in this study, this
computational tool was combined with a genetic algorithm (GA)
to perform shape optimisation of four ejectors that were origi-
nally designed for a multi-ejector supermarket refrigeration unit.
In consequence, all the considered operating regimes were
typical for the refrigeration units installed in supermarkets.
Thus, the objective of this work is to maximise the perfor-
mance of the ejectors for such regimes.

To maximise the ηEJ, the six geometrical parameters de-
scribing the ejector mixing section and the ejector nozzles were
selected for the optimisation procedure. Compared with Palacz
et al. (2016), three additional dimensions were considered to
investigate the relation between the nozzles and the mixing
section geometry. Moreover, the suction nozzle operating con-
ditions were different compared with the one used in previous
work of the authors, see Palacz et al. (2016). Namely, the suction
nozzle temperatures used in the objective function were more
typical for the food storage. It is also worth mentioning that
the way the operating conditions for the objective function were
selected in different manner than in the previous work of the
authors (see Palacz et al., 2016). The applied operating condi-
tions were selected to consider not only the ejector operation
envelope but also the characteristic of the ejector operation,
high pressure lift and high mass entrainment ratio. The ob-
jective function was formulated to take into account four sets
of operating conditions that are typical of a supermarket re-
frigeration unit. In addition, the optimal ejectors performance
was assessed for the test operating conditions to prove that
the efficiency improvement can be obtained for a wide range
of operating conditions.

The ejector efficiency was improved for all of the consid-
ered ejectors and operating conditions. The average efficiency
increase was 6%, which is assumed as a significant improve-
ment considering the relatively high efficiencies of the ejectors
before optimisation. Moreover, the introduced ejector shape
optimisation exhibited similar trends as those mentioned in
earlier studies. The mixing section diameter was found to be
the most important geometrical parameter for the ejector ef-
ficiency, where the mixing section of the optimal design was
significantly longer than in the base design. Nevertheless, the
presented results showed that to obtain the high efficiency of
the ejectors, the design procedure should include both the
mixing section and the motive nozzle shape optimisation.

2. Ejector design

The general concept of the design of a two-phase ejector is rela-
tively simple.The typical two-phase CO2 ejector is a combination
of a few elements, such as the motive nozzle, suction nozzle,
mixing section and diffuser. A schematic image of this com-
bination is presented below (Fig. 2). In addition, the pre-
mixing chamber is presented in the figure.The mixing section
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is an assembly of the converging pre-mixing chamber and the
constant cross-section area part. The length of the converg-
ing part of the mixer is determined by the distance between
the motive nozzle outlet and the inlet to the constant cross-
section area of the mixing section (Banasiak et al., 2014; Palacz
et al., 2016). The shape of the suction ducts, as presented in
Fig. 2, can differ for various ejector designs (see Smolka et al.,
2013; Banasiak et al., 2014; Lucas et al., 2014; Nakagawa et al.,
2011). However, considering the high isentropic efficiencies of
the nozzles, the influence of that part on the ejector effi-
ciency can be omitted. In consequence, the ejector geometry
can be reduced to an axisymmetric form. A similar approach
was used by Smolka et al. (2016).

Originally, the ejectors considered in this study were de-
signed for a multi-ejector supermarket refrigeration unit. This
system is equipped with four two-phase ejectors (EJ1-4) that
suck the vapour through the suction side and two ejectors (LEJ1-
2) that were designed to suck the liquid as the secondary flow.
Each ejector installed in the multi-ejector rack was designed
to support a different system load. Moreover, parallel ejector
operation is possible in such a system. In this way, the cooling
capacity of the system is controlled by the 16 ejector opera-
tion configurations, as described in Smolka et al. (2016)), who
investigated the efficiency of the ejectors in a multi-ejector rack
and compared it to the efficiency of a controllable ejector that
can be used to control the cooling capacity.The results showed
that the multi-ejector unit ejectors can outperform the con-
trollable ejectors. The multi-ejector refrigeration system that
was investigated by Haida et al. (2016a) demonstrated that the
application of ejectors provided significant COP improve-
ments. Moreover, Haida et al. (2016b) numerically investigated
the performance of the liquid ejectors and performed a sen-
sitivity analysis of the ejector shape on the ejector efficiency.
However, in this study, only the vapour sucking ejectors were
optimised.

