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ARTICLE INFO ABSTRACT

Keywords: The cooling industry involves various essential applications, such as food preservation, medicine storage and air
€O conditioning. However, its significant direct and indirect contribution to global warming is bound to increase in
Expansion work recovery years to come, leading to the need for highly efficient cooling units using eco-friendly working fluids. Conse-
Refrigeration system - . A . . L N
PWM quently, carbon dioxide (R744) is achieving resounding success as a refrigerant for various medium- and large-
Transcritical system capacity applications, as some of the available expansion work is recovered with the aid of two-phase ejectors.
Vapour-compression system However, its adoption is being limited for small-capacity solutions (e.g. condensing units) due to the current lack
of a suitable flow modulation technique for two-phase ejectors installed in these units. Therefore, the goal of this
work is to bridge this knowledge gap by formulating and experimentally proving an innovative flow control
mechanism for two-phase ejectors, being based on the pulse-width modulation (PWM) of the refrigerant flow
through the ejector. All the experimental evaluations were carried out at the compressor speed of 50 Hz, water
temperature at the gas cooler inlet of 35 °C and R744 evaporating temperature of about —5 °C.

The first experimental data revealed that the high pressure can be controlled appropriately as well as varied
from about 87 bar to 112 bar, demonstrating the effectiveness of the proposed technique. In addition, the effect
of the muffler volume as well as the PWM period on the ejector and system performance were investigated. It was
found that the influence of both the muffler volume and the PWM period was not significant. Compared to the
solution employing the passive ejector (i.e. without flow modulation technique), the unit with the PWM ejector
presented enhancements in coefficient of performance (COP) by more than 5% at the optimum operation con-
ditions. It is worth mentioning that its today’s available competitors, i.e. needle-based ejector and vortex-based
ejector, feature COP enhancements by 2%-4% as contrasted with the passive ejector. As benchmarked to the
standard unit (i.e. with flash gas by-pass valve and without ejector), the PWM ejector could improve the COP by
more than 10% at the optimal running conditions. Also, the results obtained suggest that at present the proposed
solution should operate with a PWM period of 2 s and no mufflers. Finally, the PWM ejector is characterized by
low cost, simplicity, low vulnerability to clogging and no practical size or application constraints.

years [62]. The need for energy saving in the cooling sector is even more

1. Introduction

The cooling demand is increasing considerably in step with world’s
temperatures as a consequence of global warming effect. Therefore,
refrigeration and air conditioning (AC) solutions featuring high energy
efficiency and ultra-low global warming potential (GWP) working fluids
are considered essential to achieve Paris agreement targets. In a recent
report, it was predicted that the energy efficiency enhancement of the
cooling sector along with the transition to eco-friendly refrigerants
could avoid an amount of greenhouse gas (GHG) emissions about equal
to eight years of global GHG releases at 2018 levels over the next 40
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exacerbated in small-capacity applications (e.g. condensing units). As an
example, small-capacity refrigeration systems (i.e. condensing units) are
responsible for 30%-60% of the total electricity required by small-
format stores (i.e. grocery and convenience stores) [59]. In addition,
grocery and convenience stores are about three times more energy
intensive per sales area than large-format stores (e.g. hypermarkets) on
an annual basis [59].

Thanks to its favourable environmental (i.e. negligible GWP, zero
ozone depletion potential) and safety (i.e. non-toxic, non-flammable)
properties, carbon dioxide is a leading option as a refrigerant (R744) for
various cooling applications, such as chillers [51]), supermarkets [13],
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Nomenclature

Symbols and abbreviations

AC Air conditioning

CFD Computational fluid dynamics

COP Coefficient of Performance [-]

EES Engineering equation solver

EG Ethylene glycol-water (35/65 %) mixture

GHG Greenhouse gas

GWP Global Warming Potential [Kgcqs equAKErefigerant]

h Enthalpy per unit mass [kJ -kg’l]

HFC Hydrofluorocarbon

HVAC&R Heating, ventilation, air conditioning and refrigeration

THX Internal heat exchanger
m Mass flow rate [kg-s’l]
MSV Motive solenoid valve
(0))) Opening degree [%]

P Pressure [bar]

PAG Polyalkylene glycol

PWM Pulse-width modulation

Q Cooling capacity [kW]

s Entropy per unit mass [kJ-kg~1-K™1]
SLHX Suction line heat exchanger

t Temperature [°C]

T Temperature [K]

\Y4 Volume flow rate [m>s!]
W Power [kW]

Subscripts and superscripts

compr  Compressor

diff Diffuser

eg Ethylene glycol-water (35/65 %) mixture
evap Evaporator

gc Gas cooler

in Inlet

m Mass

mn Motive nozzle

out Outlet

sn Suction nozzle

Greek symbols

A Variation

n Efficiency [-]

p Density [kg-m 3]

0] Entrainment ratio [-]

trains [44], light commercial refrigerators [46], air conditioners [6]and
cars [64], in which hydrofluorocarbon (HFC)-based vapour-
compression systems are by far predominant. However, the typical
decline in overall system efficiency with rise in heat sink temperature is
particularly marked for R744 due to the occurrence of transcritical
running modes [5]. For the purpose of surmounting this disadvantage,
many solutions for transcritical R744 vapour-compression systems, such
as parallel compression [58,23], overfed evaporators [28,22], dedicated
mechanical subcooling [52,24], system integration [21,20], gas cooler
effectiveness enhancement [60,61], direct space cooling [17], cold
thermal energy storages [50,33], have been proposed. Also, the signif-
icant heat recovery opportunity attributable to transcritical R744 units
[50] promotes energy saving [49,55], better environmental perfor-
mance [11]and promising payback times [53].

