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Abstract. Carbon dioxide (COy) is an interesting substitute of traditional HFCs in vapor
compression systems, due to its environmentally friendly characteristics: zero ODP and
extremely low GWP. Nevertheless, the use of CO; heat pumps in residential heating and
cooling applications actually is still limited, due to the different operating conditions of gas
cooling, they can perform significantly worse than conventional.

The use of ejection systems for the fluid expansion in a refrigeration cycle can contribute to
recovery part of the mechanical energy otherwise dissipated as friction, leading to significant
benefits in terms of performance. The ejector sizing is a critical point for the balancing of
components and the correct operation of the CO, heat pump; in this regard, the availability of
reliable methods for calculating the motive flow rate would be useful. In recent years, ENEA
Laboratory DTE-PCU-SPCT of the Casaccia research center, along with the Industrial
Engineering Department of Federico Il University of Naples, carried on a project aimed at
evaluating experimentally the effect of several ejectors geometries on the global performance
of a CO; heat pump working with a transcritical cycle.

This paper presents a new semi-empirical correlation for the ejector primary mass flow rate
calculation, developed by the experimental data, based on the hypothesis of isentropic and
choked flow. The correlation is then tested on other experimental data available in the literature
for different ejectors. Finally, the predictions are compared to others semi-empirical
correlations present in the literature.

1. Introduction

The refrigeration and air conditioning sector contributes significantly to the direct and indirect
greenhouse gas emissions. Systems efficiency influences indirect emissions while not eco-friendly
refrigerants are the cause of direct emissions. Therefore, the growing international emphasis on global
warming phenomena has moved the interest of the manufacturers as well as the scientific community
to low-GWP refrigerants. The more promising alternatives as working fluids are the new synthetic
fluids (such as hydrofluoroolefins, HFO fluids), fluids based on R32 as well as the natural fluids. The
first two groups give good performance, but their slight flammability (ASHRAE AZ2L safety
classification) is the main drawback that is limiting a wider diffusion. Among the natural fluids, the
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use of CO, (GWP = 1), a nontoxic and non-flammable refrigerant, it is a viable alternative to synthetic
refrigerants banned by the latest F-gas regulation [1].

The use of CO; as refrigerant in the sanitary hot water production is well known, as shown by

Neska et al. [2]. In particular, in case of water heating starting from low temperature, CO, shows
high performance. Vice versa, the performance is not as good when CO; is used in air conditioning
systems, as shown by Calabrese et al. [3]. Lower performances are primarily due to the throttling
losses in the expansion process. In particular, higher water inlet temperature at gas cooler leads to
higher exergetic throttling losses. The use of an ejector system as substitute of a conventional
expansion valve can improve the performance of the overall system. Minetto et al. [4], through a
numerical simulation, pointed out that the use of an ejector system can lead to a carbon dioxide heat
pump performance comparable to that of R410A. Elbel et al. [5] and Lucas et al. [6] confirm that the
use of the ejector improves the COP and exergy efficiency up to 17% in transcritical refrigeration
cycle. In air conditioning systems, where the boundary conditions are variable, the multi-ejector
system is preferable, as exposed by Banasiak et al. [7]. The COP improvements up to 7% as confirmed
by experimental study of Haida et al. [8]. Moreover, Lawrence and Elbel [9] and Banasiak et al. [10]
underline that the performance of an ejector cycle is strictly related to the performance of the ejector
that is principally dependent on the proper design geometry, where the converging-diverging primary
(motive) nozzle plays an important role.

In literature, some methods (Banasiak et al. [11], Lucas et al. [12]), and semi-empirical correlations
(Banasiak and Hafner [7], Lucas et al. [12, 13], Martin et al. [14], Boccardi et al. [15]) for the
calculations of the motive mass flow rate were found.

In this paper, the data obtained by some experimental campaigns conducted at ENEA's Casaccia
Research Center on an air-to-water CO, heat pump, have been used for developing a new semi-
empirical correlation to calculate the mass flow rate through ejectors based on the hypotheses of
isentropic expansion and choked flow. Its performance are afterwards evaluated by means of a
comparison between the literature correlations [7,13,15], also using some other experimental data
available in the literature for different ejectors.

