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Abstract. One of possibilities of reduction of F-gas emission is application of low grade heat to drive the

refrigeration systems as well as application of natural or low warming impact working fluids. The own
experimental investigation of the ejection refrigeration system operating with refrigerant R-1234z¢E are
presented and discussed. The system is driven with low grade heat source of temperature below 70°C and

thermal capacity approximately 90 kW. The experiments covered the effect of condensation, evaporation
and generation temperatures on the capacity and thermal efficiency of the ejection refrigeration system
operating for the air-conditioning purposes. Obtained results demonstrated that the proposed system may be
thought as the promising heat driven refrigeration system with application of low grade motive heat sources.

1 Introduction

Buildings are responsible for about 30-45% of the global
energy demand. The use of air conditioners and electric
fans accounts for about a fifth of the total electricity in
buildings around the world — or 10% of all global
electricity consumption [1]. Over the next three decades,
the use of ACs is set to soar, becoming one of the top
drivers of global electricity demand [1]. Therefore, this
sector has become an important target for reducing
carbon emissions and energy consumption, because of
its relevance in all these important areas [2].
Cogeneration is one of the possible way to increase the
efficiency of electric energy production. While the
production of electricity and heat can be conducted in an
efficient manner during the heating season due to sale of
the heat for the heating systems, utilization of combined
production of electricity and heat decreases in summer
due to the low demand for heat. This means that the
solution for increasing the share of electricity produced
in cogeneration is to develop effective ways of managing
of the district heat during the summer. This heat is used
for domestic tap water heating mainly, which involves
not only the small amount of heat that is supplied to the
heating system, but also the low or even very low
parameters. These conditions may be thought as
potentially suitable for the application of the ejection
refrigeration system.

In ejection refrigeration system (Fig. 1) instead of
pressurising the refrigerant by a mechanical compressor,
an ejector compresses refrigerant vapour flowing from
the evaporator and discharges it to the condenser. The
motive vapour is generated in the vapour generator
which is heated by low-temperature heat source. This
paper presents development of refrigeration system
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equipped with vapour ejector operating with
environmentally friendly new refrigerant HFO-1234zeE.
Selection of this fluid was based on the comprehensive
analysis of the working fluids for the ejector system with
respect to Regulation of the European Parliament and the
EU Council No. 517/2014 enacted on April 16th, 2014
[3,4]. It was shown by several researchers that ejection
system can effectively operate with various natural and
low warming impact synthetic refrigerants [5-8].
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Fig. 1. Schematic of the ejector refrigeration system:

O, - motive heat, O - cooling capacity, Q.- condenser

capacity, n, - primary (motive) mass flow rate, m, -
secondary (sucked in by ejector) mass flow rate, m - sum of
11’1.g and 1, , 1,2,...- thermodynamic state of working fluid.

Ejection refrigeration systems have been extensively
investigated numerically and experimentally in recent
years. The most comprehensive state-of-the-art study
recent on ejection technology was presented by Chen et
al. [9]. Besagni et al. [10] presented review on ejection
refrigeration. These reviews gave all detail information
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on ejector working principles, selection of the working
fluids and ejection refrigeration technology as well.
Elbel and Lawrence [11] presented review focused on
ejectors applied for work recovery.

Butrymowicz et al. [12] presented the first

experimental results of the ejector refrigeration system
operating with isobutane driven by low grade heat
source. Results presented in [12] showed that it is
possible to use the ejection refrigeration system driven
by heat gained from the district heat distribution
network. During summer season the temperature of hot
water is below 70°C, and sometimes even below 65°C.
This means that application of the ejection refrigeration
system may be thought as an effective solution for the
production of chilled water for the air-conditioning with
cooperation of the district heating system. The motive
heat for the ejection system can be gained directly from
the district heating system. This is much more attractive
way for production of chilled water in terms of
application because it allows for utilisation of low
temperature heat during summer season for the air
conditioning purposes.
In this paper the own investigation of the ejection
refrigeration system operating with HFO group
refrigerant R-1234zeE have been presented and
discussed. It was shown by the authors in [13] that the
ejection air-conditioning system driven by solar heat can
effectively operate with low warming impact refrigerant
R-600a (isobutane). However, isobutane is classified as
explosive, therefore it might be considered as dangerous
in large commercial refrigeration and air-conditioning.
Here, ejection-based refrigeration system with safe R-
1234z¢eE driven by low temperature heat source of app.
90 kW capacity is presented.

2 Methodology and apparatus

Experiments covered various operation parameters. For
all of the runs the generator and the evaporator
temperatures were kept constant, and condensation
temperature was a variable parameter. The average
operation parameters with deviations for the system are
listed in Table 1, and separately for the ejector in Table
2.

The experimental rig presented in Fig. 2 was build
and instrumented for operation with R1234zeE. The
main elements of the rig are listed in the figure caption.
The geometry of the test ejector is presented in Fig. 3.
The testing stand was equipped with the temperature
sensors and pressure transducers marked in Fig. 3 as
(RTD) and (P), respectively, installed at the critical
locations and other locations of interest. Pressure
transducers of accuracy 0.25% of the full range were
used during the experiments. The pressure transducer of
0-2.5 MPa scale was used to measure the motive stream
parameters and 0-1 MPa were used at the other locations.
The RTD temperature sensors (Pt100) of the accuracy
0.20% of measured value were applied for the
experiments. The Coriolis mass flow meters of the
accuracy 0.15% of measured value were used. COP

measurement error was calculated by means of the total
derivative approach.