Among the aforementioned solutions, two-phase ejectors for
expansion work recovery are perceived to be the most promising mea-
sure to enhance the performance of transcritical R744 vapour-
compression units [27,54]. Elbel and Lawrence [7] evaluated COP im-
provements between 10% and 30% thanks to two-phase ejectors for
transcritical R744 systems at design operation conditions. As an
example, Nakagawa et al. [47] experimentally measured a maximum
COP enhancement of 27% over a standard transcritical R744 system at
design running modes. However, the benefits deriving from two-phase
ejectors are lost at off-design operation conditions as an appropriate
flow modulation strategy along with an effective expansion work re-
covery is not implemented [35,16,65]. It is worth remarking that the
majority of vapour-compression systems works most of the time at off-
design operations, regardless their application as well as their scale.
Also, transcritical R744 vapour-compression units are characterized by
an optimal heat rejection pressure maximizing the COP with respect to
R744 temperature at the gas cooler outlet as soon as the transcritical
running modes occur [43,34]. Consequently, it is of fundamental
importance for transcritical R744 units that their high pressure is
accurately controlled. This duty is fulfilled by either the high pressure
valve (in standard transcritical R744 systems) or by the two-phase
ejector. As a reference, Nakagawa et al. [47] also experienced COP pe-
nalizations between 34% and 82% as well as 12% degradation in ejector
efficiency at off design conditions (i.e. gas cooler pressure between 12.5
bar and 15.0 bar below optimal value).

1.1. Ejector flow modulation techniques

To the best of the authors’ knowledge, three flow modulation tech-
niques are currently available, i.e. needle-based ejector mechanism
[8,42], multi-ejector concept [26,18] and vortex ejector-based strategy
[65].

As for needle-based ejectors, their motive nozzle efficiency was
found to decrease with reduction in the motive nozzle throat area, while
their motive nozzle throat area and the outdoor temperature were found
to affect their suction nozzle efficiency for refrigeration cycles [39]. The
experimental investigation by Liu and Groll [41] brought to light ejector
motive nozzle, suction nozzle and mixing section efficiencies of
0.50-0.93, 0.37-0.90 and 0.50-1.00, respectively. Liu and Groll [40]
experimentally assessed that the use of the needle-based ejector leads to
more significant COP improvements with decrease in motive nozzle
throat diameter and compressor frequency as well as with rise in out-
door temperature for air conditioners. The experimental work by Liu
et al. [38] showed that a transcritical R744 air conditioner equipped
with a needle-based ejector offers enhancements in COP and cooling
capacity by about 30.7% and 32.1% compared to the conventional unit,
respectively. A transcritical R744 vapour-compression system for con-
current cooling and heating and outfitted with a needle-based ejector
was found to have 71.4% higher COP, whereas the system capacity was
found to be 21.3% lower [37]. He et al. [31] computed 5%-11% lower
mass entrainment ratio (ratio of suction nozzle mass flow rate to motive
nozzle mass flow rate) and similar exergy efficiency compared to the
ejector without flow modulation. The experimental work by Xu et al.
[63] revealed needle-based ejector efficiencies between 0.20 and 0.30 in
heat pump applications. Although this technique has no constraints in
terms of application size, it is significant vulnerable to clogging [35,65],
being particular detriment to small-capacity applications. In addition,
this technique is complicated and costly [35,65]as well as its reliability
is weakened by the presence of moving parts [2]and the absence of
available field data [12].

As regards the multi-ejector block, it was firstly studied by Hafner
et al. [26], who concluded that COP values in cooling mode can be
augmented by 17% in Athens (Greece), 16% in Frankfurt (Germany) and
5% in Trondheim (Norway). Banasiak et al. [1] mapped the efficiencies
of the ejectors installed in a multi-ejector block for supermarket
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Fig. 1. Schematic of the experimental facility.

refrigeration applications. The authors observed that the proposed
expansion work recovery device is capable of appropriately controlling
the high pressure as well as ejector efficiencies above 0.30 over a wide
range of the evaluated running modes were measured. The experimental
investigation by Bodys et al. [3] brought to light that the use of the
multi-ejector block does not result in unstable performance in super-
market applications. Haida et al. [30] experimentally revealed that the
multi-ejector module improves the COP by 7% compared to parallel
compression. Also, ejector efficiencies up to 0.33 were found with
respect to the pressure lift (pressure difference between diffuser outlet
and suction inlet) and the motive and suction conditions. Schonenberger
[56] observed an energy saving between 15% and 25% depending on
the heating need, application and weather context as a consequence of
the use of the multi-ejector concept compared to parallel compression.
The field data presented by Hafner et al. [25] proved that the use of the
multi-ejector concept results in energy consumption decrements ranging
from 15% to 30% in comparison with parallel compression at outdoor
temperatures between 22 °C and 35 °C. Palacz et al. [48] optimized the
mixing section shape of three ejectors mounted in the multi-ejector
module by implementing a computational fluid dynamics (CFD) anal-
ysis. The numerical work by Bodys et al. [4] revealed that the benefits
from swirl flow at the inlet of the motive and suction nozzles are
negligible in terms of mass entrainment ratio enhancement. The per-
formance of four ejectors of the multi-ejector block was mapped by
Haida et al. [29] for refrigeration and air conditioning supermarket
applications. As for heat pump water heaters, Boccardi et al. [2]
experimentally showed the existence of an optimum multi-ejector
configuration. On the one hand, the multi-ejector concept is leading
transcritical R744 refrigeration systems to flourish in supermarkets
[19], even in hot climates [57]. On the other hand, with respect to small-
capacity applications this flow modulation mechanism is too complex
[71, costly [45,65]and limited by manufacturing sizes.

Finally, the vortex ejector-based technique was recently imple-
mented by Zhu and Elbel [65], being simpler, less vulnerable to clogging
as well as potentially cheaper than the needle-based ejector mechanism.
However, at present the vortex ejectors perform similarly to or slightly
worse than the latter [65].

