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Abstract: The multi-effect distillation with thermal vapour compression (MED-TVC)
desalination system is efficient to produce freshwater. The steam ejector performance
is not fully understood as the phase transition has been ignored in many studies. The
present work develops a two-phase condensing flow model to assess the steam ejector
performance considering nonequilibrium condensation phenomena. The transition of
the flow structure from an under-expanded flow to an over-expanded flow in the steam
ejector is investigated in detail. We present that the maximum Mach number can reach
4.02 in the under-expanded flow, which is weakened to 2.88 in the over-expanded flow.
The steam undergoes several expansion-compression processes in the steam ejector in

the under-expanded flow, which induces the formation and evaporation of massive
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droplets. In the over-expanded flow, the steam is compressed and then expanded after
leaving the primary nozzle and the condensation process is not observed in mixing and
constant sections. The increasing suction chamber pressure significantly improves the
entrainment ratio while leading to an increasing entropy loss coefficient. The
entrainment ratio is improved from 0.25 for the under-expanded flow to 1.69 for the
over-expanded flow, while the entropy loss increases from 0.081 for the under-
expanded flow to 0.29 for the over-expanded flow. This indicates that the transition of
the flow structure from an under-expanded flow to an over-expanded flow can entrain
more steam from the last effect while causes more entropy losses in a steam ejector for
the MED-TVC desalination system.
Keywords: multi-effect distillation (MED); thermal vapour compression (TVC); steam
ejector; nonequilibrium condensation; entropy loss; entrainment ratio
1. Introduction

The desalination technologies [1, 2] contribute to the production of freshwater to
combat the crisis of water resources. The multi-effect distillation with thermal vapour
compression (MED-TVC) desalination system has been used to produce freshwater
with the advantages of energy recoveries [3] and high technological economy [4, 5].
Elsayed et al. [6] carried out an economical investigation on the MED-TVC
desalination system based on four different feed configurations. The simulation results
showed that the parallel crossfeed method could obtain a preferable economical
efficiency than backward, forward and parallel feed methods. Askari & Mehran [7]

integrated solar fields to the MED-TVC desalination system as thermal sources and
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their economical analysis showed that the freshwater production cost was increased due
to the integration of solar energy. Khalid et al. [8] studied the role of TVC locations in
the MED-TVC unit based on forward and parallel feed methods. They found that the
best performance could be obtained by locating the TVC unit in the middle desalination
system.

The TVC unit, also known as a steam ejector [9, 10] in the desalination system,
can recover the low-pressure steam [11-13]. The TVC performance has been evaluated
and demonstrated in various experimental studies. Sharifi & Boroomand [14]
experimentally measured the entrainment ratios under real operational conditions in a
MED-TVC desalination field, which has been used for the validation of the numerical
study [15]. The two-stage vacuum ejectors were designed to improve the MED-TVC
system performances [16]. Han et al. [17] improved the ejector performance with
preheated secondary flows, and their experiments demonstrated that the entrainment
ratio could be increased by 31% with superheated secondary steam of 15 °C.

The computational fluid dynamics (CFD) modellings were utilised for the design,
optimisation and evaluation on the steam ejector. Tang et al. [18] used the pressure
regulation to optimise a steam ejector, which could improve the entrainment ratio by
11.77%. In another study, the numerical simulation improved the entrainment ratio by
28.75% via combining the pressure regulation and entrainment passages to the steam
ejector [19]. A new steam ejector for the MED-TVC unit was proposed with an adaptive
nozzle exit position, which increased 36% entrainment ratio by adjusting the nozzle

exit position [20]. Park [21] introduced the swirling flow nozzles to optimise a steam
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ejector in MED-TVC units. The variable geometry ejectors were designed to improve
an averaged entrainment ratio by more than 100% [22]. Liu et al. [23] numerically
studied the influences of the area ratio on an ejector and the entrainment ratio could be
improved dramatically by changing the area ratio. Wang et al. [24] computationally
optimised a primary nozzle in a steam ejector and it was found that an ejector overall
efficiency was improved by approximately 14%. The abovementioned numerical
studies employed the dry gas model and ignored the phase change process in a steam
ejector.