The base ejector design was calculated using the 1-D model
introduced by Banasiak and Hafner (2011). Then, the ejectors
were manufactured and installed in the SINTEF Energy Labo-
ratory experimental rig, as described by Haida et al. (2016a).
The cooling capacity of this system is rated at 70 kW at a 35 °C
gas cooler temperature. Finally, the ejectors were manufac-
tured and experimentally investigated. The detailed ejector

design and the design procedure are presented in the work of
Banasiak et al. (2015), which also presents the experimen-
tally determined efficiencies of these ejectors. The recorded
values of ηEJ exceeded 30% for a broad range of operating con-
ditions. Thus far, the highest ηEJ reported in the literature (see
Sag et al., 2015) was equal to 40%. Nevertheless that high ηEJ

was recorded for only one operating regime.
To improve the performance of the aforementioned ejec-

tors, an optimisation procedure was applied. The shape
optimisation procedure considered the shape optimisation of
the mixing section shape as well as the motive and suction
nozzle shapes. The design of these parts can be described by
six geometrical parameters, the mixing section length (LMIX),
mixing section diameter (DMIX), pre-mixing chamber length
(LMCH), motive nozzle outlet diameter (DMN), motive nozzle di-
verging angle (γDIV) and finally, the suction nozzle converging
angle (γCON). According to Banasiak et al. (2014), the diffuser
shape does not affect the ejector performance as signifi-
cantly as the mixing section shape. Moreover, the shape of the
diffuser was designed within the recommendations pre-
sented in the work of Banasiak et al. (2012). Hence, the shape
of that part was excluded from the optimisation procedure.The
simplified axisymmetric ejector geometry as well as the afore-
mentioned geometrical parameters are presented in Fig. 3.The
naming convention shown in the figure will be used through-
out this paper.

3. Optimisation procedure

The optimisation approach was similar to that presented by
Palacz et al. (2016).The optimisation algorithm combined with
a computational tool was used to perform the optimisation.
The applied computational tool was a combination of the com-
mercial packages Ansys FLUENT and Ansys ICEM CFD. The
mathematical formulation that was used to perform all of the
computations was based on the homogeneous equilibrium
model (HEM) approach. A genetic algorithm was used as the
optimisation algorithm.The utilised GA was similar to that used
by Palacz et al. (2016).

Fig. 2 – Schematic of a two-phase ejector assembly.
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3.1. Computational tool

The ejectorPL computational tool was used to simulate CO2 flow
through the ejector. This tool is an in-house developed script
that executes the mesh generation procedure and the solving
procedure (Palacz et al., 2015, 2016).The schematic view of the
software is presented in Fig. 4. First, the ejector geometry (2-D
axisymmetric) and the computational mesh are generated.The
meshes were fully structural and were composed of approxi-
mately 9000 cells to obtain mesh-independent results. Moreover,
the crucial parts of the mesh, e.g., where sonic waves may occur,
were refined. In addition, the initialisation procedure was
optimised to model the expansion of transcritical fluid inside
the device. In this way, the computational time was reduced
to 20 minutes per case using two cores of an Intel Xeon pro-
cessor. Parallel simulations were performed on the Institute
of Thermal Technology computational cluster referred to as
TOLA; this powerful computing unit consists of 13 comput-
ing nodes. Each node is equipped with two Intel Xeon
processors (10 physical cores each). Hence, up to 260 cores can
be used for parallel computations.

The Ansys FLUENT solver that was used was also con-
trolled with the ejectorPL script.The mathematical model used
for the computation is described in detail by Smolka et al. (2013).
In this approach, two-phase flow is modelled within HEM.The
NIST REFPROP (Lemmon et al., 2010) real fluid libraries were
implemented in the solver to obtain the refrigerant transport
properties.The realisable k- ε model (Shih et al., 1995) was used
to account for turbulence. Pressure boundary conditions were
used to close the mathematical description of the model.