2. Literature survey on the previous methods and proposal of a new semi-empirical correlation
In a CO; heat pump, the ejectors usually operate with primary inlet pressures pin higher than critical
value per (73.77 bar); moreover, the outlet pressures depend on the evaporator pressure and are usually
lower than 40 bar.

According to the motive nozzle inlet temperature, the expansion process through the ejector can
begin from two different thermodynamics conditions: supercritical state (Ti»> Tc), or compressible
liquid (Tin< Ter).

In supercritical state, the isentropic expansion proceeds in a different manner according to the inlet
entropy value (sin); for instance, if sin>ser, the thermodynamic state switches directly in superheated
steam when the pressure drops below the critical pressure. Instead, if sin<Scr, the fluid switches in
compressible liquid state when the temperature drops below the critical value: carrying on the
expansion the fluid is in subcooled liquid state (when Tin< T¢) and after that in two-phase state when
the saturation conditions are reached.

All the complex phenomena that happen during the expansion significantly influence the ejector
performance. In this situation, it is reasonable to suppose that the motive flow is choked at the throat
of the ejector driving nozzle (Banasiak [11], Lucas [12, 13], Martin [14]); consequently
o the ejector throat pressure pw is equal to the pPehoked
® DPeroked aNd the motive mass flow rate only depend on the input conditions and on the complex

phenomena that occur during the expansion till the choked conditions.

The complex flow conditions within the ejector make difficult to develop theoretical correlations to
calculate the mass flow rate through ejectors; in particular, when the inlet conditions are supercritical,
reliable theoretical methods for the calculation of choked mass flow rate are not available. However,
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in the open literature, there are a few semi-empirical correlations based on experimental data and
studies on calculation models to determine this process parameter.

Banasiak and Hafner [11], starting from a homogeneous equilibrium model proposed a new
correlation that also takes into account the influence of the phase transition utilising a delayed
equilibrium model [16]. The calculated critical mass flow with the correlation differ by up to 3% from
the values measured in experimental tests on ejectors working in typical operating conditions of CO,
heat pumps. Lucas et al. [12] present a numerical model based on homogeneous equilibrium approach
and validate it with experimental data on ejectors working with and without the suction mass flow
opened. The driving mass flux predictions were within an error margin of 10%.

Given the difficulty of having completely reliable models, semi-empirical correlations based on
experimental data for component sizing are often used. Lucas et al. [13], suggest a semi-empirical
method based on the data of an experimental campaign [6] on a multi-ejector heat pump using CO; as
refrigerant. The method assumes isentropic flow and calculates the primary mass flow rate using the
total energy equation:

G = Stn " Pen " Uen (1)

The magnitudes in equation (1) were calculated assuming isentropic flow and as a function of the
pressure at the throat (pm), supposed choked. This latter was empirically evaluated knowing inlet
conditions and critical parameters as a function of some parameters experimentally determined.

Banasiak et al. [7] investigated the performance of a multi-ejector for CO, vapour compression
units too; they proposed the following correlation for calculation of mass flow rate

2
G="¢?|Ap, > +Bp, +Ctn pPn_ E (2)
4 pCr pCr

where A,B,C,D,E are coefficients adjusted for every ejector.
Boccardi et al. [15] proposed a correlation derived from the one proposed by Martin et al. [14],
where a new geometric parameter was introduced to take into account the ejector geometries.

B C D L E
(@R o
4 pcr pcr Tcr ¢m

In equation (3), A,B,C,D,E and F are parameters optimized to reach a minimal deviation between
measurement and calculation.

In all the proposed correlations, the primary mass flow rate is a function only of the primary inlet
conditions and critical parameters: this could be a limit for the calculation of the mass flow rate, which
should be influenced by the non-transcritical expansion phase during flow till choked conditions.

For this reason, the correlation proposed in this article introduces some parameters for the overall
expansion flow characterization. In particular, the liquid-two-phase transition point, which affects the
achievement of sonic flow conditions, is defined.