Sharifi et al. [25] numerically compared the dry gas and wet steam models for a
steam ejector and they found that the condensing flow reduced the peak Mach number
and improved ejector performances. Mazzelli et al. [26] performed a detailed validation
and sensitivity analysis on the condensing flow model and showed that the liquid
fraction could reach 0.2 in a steam ejector. The visualization experiment was carried
out to observe the nonequilibrium condensation in a steam ejector [27]. Their
experiments demonstrated that the condensed droplets were nonuniform in supersonic
flows. Our previous study [28] demonstrated that a dry gas model caused an unphysical
temperature distribution inside an ejector and under-predicted the entropy loss by 15%
than the nonequilibrium condensing flow model. These studies indicate that the phase
transition processes are important for the ejector performances for the MED-TVC
desalination system.

Considering the aforementioned literature surveys, the novelty of this work is:

1) A two-phase condensing flow model is developed to study ejector performances
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for the MED-TVC systems considering phase transition processes with the
condensation and evaporation of massive droplets in supersonic flows.

2) The nonequilibrium condensation processes in the under-expanded and over-
expanded supersonic flows are carried out in a steam ejector for the MED-TVC
desalination system.

3) The entrainment performance and entropy loss are investigated during the
transition of the flow structure from under-expanded to over-expanded flows in the
steam ejector for the MED-TVC desalination system using the condensing flow model.

The results from the study provide a quantitative assessment of the transition of
the flow structure from an under-expanded flow to an over-expanded flow with heat
and mass transfer during the phase transition in supersonic flows. This can be used for
the design and operation of a steam ejector, which upgrades the low-grade energy for
the MED-TVC desalination system.

2. Problem statement
2.1. The MED-TVC desalination system and steam ejector

Figure 1 describes a MED-TVC desalination system, in which a steam ejector is
used to recirculate part of the steam from the last effect [23]. The expansion level of the
high-pressure steam inside the primary nozzle depends on the area ratio between the
nozzle exit ad nozzle throat. The pressure difference between the nozzle outlet and the
suction chamber determines the flow structures downstream the primary nozzle. In this
study, the diameters of the throat and exit of the primary nozzle are 2.00 mm and 8.00,

respectively. The inlet diameter of the mixing and constant sections are 24.00 mm and
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19.00 mm, respectively. The other dimensions can be found in Table 1 [29, 30], which

is specifically designed to efficiently entrain the low-pressure steam from the last effect.
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Fig. 1 Steam ejector and MED-TVC desalination system
Table 1 Detailed dimension for the steam ejector [29, 30]
Steam ejector dimension Size (mm)
Primary nozzle: inlet diameter 7.76
Primary nozzle: throat diameter 2.00
Primary nozzle: outlet diameter 8.00
Primary nozzle: length of the converging portion 12.00
Primary nozzle: length of the diverging portion 34.29
Mixing section: inlet diameter 48.00
Mixing section: length 130.00
Constant section: diameter 19.00
Constant section: length 95.00
Diffuser: outlet diameter 40.00
Diffuser: length of the diffuser 180.00

2.2. Mathematical modelling
The unsteady, compressible Navier-Stokes equations are employed to govern the
fluid flow in a steam ejector considering the nonequilibrium condensation process [31,

32]. The numerical modelling is developed with following assumptions: (1) a single-
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fluid model is used with neglecting slip velocities between vapour and liquid phases
[33, 34]; (2) there are no temperature differences between vapour and liquid phases [35];
(3) condensed droplets distribute uniformly in the vapour phase [36]. The governing

equations are expressed as:
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where H represents conservation variables, U and J are inviscid and viscid fluxes, S is
the source term. {'and N are the liquid fraction and droplet numbers. p and p are density
and pressure. E is the total energy, u and v are the velocity components. [ is the