The accuracy of the computational tool and mathemati-
cal formulation itself was assessed by Palacz et al. (2015). The
fidelity of the model was evaluated by comparison of the mea-
sured and computed mass flow rates of the motive and suction
nozzles. This comparison was performed for over 100 operat-
ing regimes. The results of the analysis showed good HEM
accuracy for the range of motive nozzle operating condi-
tions, which were close to the CO2 critical point. In addition,
the accuracy of the 3-D and 2-D axisymmetric approach was
compared by Palacz et al. (2016).The comparison showed good
agreement between the 2-D and 3-D models. The 2-D compu-
tations tended to underestimate the suction nozzle mass flow

Fig. 3 – Simplified schema of the ejector geometry and the optimised geometrical parameters.

Fig. 4 – The flowchart of the ejectorPL governing script (Palacz et al., 2015, 2016).
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rate for all cases.The average errors for the motive nozzle and
suction nozzle mass flow rates were 2.6% and 5.2%, respectively.

3.2. Optimisation algorithm

A genetic algorithm was used for the shape optimisation of
the ejector. The GA applied for the optimisation was previ-
ously used by Palacz et al. (2016) to optimise the ejector mixing
section. Moreover, this code has been used for shape
optimisation by a number of authors, such as Munoz et al.
(2011); Corriveau et al. (2010); Smolka (2013a, 2013b).The results
presented by the aforementioned authors showed that the
applied GA can effectively be used for shape optimisation. In
addition, the applied optimisation algorithm is easy to cus-
tomise for a specific problem and couple it with a CFD model.

The GA was similar to the one presented by Palacz et al.
(2016). The population size was 10 individuals per genera-
tion. The uniform crossover between the individuals, jump
mutations and creep mutations were performed with a prob-
ability equal to 0.5, 0.2 and 0.04, respectively (Corriveau et al.,
2010; Palacz et al., 2016; Smolka, 2013a). Moreover, the elitism
strategy was used to keep the best individual. The optimal so-
lution was obtained after approximately 40 generations. The
GA executes the following steps (Palacz et al., 2016):

(1) The control program executes the GA code, which gen-
erates a population of geometrical parameters.

(2) The population of geometrical parameters is written as
input for the computational tool (ejectorPL).

(3) The control program runs the computations for all gen-
erated individuals, where each one is computed for the
defined number of operating regimes.

(4) The Fortran control code checks whether all the com-
putational tool processes are finished.

(5) The computational tool runs a post-processing proce-
dure for all individuals.

(6) The GA code processes the computation result files to
calculate the objective function (OF).

(7) The control code returns to Step 1 to begin the next
generation.

3.3. Objective function

As has already been mentioned, the objective function was
defined to maximise the ejector efficiency.Taking into account
the ejector efficiency definition (Eq. (1)) and the pressure bound-
ary condition used in the mathematical model, the ejector
efficiency can be maximised by the maximisation of χ. Hence,
according to Palacz et al. (2016), the general form of the ob-
jective function can be formulated as in Eq.(3).

OF xn n
i

n

n= ⋅
=
∑

1

χ (3)

As can be seen, many operating regimes (ORs) can be used.
Moreover, different weighting factors (x) can be used in the ap-
proach. However, the number of the operating regimes used
in the OF affects the computational time significantly. Hence,
the objective function used in this study was defined for four
ORs (Eq. 4).

OF
i

i4
1

4

0 25= ⋅
=
∑ . χ (4)