The proposed correlation is inspired by those proposed by the ISO [17] for the sizing of valves and
piping for gas/liquid two-phase flow:

G=ky S G 4)

In equation (4), kg is the two-phase discharge factor, which is a function of geometry and flow
conditions, Si is the throat section area and G; is the theoretical specific mass flow rate in an ideal
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(isentropic) nozzle. The 1SO procedure allows the calculation of G; only when the initial state of the
fluid is subcritical and it proposes different methods according to the initial thermodynamic state of
the fluid. In the case of two-phase, saturated or slightly subcooled liquid inlet conditions, G is
calculated as follow:

Ge = +/20inPin J [oinn-(w-1)(1-n)]/(w@/n-1) +1) (5)

where n is ratio between the outlet and inlet pressures pouw/pin and ® is a characteristic parameter,
function of the inlet conditions only. In choked conditions, in equation (5) the pressure ratio m is

replaced by the choked pressure ratio ncnoked= Penoked/Pin Calculated as a function of w.
In high subcooled liquid inlet conditions, the saturation pressure at the initial temperature psat(Tin) is

assumed as Pchoked, SO Mchoked= Psat(Tin)/Pin, ®=0 and the (5) becomes

Gy = \/2 Pin(Pin — Pout) = \/2 PinPin \/1 — Nchoked (6)

As mentioned above, it is not possible to directly apply the ISO when the inlet state is supercritical.
On the other hand, in this case, the following considerations can be done:
¢ the motive flow surely is choked; consequently, the ejector throat pressure is equal to the sonic
pressure and the mass flow rate only depends on the input conditions;
¢ the value of the choked parameters (pressure, velocity, etc.) depends on the starting point of the
subcritical expansion phase, in turn depending on the supercritical starting point. For our
experimental data, the starting point of subcritical expansion phase is highly subcooled or
almost satured, if an isentropic expansion is assumed;
e as mentioned above, in these situations, the 1ISO predicts nchokea=Psat(Tin)/Pin for high subcooling
or uses the two-phase correlations for low ATy
o for low ATsu, the sonic velocity is often reached at low vapour quality [18] and, therefore, with
a low Ap respect to the saturation pressure psati(Tin).
For the reasons set out above, a saturation pressure psa(Sin), calculated considering an isentropic
expansion from the initial conditions, is introduced in the correlation presented in this document for
the mass flow rate calculation. This parameter can be considered closely related to pchoked.
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Figure 1. Specific mass flow rate Gs vs (1-nise)®.
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In fact, figure 1 shows the experimental specific mass flow rate G as function of (1-nis)®®, similar
to the last term of correlation (6), where nise= Psat(Sin)/Pin= Mchoked, TOr five ejectors, three of them (E2,
E3,E4) tested by ENEA and the other two (B [11] and L [13]) by other researchers. The figure 1
highlights a dependence between Gs and (1-nise)® with a high coefficient of linear correlation.

In the proposed equation (7), in addition to the parameter (1-nie)®®, three other parameters to
describe the second expansion step till the sonic conditions, are introduced:

G = Sth\/z PinPin A(\/l - 7Iise)B (pﬂ)c (pi)D (%)E (@)F (@)G (%)H (7)

DPtr Ptr Ptr Ptr

In (4), kq is calculated as a function of the single phase discharge factors, depending on the
geometry, which are experimentally estimated, and by . Since for the ejector in study, the single
phase discharge coefficients are not known, it was decided to not put geometric parameters in the
proposed correlation and to proceed with the characterization of each ejector individually. The effect
of varying the kg with the operating conditions is therefore expressed by the variations of the other
parameters.

3. Experimental setup and test procedure

The experimental data used in this paper were obtained testing a 30 kW CO; air-water heat pump in

the experimental facility “Calorimetro Enea” at ENEA (Casaccia) research center, according to [19].
The heat pump (figure 2) was composed by a reciprocating semi-hermetic compressor (CP) driven

by an inverter, a plate heat exchanger (GC), a finned coil (EVAP), an internal plate heat exchanger

(IHE), an electronic valve (EEV), a multi-ejector expansion pack (EJEC) and a receiver, equipped

with an oil recirculation loop driven by an on-off time-controlled valve (dashed line in figure 2).

. Water
IHE 3

— Ejector 4
P Ejector 3

Ejector 2

Ejector 1

i }

Figure 2. Layout of multi ejector CO; system.

During tests, ejectors 2, 3 and 4, of nozzle throat 1, 1.4 and 2 mm respectively, were separately
activated by the heat pump control system. The heat pump was equipped with the instrumentation
listed in table 1, which also shows the measurement range and uncertainties.