The test rig was equipped with additional loops: the first
for the thermal load for the evaporator and the second
one for the condenser cooling. These systems allow for
adjustment of the refrigerant flow rates as well as for
changes of operation parameters in the wide range. The
condenser cooling system was equipped with an
automatically controlled dry cooler. The thermal load
system was equipped with automatically controlled
electrical heater. Both systems are fully instrumented
with transducers for measurement of temperatures,
pressures and flow rates with high accuracy. The rig is
equipped with control valves enabling the adjustment of
the operation parameters of the motive vapour at the
inlet to the motive nozzle of the ejector.
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Fig. 2. Schematic of the testing stand: vapour generator (G);
condenser (C); evaporator (E); ejector (EJ); refrigerant pump
(P); regenerative heat exchanger (R); throttling valve (M);
RTD — temperature sensor, p — pressure transducer, FM — flow
meter.

During the experiments the electrical heaters thermal
capacity was controlled to maintain the required
saturation condition in the vapour generator. The stand is
also equipped with control valves enabling the
adjustment of the operation parameters of the motive
vapour at the inlet to the motive nozzle of the ejector.
The diaphragm pump HYDRA-CELL with 3 kW/700
RPM motor was used as the liquid refrigerant pump.

The ejector was designed and manufactured for the
nominal operation conditions assumed as tyg; = 60°C,
tesat = 0°C. The operation conditions of the first test runs
(marked in tables as run No. 1) are very close to the
nominal operation conditions, i.e. tg s 58°C,
tersaa = 0°C. For the second run (run No. 2) the
evaporation temperature was increased tpg = 6°C,
te st = 58°C, and the third run (run No. 3) corresponds to
the ultra-low motive parameters, i.e. tyq = 48°C and
tessae = 7°C. For all of the runs an average superheating
of the motive vapour was 5 - 6 K, therefore, the motive
temperature was lower than 65°C, and it was even below
55°C for run No. 3. Such low motive temperature makes
this system unrivalled in the use of low temperature heat
sources.
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Fig. 3. Schematic of the tested ejector with dimensions in mm.

Under this range of the heat sources the motive
temperature the ejection cycles can be considered to be
genuinely competitive with absorption and adsorption
refrigeration systems. The condensation temperature and
corresponding saturation pressure was varied by means
of control of the cooling conditions of the condenser,
i.e., the mass flow rate of the cooling water was changed
for every measurement point. For most the cases of the
operation of the refrigeration system the motive source
temperature and evaporation temperature are fixed. The
condensation temperature is a function of the cooling
fluid temperature which can vary in time, and therefore
the assumed type of settings of the operation conditions
may be thought as adequate for the actual operation of
the ejection system.

For the ejector applications, the entrainment ratio is the
most important parameter used to describe the ejector
performance. Commonly, the entrainment ratio is
defined as:

U=—, (1)

where: 7, m, are the primary (motive) and the

secondary fluid mass flow rates, respectively.

The performance of the ejector system may be also
presented by the relationship between the compression
ratio versus mass entrainment ratio, II. The
compression ratio in this paper is thought as ratio of
compression produced by ejector, p.p,., and the motive
pressure difference pg-p.. Therefore, compression ratio is
defined as:

=L le @)
P, —P.
where p. is condensation pressure, p, — vapour

generation pressure, p, — evaporation pressure.

Another parameter describing the ejection system
efficiency is the coefficient of performance COP. The
COP is calculated as the ratio of the cooling capacity to
the motive energy delivered to the system. In the ejection
systems the motive power is the sum of the motive heat
and electrical power consumed by the liquid pump Pp:
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0(0) =.L, 3)
0, +P
where thermal capacities of heat exchangers were
calculated as the product of the mass flow rate of
refrigerant and the change of the specific enthalpy
between the both sides of the heat exchangers:

O, =m,(h,—h,), @)
Qg = mg (hg,u - hg,i) : (5)

Table 1. Operation parameters of the tested ejection
refrigeration system.

Generator Evaporator
. . Condenser
saturation saturation .
saturation cond.
cond. cond.
pg,sal tg,sal pe,sat te,sat pc,sat tc,sat
MPa | °C | MPa °C MPa °C
run no.1
123 | 583 022 | 02 Vgrifg;ﬁge Vary in range
+0.02 | £0.3 | £0.03 | 1.0 ’ 19.2 and 31.3
0.600
run no.2
1211 [ 578 ] 0275 | 6.3 Vgﬁ;g;‘ége Vary in range
+0.03 | £0.4 | £0.01 | +0.8 ’ 20.2 and 29.4
0.569
run no.3
0.950 | 48.0 | 0276 | 6.8 Vgrizlggilége Vary in range
+0.04 | £1.6 | £0.01 | +0.9 '0490 19.8 and 24.5

In this paper the power consumed by the pump was not
measured directly, but according to the manufacturer
data sheet for the pump, the maximum motor input
power is 3 kW. For the purpose of the analysis presented
here the power consumed by pump was calculated on the
basis of electric current measurement. The average value
I=4.5 A was taken to calculate the power consumed by
mechanical pump. Here, it is:

P =\3U-I-cosp=2.06£0.15 kW,
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where cosp = 0.66 was taken from the motor plate.