Taking into account the dependency of the optimisation
results on the ORs considered in the objective function (see
Palacz et al., 2016), the operating regimes for the OF were care-
fully selected.The ORs considered for OF4 are listed in Table 1.
Moreover, all of the ORs were assumed as the on-design con-
ditions. In consequence, the weighting factor (x) is the same
for all ORs.The chosen operating regimes represent high pres-
sure ratio conditions and high χ conditions. The selected ORs
are typical motive nozzle operating conditions for supermar-
kets refrigeration units located in central and southern Europe;
see Hafner et al. (2014). The values of the nozzles inlet param-
eters as well as the outlet parameters for given ORs were
captured during the test campaign of the baseline ejectors at
SINTEF Energy,Trondheim, Norway.The operating regimes pre-
sented in Table 1 were captured during the experimental
investigation of the EJ2. The experimental rig used to capture
the ejectors inlet and outlet parameters as well as the mass
flow rates was described in detail by Banasiak et al. (2015) and
Haida et al. (2016a). According to the mentioned studies, the
experimental rig was equipped with the Coriolis type mass flow
meters, PT1000 calibrated thermocouples and calibrated piezo-
electric elements for the mass flow rate, temperature and
pressure measurements, respectively.The accuracy of the men-
tioned sensors was following: ± 0.5 × 10−3 kg s−1 for the mass flow
rate measurements, ± 0.6 K for the temperature measure-
ments and ± 2.5 × 104 Pa for the pressure measurements.
Moreover, the selected operating regimes are distributed close
to or above the CO2 critical point.Therefore, according to Palacz
et al. (2015), the applied mathematical model guarantees ac-
curate results for that set of conditions.

As was previously mentioned, to maximise the ejector per-
formance, six geometrical parameters that describe the nozzles
and mixing section geometry were selected: mixing section
length (LMIX), mixing section diameter (DMN), pre-mixing chamber
length (LMCH), motive nozzle outlet diameter (DMN), motive nozzle
diverging angle (γDIV) and suction nozzle converging angle (γCON).
A detailed description of the baseline geometry as well as the
designing procedure can be found in Banasiak et al. (2015).The
variation range for each considered parameter is listed in
Table 2. The number of possibilities was 20 for all of the
optimised parameters. Considering that the baseline shape of
the mixing section of the ejector was already close to the
optimum (Palacz et al., 2016) the variation in the dimensions
(DMIX, LMIX, LMCH) describing that part was the smallest. However,
the relatively high number of possibilities for these param-
eters helped capture the optimal mixing section shape.
Moreover, the variation of the motive nozzle diverging angle

Table 1 – OF4 operating regimes.

Motive nozzle Suction nozzle Outlet

ORs p, bar t, °C p, bar t, °C p, bar

1 72.07 26.81 29.27 3.18 38.09
2 75.13 28.13 27.06 1.82 34.47
3 96.54 37.86 26.74 0.89 37.59
4 98.41 38.71 25.38 −2.05 34.58
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is extremely small and thus, does not affect the motive nozzle
diverging part length too much. As can be seen in Table 2, the
range for the converging and diverging angles were the same
for all of the considered ejectors.

4. Ejector shape modifications

The numerous modifications of the ejector shape were intro-
duced within the optimisation procedure.To better understand
the difference between the reference ejector shape and the
optimised shape, all of the geometry changes will be dis-
cussed in this section. The detailed description of the base
ejector shape was presented in recent works of Banasiak et al.
(2015), Palacz et al. (2015) or Haida et al. (2016a). Therefore, to
illustrate the changes in the ejector shape after optimisation,
i.e., the ratio between the base and optimal geometrical, the
following parameter is presented (Eq. (5)).

ϕ = y
y

OPT

BASE
(5)

The φ for all of the considered ejectors is presented in
Table 3. As can be seen, the mixing section length increased
for all of the ejectors, whereas the mixing section diameter re-
mained essentially the same as that of the base design. The
changes of that section of the ejector are consistent with the
changes presented by Palacz et al. (2016). However, the dimen-
sions describing the nozzles geometry changed significantly.
These findings show how different the influence of specific
parts on the ηEJ is. The relation between the diameter of the
mixing section and the motive nozzle outlet diameter influ-
ence the ejector performance notably. However, the variation
of the modification of γCON did not affect the ejector perfor-
mance significantly. As can be seen, the average increase in
the mixing section length was 37% for all ejectors. A similar
trend was noted for the pre-mixing chamber length.The average
increase of the parameters was 40%. The deviation of γCON os-

cillated around 2% for ejectors 1 and 2. However, the changes
of that dimension for EJ3 and EJ4 were much more substan-
tial. The variation in the parameters that describe the motive
nozzle shape showed that a longer diverging motive nozzle with
a slightly larger outlet diameter makes the efficiency in-
crease possible.