The boundary conditions in terms of air temperature, relative humidity, water temperature and mass
flow rate were fixed and kept constant during the tests. In particular, the mass flow rate was measured
placing the flow meter before the multi-ejector pack, thus on the primary flow. In addition, it was
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possible to set the outlet evaporator and inlet compressor superheating by acting on the IHE bypass
line through a modulating control valve. The trends of the thermodynamic measured variables were
monitored via a software specifically designed. The main thermodynamic parameters were recorded
and processed using Labview™ software.

Table 1. Measurement instrument and calibrated uncertainties

Measurement Range/Unit Uncertainty
Temperature (K-type) 0/150 °C +11K
Temperature (J-type) -40/80 °C +11K

Pressure 0-60/0-100/0-160 bar 0.08%

Water volumetric flow rate 0/200 I/min 0.02% of reading
Electrical power 0/25 kW Precision class 0.5
CO2 mass flow meter 0/0.95 kg/s + 0.10% of reading

All tests with ejector 2 were performed in subcritical conditions (ejector primary inlet temperature
lower than critical temperature), whereas tests with ejector 3 and 4 were performed both in
supercritical and subcritical conditions. Figure 3 shows the thermodynamics primary inlet conditions
in the T-s diagram, divided by ejector.

| ! | V d A ]

120 bar 110ba

140 bar

O Ej=L
& Ej=B
= Ej=E2
O Ej=E3
L A Ej=E4 i

T

Temperature [°C]
w
o
o

200 —

1.00 1.20 1.40
Entropy [kJ/(kg K)] 1.60

Figure 3. Test input conditions in the T-s diagram for the complete data set.

4. Results and discussion

Firstly, the full data set composed by ENEA experimental data, obtained with ejectors E2, E3 and E4,
having a similar geometry, and by Banasiak [11] and Lucas [13] data, on ejectors of different
geometry, was defined. From this data set, data with pin < per, Sin™> Ser and with primary inlet conditions
too close to pseudocritical state were excluded. The main features of the used data are summarized in



37th UIT Heat Transfer Conference IOP Publishing
Journal of Physics: Conference Series 1599 (2020) 012055  doi:10.1088/1742-6596/1599/1/012055

table 2. It is worth noting that the nozzle length is considerably lower of 10mm, considered as the
minimum relaxation length to have the onset of equilibrium flow: then non-equilibrium flow along the
ejectors most likely have to be expected [20].

Secondly, using a mathematical solver (Labview, NI™), the data set was used to compute the
optimum value for parameters present in the Lucas’ procedure (to calculate pw and, after this, pm and
un) and in the equations (2), (3) and (7), able to minimize MSE for the specific mass flowrate
calculation.

Table 2. Motive nozzle throat geometries and experimental test distribution (Total length calculated)

Ejector  Nozzle Nozzle Nozzle Total Test
[#] throat inlet outlet Length

d(mm)  (mm)  degree  ¢(mm) degree  (Mm)  Ti<Te Tiw>Te Tot
L[13] 0.62 * 45 * * * 10 19 29
B[12] 0.91 6 15 1.02 1 58.4 13 10 23
E2[15] 1.0 3.8 30 1.12 2 32.1 18 0 18
E3[15] 14 3.8 30 1.58 2 45.2 19 6 25
E4[15] 2.0 3.8 30 2.24 2 64.1 5 14 19

* Data not available

In order to evaluate prediction performances of correlations, the parameter ER%, calculated by
equation (8), has been introduced.

Gs ~Gsex
ER% — calc |4 (8)

GSexp

Due to the very high error affecting the Lucas’ procedure (ER% range -56 + -26 %), probably
depending on the use of a specific semi-empirical correlation for the estimation of pw, below only
results of equations (2) and (3) and (7) are presented.

Figure 4 shows the percentage errors of the mass flow rate calculated by correlation (7) with
respect to measured value, as a function of the ejector primary inlet entropy sin. The predictions are
good for every ejector: almost all the errors are in the range £3%. The figure 5 depicts the distribution
of percentage errors for each ejector. The values are centred on ER% = 0; in particular, ejector B has
the best performance with about 80% of errors in the range +0.5%.
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Figure 4. New correlation Gs error% vs Sin. Figure 5. New correlation Gs error% distribution.
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distribution.