1.2. Scope

The literature review has revealed the need to formulate new flow
modulation strategies for two-phase ejectors installed in small-capacity
transcritical R744 vapour-compression units. Therefore, the target of
this work is to bridge this knowledge gap by establishing the experi-
mental evidence as well as by presenting the first experimental results
related to an innovative flow control mechanism for two-phase ejectors
in a small-capacity transcritical R744 vapour-compression system. The
new flow modulation technique is based on the pulse-width modulation
(PWM) of R744 flow through the ejector. The investigation has been
carried out at the compressor speed of 50 Hz, water temperature at the
gas cooler inlet (twater,ge in) Of 35 °C, ethylene glycol-water (35/65%)
mixture (EG) temperature at the evaporator inlet (tegevap in) of 5 °C,
resulting in R744 evaporating temperature (tevap) of about —5 °C
(typical value for condensing units), and degree of superheating
(ATsyperheating) Of 8 K. Besides the proof of the PWM concept, the influ-
ence of the PWM period as well as that of the presence and volume of
mufflers on the PWM ejector and overall system performance have been
investigated. Furthermore, the performance of the PWM ejector has
been compared to that of the passive ejector (i.e. ejector without flow
modulation technique) as well as to that of the standard solution (i.e.
with flash gas by-pass valve and without ejector).

The work is structured as follows: the experimental facility, the PWM
concept, the test procedure and the uncertainty analysis are described in
Section 2, while the results are presented and discussed in Section 3.
Finally, the conclusions and future developments are summed up in
Section 4.

2. Methodology
2.1. PWM working principle

The PWM concept has been widely used in expansion valves to
control the superheating degree in various heating, ventilation, air

conditioning and refrigeration (HVAC&R) applications. As for expan-
sion valves, this methodology operates as follows:
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Table 1
Primary geometry parameters of the employed two-phase ejector.
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Parameter Value Unit of measurement
Motive nozzle inlet diameter 3.80 mm

Motive nozzle throat diameter 0.71 mm

Motive nozzle outlet diameter 0.79 mm

Motive nozzle converging angle 30.00 °

Motive nozzle diverging angle 2.00 °

Diffuser outlet diameter 7.30 mm

Diffuser angle 5.00 °

within a time period (i.e. PWM period or cycle time) of commonly
3-6 s, a voltage signal from the controller is transmitted to and
removed from the valve coil, leading respectively to the opening and
closing of the valve coil (i.e. to the flow of the refrigerant through the
expansion valve or not);

the appropriate refrigerant flow for matching the required cooling
capacity is provided by varying the relation between the opening and
closing time of the valve coil.

This means that, if the required cooling duty is 70% of the full ca-
pacity, the valve coil will be open for 70% of the PWM period and closed
for the following 30% of the PWM period. As 30% of the full duty is
needed, the valve coil will be open for 30% of the PWM period and
closed for the following 70% of the PWM period. Therefore, the valve
coil provides the full capacity by remaining open over the whole PWM
period. The same concept was applied to the solenoid valve mounted
upstream of the ejector motive nozzle (indicated as MSV in Fig. 1) for the
purpose of controlling the on/off state of the expansion work recovery
device and thus modulate the R744 flow through the ejector. Therefore,
the PWM period of the ejector was optimized by investigating three
different values, i.e. 1 s, 2 s and 3 s. In fact, on the one hand, the PWM
period cannot be too short to avoid deteriorating system stability and
cause spurious system level pressure oscillations. On the other hand, the
PWM period needs to be faster than that of an expansion valve without
compromising the lifetime of the valve.

2.2. Experimental facility

The employed experimental facility (Fig. 1) can be used in either
ejector mode or standard mode (i.e. with flash gas by-pass valve and
without ejector) [32]. The test rig is equipped with an R744 transcritical
semi-hermetic reciprocating compressor with a displacement of 1.12
m>h~! at 1450 rpm and a power analyser, being installed between the
drive and the compressor. Consequently, the losses due to the variable
speed drive in the readings were not considered. Brazed plate heat ex-
changers were employed as the evaporator (0.492 m? of heat transfer
area) and the condenser/gas cooler (0.328 m? of heat transfer area). The
experimental apparatus also presents a suction line heat exchanger
(SLHX), being 50 cm stainless steel tubes tin-soldered together. The
employed two-phase ejector, whose main geometry parameters are
summarized in Table 1, was a 2 kW low pressure lift device. Stepper-
motor expansion valves were used for controlling the intermediate
pressure (in standard mode), the superheating degree of the evaporator
and the high pressure (in standard mode). The refrigerant discharged by
the compressor could flow through: (i) the pipe leading to a small
muffler (volume: 0.8 L), (ii) the pipe bringing to a large muffler (volume:
1.6 L), (iii) the pipe without mufflers or (iv) two or more of them
simultaneously. The path taken by R744 leaving the compressor could
be imposed with the aid of manually active valves. The mufflers were
located between the compressor and the condenser/gas cooler to avoid
trapping high density gas/liquid, resulting in refrigerant charge issues.
The purpose of the buffers was to potentially attenuate the pressure
oscillations generated by the MSV opening and closing (fluid hammer
effect) through the high pressure side (see Section 3.1). Polyalkylene
glycol (PAG) oil was used and its return to the compressor was

Table 2
Accuracies and calibration range of the measurement devices.

Measured Measurement Calibration Unit of Uncertainty

parameter device range measurement

Temperature T-type —20.00 °C +0.13°C

thermocouples to—145.00
R744 pressure Pressure 0.00 to bar +0.13% of
gauges 120.00 full scale

R744 mass Coriolis flow 1.03t05.17  kgmin~! +0.25% of
flow rate on meter reading
high
pressure side

R744 mass Coriolis flow 1.03t05.17  kgmin~! +0.10% of
flow rate on meter reading
intermediate
pressure side

Water Magnetic flow 0.50 to l-min~? +0.40% of
volumetric meter 17.30 reading
flow rate in
gas cooler

EG volumetric Turbine flow 0.50 to l-min~! 0.74% of
flow rate in meter 15.00 full scale
evaporator

