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ABSTRACT

Two-phase ejector as well as single phase ejector can be applied in many branches of industry:
refrigeration and heat pump systems, chemical engineering, food processing, and others. Because
of complicated nature of the process of momentum transfer in two-phase ejectors their design
procedure based on the accurate theoretical prediction of the ejector performance is still an open
issue. The paper provides with own experimental results of velocity coefficients of the components
of the two-phase ejector, i.e. motive nozzle, suction chamber, mixing chamber, and diffuser.
The results were obtained for the case of isobutane as working fluid. It was demonstrated
that the velocity coefficients may not be treated as constant. Therefore there
are proposed own dimensionless relationships describing the velocity coefficients
for the components of the ejector that may be applied for design of the ejector. In addition,
the aspects of prediction of critical mass flow rate for motive nozzles is considered on the basis
of Henry-Fauske model. It is demonstrated that the model accurately predicts two-phase critical
flow for the conditions of higher range of the outlet wet vapour quality.
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1. INTRODUCTION

Application of a two-phase ejectors is a promising way to increase the thermal systems efficiency
or utilise low-grade heat as tools for the development of the sustainable energy conversion
approach. Depending on the type, the ejectors can be used in many branches of industry,
e.g. separation of vapours, solvents, chemical products and fumes. The most popular applications
are air-conditioning, refrigeration, and chemical engineering (Yadav et al., 2022). Depending
on the configuration of the refrigeration systems, the ejector can be applied in an absorption
systems or compression systems, and can operate as a first- or second step-compression device
(Sutthivirode et al., 2022). In the first discussed case the ejector operates at relatively
low temperatures at suction chamber inlet since the ejector entrains vapour from the evaporator.
In the second case the ejector operates at high temperatures, especially at the suction chamber,
since the ejector entrains vapour discharged from compressor. It is expected that numerous
applications of the two-phase ejectors need their performance improvement. Recently,
the application of the two-phase ejector in the liquid line in the refrigeration and heat pump
systems has been considered as the one of the most efficient approaches (Sutthivirode et al.,
2022, Besagni et al. 2016). However, due to different thermodynamic properties of perspective
and environmental friendly natural fluids in comparison with numerous synthetic substances,
the possibilities of application in the ejector-compression systems operating with natural working
fluids need many potential problems to be solved, e.g. design of the ejector geometry or prediction
of its performance (Haider and Elbel, 2021, Bauzvand et al., 2022, Li and Yu, 2019). To date there
is still a lack of the sufficient knowledge of the operation of the compression-ejector refrigeration
system as well as the physical phenomena occurring in the two-phase ejector, especially
for natural fluids. Much of the recent work on two-phase ejectors has been focused on transcritical
CO; cycles since this substance has larger throttling loss than most other refrigerants (Ameur
and Aidoun, 2021, Zhu et al., 2017,_ He et al., 2021). Also, the refrigerants R134a and R1234yf
have been more investigated lately (Iskan and Direk, 2022, Li et al., 201, Bilir Sag et al., 2015).
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Investigations mentioned above in most cases deal with the performance of the entire
compression-refrigeration system or are dedicated to individual part of the ejector,
e.g. the motive nozzle. In spite of the intensive progress within last twenty years the accuracy
of theoretical prediction of the ejector performance may be thought as still insufficient compared
with experimental results (Wilhelmsen et al., 2022, Ameur et al., 2016). There is a strong need
for the further investigation to better understand the physical phenomena and the operation
of the ejector. Also, more and more experimental studies must be conducted, especially
inalarge scale if good results in real applications are desired. So far that

thermodynamic modelling methods are the most widespread for two-phase ejector design. Majority
of the models presented in literature require assumption for the efficiency of the ejector
components, i.e. motive nozzle, suction and mixing chambers, and the diffuser. In literature
the velocity coefficients (corresponding to the efficiency) have been assumed as constant
quantities. Although such approach may be acceptable for single phase ejector, it cannot
be acceptable as a general rule for the case of two-phase ejectors. This is due to very complex
flow phenomena in two-phase ejector as a result of mixing process of two-phases, formation
of the mixing shock wave in the mixing chamber of the ejector as well as significant changes
of the two-phase flow pattern along the flow path in the ejector. Motivation of the present
research is the experimental assessment of the efficiencies of the ejector components
for the case of isobutane as a working fluid. Since the velocity coefficients are not constant,
then development of the dimensionless relationships have been proposed on the basis
of the experimental data. Wide range of operating parameters make the obtained results