nucleation rate [37]. m is the condensation mass rate [38, 39]:
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The UDF and UDS are employed to interpret the liquid fraction ({) and droplet
number (N) equations and source terms to ANSYS FLUENT 19 [40]. Considering the
complicated flow structure in the steam ejector, the shear stress transport (SST) k-w
turbulence model is used for the performance evaluation of a steam ejector for the
MED-TVC desalination system [41]. The total pressure and total temperature boundary
conditions are employed for the entrances and exit of the steam ejector. Figure 2 shows
the quadrilateral grids for the steam ejector and the mesh independent tests are shown
in Fig. 3 using 39000, 73000 and 168000 cells, respectively. The pressure distribution
computed by the coarse mesh is different from the ones calculated by the other two
meshes. The coarse grid also computes a maximum nucleation rate of 1.07 x 10* m
s”! compared to 4.47 x 10** m> s and 4.78 x 10** m s! for medium and fine grids.
This indicates that the medium and fine grids show a better performance in the
prediction of the flow structure compared to the coarse mesh. Furthermore, the medium
mesh predicts similar flow behaviour and entrainment ratio compared to the fine mesh.
Considering numerical accuracies and costs, the medium mesh is suggested for ejector

evaluations in the MED-TVC desalination system.

Fig. 2 Quadrilateral grid of the steam ejector
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Fig. 3 Mesh independence results of the steam ejector

3. Results and discussion
3.1. Model validation

The Laval nozzle (Case 203) [42, 43] is utilised to validate the nonequilibrium
condensing model. The root-mean-square (R?), which is defined in Eq. (7), is used to
compare the numerical and experimental errors [44-46]. Figure 4 shows the computed
and experimental pressure and droplet radius, as well as the relative errors. The
computational pressure agrees with experimental data and the Wilson point is
accurately obtained by the developed CFD modelling. The calculated droplet radius is

smaller than experimental data with a relative error of less than 15%. Thus, the
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developed wet steam model accurately evaluates nonequilibrium condensations inside

supers

onic flows.
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Fig. 4 Wet steam modelling validation in Laval nozzles: (a) numerical and

experimental pressure and droplet radius, (b) error analysis of pressure, and (c) error

analysis of droplet radius

The CFD modelling is further validated for the steam ejector against the experiments

carried out by Sriveerakul et al. [29, 30]. The numerical and experimental results and

the relative error are described in Fig. 5. The computed entrainment ratio of 0.294 is

10
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lower than the experimental measurement of 0.31 with a relative error of 5.12%.
Furthermore, the predicted pressures are higher than the experimental one when the
measured values are less than 860 Pa. This has been attributed to the difficulty of
calibrating the absolute pressure transducer near absolute zero levels [29, 30]. And the
predicted pressures in the diffuser where they are greater than 1000 Pa are in good with
the measurements in the steam ejector. Therefore, the developed nonequilibrium

condensing flow model can be used for the performance evaluation of a steam ejector.
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Fig. 5 CFD validation for steam ejectors: (a) computed and experimental results, (b)

error analysis of pressure and (c¢) entrainment ratios for the simulation and experiment

11


https://www.sciencedirect.com/science/article/pii/S030626192031309X

Please find the published version at:
https://www.sciencedirect.com/science/article/pii/S030626192031309X#!

3.2. Under-expanded and over-expanded flows in steam ejectors

The high-pressure steam accelerates inside the primary nozzle converging part,
chokes at the throat and reaches a supersonic velocity in the diverging part. The steam
will then enter the mixing section, which characterises an under-expansion flow or
over-expanded flow depending on mixing section pressures. Fig. 6 represents a flow
structure inside the steam ejector at the suction chamber pressure from 850 pa to 5000
Pa. Fig. 6 (a) shows that the nozzle exit pressures are much higher than the surrounding
pressure in the mixing section, which results in an under-expansion flow with a large
divergence angle of the expansion wave. This results in a higher supersonic flow, which
can be demonstrated by the increasing Mach number to approximately 4.02 at the
suction chamber pressure of 850 Pa. This subsequently generates higher expansion-

compression processes in the mixing section accompanied by oblique waves.