Compressor Power meter 0.00 to 6.00 kW 0.10% of
power input reading

guaranteed by means of a by-pass line from the liquid outlet of the
separator to the vapour outlet (compressor suction line). A metering
valve was included in the oil return line. The test rig also presents a
liquid level sensor as well as a 3 L receiver with two sight glasses (i.e. at
top and bottom). A refrigerant charge of about 45% of full capacity
(measured at steady state in ejector mode) was considered in all the
tests. This corresponded to an R744 level at the bottom sight glass,
meaning that enough R744 could be visualized in the receiver during the
whole experimental campaign. The experimental setup is fitted with two
secondary working fluid loops. One loop is employed for handling the
heat removed in the evaporator with the aid of EG, whereas the other is
used for rejecting the heat in the condenser/gas cooler with the aid of
distilled water. Inlet temperature of water flowing through the
condenser/gas cooler and that of EG flowing through the evaporator
were respectively controlled by employing a 3-way mixing valve and a 4
kW electric heater, whereas the flows were controlled with the aid of 2-
way valves. Similarly to the PWM ejector, the electrical heater was
controlled by PWM effect. Ten pressure gauges (all for R744), nineteen
temperatures sensors (fifteen for R744, two for distilled water, two for
EG), two mass flow meters for R744 and one volume flow meter for each
secondary working fluid (one for water and the other for EG), whose
accuracies and calibration range are listed in Table 2, were mounted.
One out of two R744 mass flow meters was installed between the muf-
flers and the condenser/gas cooler. An internal heat exchanger (IHX), i.
e. 100 cm hair-pinned stainless steel tubes tin-soldered together, was
adopted upstream of the evaporator expansion valve to guarantee the
absence of vapour at the inlet of the other R744 mass flow meter on the
intermediate pressure side. Pressure sensors associated with the motive
nozzle, suction nozzle and diffuser pressures were installed directly on
the ejector housing. Also, pressures and flow rates were logged respec-
tively at 1000 Hz and every 0.01 s, whereas temperatures were acquired
every 0.10 s. Finally, the power analyser as well as all the temperature
and pressure sensors were recalibrated accurately before the experi-
mental campaign implementation.

2.3. Test procedure

The investigation was implemented at the compressor speed of 50 Hz
(i.e. nominal value), twater,gc in = 35.0 °C £ 0.5 °C, teyap = -5.0 °C £
0.5°C (i.e. tegevap in = 5.0 °C £ 0.5 °C) to simulate condensing units, and
ATsuperheating = 8.0 K 0.5 K. The selected tiater,gc in iS @ typical value at
which two-phase ejectors are designed [35]. The water mass flow rate
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Table 3
Experimental uncertainties of the calculated
parameters.
Parameter Uncertainty
COP [-] +0.063
Qegevap kW] +0.083
Nejector [-] +0.003
Piife [bar] +0.026
O [-] +0.003

and EG mass flow rate were set to 0.0918 kg-s ™ & 0.0044 kg-s~! and
0.1152 kg-s™! + 0.0004 kg-s~!, respectively. Steady states were ob-
tained as all the temperatures were recorded within + 0.2 °C for 60 s.
The data were logged for 5 consecutive minutes and averaged over the
collection period. The repeatability of the collected data was evaluated
to be within 2%. Minilog was mainly used to control/monitor the test
rig, whereas data acquisition was performed by using LabView 2016 and
National Instruments cDAQ modules.

The COP was computed by considering the heat from the EG side and
the measured compressor power (Eq. (1)).
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COP — Qeg‘evap _ Veg '/)gg'(heg,evapin - heg,eva/mut)
Wcompr

@

compr

The mass entrainment ratio and the pressure lift were calculated via
Egs. (2) and (3), respectively.

@, = ©)
mmn
Piitc = Pipour — Pinin 3)

Also, the definition of ejector efficiency formulated by Elbel and
Hrnjak [8] (Eq. (4)) was employed for investigating the performance of
the expansion work recovery device.

h(P diffout » S \'nin) — Ngpin
hmnin - h(Pdiff(mu Smnin)

4

”q/’ecmr - m*

2.4. Uncertainty analysis

The uncertainty analysis, whose results are summarized in Table 3,
was carried out by employing Engineering Equation Solver (EES) [9].
The thermo-physical properties of R744, water and EG were obtained
from REFPROP [36] during the data reduction process. Finally, it was
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Fig. 3a. COP as a function of high pressure and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, ATsyperheating = 8 K).
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Fig. 3b. COP as a function of MSV opening degree (OD) and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsyperheating = 8 K).
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Fig. 4a. Ejector efficiency as a function of high pressure and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsuperheating = 8 K).

found that the maximum discrepancy regarding the heat balance be-
tween R744 and the secondary fluids were within 3% in the evaporator
and within 5% in the gas cooler.

3. Results and discussion
3.1. Proof of concept and influence of PWM period

The influence of the opening degree (OD) of the MSV on the motive
nozzle pressure (from sensor indicated as P8 in Fig. 1), suction nozzle
pressure (from sensor indicated as P9 in Fig. 1) and diffuser outlet
pressure (from sensor indicated as P10 in Fig. 1) pressure is showed by
using Figs. 2a—2e for the case based on PWM period = 2 s and no muf-
flers. The other pressures were not included (i) not to compromise the
clarity of Fig. 2a-2e as well as (ii) they did not affect the conclusions
drawn in this Subsection. It is important to highlight that the OD in-
dicates the percentage of time during which MSV is open over the
selected PWM period. For instance, OD = 90% refers to the case in which
MSV is closed for 10% of the PWM period, whereas it is open for the
remaining 90% of the PWM period. As shown in Fig. 2a, the PWM effect
led to three consequences: (i) the occurrence of pressure oscillations on
the high pressure side as the MSV opens and closes (fluid hammer ef-
fect), (ii) high pressure decrease and increase as the MSV opens and

0.25

0.20

0.15

Ejector efficiency [-]

closes and (iii) increase of the suction pressure as the MSV closes
resulting in the equalization with the diffuser (receiver) pressure. The
lower the OD, the more evident the second and third consequences
appear. A small decay of the diffuser outlet pressure occurs as the MSV
closes and is thought to take place due to the frictional and accelera-
tional pressure drop between the diffuser and the receiver. Likewise, the
suction pressure and receiver pressure could equalize possibly through
the expansion device, as the check valve on the ejector suction is thought
to close completely at similar speeds as the MSV. However, despite the
aforementioned pressure equalizations, Fig. 2a-2d reveal that a pressure
lift above 4 bar is provided, while Fig. 2f shows that the refrigerant is
still drawn from the intermediate pressure. This means that the advan-
tage of having the ejector is largely prevailing with small inefficiency for
bringing the suction pressure down during the opening. In addition, a
pressure drop between the evaporator outlet and the ejector suction
nozzle was found (Fig. 2f).