versatile. The proposed correlations can be applied for modelling of the general purpose two-
phase ejector. Another novelty is new approach in terms of estimation of the velocity coefficient
for nozzle operating in two-phase region. According to the authors knowledge the general
correlations developed for two-phase liquid-vapour ejector operating with isobutane
are not available in professional literature. The another intriguing aspect of the application of the
two-phase ejectors is the problem with prediction of the critical mass flow rate. Although
we can observe significant progress in development of CFD numerical approach based

on thermodynamic non-equilibrium models, still engineering approach is required to be applied
in design procedure of the two-phase ejector. It is lack in the literature assessments
of the applicability for refrigeration ejectors the commonly applied semi-empirical models

developed for critical wet steam. Therefore the additional issue presented in this paper
is the assessment of prediction of Henry-Fauske model for prediction of critical mass flow rate
for the motive nozzles of the two-phase ejector operating with isobutane as a working fluid (Henry
and Fauske, 1971).

2. TESTING STAND

The test facilities were designed and built for the investigations of the ejection refrigeration system
operating with natural working fluids. In this case isobutane was used as a refrigerant
The schematic of the experimental stand equipped with the ejector is shown in Fig. 1,
and the schematic of tested two-phase ejector is presented in Fig. 2. The ejector
was equipped with several types of nozzle geometries during experiments. Detail information
about tested nozzles is given in Table 1.

During experiments the motive nozzle was fed by saturated liquid with variable pressure p.
The temperature of the motive liquid was in range between f; = 40 + 80 °C. During
experiments the mass flow rate of the motive liquid was in range m; = 50 + 110 kg/h. Pressure
in suction chamber p,, was equal to evaporation pressure. Temperature of evaporation
varied up to 35 °C.

Temperature of condensation was controlled by air-cooler during experiments and it was fixed
at constant level of 40 °C. This range of temperatures of the primary and secondary stream
can be thought as appropriate for investigation operation of the all-purposes ejector in many
configurations of refrigeration systems.

Depending on the thermodynamic properties of the fluid, the pressure ratio p./p;
in the experimental conditions was lower than gas-dynamic critical pressure ratio. In that case,
using of the supercritical de Laval nozzle is well-founded. It is worth to note that in two-phase
ejector the metastable flow with lack of equilibrium evaporation process during expansion
in the nozzle can be observed. In this case, the disturbs of the flow or initiation of the flashing
vaporisation by means of the special orifice plate located at the nozzle inlet can be thought
as a good practice. In presented experimental investigations the orifice plate of 1.0 mm and 1.5
mm opening diameter were used with the de Laval nozzle, see Table 1 — nozzle No. 2 and No. 7
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Figure 1: Schematic of the testing stand: 1 — tested two-phase ejector; 2 —
evaporator; 3 — preheater/vapour generator; 4 — condenser; 5, 6, 7 — mass flow meters;
8,13 — electric heaters; 9,10,11,12 - circulation pumps; 14 —dry cooler

Figure 2: Schematic diagram of the tested two-phase ejector

Table 1. Diameters of the tested nozzles for two-phase ejector

throat diameter | outlet diameter
nozzle | type D, [mm] D, o[mm]
1 de Laval 1.0 2.4
) idn?elt_aval with an orifice plate at the nozzle 10 24
3 de Laval 1.0 3.1
4 de Laval 1.4 4.1
5 de Laval with 13mm of cylindrical throat 1.5 2.7
6 de Laval with 13mm of cylindrical throat and 15 57
an orifice plate at the nozzle inlet ' ]
7 sharp edged 1.0 1.0
8 sharp edged 1.5 1.5

The testing rig was equipped with the temperature sensors and pressure transducers installed
at the critical locations and other locations of interest. The pressure transducers with accuracy
of 0.25% of the measurement range are used during the experiments. First-class K-
type thermocouples were applied for the temperature measurement. The thermocouples
were calibrated with total accuracy of + 0.2 K of the measured value. The Coriolis mass flow
meters of the accuracy 0.15% of the measurement range were used. Sight-glasses were installed
at various
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locations to observe the flow pattern at the inlets and outlet. The plate heat exchangers
and the diaphragm pump for refrigerant circulation were used.The testing rig was equipped with
two additional loops: the first one for the thermal load for the evaporator, and the second
one for the condenser cooling. Centrifugal pumps were applied in the additional loops. These
systems allow for adjusting of the flow rates as well as for changing of the operation parameters
in a wide range. The condenser cooling system uses the automatically controlled dry cooler.
The thermal load system was equipped with the automatically controlled electrical heater.
The data acquisition system logs all main parameters and controls valves, pumps, electric
heaters, and safety system. For each of the experimental run with fixed all of the parameters
100 readings at the steady-state conditions were taken and averaged to make
one experimental point. Note that the presented part of the research does not cover analysis
of the individual performance characteristics of the ejector, but only the assessment
of the efficiencies of the ejector components. Therefore in the analysis were taken into
account in total 2830 experimental points covered provided above range of the operation
parameters.