12
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under-expanded flows, and (c) over-expanded flows

The expansion level of the steam downstream the primary nozzle is diminished

13
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because of the increase of the surrounding pressure in the mixing section when the
suction chamber pressure is 1800 Pa in Fig. 6 (b). The divergence angle of the
expansion flow becomes smaller compared to the high expansion flows in Fig. 6 (a).
This subsequently decreases the maximum Mach number, which is decreased to
approximately 3.39 in this case. When the suction chamber pressure increases to 5000
Pa, the surrounding pressure in the mixing section is about 4973, which is higher than
the nozzle outlet pressure of 2857 Pa. This results in a significant change of the flow
structure downstream the primary nozzle inside the mixing section of the ejector in Fig.
6 (c), which is quite different from the other two cases in Fig. 6 (a) and Fig. 6 (b). It can
be observed that the flow structure characterises an over-expanded flow in the mixing
section with a convergence angle, which further diminishes the supersonic level of the
steam flow with a maximum Mach number of around 2.88. This indicates that the steam
represents different expansion levels due to the surrounding pressure in the mixing
section, which illustrates the transition of the flow structure from under-expanded to
over-expanded flows inside the steam ejector with an increasing suction chamber
pressure.
3.3. Nonequilibrium condensations in under-expanded and over-expanded flows
In this section, the nonequilibrium condensation phenomenon is analysed in under-
expanded and over-expanded flows in the steam ejector. Figures 7 — 10 describe the
condensing flow parameters in the steam ejector at various suction chamber inlet
pressures. The steam shows same nonequilibrium condensation behaviour in the

primary nozzle under different inlet pressures of the suction chamber of 850 pa, 1800

14
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pa and 5000 Pa. The steam achieves a maximum degree of subcooling of approximately
40 K inside primary nozzle divergent parts to generate first condensations with a
maximum nucleation rate of about 9.87 x 10** m™ s™!. The dramatic nonequilibrium
state of the steam leads to a high droplet growth rate. The liquid fraction reaches around
0.14 at the primary nozzle exit for these three cases. This indicates that the
nonequilibrium condensations inside the primary nozzles are not influenced by suction
chamber inlet pressures due to the huge pressure difference between the motive flows
and the secondary flows.

For two under-expanded flow cases of the suction chamber pressures of 850 Pa
and 1800 Pa, the nonequilibrium condensation process represents similar characteristics
in the mixing and constant sections, while some slight differences are observed. The
steam presents several expansion-compression processes in the mixing and constant
sections for both two cases. When the suction chamber pressure is 850 Pa, the under-
expanded flow achieves four expansion-compression processes, which induces four
processes of the transition from the supersaturation state to the subsaturation state of
the steam. The maximum liquid fraction can reach 0.20 for the inlet pressure of 850 Pa.
Due to the energy loss of the expansion-compression process, the expansion level of
the steam is weakened compared to the previous one. For instance, the maximum
degrees of subcooling are about 50 K, 25 K, 16 K and 10 K, respectively. However,
only the first two expansion processes induce the nonequilibrium condensations during
four expansion-compression processes. Similarly, five expansion-compression

processes are observed for the suction chamber inlet pressure of 1800 Pa. The maximum

15


https://www.sciencedirect.com/science/article/pii/S030626192031309X

Please find the published version at:
https://www.sciencedirect.com/science/article/pii/S030626192031309X#!

degrees of subcooling are 30 K, 17 K, 11 K, 7 K and 8 K, respectively. Under these
conditions, only one nucleation process is observed in the first expansion-compression
process in the mixing and constant sections.

In the over-expanded flow, on the contrary, the steam represents five compression-
expansion processes inside the mixing and constant sections, which induces a peak
degree of subcooling of approximately 19 K. The condensation processes are not
observed in the mixing section for this case. Combined with the Mach numbers in Fig.
6, the shock wave shifts further downstream in the diffuser during the transition of the
flow structure from under-expanded flows to over-expanded flows. Subsequently, the
over-expanded flow allows the steam to further expand in the diffuser, which triggers
another extremely nonequilibrium state of the steam in the diffuser and the peak degree
of subcooling reaches approximately 60 K. This induces another nucleation process in
the diffuser in the over-expanded flow case, which is not observed in other two under-
expanded flow cases.