The influence of the high pressure and that of OD on COP at different
PWM periods (i.e. 1 s, 2 s and 3 s) and no mufflers are depicted in Fig. 3a
and 3b, respectively. It was brought to light that the high pressure can be
risen from 87.4 bar (OD = 100%, i.e. passive ejector) to 102.9 bar (OD =
30%) at PWM period = 1 s, from 87.4 bar (OD = 100%, i.e. passive
ejector) to 112.4 bar (OD = 30%) at PWM period = 2 s and from 87.4 bar
(OD = 100%, i.e. passive ejector) to 105.9 bar (OD = 40%) at PWM

FPWM period = 1 s, No muffler
PWM period = 2 s, No muffler
49PWM period = 3 s, No muffler]

OD [%]

Fig. 4b. Ejector efficiency as a function of MSV opening degree (OD) and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, ATsuperheating

=8K).
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Table 4

Influence of PWM period on COP, cooling capacity and ejector efficiency at the
optimal operating condition (compressor speed = 50 Hz, twater,gc in = 35 °C, teg,
evap in = 5°C, ATsuperheating =8 K).

Scenario COP Qeg,evap Nejector
[-1 [kW] [-]

PWM ejector with PWM period =1sandno  1.672 2.187 0.241
mufflers

PWM ejector with PWM period =2sandno  1.674 2.194 0.240
mufflers

PWM ejector with PWM period = 3sandno  1.672 2.203 0.231
mufflers

period = 3 s. In case of PWM period = 2 s the highest gas cooler pressure
was greater than that offered by both PWM period = 1 s and PWM
period = 3 s. The former result was due to the need for OD < 30% to
achieve high pressures above 112.4 bar. The latter outcome was a
consequence of the presence of a safety device limiting the high pressure
to 115 bar. Furthermore, the best COP values were achieved, i.e. about
1.67 at OD = 80% for all three evaluated PWM periods. The slight dif-
ferences in COP revealed in Fig. 3a and 3b could be related to the

4.0
3.5

3.0

[bar]

2.5

2.0

compr out

AP

0.5
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enhancement in heat transfer within the heat exchangers as a conse-
quence of the refrigerant pulsation. However, this needs to be shown by
implementing an advanced simulation model (validated against exper-
imental data) involving the dynamic behaviour of both the ejector and
the system. It could be stated that the PWM ejector can control the gas
cooler pressure, allowing a vapour-compression cooling unit to accom-
plish the best COP in transcritical operating conditions regardless of the
selected PWM period. The difference in optimal value under the
different selected PWM periods highlighted in Fig. 3a and 3b is believed
to be a consequence of the transient thermodynamic state upstream of
the motive nozzle as both pressure and temperature are unsteady as well
as of the measurement equipment accuracy/calculated parameter
experimental uncertainties.

The effect of high pressure and that of OD at the three selected PWM
periods on the ejector efficiency, which was calculated by considering
the pressure at the sensors mounted directly on the ejector housing, are
presented in Fig. 4a and b, respectively. The results obtained suggest
that at the optimum running modes the PWM ejector efficiencies could
achieve the values of 0.241 for PWM period =1 s, 0.240 for PWM period
= 2 s and 0.239 for PWM period = 3 s, whereas it was equal to 0.235 for
the passive ejector (OD = 100%). In Fig. 4a and b it is also highlighted

#*PWM period = 1 s, No muffler|
PWM period = 2 s, No muffler|
4$PWM period = 3 s, No muffler

85 90 95

100

High pressure [bar]

Fig. 5a. Maximum difference between the highest and the lowest value of pressure (APcompr out) OVer 10 s for the sensor between the compressor discharge and the
mufflers as a function of high pressure and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsyperheating = 8 K).

4.0

35

3.0

[bar]

2.5

2.0

compr out

AP

#PWM period = 1 s, No muffler
PWM period =2 s, No muffler|
4 PWM period = 3 s, No muffler|

OD [%]

Fig. 5b. Maximum difference between the highest and the lowest value of pressure (APcompr out) OVer 10 s for the sensor between the compressor discharge and the
mufflers as a function of opening degree (OD) of MSV and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsuperheating = 8 K).



P. Gullo et al.

|bar]|

mn in

AP

Energy Conversion and Management 237 (2021) 114082

s
6
sk
4k
35
2
[ #*PWM period = 1 s, No muffler
[ ©PWM period = 2 s, No muffler|
1- <9 PWM period = 3 s, No muffler|
ol | | | | | J
85 90 95 100 105 110 115

High pressure [bar]

Fig. 6a. Maximum difference between the highest and the lowest value of pressure (APyy in) over 10 s for the sensor upstream of the ejector motive nozzle as a
function of high pressure and PWM period (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsuperheating = 8 K).
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Fig. 6b. Maximum difference between the highest and the lowest value of pressure (AP, in) over 10 s for the sensor upstream of the ejector motive nozzle as a
function of MSV opening degree (OD) and PWM period (compressor speed = 50 Hz, tyater,ge in = 35 °C, tegevap in = 5 °C, ATsuperheating = 8 K.
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Fig. 7. COP at tyater,gc in Of 35 °C as a function of high pressure, PWM period and muffler size (compressor speed = 50 Hz, teg evap in = 5 °C, ATsuperheating = 8 K.
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Fig. 8. Ejector efficiency at twater,gc in Of 35 °C as a function of high pressure, PWM period and muffler size (compressor speed = 50 Hz, teg evap in = 5 °C, ATsuperheating

=8K).