3. METHODOLOGY

One of the most important feature of the operation of the two-phase ejector is mass flow rate
of the motive nozzle. This issue is related with the partial evaporation that occurs
in the nozzle. For estimation of the critical parameters in the two-phase flow, the Henry-Fauske
model is the most popular approach. However, this model was developed for wet steam originally
and it is commonly applied e.g. for design of safety valves. Applicability of the model to predict
critical mass flow rate of isobutane was investigated for the for the first time in present research.
Therefore, in applied in our research calculation procedure the isentropic exponent for saturated
vapour was used instead of the Poisson constant as it is in the original Henry-Fauske model
formulation. The critical flux density has a following form:

"
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As it can be seen for estimation of the critical flux the value of critical pressure is required.
In Henry-Fauske model the critical pressure ratio is calculated from following relationship

ﬁ:—: . ‘ r/ - Eq (2)

where dimensionless parameter Q is introduced
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For quality of fluid x,; at the nozzle throat x,; >0.14 parameter E = 1.0 is recommended, otherwise
the following equation should be used:

X
—= Eq. (4)

E=
0.14

Equilibrium Tangren’s adiabatic exponent y is given as:

-1
c' ¢ 1
y= (l—xh.)—,’:+l . (l—xh.)—,’:+—” Eq. (5)
c, c, K,
Since the pressure in nozzle throat p; has the complicated form in eq. (2) it requires
numerical solution.
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In many theoretical models of two-phase ejector the efficiencies of the ejector components
are present. In general, values of the efficiencies are taken from literature without any justification
and treated as constant. Although the dependence of the efficiency of the ejector components
on wet vapour quality is undisputed, the efficiency also depends on two-phase flow pattern,
operating conditions, and duct geometry. Efficiency of the specific components of the ejector
can be found from general relation n = ¢ Therefore, in general efficiencies (and corresponding
velocity coefficients) should not be treated as constant. The correlations for the velocity
coefficients of ejector components are proposed in the next section.

4. RESULTS

4.1. Experimental assessment of critical flow in motive nozzle

In experimental investigations the nozzle presented in Table 1 for isobutane as a working fluid
were carried out. The main goal of presented investigation was estimation of critical mass
flux density in the Laval two-phase nozzle. The experimental results were used
for validation of the Henry-Fauske model which is usually used in wet steam numerous
applications. The experiments were conducted with completely closed control valve at the suction
line of the ejector during these tests. During experiments the pressure and temperature
at the nozzle inlet were measured. The outlet parameters were measured in the mixing
chamber inlet, the distance between the nozzle outlet and the first measurement gauge location
was 8 mm. Therefore the outlet parameters of the nozzle should be considered as approximated
values. The experimental results of the critical pressure ratio for experimental and theoretic
prediction based on eq. (1) are shown in Fig. 3.

Figure 3: Mass flux density vs. quality of wet vapour at the nozzle inlet

It can be seen that if the results of critical pressure ratio obtained from Henry-Fauske indicate
that the experimental conditions correspond to critical flow through the motive nozzle. Note
that the experimental results correspond to much less (twice and more) critical pressure
ratio than numerical prediction according to model of Heanry-Fauske. Therefore, the Henry-
Fauske model can be used for validation of critical flux density for isobutane as a working fluid
under considered tests conditions. Figure 4 shows comparison of relationship between mass
flux density and wet vapour quality obtained experimentally and predicted with use of Henry-
Fauske model.

As it can be seen from Fig. 4 the critical mass flux is in general underpredicted by Henry-
Fauske model. However it can be seen that Henry-Fauske model predicts much more accurate
agreement with experimental results for higher quality of motive fluid. For x; > 0.65 the predicted
results can be considered as very accurate in comparison with experimental results,
i.e. average difference between theoretical and measured values is less than +5 %.
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Figure 4: Mass flux density vs. quality of wet vapour at the nozzle inlet

Estimation of the velocity coefficient for the nozzles operating with wet vapour is not a standard
issue since the outlet fluid parameters are unknown, and especially the quality of the wet vapour
at the nozzle outlet x may not be measured experimentally directly.