The last parameter analysed in this paper is the
efficiency of the ejector. Relation proposed by Dvorak
and Vit [14] was used for this purpose:

K-1

[P
i, \p.

n=—-—"7"-—"5—, (6)

mg [pé’j’(_l
p.

where « was calculated from equation of state [15].

Table 2. Operation parameters of the ejector.

ejector inlet | ejector inlet .
L ! ejector outlet

motive secondary discharge
vapour vapour

Pg Iy De le Pd l
MPa | °C | MPa | °C MPa °C

run no.1

1.179 | 63.7 | 0.218 | 8.4 | varied in range
+0.02 | £1.2 | £0.03 | £2.0 | 0.420 and 0.612

varied in range
42.6 and 54.6

run no.2

1.160 | 64.7 | 0.272 | 11.0 | varied in range
+0.02 | £1.1 | £0.02 | £1.5 | 0.441 and 0.579

varied in range
30.6 and 50.8

run no.3

0.950 | 54.2 | 0.276 | 9.6+ | Varied in range | varied in range
+0.04 | £1.3 | £0.01 | 2.2 | 0.425and 0.490 | 36.1 and 43.7

The ejection refrigeration systems generally may be
thought as low efficient devices, therefore there is a clear
need for further development of simple and low-cost
method for improving of COP. The internal heat transfer
by means of the internal heat exchanger which is located
at the ejector discharge line/ liquid line may be thought
as the most simple and effective approach. As it was
shown in Fig. 2 the testing stand was equipped with the
internal heat exchanger (R) in other to improve COP of
the system. The rationality of this solution results among
others from the utilisation of superheating of the vapour
discharged from the ejector. The vapour superheating at
the ejector outlet may be thought as a waste heat so
along with condensation heat is transported to the
ambient. In the discussed internal heat exchanger heat
taken from the superheated vapour is transferred to the
liquid feeding the vapour generator. As an effect the
temperature of this liquid increases. In effect thermal
load required by the vapour generator decreases.
Moreover, the cost of application of the additional heat
exchanger in the system may be thought as relatively
small. Additional advantage of the utilisation of the
vapour superheating is related with decrease of the
thermal load of the condenser. As an effect the required
quantity of the condenser cooling fluid is smaller.

On the basis of the measurement of temperature and
pressure of vapour at the heat exchanger inlet and outlet
and mass flow rate of vapour, the thermal capacity of the
heat exchanger can be found as:

QRHX = (mg + mg) : (hm - hout) > @)

where the specific enthalpies are calculated from the
equation of state & = h(tp); the inlet parameters
correspond to the ejector discharge, and outlet
parameters correspond to the condenser inlet.

Improvement of COP of the system was calculated with
assumption that the thermal capacity of the internal heat

exchanger Q,,, must be added as a motive heat to the

system operating without heat exchanger since the liquid
that feeds the generator is not preheated. In that case
COP of the standard system without the internal heat
exchanger is:

COP % ®)

3 Results and discussion

Results of the present investigations are presented in
following figures. Operation conditions (based on
saturation temperatures) for each line are presented in
the figures. As it was mentioned previously several
quantities determining the performance of the ejector
were investigated. The mass entrainment ratios as a
function of condensation temperature for all of the
investigated cases are shown in Fig. 4.

Tun NOL2i b, = 587C, Gy = 6°C

mass entrainment ratio

005 9 runNo.3:t,,, = 48°C, 1,

=7°C

0.00 [ = . .
13 20 22 24 26 28 30 32 34

condensation temperature [*C]
Fig. 4. Relationship between mass entrainment ratio and
condensation temperature.

It is seen from this figure that for all runs the ejector
operates both at on-design conditions (horizontal part of
the performance lines in Fig. 4) and off-design
conditions (slope part of the performance lines in Fig.4).
For the nominal operation parameters, i.e. ty = 58°C,
te; = 0°C (run No. 1) the mass entrainment ratio was U,
= 0.24. Increasing the evaporation temperature up to 6°C
(Run No. 2) leads to increase of the mass entrainment
ratio up to U, = 0.41. This effect was expected because
of reduction of the pressure difference produced by the
ejector. Temperature of the transition point (called as the
critical temperature) between the on-design and the off-
design regimes is higher approximately by 1 K for test
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run No. 1 in comparison with the test run No. 2, i.e. t.«=
25.5°C, and t,+« = 24.5°C. Slope of the approximated
operation line of the off-design regime is higher for run
No. 2 than for run No. 1. It may be postulated that the
wider range of the off-design operation conditions, i.e.,
the higher condensation temperature range is more
desired because the ejector will not stop suddenly when
the condensation temperature increases above critical
level. The more favourable slope for test run No. 1 gives
the higher temperature above which the ejector cannot
operate, t,,; = 33°C while for the run No. 2 it is t., =
31°C.