Table 5

Influence of PWM period and muffler size on COP, cooling capacity and ejector
efficiency at the optimal operating condition (compressor speed = 50 Hz, tyater,
ge in = 35 °C, teg,evap in=5°C, ATsuperheating =8K).

Scenario COP ch‘mp [kW] Nejector
[-1 [-]

PWM ejector with PWM period = 1 s and 1.651 2171 0.241
small muffler

PWM ejector with PWM period = 2 s and 1.660 2.172 0.248
small muffler

PWM ejector with PWM period = 2 s and 1.665 2.197 0.239
large muffler

PWM ejector with PWM period = 3 s and 1.660 2.175 0.242
small muffler

PWM ejector with PWM period = 3 s and 1.673 2.197 0.243
large muffler

PWM ejector with PWM period = 3 s and 1.678 2.203 0.244

small + large muffler

that the PWM ejector efficiencies are lower than those measured in a
laboratory [10]. However, these values were actually underestimated,
since they were averaged over the whole data collection period, i.e.

including the period during which the diffuser outlet and the suction
nozzle pressure equalized. In addition, the cooling capacity with respect
to the high pressure and MSV opening degree at different PWM periods
is presented in Appendix A.

The results summarized with the aid of Table 4 highlight that the
most suitable PWM period could not be selected on the basis of the COP
and PWM ejector efficiency alone. However, high pressure perturbations
were found at low ODs, which are typically an unwanted instability. The
maximum difference between the highest and the lowest value of pres-
sure (APcompr our) Over 10 s for the sensor installed between the
compressor discharge and the mufflers (P1 in Fig. 1) and that (APmpp in)
for the pressure sensor mounted upstream of the ejector motive nozzle
(P8in Fig. 1) are depicted in Figs. 5a and 5b, Figs. 6a and 6b. The figures
show that the maximum pressure difference increase significantly with
increasing PWM period and decreasing OD. Furthermore, larger pres-
sure differences were found close to the MSV (AP, in). The maximum
pressure differences were above 5.5 bar for the investigated PWM pe-
riods at the lowest OD. Finally, the transient variation of R744 mass flow
rates as a function of PWM period is described in Appendix B with the
aid of the case involving OD = 60%.

115
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Fig. 9. Maximum difference between the highest and the lowest value of pressure (APcompr out) OVer 10 s for the sensor between the compressor discharge and the
mufflers as a function of high pressure, PWM period and mulffler size (compressor speed = 50 Hz, twater,gc in = 35 °C, tegevap in = 5 °C, ATsuperheating = 8 K).
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Fig. 10. Maximum difference between the highest and the lowest value of pressure (AP, in) over 10 s for the sensor upstream of ejector motive nozzle (compressor

speed = 50 Hz, twater,gc in = 35 °C, teg,evap in=15"°C, ATsuperheating =8 K).
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Fig. 11. Example of MSV closing delay visualization.

3.2. Influence of muffler volume

The influence of the muffler volume was investigated by the phi-
losophy that larger buffers were necessary for higher PWM periods. Six
additional experimental scenarios were measured at various ODs:

. PWM period = 1 s and adoption of a small muffler (i.e. 0.8 L);

. PWM period = 2 s and adoption of a small muffler (i.e. 0.8 L);

. PWM period = 2 s and adoption of a large muffler (i.e. 1.6 L);

. PWM period = 3 s and adoption of the small muffler (i.e. 0.8 L);

. PWM period = 3 s and adoption of the large muffler (i.e. 1.6 L);

. PWM period = 3 s and adoption of the small muffler and the large
one simultaneously (i.e. 2.4 L).

U A WN

The COP and the ejector efficiency for all the investigated cases are
presented in Figs. 7 and 8, respectively. The results showed in Fig. 7 and
Table 5 revealed that the COP values are not influenced by both the
PWM period and the muffler volume considerably, being the difference
in COP negligible for all the investigated cases. This means that the PWM
ejector can appropriately control the gas cooler pressure, allowing a
small-capacity unit to attain the best COP in transcritical regime
regardless the selected PWM period and muffler volume. Similarly to the

12

COP, Fig. 8 and Table 5 suggest that the ejector efficiency were not
affected by the PWM period as well as the muffler volume substantially.

The results in terms of APcompr out and APy, in, Which are respectively
shown in Figs. 9 and 10, reveal the negligible influence of the muffler
presence. It is worth remarking that in all the investigated cases, it was
experienced that, regardless the PWM period, the adoption of muffler or
not as well as the size of the possible adopted muffler:

e the PWM ejector can control the high pressure effectively;

e despite the pressure equalization mentioned above, the compressor
draws the refrigerants from the intermediate pressure rather than
from the low pressure.

An important consideration, which needs to be mentioned, is the
delay in MSV closing as the PWM signal switched from ON to OFF. These
results can be visualized with the aid of Fig. 11, in which the case
involving OD = 60%, PWM = 2 s and no mufflers is reported. At the x-
axis value in Fig. 11 of about 3 s, the PWM signal is OFF and thus MSV
was supposed to be closed. However, Fig. 11 and Table 6 reveal that
MSV had a delay in closing of about 0.13 s. This means that, on the one
hand, MSV was supposed to be open for 60% (i.e. 1.20 s) of the PWM
period (i.e. 2.00 s) and closed for the following 40% (i.e. 0.80 s) of the
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Table 6

Delay (in seconds) in MSV closing as a function of PWM period and muffler size
(Compressor SPeed =50 Hz, twater,gc in =35 °C, teg,evap in=5°C, ATsuperheatiwg =
8 K).