All of the geometry changes affected the flow field of the
refrigerant inside the ejectors.The differences between the ref-
erence and the optimum flow fields were assessed for OR 1
presented in Table 1.This operating regime was used to perform
the analysis presented in this section. The extended motive
nozzle diverging part and longer pre-mixing chamber have a
notable impact on the expansion profile. The comparison of
the pressure field from the reference design and the optimised
design is presented in Fig. 5. For the optimised design, the lowest
pressure region occurred at the end of the motive nozzle but
still inside its diverging part, whereas for the base design, it
occurred inside the pre-mixing chamber. Moreover, by analysing
the pressure and velocity profiles, the pressure drop inside the
motive nozzle was found to be much smoother for the
optimised geometry. It can be seen that the pressure at
the motive nozzle outlet is lower by approximately 5 bar for
the optimised device, which is particularly noticeable for the
EJ1 geometry.

Table 2 – Variation range of the considered geometrical parameters.

LMCH, mm LMIX, mm DMIX, mm DMN, mm γDIV, ° γCON, °

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

EJ1 1.00 4.70 7.00 35.00 1.30 4.60 1.12 1.90 1.50 3.00 20.00 50.00
EJ2 2.00 6.00 10.00 50.00 2.00 5.50 1.42 2.75 1.50 3.00 20.00 50.00
EJ3 3.70 8.00 10.00 50.00 3.00 7.50 2.00 3.00 1.50 3.00 20.00 50.00
EJ4 4.00 10.00 20.00 70.00 5.65 10.00 2.05 3.00 1.50 3.00 20.00 50.00

Table 3 – Ratio between the optimised and reference
ejector geometry.

Dimension EJ1 EJ2 EJ3 EJ4

LMIX 1.36 1.29 1.35 1.51
DMIX 0.96 0.95 0.96 0.97
LMCH 1.29 1.36 1.57 1.38
γDIV 1.47 1.45 1.34 1.74
γCON 1.02 0.98 0.57 1.23
DMN 1.09 1.07 1.09 1.12

Fig. 5 – Absolute pressure field in bar: the base (top half)
and optimal (bottom half) mixing section of EJ1 and EJ2.
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The increase in the distance between the motive nozzle
outlet and the mixer inlet (longer pre-mixing chamber) affects
momentum transfer inside the pre-mixing chamber.The change
in the motive nozzle position relative to the mixing section gen-
erates additional space for the entrained fluid when denser
primary fluid flows along the axis of the ejector. Moreover,
because of the low suction nozzle mass flow rate, secondary
fluid tends to circulate. Fluid circulates inside the base ejector
design. A similar behaviour was observed for all of the ejec-
tors.The flow paths illustrating the phenomena for EJ1 and EJ2
are presented in Fig. 6. The circulation near the walls affects
the momentum transfer between the primary and secondary
fluids and increases the turbulence intensity inside the mixing
section. A comparison of the turbulence intensity inside the
reference geometry and the optimised EJ1 and EJ2 is pre-
sented in Fig. 7. It can be observed that the turbulence in the
base ejector designs is more intensive, particularly near
the walls. Moreover, the primary fluid core is shorter inside the
optimised devices. The reason for this behaviour is because of
the better mixing performance of the primary and secondary
fluids. Hence, the momentum transfer and the phase change
of the primary fluid improved for the optimised ejector.

Another result of the improved mixing inside the ejector
is the higher velocity inside the mixing section of the device.
The pressure and velocity profiles for EJ1 and EJ2 are pre-
sented in Fig. 8. Similar to the previous figures, the paths
presented in Fig. 8 were generated for OR 1 from Table 1. The
effects of the optimisation on the flow profiles are particu-
larly noticeable in the figure. The minimal pressure inside the
mixing section was approximately the same for the optimal
and base ejectors. However, inside the optimal ejector, expan-
sion of the fluid occurred inside the motive nozzle only, whereas
in the baseline design, the pressure still decreased inside the
pre-mixing chamber. Moreover, it can be seen that the veloc-