The measurement points are located along with the
approximation line for test run No. 1 when the ejector
operates at the off-design conditions, but for run No. 2
the discrepancy of the locations of the measurement
points is much higher. It may be therefore concluded that
the ejector operates more stable for lower evaporation
temperature which correspond to the nominal design
operation parameters. As for the case of the ultra-low
motive temperature the mass entrainment ratio U; = 0.16
was achieved, the transition between operation regimes
occurs at temperature te;«= 23°C, and the ejector will not
operate at condensation temperatures higher than t.,; =
25°C. The results clearly show the operation at on-
design and off-design regimes. Operation points are
located along the approximation line which proves the
stable operation of the ejector under these conditions.

run No. 2ty = 587, b, 0 = 6°C

Coefficient of Performance
=
&
o

o a Q.

26 28 30 32 34
condensation temperatura [C]

Fig. 5. Relationship between Coefficient of Performance and
condensation temperature.

The influence of the condensation temperature on the
coefficient of performance COP of the ejection system is
presented in Fig. 5. The coefficient of performance is
directly related with the mass entrainment ratio and the
maximum level of COP; = 0.24 was obtained for
condensation temperatures below 26°C. The maximum
COP, = 0.41 was obtained for higher evaporation
temperatures. For run No. 3 when the ejector was driven
by the heat source of the lowest temperature COP; =
0.16 was obtained. The shape and the slope of the
performance lines representing COP are the same as
shown in Fig. 4.

Performance lines in co-ordinate compression ratio I1 vs.
mass entrainment ratio U are presented in Fig 6.

The shape of the presented lines are typical for the gas
ejector. The transition between the on-design and the
off-design regimes occurs at I1; = 0.26 for the lowest

motive temperature (run No. 3), I, = 0.27 for run No. 2.
The highest compression ratio at the transition point is
II, = 0.31. For runs No. 1 and No. 2 the maximum
compression ratio is I a = [omax = 0.33 for the lowest
mass entrainment ratio. Ejector operation with the lowest
motive temperature was able to produce the maximum
compression ratio I3, = 0.30.

compression ratio

run No.2: 1.y, = 587G, 1, = 6°C |:
~

0.20 4

" '
run No.3ity 1, = 48°C, 1, = 7°C | \‘“\\

015 + : run No.1ity,,, = 58°C, 1, = 0°C

mass entrainment ratio
Fig. 6. Relationship between Coefficient of Performance and
condensation temperature.

run No.1:t,,,. = 58°C,

ejector efficiency n
o
&

! A

T run o3ty =287 tw=7C %

18 20 22 24 26 28 30 3z 34

condensation tamparatura [*C]
Fig. 7. Efficiency of the tested ejector for various operation
conditions.

In Fig. 7 the results of the efficiency of the ejector
calculated from eq. (6) are presented. The figures show
that the efficiency can be represented by a broken line
with maximum point corresponding to the transition
point between two operation regimes. For the on-design
operation regime, when the mass entrainment ratio is
constant, the efficiency increases for lower condensation
temperatures as it is seen in Fig. 7. This is due to the
increase of ratio of the difference of the specific
enthalpies resulting from the increase of the pressure
difference between the condenser and the evaporator.
When the ejector starts to operate under the off-design
condition the ratio of the difference of the specific
enthalpies increases, but the mass entrainment ratio
decreases. This decrease plays a major role and
influences the overall performance of the ejector and as
an effect the efficiency decreases.

According to eq. (6), the efficiency increase is related
with increasing of the condensation pressure. At the off-
design conditions the efficiency decreases with
increasing of the condensation temperature which is a
result of the decreasing of the mass entrainment ratio at
these operation conditions. For the motive temperature
tgsat = 58°C maximum efficiency of the ejector is Nimax =
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0.24 for evaporation temperature t. = 0°C and Mppax =
0.27 for evaporation temperature t, = 6°C. Higher ejector
efficiency for run No. 2 in comparison with run No. 1
results from the higher mass entrainment ratio U, > Uj.
For the motive temperature tys = 48°C the maximum
efficiency of the ejector is slightly above M3y = 0.10.

36 To--ort L ¥~ S————— -0---1-3. "
N | N NO.2: 0= 58°C. ty0a = 6°C |
o™
30 Bty
| run No.1: by 4= 58°C, gy = 0°C | o
N
T 24 ™
2 = He-mfim N
= N, ™,
] N \
g 18 N
& ~ ",
® [ 1UN NO.3: by o= 48°C, y oy = 7°C | B0 N,
12+ oo g / O, N
\L 0\\\ \‘
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b ‘\ q ™,
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0 AN :
16 20 24 28 32

condensation temperature °C

Fig. 8. Cooling capacity of the system versus condensation
temperature.

Cooling capacity of the evaporator for the on-design
operation regime was 22 kW for run No. 1, and 35 kW
for run No. 2. For run No. 3 the evaporator cooling
capacity almost 11 kW was observed. When the system
operates at the off-design regime the cooling capacity
decreases for all three runs, as expected.
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Fig. 9. Coefficient of performance of the system operating with
and without regenerative heat exchanger for run No.1.

The results presented in Fig. 9 to Fig. 11 show that
application of internal heat exchanger improves COP of
the system. It is seen in Fig. 9 that when system operates
at the evaporation temperature t, = 0°C the improvement
of COP is more stable at off-design regime in
comparison with the second test run at which t. = 6°C
(Fig. 10). For all test runs the improvement of the COP
within the range 10 - 12% was achieved which can be
thought as a very attractive.
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Fig. 10. Coefficient of performance of the system operating
with and without regenerative heat exchanger for run No.2.
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Fig. 11. Coefficient of performance of the system operating
with and without regenerative heat exchanger for run No.3.