OD =
90%

OD =
80%

OD =
70%

OD =
60%

OD =
40%

OD =
30%

Scenario

PWM ejector with
PWM period =1 s
and no mufflers

PWM ejector with
PWM period =1 s
and small muffler

PWM ejector with
PWM period =2 s
and no mufflers

PWM ejector with
PWM period =2 s
and small muffler

PWM ejector with
PWM period =2 s
and large muffler

PWM ejector with
PWM period = 3 s
and no mufflers

PWM ejector with
PWM period = 3 s
and small muffler

PWM ejector with
PWM period = 3 s
and large muffler

PWM ejector with
PWM period = 3 s
and small + large
muffler

0.09 0.11 0.12 0.14 - 0.17

0.09 0.10 0.11 0.12 -

0.08 0.10 0.11 0.14 - 0.18

0.08 0.09 0.10 0.13 - 0.18

0.07 0.10 0.11 0.14 - 0.20

0.07 0.09 0.11 0.12 0.16 -

0.07 0.08 0.11 0.12 0.17 -

0.07 0.10 0.11 0.13 0.17 -

0.07 0.10 0.11 0.13 0.17 -

PWM period (i.e. 2.00 s). On the other hand, it was actually experienced
that MSV was open for about 66.5% (i.e. about 1.33 s) of the PWM
period (i.e. 2.00 s) and closed for about the following 33.5% (i.e. about
0.67 s) of the PWM period (i.e. 2.00 s). This can explain the reason why
the high pressure did not vary significantly at high OD of MSV (see for
example Fig. 3a) for which even a small delay in MSV closing could
significantly affect the control of this parameter. It is also possible to
notice in Table 6 that the delay mentioned above increased with
decrease in OD. This was found to be more depending on the OD rather
than on the PWM period, leading the case relying on PWM period =1 s
to be more influenced by the delay in MSV closing. As an example,
considering the scenarios involving OD = 90% and no mufflers, the
actual OD was 99.0% for PWM period = 1 s, 94.0% for PWM period =2's
and 92.3% for PWM period = 3 s. As for the case relying on PWM period
= 35, this was found to offer similar values of COP and ejector efficiency
to the cases based on PWM period = 2 s. However, the latter was
characterized by lower pressure fluctuations on the high pressure side,
offering higher ejector and system lifetime. Therefore, taking into ac-
count that no mufflers are usually mounted in small-capacity solutions,
it can be claimed that the PWM ejector in the employed test rig should
operate with a PWM period of 2 s and without mufflers. As additional
remarks, it is thought that in large-capacity applications the use of
mufflers could also be avoided as a consequence of the adoption of larger
heat exchangers (e.g. display cabinets and air-cooled gas coolers), which
should dampen the fluctuations resulting from the PWM effect. As
regards the PWM period, the authors think that at this stage it is difficult
to generalize the results regarding an optimal PWM period, as it is
needed to implement a control system tailored to the PWM ejector with
respect to the operating conditions (e.g. eliminating the delay in MSV
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closing).

In addition, initial verification of the concept was performed without
considering the effect of both the PWM period and the muffler volume
[14,15]. Nevertheless, in the present work the PWM period and the use
of mufflers were not considered at heat sink temperatures above 35 °C,
since these running modes occur much less frequently in condensing
units operating in the European climate context. Also, the selection of
the PWM period of 2 s and no mufflers would have been suitable for heat
sink temperatures below 35 °C too, as at these running modes the phe-
nomena described in Subsection 3.1 would have been less noticeable
[15]. This means that the PWM period would have been chosen on the
same basis as in the present work as well as the use of mufflers would
have been unnecessary. Such a conclusion can be extended to the cases
involving higher evaporation temperatures, as showed by Gullo [14].
However, the results presented by Gullo et al. [15] and Gullo [14] were
obtained using a less instrumented and well-defined test system, whose
quality and accuracy needed to be enhanced. The results described in the
present work were collected after recalibrating/replacing the experi-
mental equipment meticulously.

3.3. PWM ejector vs. Passive ejector vs. Standard mode

In this Subsection the performance of the standard solution (i.e. with
flash gas by-pass valve and without ejector), the system with passive
ejector (i.e. without flow modulation) and the unit with PWM ejector are
compared at compressor speed = 50 Hz, twater,gc in = 35 °C, teg,evap in =
5 °C and ATgyperheating = 8 K. The high pressure of the standard solution
was varied between about 80 bar and 98 bar in order to evaluate the
maximum COP value, which was found to be about equal to 1.51 (ob-
tained at roughly Pg. = 90.9 bar), leading to a cooling capacity of about
1.94 kW. Also, its intermediate pressure was set to 35 bar. As for the
system with passive ejector, at the aforementioned running modes COP,
cooling capacity and ejector efficiency were 1.60, 2.07 kW and 0.235,
respectively. In accordance with Tables 4 and 5, the unit with PWM
ejector was capable of enhancing COP and cooling capacity respectively
by up to about 10.8% and 13.4% compared to the standard solution. As
the unit with PWM ejector was benchmarked to the system with passive
ejector, it was found that the new solution offered improvements of
cooling capacity, COP and ejector efficiency above 6%, 5% and 6%,
respectively. It is worth remarking that its today’s available competitors,
i.e. needle-based ejector and vortex-based ejector, present COP en-
hancements by 2%-4% in comparison with the passive ejector [35,65].
In particular, the PWM ejector involving the PWM period = 2 s and no
mufflers featured enhancements in COP by 9.7% compared to the
standard solution and by 3.9% over the system with passive ejector.

4. Conclusions and future developments

Small-capacity transcritical R744 vapour-compression systems (e.g.
condensing units) outfitted with two-phase ejectors are thought to be
key elements for a zero-carbon future. However, at present condensing
units cannot benefit from the energy advantageous offered by two-phase
ejectors, since the flow modulation of these expansion work recovery
devices cannot be effectively implemented in small-capacity applica-
tions. Therefore, in order to bridge this knowledge gap an innovative
flow modulation mechanism has been proposed and investigated. The
new technique is based on the pulse-width modulation (PWM) of R744
flow through the ejector. The proposed methodology features low cost,
simplicity and low vulnerability to clogging. The study has involved the
assessment of the advantageous deriving from the presence of mufflers
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having different size (0.8 L, 1.6 L, 2.4 L) as well as from various PWM
periods (1s,2s, 3 s).