ity of the fluid at the mixer inlet was the same before and after
the optimisation procedure. However, due to the improved mo-
mentum transfer inside the mixing section, the velocity of the
fluid is higher at the mixer centre and the mixer outlet of the
optimal ejector. The velocity of the refrigerant is approxi-
mately 10 m s−1 higher for the optimised geometries at the mixer
outlet section. On the other hand, the pressure profile inside
the mixing section was the same for the baseline and optimal
design. Hence, the modifications of the ejector did not affect
the pressure increase inside the mixing section. These trends
were observed for all the considered ejectors. Moreover, because
of the improved momentum transfer, the velocity field for the
optimised device is more uniform compared with the base
design. The uniformity was defined as the ratio between the
average velocity magnitude to maximum velocity magnitude
in a considered section (Eq. (6)).

u
u
u

UNI
AVG

MAX

= (6)

Within this definition, if uUNI is closer to 1, then the veloc-
ity is more uniform in the considered section. The uUNI was
assessed for OR 1 in Table 1 for the mixer inlet, mixer centre
and mixer outlet for the reference design and optimal design.
The results of the analysis are presented in Table 4. As can be
seen in the table, the uUNI at the mixer outlet was close to 1
for EJ1 and EJ2, whereas that for EJ3 and EJ4 was far from unity.
The increase in the velocity uniformity at the mixer outlet was
particularly noticeable for EJ3 and EJ4. The uUNI at the mixer
centre significantly improved for all of the ejectors.The greater
improvement for that section was for EJ4. The low values of
uUNI at the mixer inlet were a result of the dominating high ve-
locity of the expanding and accelerating primary fluid inside

Fig. 6 – The circulation of the CO2 inside the base EJ2 pre-
mixing chamber. Fig. 7 – Turbulent intensity in % inside the baseline (top)

and optimal (bottom) mixing section of EJ1 and EJ2.
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Fig. 8 – Pressure and velocity profiles of the baseline (red lines) and optimum (blue lines) for the EJ1 and EJ2 geometries.

Table 4 – uUNI before and after optimisation.

Cross-section EJ1 EJ2 EJ3 EJ4

BASE OPT BASE OPT BASE OPT BASE OPT

Mixing section inlet 0.36 0.39 0.59 0.61 0.37 0.39 0.37 0.39
Mixing section centre 0.39 0.72 0.53 0.77 0.36 0.66 0.36 0.72
Mixing section outlet 0.97 0.98 0.96 0.99 0.75 0.98 0.64 0.99
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the divergence part of the motive nozzle. However, the im-
proved uniformity inside the mixer centre was the result of
the improved mixing of the motive and suction fluid. Conse-
quently, the improved mixing process affected the relatively
high uniformity inside that section. Moreover, comparing uUNI

and the turbulence intensity presented in Fig. 7 it can be seen
that the improved momentum transfer reduced the turbu-
lence intensity inside the mixing section. Analysing the uUNI

improvements presented in Table 4 and ηEJ in Table 5, it can
be seen that the velocity uniformity not necessarily results in
an efficiency increase. Nevertheless, the velocity uniformity is
an extremely important factor for the mixing process.

4.1. Efficiency improvements

First, the efficiency of the ejectors was evaluated for the base
design. The ηEJ and χ were calculated for the ORs presented in
Table 1 and then averaged as in the OF4. The average effi-
ciency evaluated by the aforementioned method was
approximately 25%, and the average mass entrainment ratio
was 0.24 for all ejectors.These values were assumed as the ref-
erence ejector performance indicators. Finally, after the
optimisation procedure, the reference values were compared
to the ejector performance of the optimal design. The results
of the comparison are presented in Table 5. Moreover, the im-
provement of the ejector efficiency is highlighted in the table.
The average efficiency improved by 5% compared with that of
the base design. As can be seen, the highest efficiency im-
provement was for EJ2, and the lowest increase was for EJ4.
Consequently, the χ of the optimum ejector shape increased
for all ejectors. Taking into account the high reference ηEJ, the
average efficiency increase of 5% is considered significant. More-
over, the obtained ηEJ increase was notably higher than that
for the mixing section shape optimisation (see Palacz et al.,
2016).