The mass flow rate percentage errors obtained with Banasiak equation remain interesting (figures 6
and 7), even if with greater errors and a wider and flat distribution range. Considering the individual
ejectors, the predictions remain good enough for the ejector B, while the other ejectors have much
more pronounced worsening of the MSE values.

Table 3. MSE [Gs (kg/s mm?)?] values for the correlation (7), (2) e (3)

Correlation Ejectors
L B E2 E3 E4
Banasiak (2) 5.89E-07 1.90E-07 3.60E-06 1.25E-06 2.41E-06
Boccardi (3) 4.87E-07 2.82E-07 9.62E-07 8.45E-07 3.064-06
New equation (7) 2.34E-07 1.39E-07 8.80E-07 5.56E-07 8.90E-07

Performance of equation (2), (3) and (7) are summarized in table 3, where the MSE values
calculated are displayed for each ejector.
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To verify the performance of the correlations (2), (3) and (7) on data different from those used to
calculate their coefficients, other experimental data available in the literature for the ejector L (Lucas
et al. [12], tab. 2), were used. The correlations (2), (3) and (7) with the constants calculated using the
initial data set were used to calculate the specific mass flow rate for the new experimental data. In
figures 8 and 9 errors are compared between initial and verification data.

The new correlation has good performance, figure 8: the ER% range was between -3.2 + 2.7 with
73% of values between -2 + 2%. Figure 8 and 9 show a worsening of the predictions for the Banasiak
correlation (3), especially for the low values of si,; the ER% range is -7.2 + 2.9 (with a point having
ER% = - 11.7) and, in particular, only 55% of ER% values are between -2 + 2%. The correlation (3)
maintains good performance with a tendency to underestimate.

5. Conclusions

In order to improve the knowledge about ejector performance, new experimental data, in terms of

motive nozzle mass flow rate, have been obtained during testing of a heat pump system with multi-

ejector pack as expansion device. Transcritical motive nozzle inlet conditions, with pressure in the
range 74+ 98 bar, have been investigated.

The measured primary mass flow rate values have been elaborated with the mass flow rates
calculated with using three existing semi-empirical correlations, Lucas et al. [13], Banasiak et al. and
[7] Boccardi et al. [15], in order to find the best methods to assessing the motive nozzle mass flow
rate. Moreover, a new semi-empirical correlation has been proposed and evaluated. We observed that:
e The performances of the correlations change as the geometry of the ejector changes: in particular,

the MSE calculated on the specific mass flow rate of each correlation changes significantly with

the variation of the ejector; with respect to the minimum value, tab. 3, it grows by about 6.4 times

for equation (7), 18.9 for equation (2) and 10.9 for equation (3).

o the verification carried out on data not used [12] for the calculation of the correlation constants,
showed a good reliability for the new semi-empirical equation (7).

e The new semi-empirical correlation, developing on the hypothesis of isentropic expansion and
Pehoked= Pise= Psat(Sin), has the best performance both for ENEA data than other data available in
literature.

In conclusion, the correlation (7) showed very interesting performances for 5 ejectors geometries
with the relative sets of experimental data, despite the lack of a geometric parameter that also takes
into account the different flow conditions.

The objectives pursued in the future of the research will concern:

e The identification and study of phenomena occurring during expansion and their correlation with
the evolving mass flow rate.

e The improvement of the new semi-empirical correlation with parameters that take into account the
relationships between geometry and flow characteristics.

e The application of the correlations obtained for individual ejectors to calculate the flow rates of a
multi-ejector CO; system having several ejectors working in parallel.

Moreover, it will be evaluated the possibility of identifying other methods and /or correlations to be
used with reference to CO- input conditions.
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Nomenclature Subscripts
S area (m?) calc  calculated
G mass flow rate (kg/s) cr thermodynamic critical conditions
Gs specific mass flow rate  (kg/(s m?)) exp  experimental
Kq discharge coefficient ) ise isentropic
L length (m) in inlet
p pressure (bar) m average value
S specific entropy (kJ/(kg K)) out outlet
T temperature (°C) sat saturation
u velocity (m/s) t theoretical
th throat
Greek letters sat saturation
¢ dlameter (m) Sub SUbCOOIlng
P density (kg/m?)
n pressure ratio )
® ISO parameter [17] )
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