4 Conclusions

On the basis of presented results following conclusions
can be drawn:

» Application of refrigerant R-1234ze(E) provides the
typical performance of ejection refrigeration systems.

* Ejector cycle with low GWP refrigerant R-1234z¢(E) is
able of effective operation when low temperature heat
source (lower than t,s = 60°C or even below tyq =
50°C) is used.

* The tested ejector achieved the maximum efficiency at
level 0.27, but for most of the operation points the range
0.10 =+ 0.25 was obtained. These values can be thought
as rational taking into consideration low level of the
motive source temperature.

* The internal heat exchanger for COP improvement was
applied for this fluid in the ejection refrigeration system.
The superheating of vapour at the ejector outlet was
applied to increase the system efficiency for
approximately 10-12%.

This research was carried out as part of work no. S/'WM/1/2018
and financed from funds for education of the Ministry of
Science and Higher Education.
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Investigations of prototype ejection refrigeration system driven by low grade heat
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Abstract. One of possibilities of reduction of F-gas emission is application of low grade heat to drive the refrigeration systems as well as application of natural or low warming impact working fluids. The own experimental investigation of the ejection refrigeration system operating with refrigerant R-1234zeE are presented and discussed. The system is driven with low grade heat source of temperature below 70°C and thermal capacity approximately 90 kW. The experiments covered the effect of condensation, evaporation and generation temperatures on the capacity and thermal efficiency of the ejection refrigeration system operating for the air-conditioning purposes. Obtained results demonstrated that the proposed system may be thought as the promising heat driven refrigeration system with application of low grade motive heat sources.  
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1 Introduction 

Buildings are responsible for about 30–45% of the global energy demand. The use of air conditioners and electric fans accounts for about a fifth of the total electricity in buildings around the world – or 10% of all global electricity consumption [1]. Over the next three decades, the use of ACs is set to soar, becoming one of the top drivers of global electricity demand [1]. Therefore, this sector has become an important target for reducing carbon emissions and energy consumption, because of 

its relevance in all these important areas [2]. 

Cogeneration is one of the possible way to increase the efficiency of electric energy production. While the production of electricity and heat can be conducted in an efficient manner during the heating season due to sale of the heat for the heating systems, utilization of combined production of electricity and heat decreases in summer due to the low demand for heat. This means that the solution for increasing the share of electricity produced in cogeneration is to develop effective ways of managing of the district heat during the summer. This heat is used for domestic tap water heating mainly, which involves not only the small amount of heat that is supplied to the heating system, but also the low or even very low parameters. These conditions may be thought as potentially suitable for the application of the ejection refrigeration system. 

In ejection refrigeration system (Fig. 1) instead of pressurising the refrigerant by a mechanical compressor, an ejector compresses refrigerant vapour flowing from the evaporator and discharges it to the condenser. The motive vapour is generated in the vapour generator which is heated by low-temperature heat source. This paper presents development of refrigeration system equipped with vapour ejector operating with environmentally friendly new refrigerant HFO-1234zeE. Selection of this fluid was based on the comprehensive analysis of the working fluids for the ejector system with respect to Regulation of the European Parliament and the EU Council No. 517/2014 enacted on April 16th, 2014 [3,4]. It was shown by several researchers that ejection system can effectively operate with various natural and low warming impact synthetic refrigerants [5-8].
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Fig. 1. Schematic of the ejector refrigeration system: 
- motive heat, - cooling capacity, - condenser capacity, - primary (motive) mass flow rate, - secondary (sucked in by ejector) mass flow rate,  m - sum of and , 1,2,…- thermodynamic state of working fluid.

Ejection refrigeration systems have been extensively investigated numerically and experimentally in recent years. The most comprehensive state-of-the-art study recent on ejection technology was presented by Chen et al. [9]. Besagni et al. [10] presented review on ejection refrigeration. These reviews gave all detail information on ejector working principles, selection of the working fluids and ejection refrigeration technology as well. Elbel and Lawrence [11] presented review focused on ejectors applied for work recovery. 

Butrymowicz et al. [12] presented the first experimental results of the ejector refrigeration system operating with isobutane driven by low grade heat source. Results presented in [12] showed that it is possible to use the ejection refrigeration system driven by heat gained from the district heat distribution network. During summer season the temperature of hot water is below 70°C, and sometimes even below 65°C. This means that application of the ejection refrigeration system may be thought as an effective solution for the production of chilled water for the air-conditioning with cooperation of the district heating system. The motive heat for the ejection system can be gained directly from the district heating system. This is much more attractive way for production of chilled water in terms of application because it allows for utilisation of low temperature heat during summer season for the air conditioning purposes. 

In this paper the own investigation of the ejection refrigeration system operating with HFO group refrigerant R-1234zeE have been presented and discussed. It was shown by the authors in [13] that the ejection air-conditioning system driven by solar heat can effectively operate with low warming impact refrigerant R-600a (isobutane). However, isobutane is classified as explosive, therefore it might be considered as dangerous in large commercial refrigeration and air-conditioning. Here, ejection-based refrigeration system with safe R-1234zeE driven by low temperature heat source of app. 90 kW capacity is presented.