Velocity coefficient is defined as a ratio of velocity at the nozzle outlet w, to the velocity
at the nozzle outlet in isentropic condition wyg

o l_ Eq. (6
4 Wns \/2(hlt _hnx) 'A’"’p” ( )

where density of the wet vapour is given by:
, -1
o, =[v +xnhfg] Eq. (7)

The quality x, is unknown parameter. However, using energy equation for inlet and outlet cross-
sections of the nozzle, the velocity coefficient can be written in the following form

h —h
- /— d Eq. (8
¢nh hli _ l’lns q ( )

where specific enthalpy of wet vapour can be found as
h,=h+xh, Eq. (9)

The quality of the wet vapour at the nozzle exit can be found with numerical solution of equation
¢n (xn):(Dnh(xn) Eq (10)

After calculation of wet vapour quality x, then velocity coefficient for two-phase nozzle
can be found using eq. (8).

The experiments show that velocity coefficient for tested nozzle covers the range 0.3< ¢, < 1.0
in full range of wet vapour quality. However, most of the experimental results shows that
the quality of the fluid at the nozzle outlet was lower than 0.50. The proposed correlation
for velocity coefficient has the following form

¢)n :Cno +Cn1x 2 Eq (1 1)

ns

Systematic experimental results of investigation of the nozzles with various geometry (Table 1)
were used to determination of constants C,, = 0, C,,; = 0.4469 and C,, = -0.38.
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As it can be seen in Fig. 6. numerical results obtain from correlation given by eq. (11) in most
cases correspond very well to the experimental data. The discrepancy is £15% and it result from
the different operation of the nozzles due to application of the orifice plate.

4.2. Coefficient of velocity of suction chamber

Experimental data demonstrate that the velocity coefficient is correlated with volumetric
entrainment ratio and distance between motive nozzle outlet and mixing chamber inlet, which
is shown in Fig. 9. It is seen that relation between the velocity coefficient ¢ for suction chamber
and volumetric entrainment ratio x is linear. Therefore, the correlation in final form of correlation
for velocity coefficient was obtain:

@, =(0.06907-0.05149 A) » Eq.(12)

where: A = L,./Dp,, and L,, is distance between the nozzle outlet and the mixing chamber inlet.
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Figure 7: Velocity coefficient for suction Figure 8: Calculated velocity coefficient
chamber vs. volumetric entrainment ratio: vs. experimental velocity coefficient
1) = A0.417 ;2A ) = 0.583; 3) A=0.750

Comparison of calculated velocity coefficient (eq. 12) with experimental velocity coefficient is
shown in Fig. 7. The results show that the velocity coefficient for suction chamber is relatively small
and not exceed @s = 0.35, which indicates low efficiency of the suction chamber. Velocity
coefficient increases proportionally to the entrainment ratio. The volumetric entrainment ratio x
varies between 0 and 8.0. The relation of the velocity coefficient of the geometry module @5 = f(A)
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is inversely proportional, e.g. for the highest geometry parameter A = 0.750 velocity coefficient
varies between 0.10 — 0.13 for x = 4.0 and for lowest geometry parameter A = 0.417 velocity
coefficient exceeds highest values and varies between 0.17 — 0.25 for the same value
of volumetric entrainment ratio x = 4.0.

It can be seen from Fig. 8 that calculated velocity coefficient for suction chamber achieves
good agreement with experimental results. Excluding individual cases, the discrepancy
of the results is less than 30% for proposed correlation.

4.3. Coefficient of velocity of mixing chamber

Experimental data demonstrate that the velocity coefficient is correlated with volumetric
entrainment ratio x and module W, which is shown in Fig 9. Correlation for mixing chamber velocity
coefficient in the following form was proposed:

@, =(0.03747+0.08462¥) y Eq.(13)

Fig. 9 shows that relation between the velocity coefficient ¢m for mixing chamber and volumetric
entrainment ratio x is linear and proportionally increases up to ¢m = 0.35 with volumetric
entrainment ratio increasing up to x = 8.0. Based on the results shown in Fig.10 it can be seen, that
in general the ejector with geometry module W = 0.0278 exceeds slightly lower values
of the velocity coefficient than ejector with geometry module W = 0.0625 for the same values

of the volumetric entrainment ratio. The ejector with highest geometry module W = 0.111 in general
operates with low entrainment ratio x < 3.0 and the velocity coefficient exceeds the same values
¢m < 0.13 as in the case of other tested geometry.
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Figure 9: Velocity coefficient for mixing Figure 10: Calculated velocity coefficient
chamber vs. volumetric entrainment ratio: vs. experimental velocity coefficient.
1) ¥ =0.0278; 2) ¥ = 0.0625; 3) ¥ = 0.111

Comparison of calculated velocity coefficient (eq. 13) with experimental velocity coefficient
is shown in Fig. 10. It can be seen from Fig. 10 that calculated velocity coefficient for mixing
chamber well agree with experimental results. Again, excluding individual cases,
the discrepancy of the results is less than 30% for proposed correlation.