For both under-expanded and over-expanded flows in the mixing and constant
sections, the growth rate of the droplet varies alternatively with a positive value for the
expansion process and a negative value for the compression process, which
characterises the formation and evaporation of the condensed droplets. This is also
demonstrated by the distributions of the liquid fraction, which increases in the
expansion process and decreases in the compression process in the steam ejector.
Furthermore, by combining these three cases of under-expansion and over-expanded

flows, it illustrates that the nucleation process only can be launched when the degree of
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subcooling is greater than 19 K. This demonstrates that the nucleation and condensation

processes will occur in an extremely nonequilibrium state of the steam in the steam

ejector.
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Fig. 7 Impacts of the suction chamber pressure on nonequilibrium condensations in
under-expanded and over-expanded flows inside the steam ejector: (a) contours and

(b) profiles of the degree of subcooling
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Fig. 10 Impacts of the suction chamber pressure on nonequilibrium condensations in
under-expanded and over-expanded flows inside the steam ejector: (a) contours and
(b) profiles of the liquid fraction

3.4. Performance evaluation of the steam ejector
The entrainment ratio, ¢, is one of the promising parameters to assess the steam
ejector in MED-TVC desalination systems [47], which is defined as the ratio of the

mass flow rate of the secondary flow, misec, to the primary flow, mpi.

g=—% (®)
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The entrainment ratios represent the capacity of an ejector to entrain the low-
pressure steam from the last effect in MED-TVC units. The impacts of the suction
chamber pressure on entrainment ratios are described in Fig. 11. We see that the
increasing suction chamber pressure improves the entrainment ratio, which is
approximately 0.25 when the suction chamber pressure is fixed at 850 Pa for an under-
expanded flow. If the over-expanded flow is achieved by assigning the suction chamber
pressure at 5000 Pa, the entrainment ratio will enormously increase to 1.69. This means
that the transition of the flow structure from an under-expanded flow to an over-
expanded flow can entrain more steam from the last effect of the MED-TVC

desalination system.
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Fig. 11 Impact of the suction chamber pressure on the entrainment ratio of the steam

ejector in the MED-TVC desalination system
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The condensation-evaporation processes of the condensed droplets in the steam
ejector are expected to affect the energy loss. The entropy loss coefficients [48], 7,
defined in Eq. (9) are utilised to assess the ejector energy loss in the MED-TVC
desalination system. Figure 12 illustrates the entropy loss at various suction chamber
pressures inside the steam ejector. We observe that the entropy loss coefficient increases
with the rises of the suction chamber pressure. The entropy loss coefficient is
approximately 0.081 when the pressure is fixed to 850 Pa at the suction chamber
entrance. If the suction chamber pressure increases to 5000 Pa, the entropy loss
coefficient will dramatically increase to 0.29. This indicates that the transition of the
flow structures from an under-expanded flow to an over-expanded flow leads to a
remarkable increase of the entropy loss in the steam ejector.
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Fig. 12 Impact of the suction chamber pressure on the entropy loss in the steam

ejector
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4. Conclusions

The transition of the flow structure from an under-expanded flow to an over-
expanded flow is investigated in a steam ejector for the multi-effect distillation with
thermal vapour compression (MED-TVC) desalination system considering the
condensation-evaporation processes of the massive droplets in supersonic flows. The
maximum Mach number can reach 4.02 in an under-expanded flow and it is only
approximately 2.88 in an over-expanded flow, which indicates that the expansion level
of the steam is weakened by 28% in the steam ejector. The maximum liquid fraction
decreases by 30% from 0.20 in the under-expanded flow to 0.14 in the over-expanded
flow. The entrainment ratio and entropy loss coefficient both increase with the rises of
the suction chamber pressure. This indicates that the transition of the flow structures
from an under-expanded flow to an over-expanded flow can entrain more steam from
the last effect while leads to a remarkable increase of the entropy loss in the steam
ejector. This study reveals that the transition of the flow structure from the under-
expanded flow to the over-expanded flow significantly affects the flow structure,
condensation-evaporation of the massive droplets, entrainment ration and the entropy
loss. It suggests that during the operation of the MED-TVC desalination system, the
pressure of the last effect needs to be carefully controlled to achieve an under-expanded
flow or an over-expanded flow in the steam ejector to improve the energy efficiency of
the whole system.
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