2 Methodology and apparatus

Experiments covered various operation parameters. For all of the runs the generator and the evaporator temperatures were kept constant, and condensation temperature was a variable parameter. The average operation parameters with deviations for the system are listed in Table 1, and separately for the ejector in Table 2.

The experimental rig presented in Fig. 2 was build and instrumented for operation with R1234zeE. The main elements of the rig are listed in the figure caption. The geometry of the test ejector is presented in Fig. 3. The testing stand was equipped with the temperature sensors and pressure transducers marked in Fig. 3 as (RTD) and (P), respectively, installed at the critical locations and other locations of interest. Pressure transducers of accuracy 0.25% of the full range were used during the experiments. The pressure transducer of 0-2.5 MPa scale was used to measure the motive stream parameters and 0-1 MPa were used at the other locations. The RTD temperature sensors (Pt100) of the accuracy 0.20% of measured value were applied for the experiments. The Coriolis mass flow meters of the accuracy 0.15% of measured value were used. COP measurement error was calculated by means of the total derivative approach.

The test rig was equipped with additional loops: the first for the thermal load for the evaporator and the second one for the condenser cooling. These systems allow for adjustment of the refrigerant flow rates as well as for changes of operation parameters in the wide range. The condenser cooling system was equipped with an automatically controlled dry cooler. The thermal load system was equipped with automatically controlled electrical heater. Both systems are fully instrumented with transducers for measurement of temperatures, pressures and flow rates with high accuracy. The rig is equipped with control valves enabling the adjustment of the operation parameters of the motive vapour at the inlet to the motive nozzle of the ejector.



[image: ]

Fig. 2. Schematic of the testing stand: vapour generator (G); condenser (C); evaporator (E); ejector (EJ); refrigerant pump (P); regenerative heat exchanger (R); throttling valve (M); RTD – temperature sensor, p – pressure transducer, FM – flow meter.

During the experiments the electrical heaters thermal capacity was controlled to maintain the required saturation condition in the vapour generator. The stand is also equipped with control valves enabling the adjustment of the operation parameters of the motive vapour at the inlet to the motive nozzle of the ejector. The diaphragm pump HYDRA-CELL with 3 kW/700 RPM motor was used as the liquid refrigerant pump.

The ejector was designed and manufactured for the nominal operation conditions assumed as tg,sat = 60°C, te,sat = 0°C. The operation conditions of the first test runs (marked in tables as run No. 1) are very close to the nominal operation conditions, i.e. tg1,sat = 58°C, 
te1,sat = 0°C. For the second run (run No. 2) the evaporation temperature was increased te2,sat = 6°C, 
tg2,sat = 58°C, and the third run (run No. 3) corresponds to the ultra-low motive parameters, i.e. tg3,sat = 48°C and te3,sat = 7°C. For all of the runs an average superheating of the motive vapour was 5 - 6 K, therefore, the motive temperature was lower than 65°C, and it was even below 55°C for run No. 3. Such low motive temperature makes this system unrivalled in the use of low temperature heat sources. 
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Fig. 3. Schematic of the tested ejector with dimensions in mm.







Under this range of the heat sources the motive temperature the ejection cycles can be considered to be genuinely competitive with absorption and adsorption refrigeration systems. The condensation temperature and corresponding saturation pressure was varied by means of control of the cooling conditions of the condenser, i.e., the mass flow rate of the cooling water was changed for every measurement point. For most the cases of the operation of the refrigeration system the motive source temperature and evaporation temperature are fixed. The condensation temperature is a function of the cooling fluid temperature which can vary in time, and therefore the assumed type of settings of the operation conditions may be thought as adequate for the actual operation of the ejection system.



For the ejector applications, the entrainment ratio is the most important parameter used to describe the ejector performance. Commonly, the entrainment ratio is defined as:



,	 				(1)



where:  are the primary (motive) and the secondary fluid mass flow rates, respectively. 



The performance of the ejector system may be also presented by the relationship between the compression ratio versus mass entrainment ratio, . The compression ratio in this paper is thought as ratio of compression produced by ejector, pc-pe, and the motive pressure difference pg-pe. Therefore, compression ratio is defined as: 



, 				(2)

where pc is condensation pressure, pg – vapour generation pressure, pe – evaporation pressure. 



Another parameter describing the ejection system efficiency is the coefficient of performance COP. The COP is calculated as the ratio of the cooling capacity   to the motive energy delivered to the system. In the ejection systems the motive power is the sum of the motive heat and electrical power consumed by the liquid pump Pp:  



,			(3)

where thermal capacities of heat exchangers were calculated as the product of the mass flow rate of refrigerant and the change of the specific enthalpy between the both sides of the heat exchangers:



,			(4)



.			(5)

Table 1. Operation parameters of the tested ejection refrigeration system.

		Generator
saturation cond.

		Evaporator
saturation cond.