However, to ensure that the optimal design is efficient for
different ORs than that used in the objective function, the ef-
ficiency of the base ejector shape and the optimum ejector
shape was assessed for other 10 ORs. Similar to the ORs used
in the objective function, the operating regimes used for the
verification procedure were captured during the experimen-
tal investigation of the considered ejectors. The range of the
motive nozzle test conditions varied from 74 bar to 98 bar for
pressure and from 26 °C to 38 °C for temperature. Moreover,
five of the selected suction side operating regimes were typical
food storage conditions, whereas the other five were more
typical for air conditioning purposes. The temperature range
for the AC conditions was between 16 °C and 23 °C, and for the
food storage condition, the suction nozzle temperatures ranged
from 0 °C to 10 °C.Therefore, the efficiency of the designed ejec-

tors was assessed for slightly different refrigeration system
configurations.

The improvement of ηEJ for the tested ORs is presented in
Fig. 9. As can be seen, the average increase for all considered
ejectors was 5%. This value is consistent with the efficiency
improvement for the ORs used in the objective function. Con-
sequently, the efficiency increase was the most significant for
EJ2. The average EJ2 ηEJ for the test points before optimisation
was 30.32% and after optimisation, was 36.03%. It is also worth
mentioning that the noted improvements were at a similar level
for the AC conditions and the food storage conditions. Con-
sidering that the efficiency increased for both the OF and all
tested ORs, there was no need to include more ORs into the
OF. In consequence, the optimisation time was lower than that
of Palacz et al. (2016).

5. Conclusions

The developed optimisation procedure can be successfully
applied as a design tool for four CO2 ejectors. These ejectors
were originally designed for a supermarket refrigeration system.
The optimisation of the shape of the ejector nozzles along with
the mixing section resulted in a significant efficiency in-
crease of approximately 6%. Moreover, a verification procedure
was introduced to assess the efficiency improvements for 10
additional test ORs.The verification procedure results showed
an average ηEJ increase of 5.2% for all optimised ejectors.

Six geometrical parameters were considered within the
optimisation procedure. Three of them describe the mixing
section geometry (DMIX, LMIX and LMCH), and the remaining three

Table 5 – Mass entrainment ratio and ejector efficiency for the baseline and the optimised ejector shape.

EJ1 EJ2 EJ3 EJ4

BASE OPT BASE OPT BASE OPT BASE OPT

χ, - 0.23 0.27 0.23 0.28 0.24 0.28 0.25 0.29
ηEJ, % 24.37 30.00 24.85 31.20 25.42 30.87 26.89 31.44
ΔηEJ, % 5.64 6.36 5.45 4.55

Fig. 9 – Efficiency improvements for the tested ORs.
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parameters describe the ejector nozzles (DMN, γDIV and γCON). The
mixing section was extended for all four ejectors; however, the
mixer diameter remained approximately the same as that of
the base ejector shape. Moreover, the motive nozzle diverg-
ing angle increased after optimisation as well as the motive
nozzle outlet diameter. An analysis of the results showed that
the suction nozzle shape had a less significant influence
on the ejector performance than the motive nozzle geometry
and the mixing section geometry.

The CO2 flow fields after optimisation changed notably.The
expansion of the primary fluid occurred much more smoothly
compared with that of the base design. Moreover, a signifi-
cant difference in the velocity and turbulence intensity inside
the mixing section was observed. The turbulence was less
intense inside the optimised device, particularly near the mixing
section walls compared with that of the reference geometry,
which affected the mixing performance and momentum trans-
fer inside this section of the device. As a result, the difference
between the average velocity and maximal velocity inside the
mixing section was smaller for the optimised ejector.

The presented methodology along with the robust, effi-
cient computational tool can be effectively used for ejector
design. In addition, the optimisation results can be obtained
within an acceptable time. Moreover, taking into account the
flexibility and accuracy of the presented computational tool
(ejectorPL), the optimisation procedure can be used for the shape
optimisation of ejectors for various working fluids.
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