4.4. Coefficient of velocity of diffuser

It is worth to note that the diffuser in two-phase ejector do not play a major role since the effect
of compression is obtained due to the shock wave rather than operation of the diffuser. Therefore,
in some cases, if the shock wave produces the pressure higher than the condensation
pressure, there can be observed even slight decrease of static pressure in the diffuser.
Therefore, the diffuser operation and its efficiency can be considered as a rather random quantity
that depends on numerous parameters. However, in some cases the operation of the diffuser
can still be beneficial, e.g. in a jet pump.
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Again, taking into consideration geometrical module W and operation parameters, i.e. volumetric
entrainment ratio x of the two-phase ejector the relation between those parameters and velocity
coefficient for diffuser @4 is shown in Fig 11. Keeping in mind the randomness of the operation
of the diffuser, the results with largest discrepancy have been omitted. Therefore, the correlation
for velocity coefficient in linear form has been proposed:

0u (2, ¥)=(0.075+0.108¥) Eq. (14)

The experiment shows that for tested ejector with geometry described by module W the velocity
coefficient for diffuser are in general lower than @4 < 0.40. Proportional relation between velocity
coefficient and entrainment ratio can be observed. Despite the large discrepancy of the results
it can be seen that for ejector with module W = 0.0625 the efficiency of the diffuser is slightly better
than with module W = 0.0278. The lowest efficiency of diffuser is observed for the ejector with
geometrical module W = 0.111. For this case the velocity coefficient is lower than 10%, ¢4 < 0.10.
Comparison of calculated velocity coefficient (eq. 14) with experimental velocity coefficient was
shown in Fig. 12.
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Velocity coefficient for diffuser - experiment

Figure 11: Velocity coefficient for diffuser Figure 12: Calculated velocity coefficient
vs. volumetric entrainment ratio: vs. experimental velocity coefficient
1) ¥ =0.0278; 2) ¥ = 0.0625; 3) ¥ = 0.111

It can be seen from Fig.12 that the adjustment of calculated velocity coefficients
and the experimental values can be considered as relatively good, however diffuser is the ejector
component with the smallest efficiency, and the pressure increase in the diffuser is in many cases
minor. By the nature of the flow inside the diffuser, determination of the velocity coefficient for this
component of the two-phase injector for the entire range of the operation conditions is thought
to be very complex and problematic task due to large discrepancy and randomness of results.

5. CONCLUSION

Based on the presented results following conclusion can be drawn:

1. The basics for the estimation of critical mass flow rate of refrigerant for two-phase nozzle
was presented.

2. Based on the experimental results of the ejector with various geometry, described
by geometrical parameters A and W correlations for velocity coefficients for components
of the ejector have been proposed. The quality of fluid x for the case of motive nozzle
and the volumetric entrainment ratio x for other ejector components were chosen
as parameters describing the relation of the velocity coefficient. For the components
of the ejector the velocity coefficient lower than 0.4 were obtained for tested ejector
and operation conditions. Except for motive nozzle linear proportional relation between
velocity coefficient and entrainment ratio have been found. The numerical results based
on the proposed correlations fit with experimental data within 30%.

3. Experiments were conducted at a wide range of operating parameters showing applicability
of Henry-Fauske model to predict critical mass flow rate for the case of isobutane

157



wet vapour. However, this model can predict critical mass flow rate very accurately
for the case of isobutane for wet vapour quality higher than 0.65 at the inlet to the nozzle.
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NOMENCLATURE
A surface area, m* C  constans ]
c specific heat capacity, J/(kg K) V  objetos$¢ molowa (m®*xmol™)
p pressure (Pa) ] X vapour quality )
v specific volume m°/kg G  mass flux density, kg.(m*s)
h specific enthalpy, J/kg w  velocity, m/s
Y adiabatic exponent Jo} density, kg/m®
n efficiency K isentropic exponent
X volumetric entrainment ratio 0] velocity coefficient
d diffuser fg  vaporisation
i inlet / liquid
li inlet of the liquid phase m  mixing chamber
nt nozzle throat no nozzle outlet
t throat v vapour
vi inlet of the vapour phase " " saturated liquid / vapour, respectively
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