		Condenser
saturation cond.



		pg,sat

		tg,sat

		pe,sat

		te,sat

		pc,sat

		tc,sat



		MPa

		°C

		MPa

		°C

		MPa

		°C



		run no.1



		1.23
±0.02

		58.3
±0.3

		0.22
±0.03

		0.2
±1.0

		Vary in range 
0.416 and 0.600 

		Vary in range 
19.2 and 31.3



		run no.2



		1.211±0.03

		57.8±0.4

		0.275±0.01

		6.3
±0.8

		Vary in range 
0.430 and 0.569

		Vary in range 20.2 and 29.4



		run no.3



		0.950±0.04

		48.0±1.6

		0.276±0.01

		6.8
±0.9

		Vary in range 
0.425 and 0.490

		Vary in range 19.8 and 24.5







In this paper the power consumed by the pump was not measured directly, but according to the manufacturer data sheet for the pump, the maximum motor input power is 3 kW. For the purpose of the analysis presented here the power consumed by pump was calculated on the basis of electric current measurement. The average value I = 4.5 A was taken to calculate the power consumed by mechanical pump. Here, it is:



 kW,

where cosφ = 0.66 was taken from the motor plate.

The last parameter analysed in this paper is the efficiency of the ejector. Relation proposed by Dvořák and Vit [14] was used for this purpose:



,			(6)

where κ was calculated from equation of state [15].

[bookmark: _GoBack]Table 2. Operation parameters of the ejector.

		ejector inlet 
motive vapour

		ejector inlet 
secondary vapour

		ejector outlet 
discharge



		

		

		



		pg

		tg

		pe

		te

		pd

		td



		MPa

		°C

		MPa

		°C

		MPa

		°C



		run no.1



		1.179
±0.02

		63.7
±1.2

		0.218
±0.03

		8.4
±2.0

		varied in range 0.420 and 0.612

		varied in range 42.6 and 54.6



		run no.2



		1.160±0.02

		64.7±1.1

		0.272±0.02

		11.0±1.5

		varied in range 0.441 and 0.579

		varied in range 30.6 and 50.8



		run no.3



		0.950±0.04

		54.2±1.3

		0.276±0.01

		9.6±2.2

		Varied in range 0.425 and 0.490

		varied in range 36.1 and 43.7







The ejection refrigeration systems generally may be thought as low efficient devices, therefore there is a clear need for further development of simple and low-cost method for improving of COP. The internal heat transfer by means of the internal heat exchanger which is located at the ejector discharge line/ liquid line may be thought as the most simple and effective approach. As it was shown in Fig. 2 the testing stand was equipped with the internal heat exchanger (R) in other to improve COP of the system. The rationality of this solution results among others from the utilisation of superheating of the vapour discharged from the ejector. The vapour superheating at the ejector outlet may be thought as a waste heat so along with condensation heat is transported to the ambient. In the discussed internal heat exchanger heat taken from the superheated vapour is transferred to the liquid feeding the vapour generator. As an effect the temperature of this liquid increases. In effect thermal load required by the vapour generator decreases. Moreover, the cost of application of the additional heat exchanger in the system may be thought as relatively small. Additional advantage of the utilisation of the vapour superheating is related with decrease of the thermal load of the condenser. As an effect the required quantity of the condenser cooling fluid is smaller.

On the basis of the measurement of temperature and pressure of vapour at the heat exchanger inlet and outlet and mass flow rate of vapour, the thermal capacity of the heat exchanger can be found as:



,		(7)

where the specific enthalpies are calculated from the equation of state h = h(t,p); the inlet parameters correspond to the ejector discharge, and outlet parameters correspond to the condenser inlet. 



Improvement of COP of the system was calculated with assumption that the thermal capacity of the internal heat exchanger  must be added as a motive heat to the system operating without heat exchanger since the liquid that feeds the generator is not preheated. In that case COP of the standard system without the internal heat exchanger is:



.		(8)

3 Results and discussion 

Results of the present investigations are presented in following figures. Operation conditions (based on saturation temperatures) for each line are presented in the figures. As it was mentioned previously several quantities determining the performance of the ejector were investigated. The mass entrainment ratios as a function of condensation temperature for all of the investigated cases are shown in Fig. 4. 
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Fig. 4. Relationship between mass entrainment ratio and condensation temperature.



It is seen from this figure that for all runs the ejector operates both at on-design conditions (horizontal part of the performance lines in Fig. 4) and off-design conditions (slope part of the performance lines in Fig.4). For the nominal operation parameters, i.e. tg1 = 58°C, te1 = 0°C (run No. 1) the mass entrainment ratio was U1 = 0.24. Increasing the evaporation temperature up to 6C (Run No. 2) leads to increase of the mass entrainment ratio up to U2 = 0.41. This effect was expected because of reduction of the pressure difference produced by the ejector. Temperature of the transition point (called as the critical temperature) between the on-design and the off-design regimes is higher approximately by 1 K for test run No. 1 in comparison with the test run No. 2, i.e. tc1* ≈ 25.5C, and tc2* = 24.5C. Slope of the approximated operation line of the off-design regime is higher for run No. 2 than for run No. 1. It may be postulated that the wider range of the off-design operation conditions, i.e., the higher condensation temperature range is more desired because the ejector will not stop suddenly when the condensation temperature increases above critical level. The more favourable slope for test run No. 1 gives the higher temperature above which the ejector cannot operate, tco1 = 33C while for the run No. 2 it is tco2 = 31C.