At the compressor speed of 50 Hz, water temperature at the gas
cooler inlet of 35 °C and R744 evaporating temperature of about —5 °C,
the gathered experimental data show that the high pressure can be
controlled properly as well as augmented from about 87 bar to 112 bar,
proving the effectiveness of the proposed mechanism. In addition, the
results obtained have suggested that the performance of both the PWM
ejector and the system is not affected by the PWM period as well as the
installation of mufflers is not required. Therefore, the results obtained
suggest the adoption of a PWM period of 2 s, being the case involving
PWM period of 1 s affected by a delay in motive solenoid valve closing
more significantly and that relying on PWM period of 3 s characterized
by higher pressure fluctuations. It is important to highlight that the use
of mufflers could be avoided in large-capacity applications as well,
whereas at this stage it is challenging to generalize the outcomes asso-
ciated with the optimum PWM period. Compared to standard solution (i.
e. with flash gas by-pass valve and without ejector), the solution with
PWM ejector can enhance COP and cooling capacity by up to about
10.8% (by 9.7% with PWM period = 2 s and no mufflers) and 13.4%. As
the system with passive ejector (i.e. without flow modulation) is selected
as the baseline, the proposed solution can improve COP and cooling
capacity by above 5% (by 3.9% with PWM period = 2 s and no mufflers)
and 6%. It is worth observing that its today’s available competitors, i.e.
needle-based ejector and vortex-based ejector, offer COP improvements
by 2%-4% compared to the passive ejector. Also, the investigated so-
lution can be further enhanced by implementing a detailed simulation
model (validated against experimental data) describing the dynamic
behaviour of both the ejector and the system. Further benefits could be
obtained by implementing a control system tailored to the PWM ejector
with respect to the operating conditions so as to maximize the COP all
year round. Finally, although the PWM working principle has been
thought for small-capacity vapour-compression systems, it has no
practical size or application constraints.

As future work, it is needed to:

e study the effect of the compressor speed and water temperature at
the gas cooler inlet on the performance of both the PWM ejector and
the overall system;

e investigate the potential energy benefits of the PWM ejector in air
conditioning units;

e quantify the energy advantageous deriving from the adoption of
overfed evaporators;
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e investigate the potential energy benefits of the PWM ejector in
subcritical and transition regime.
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Appendix A

The effect of the high pressure and that of the MSV opening degree
(OD) on the cooling capacity (see numerator of Eq. (1)) at different PWM
periods (i.e. 1 s, 2 s and 3 s) are presented in Figs. A.1 and A.2,
respectively. In the selected example, no mufflers were taken into
account.

It was observed that the cooling capacity can be increased from 2.07
kW at 87.42 bar (OD = 100%, i.e. passive ejector) to 2.19 kW at 88.77
bar (OD = 80%) for PWM period = 1 s, from 2.07 kW at 87.42 bar (OD =
100%, i.e. passive ejector) to 2.19 kW at 89.39 bar (OD = 80%) for PWM
period = 2 s and from 2.07 kW at 87.43 bar (OD = 100%, i.e. passive
ejector) to 2.20 kW at 90.35 bar (OD = 80%) for PWM period = 3 s. A
decreasing trend was assessed at OD > 70%, leading to a cooling ca-
pacity of 2.06 kW at OD = 30% for PWM period = 1 s, of 1.94 kW at OD
= 30% for PWM period = 2 s and of 2.05 kW at OD = 40% for PWM
period = 3 s. The experienced behaviour is consistent with the experi-
mental measurements collected by Elbel and Hrnjak [8].
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Fig. Al. Cooling capacity as a function of high pressure and PWM period (comﬂ‘essor speed = 50 Hz, twacer,gc in = 35 °C, tegevap in = 5 °C, ATsyperheating = 8 K).
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Fig. A2. Cooling capacity as a function of MSV opening degree (OD) and PWM period (compressor speed = 50 Hz, tyater,gc in = 35 °C, tegevap in = 5 °C, ATsuperheating
= 8K).
Appendix B intermediate pressure side was found to behave similarly to the suction

The transient variation of R744 mass flow rates at PWM period of 1 s,
2 s and 3 s for the case involving the MSV opening degree (OD) of 60% is
presented in Figs. B.1, B.2 and B.3, respectively. As showed in Fig. B.1,
both the R744 mass flow rate measured by the mass flow meter at the
high pressure side (see Fig. 1) and the R744 mass flow rate measured by
the mass flow meter at the intermediate pressure side (see Fig. 1) are not
affected significantly by the pulsation of the refrigerant flow through the
ejector. However, for the case involving PWM period = 2 s (see Fig. B.2)
the R744 mass flow rate measured by the mass flow meter at the

pressure (see Fig. 2d) as the motive solenoid valve closes. This is thought
to be a consequence of the increase in suction pressure resulting from the
motive solenoid valve closing. Finally, the case based on PWM period =
3 srevealed that the transient variation of both R744 mass flow rates are
influenced considerably by the pulsation of the refrigerant flow through
the ejector. This is believed to be the result of the substantial pressure
fluctuations on the high pressure side (see Fig. 5a and b) as well as of the
increment in suction pressure as the motive solenoid valve closes (see
Fig. 2d).
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Fig. B1. Transient variation of R744 mass flow rates at PWM period of 1 s, MSV opening degree (OD) of 60% and without mufflers (compressor speed = 50 Hz, tyaer,

ge in = 35°C, teg,evap in=5"°C, ATsuperheating =8 K).
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Fig. B2. Transient variation of R744 mass flow rates at PWM period of 2 s, MSV opening degree (OD) of 60% and without mufflers (compressor speed = 50 Hz, tyaer,
gcin = 35°C, teg,evap in=5"°C, ATsuperheating =8 K).
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Fig. B3. Transient variation of R744 mass flow rates at PWM period of 3 s, MSV opening degree (OD) of 60% and without mufflers (compressor speed = 50 Hz, tyaer,
gcin = 35°C, teg,evap in=5"°C, ATsuperheating =8 K).
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