The measurement points are located along with the approximation line for test run No. 1 when the ejector operates at the off-design conditions, but for run No. 2 the discrepancy of the locations of the measurement points is much higher. It may be therefore concluded that the ejector operates more stable for lower evaporation temperature which correspond to the nominal design operation parameters. As for the case of the ultra-low motive temperature the mass entrainment ratio U3 = 0.16 was achieved, the transition between operation regimes occurs at temperature tc3* = 23C, and the ejector will not operate at condensation temperatures higher than tco3 = 25C. The results clearly show the operation at on-design and off-design regimes. Operation points are located along the approximation line which proves the stable operation of the ejector under these conditions. 



[image: ]

Fig. 5. Relationship between Coefficient of Performance and condensation temperature.



The influence of the condensation temperature on the coefficient of performance COP of the ejection system is presented in Fig. 5. The coefficient of performance is directly related with the mass entrainment ratio and the maximum level of COP1 = 0.24 was obtained for condensation temperatures below 26°C. The maximum COP2 = 0.41 was obtained for higher evaporation temperatures. For run No. 3 when the ejector was driven by the heat source of the lowest temperature COP3 = 0.16 was obtained. The shape and the slope of the performance lines representing COP are the same as shown in Fig. 4.

Performance lines in co-ordinate compression ratio Π vs. mass entrainment ratio U are presented in Fig 6. 

The shape of the presented lines are typical for the gas ejector. The transition between the on-design and the off-design regimes occurs at Π3 ≈ 0.26 for the lowest motive temperature (run No. 3), Π2 ≈ 0.27 for run No. 2. The highest compression ratio at the transition point is Π1 ≈ 0.31. For runs No. 1 and No. 2 the maximum compression ratio is Π1max ≈ Π2max ≈ 0.33 for the lowest mass entrainment ratio. Ejector operation with the lowest motive temperature was able to produce the maximum compression ratio Π3max ≈ 0.30. 
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Fig. 6. Relationship between Coefficient of Performance and condensation temperature.
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Fig. 7. Efficiency of the tested ejector for various operation conditions.



In Fig. 7 the results of the efficiency of the ejector calculated from eq. (6) are presented. The figures show that the efficiency can be represented by a broken line with maximum point corresponding to the transition point between two operation regimes. For the on-design operation regime, when the mass entrainment ratio is constant, the efficiency increases for lower condensation temperatures as it is seen in Fig. 7. This is due to the increase of ratio of the difference of the specific enthalpies resulting from the increase of the pressure difference between the condenser and the evaporator. When the ejector starts to operate under the off-design condition the ratio of the difference of the specific enthalpies increases, but the mass entrainment ratio decreases. This decrease plays a major role and influences the overall performance of the ejector and as an effect the efficiency decreases.

According to eq. (6), the efficiency increase is related with increasing of the condensation pressure. At the off-design conditions the efficiency decreases with increasing of the condensation temperature which is a result of the decreasing of the mass entrainment ratio at these operation conditions. For the motive temperature tg,sat = 58°C maximum efficiency of the ejector is η1max = 0.24 for evaporation temperature te = 0°C and η2max = 0.27 for evaporation temperature te = 6°C. Higher ejector efficiency for run No. 2 in comparison with run No. 1 results from the higher mass entrainment ratio U2 > U1. For the motive temperature tg,sat = 48°C the maximum efficiency of the ejector is slightly above η3max = 0.10.
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Fig. 8. Cooling capacity of the system versus condensation temperature.

Cooling capacity of the evaporator for the on-design operation regime was 22 kW for run No. 1, and 35 kW for run No. 2. For run No. 3 the evaporator cooling capacity almost 11 kW was observed. When the system operates at the off-design regime the cooling capacity decreases for all three runs, as expected. 
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Fig. 9. Coefficient of performance of the system operating with and without regenerative heat exchanger for run No.1.

The results presented in Fig. 9 to Fig. 11 show that application of internal heat exchanger improves COP of the system. It is seen in Fig. 9 that when system operates at the evaporation temperature te = 0ºC the improvement of COP is more stable at off-design regime in comparison with the second test run at which te = 6ºC (Fig. 10). For all test runs the improvement of the COP within the range 10 - 12% was achieved which can be thought as a very attractive. 
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Fig. 10. Coefficient of performance of the system operating with and without regenerative heat exchanger for run No.2.

[image: ]

Fig. 11. Coefficient of performance of the system operating with and without regenerative heat exchanger for run No.3.

4 Conclusions

On the basis of presented results following conclusions can be drawn:

• Application of refrigerant R-1234ze(E) provides the typical performance of ejection refrigeration systems. 

• Ejector cycle with low GWP refrigerant R-1234ze(E) is able of effective operation when low temperature heat source (lower than tg,sat = 60°C or even below tg,sat = 50°C ) is used. 

• The tested ejector achieved the maximum efficiency at level 0.27, but for most of the operation points the range 0.10 ÷ 0.25 was obtained. These values can be thought as rational taking into consideration low level of the motive source temperature.

• The internal heat exchanger for COP improvement was applied for this fluid in the ejection refrigeration system. The superheating of vapour at the ejector outlet was applied to increase the system efficiency for approximately 10-12%.



This research was carried out as part of work no. S/WM/1/2018 and financed from funds for education of the Ministry of Science and Higher Education.
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